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[Tepiindn

Troxwvoluevol and Ty AUEOVOUEVY] CTUAVTIXOTNTA TWV ETPAVELXOY (1} YEVXOTERX
ouvopmxo’av) (PAVOUEVLY OE TOTOAOYIXEG XUTUG TAOELS TNG MUUTLXVLUEVNS “TANg, xaL o€
GUYOLAOUO UE TNV EUTAOXY| YEWUETPIXMY X TOTOAOYIX®Y EVVOLLY oty KBavtounyavix),
1 ToEOUGU DLATEBT) APLECHVETOL GTNY AVADLATUTILOT) XAl ETEXTUOT) OPLOUEVHY VEUEMWBGY
EVVOL®Y, OL OTIO{EC UE T1) OELRd TOUG ETULPEPOLY ONUAVTIXES UETPNOYIEC CUVETELEG.

‘Eyouue avodewproer 0 heyouevn Movtépva Oewpta tne Teoytaxfic Mayvtiong,
optlovtag xavolpyleg TocOTNTES, oL onoleg ogelthovtan oe €va un-Epuitiavo gouvouevo,
TO OTOlO ATOBIDETAL O AVOUAAOUG TEAECTEG TIOL OTdve TO TEdio oplouol g Eputtiavrg
Xothtoviavic.  §d¢ amoTéAECUN, GUVELCHORES amd Ta dxpa ol omoleg €youv ayvoniel
070 ToEeAYOY, AowPdvovtar auoTned xar avohuTixd utodn. Autéc avopévetar va Bivouy
TOAN) UEYAAEC GUVELTQORES OTNY TEOYLOXY| oY VATIOT], OTIOTE UTLEOY OLY DLIG TUHUPWOELS EV-
epyelaxeyv Lovay pall ue tdon Hall A\oyw avicopporiog 6Tn 6UGCOEEUCT| TV NAEXTEOVIWY
OE AMEVOYTL BXEa TOLU UAXOU.

[apduola emuyepfuorta ye Un-Epuitioavég GUVELG(PORES €Y OUUE EQPUPUOTEL X0l T PUOLXY)
Tou omv. Acelyvouue Tog umopel xavelg vo opioet wa xBavtiny e€icwon xivnong yia to
oy, Ywelc vo etvon amapaitnTn 1 UToeén ToTxo vouou dwtienorng, o avtideon ue Ty
XUNEPWUEVT TEaXTIXT. XE aUTO To TAULGLO, €YOUUE OPICEL TO EVOOYEVES PELUN TOU OTILY
0 TN YPOVIXY| TR YWYO TNG CUCYETIONG LETAEY TNE VEOTC Yot TOU OTLY TOU NAEXTEOVIOL.
To evdoyevég pebua Tou omy elvor amaAAayPéVo amd OTOIEGONTOTE ETTAOXES, Aoufdvel
oNTé uToYN TIc GUUPOAEC amd TOL BXEOL, XAk Yo GUC TAHUNTA OToL OTIOL0L BEV AOXOVVTAL TOTUXES
poTéC oTEEPNG Blvel undevixy Tiux.

Emniéov, €youpe xdvel pla enéxtact tou Yvwotol Yewpruatoc Hellmann-Feynman,
o€ o SLleupuEEVN wop@r| 1) omtola umopel var eopuoc Tel o€ Ypovind eUPTOUEVES XATAUC T4
OEIC X ypovixd e€apTmueves Topauéteous. O mpoxintevy TiTog Tng enéxtaong €yel Poe-
Vel 6T BlvEL TIC AVUUEVOUEVES TWES TWV PUOKY PEYEVDY GOV CUVHETNOT| YEVIXEUUEVWY
XOUTUAOTHTOVY Tou Berry xau cUVEIGQop®Y amd Ta dxpa ToU GUGTAUATOC AOYw Xt oL
evog avaduouevou un-Eputtiovol gawvouevou. Me egapuoyr tng enéxtaong €youue Peel
Tic xPBavtinég eClomoelg xvnong Tou NAexTeoviou ol omoleg EMEXTEVOUY TIC aVTIGTOLYES
nuuaoixéc. H egopuoyr Tou Jewpiuatoc oTn UEAETN TNE UETAPORAS CWUATIOIWY OE Un-
adLofatind 6plo, Belyvel OTL 1 xBavTwon xatoppéet eCoutiog plag un Tetpppévne Aharonov-
Anandan @dorng. Ouolwg, 1 egoapuoyr| 10U YewpuaTog 6N UEAETN TNE TOAWONG TOVY NAEX-

TpoViwy, avadewviel TNy Unapdn pag empaveloxrc un-Epuitiavic ocuvelogopdc 1 onola
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oev €yel Angiel umodn uéypt otiyunc otn heyouevn Movtépva Oewpla g ITohwone.

Xpnoworowwvtoag o opdoxavovixy| Bdon avahloouE TEPUTEPE TNV ETEXTACT| TOU
Yewpruatoc Hellmann-Feynman. "Eyouue Beet éva TOmO yiar TIC OVUUEVOUEVES THES TWV
PUOXAY LEYEDWY ToL EEaPTATAL TGO Omd T BUVAULXT) EEEALET UEGK TCV CUVTEAEGTWY TOU
AVOTTUYUATOG, OGO X0 oo TNV ToTohoyla Tou o Tiypaio xatethnuuevou yweou Hilbert. Ei-
Vol EVOLIPEEOY TO YEYOVOS OTL ToL UETENOA UeYEUT amoxToly e€dptnorn and un-AfBehiavég
xoumuAdTNTES Berry 6mote 1 xPoavtind xatdo oot xatolopfdvel teplocbTepeg and pla Ot
aotdoeg Tou yweou Hilbert. H uoper autdv tov un-ABehiovedy xopumurlotitony potdlet
ME Toug TavuoTég Tou mediou Yang-Mills. Yto mAewe duvouxd 6pto, 6Tay OAOL OL GUV-
TeEAE0TEC TOU avamTOYUoToC e€ehiooovtal TAHew cLLEUYUEVOL UETAEY TOUS, QUTESC OL Un-
ABehavée xaumurotnTee Tou Berry divouv pndév. Me tnv egopuoyr authic g eméx-
TOONG, UTOPOUUE VoL OIXUOAOYHOOUUE Tal VEWENTIXE ATOTEAEGUUTA TTOU €Y0LV TEOXV(EL
ToL TEASUTOLOL YEOVLAL OTIG MEAETES UETAPORAC OE DUVOULXS GUC THUATA Tol oTtola efvon EXTOC
wooppotiag (m.y. ovothuoto Floquet), dtou éyel Beedel dti N aywyudnta, %ordde xon 1
METOPORE COUATIONWY, BIBOVTUL (¢ OAOXANEGUAT TWY XouTLAOTATWY Berry otaduouéva
a6 T TMIavOTNTES TV XUTOAAPEDY.

Avutr) 1) SloTel3r) Biver Pior xavolpylal TEOOTTIXT Yio OUCLAG T EUTAOXY| TewV U Eput-
TLOVOV QoUVOUEVGY, TNG Tomohoyiag xou TNE Buvouxng eEENENG, u€oa OE €V EVVOLOAOYIXO
mhadolo mou etvar xatdAAnAo Yoo YewpnTixéc perétec ot Puor) e LUUTUXNVLUEVNS
"TAng, xan w¢ TéTola, EUYOUAGTE Vo GUUPBAAEL 6TO Vo oxohoudnioly autég ol pédodol xau

amo GANL UEAT) TNG XOWVOTNTAS GTO PEANOV.

v



Abstract

Motivated by the increased importance of boundary effects in topological states of Con-
densed Matter, combined with the involvement of geometric and topological concepts within
a quantum mechanical framework, this dissertation is dedicated to the reformulation and ex-
tension of some fundamental concepts, which in turn lead to important measurable conse-
quences.

We have reconsidered the so called Modern Theory of Orbital Magnetization by defin-
ing additional quantities that incorporate a non-Hermitian effect due to anomalous operators
that break the domain of definition of the Hermitian Hamiltonian. As a result, overlooked
boundary contributions to the observable are rigorously and analytically taken into account.
These are expected to give giant contributions to orbital magnetization whenever band cross-
ings occur along with Hall voltage due to imbalance of electron accumulation at opposite
boundaries of the material.

We have also applied similar arguments with non-Hermitian contributions to spin physics.
We show how one can set up a global quantum equation of motion for the spin transport pro-
cesses without any local conservation law being necessary, in contrast to the established
practice. In this framework, we have defined the intrinsic spin current operator as the time
derivative of the correlation between electron’s position and electron’s spin. This intrinsic
spin current is free from any complications, it explicitly takes into account boundary contri-
butions, and for systems that lack local spin-torques turns zero value.

In addition, we have made a dynamical extension of the standard Hellmann-Feynman
theorem to one that can be applied to time-dependent states with time-dependent parame-
ters. The resulting formula for the dynamics of the observables is found to have profound
connections to generalized Berry curvatures as well as to boundary contributions due to an
emerging non-Hermitian effect. By way of application we have derived the quantum equa-
tions of motion of the electron which extends the standard semiclassical counterpart. Ap-
plication of the theorem to the study of particle transport in the non-adiabatic limit, shows
that the quantization breaks down due to a non-trivial Aharonov-Anandan phase. Similarly,
application of the theorem to the study of the electric polarization indicates that there is a
boundary non-Hermitian contribution that has been so far overlooked in the so called Modern
Theory of Polarization.

By using an orthonormal basis we have analyzed further the dynamical extension of the

Hellmann-Feynman theorem. We have found a formula for the observables that depends



on the dynamics through the expansion coefficients together with the topology of the in-
stantaneous occupied Hilbert space. Interestingly, the observables acquire dependence on
non-Abelian Berry curvatures when the quantum state occupies more than one dimensions
in Hilbert space. The form of these non-Abelian Berry curvatures resembles the Yang-Mills
field strength tensors. In the fully dynamical limit, when all expansion coefficients evolve in
time coupled to each other, these non-Abelian Berry curvatures turn to zero. By way of ap-
plication of this extension we can justify the theoretical results that have come out in the last
few years in non-equilibrium transport studies (i.e. of Floquet systems), where they find that
the conductivity as well as the particle transport, are given as integrals of Berry curvatures
weighted by the occupation numbers.

Our dissertation gives a new perspective for an essential engagement of boundary non-
Hermitian effects, topology and dynamics, in a single theoretical framework that is appro-
priate for theoretical studies of Condensed Matter Physics, and as such we hope that it will
contribute in making these methods followed up by other members of the community in the

future.
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Chapter 1
Introduction

For decades, the application of differential geometry and algebraic topology has been re-
stricted to either the curved spacetime of general relativity or gauge theories in particle
physics. This was until 1984 when Michael Berry [17] discovered the geometric phase ac-
companying adiabatic evolutions around closed loops. Barry Simon [123] interpreted this
result in terms of the holonomy in a Hermitian line bundle and realized the topological ori-
gin of the integer quantum Hall effect [135]. He identified the integer values of conductivity!
as the first Chern numbers which are topological invariants related to closed surfaces. The
discoveries of Michael Berry and Barry Simon mark the beginning of a new era in the theo-
retical studies of condensed matter physics. The involvement of geometry and topology by
means of quantum mechanics sharpened our understanding and led to numerous discover-
ies’.

Quantization of particle transport [134] for a time-periodic and adiabatic evolution was
justified due to topology. Reformulation of the electric polarization by engaging geometric
phases [75, 101, 109] was carried out in the 1990s (although the role of the Berry phase in
this theory was not immediately apparent, it facilitated the reinterpretation of macroscopic
polarization later on [114, 111]). Reformulation of the orbital magnetization [133, 33] by
using geometric concepts was performed in mid 2000s. An extension of the semiclassical
equations of motion was made [35, 130], and an additional term that depends on geometric
details, called the anomalous velocity, has finally confirmed a fifty-year-old idea concerning
the interpretation of the anomalous Hall effect [73].

Generally, topological states of matter are inherently related to non-integrable geometric
phases, and as such are realized for example in Chern and topological insulators [61, 106], as
well as in Dirac and Weyl semimetals [137, 6]. The special properties of such states of matter
like the Chern number, can be traced back to geometric quantities like the Berry curvature,

in the same spirit as the Gauss-Bonnet theorem which connects the Euler characteristic of a

IThe theoretical explanation of the integer quantized Hall conductance in the presence of a magnetic field
was first made in 1982 by the quartet of Thouless, Kohmoto, Nightingale and den Nijs [135] with a perturbation
calculation, where they found the integer values (appropriately coined later as the TKNN invariant) without
using topological arguments.

These discoveries go by the name Topological Phases, and their great importance is reflected in the 2016
Nobel Prize in Physics (awarded to D. J. Thouless, J. M. Kosterlitz and F. D. M. Haldane).

14



Chapter 1 Section 1.1
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Figure 1.1: At the end of a cyclic process the (final) modulus of the wavefunction ¥(r, R(t))
remains the same to the initial but the wavefunction acquires a dynamical S plus a geometric

~(c) phase.

surface to the Gaussian curvature.

1.1 Geometric Phases

In classical and quantum mechanics, the geometric phase is a phase difference acquired over
the course of a cycle when a system is subject to a cyclic process as shown in Fig.1.1.

The geometric phases occur whenever there are parameters characterizing a wave in the
vicinity of some sort of singularity or hole. The first to observe the occurrence of a ge-
ometric phase when dealing with closed loops in a parameter space was S. Pancharatnam
[102] in 1956. He discovered the geometric phase in the context of optical polarization.
He discussed the interference of two polarized beams, one of them having been transported
around a closed loop on the Poincare sphere (the space of polarization states) with respect to
the other. Moreover, he was able to express the result in terms of the solid angle described
by the normal vector along the loop. In 1959 Y. Aharonov and D. Bohm [2] realized that
the electromagnetic scalar and vector potentials, which were introduced in classical elec-
trodynamics mainly for convenience, have physically meaningful consequences in quantum
mechanics. Although measurable quantities cannot depend directly on the potentials due to
gauge freedom, Y. Aharonov and D. Bohm discovered that the electronic wave function ac-
quires a measurable (geometric) phase shift when transported along a circuit threaded by a
line of magnetic flux. Speaking in terms of geometry, the magnetic vector potential and field
in the Aharonov-Bohm effect correspond to the connection and curvature, respectively. At
the same time, the geometric phase appeared at a different end in a more subtle way, in the
study of Jahn-Teller effect in molecular systems. It manifested itself as a change of sign in the
electronic wavefunction during a cyclic evolution of the nuclear coordinates around a conical
intersection of the potential energy surfaces. The original idea was limited to systems where

the wavefunctions could be chosen as real. Hence, the interpretation of the sign change of a

15



Chapter 1 Section 1.2

Figure 1.2: Spherical and crumpled balls have the same genus of g = 0, in (a), but both the
donut and the coffeecup with one hole in (b) are characterized by g = 1. Adapted from [16].

real wavefunction as the special case of a phase change of a complex wavefunction was not
apparent, and the geometric phase that was underlying the entire problem was not identified
as such. It was not until the publication of C. Mead and D. Truhlar [93] in 1979, when the
double-valuedness of the electronic wavefunction caused by the sign change was resolved
by introducing a vector potential in the electronic Hamiltonian. This vector potential seemed
to originate from a fictitious magnetic flux line at the location of the conical intersection of
two energy levels in the parameter space of nuclear coordinates. Because of this analogy, the
phenomenon is called the molecular Aharonov-Bohm effect. In fact, this method introduced
geometric phases as a generalization of the Born-Oppenheimer approximation in molecules

if one allows for the nuclei to move slowly.

1.2 Topology in condensed matter

Topology is the abstract study of continuity. It introduces mathematical structures which
remain unchanged under continuous deformation. For this reason it is often called “rub-
ber sheet” geometry as it focuses on features that do not change when continuous changes
are made to the parameters of the system. In conventional band theory, one only needs to
calculate the dispersion relation F, (k) in order to study the transport properties. For ex-
ample, the electron’s velocity v is simply given by the gradient of the electron’s energy
vV = %VkEn(k). On the other hand, in topologically non-trivial states of matter, the lat-
ter relation turns out to be inadequate and is enhanced by extra terms 7 (k) resulting to
v = %VkEn(k) + T (k). The extra terms capture the topology of the Hilbert space and
mathematically are attributed to the singularities of the wavefunctions. These singularities
form nodal lines (also called dislocation lines) in 3D configuration space or points in 2D.
Along these nodal lines the phase of the wavefunction is undetermined and its modulus is
normally zero. Each nodal line is characterized by a topological integer that is also called
topological charge. The number of dislocation lines that penetrates only once a closed sur-
face, in a way can be thought as the genus ¢ that counts the number of holes of a surface
as shown in Figure 1.2. The study of this kind of singularities is made either by Dirac string
method, where one explicitly deals with the singularities, or with the fiber-bundle method
where one deals with overlap spaces and the strings are avoided. The Dirac string method

although a bit more complicated, is intuitively more instructive for one to highlight the in-

16



Chapter 1 Section 1.2

volvement of non-integrable phases. In this framework, we outline in what follows the Paul
Dirac’s [43] monopole charge study in real space r, and then describe a counterpart study
in parameter space R.

First, we discuss the analyticity of the wavefunction and it’s single-valuedness, in order
to connect as simply as possible the topological states of matter with the related singularities

of the wavefunctions. In this respect we consider the space
(r,R, 1)

where r is the position vector, R is a three-dimensional continuous vector parameter, and

t is time. We assume a wavefunction that defines the map
(r,R,t) — U(r,R, 1) (1.1)

for a closed system
// U (r, R, t)*d*r = 1. (1.2)
1%

Position coordinates

If the wavefunction is globally single-valued over position coordinates, it satisfies
55 VU(r,R,t)-dr=0 (1.3)
c

for any closed circuit that fulfills two conditions stated below. We consider for simplicity a
scalar wavefunction ¥(r,R,t) = |¥(r, R, )| ¢S (1, R, t), where |VU(r,R,t)| is its modu-
lus and S(r,R,t) its phase. Taking into account that the wavefunction is single-valued but

the phase is defined modulo 27, it results to the first condition
§£ VS(r,R,t) - dr =2mn (1.4)
c

where n is an integer. The latter equation implies that, when n # 0 there exist a nodal
line where the phase is undetermined®. The modulus of the wavefunction, must satisfy the
Schwarz integrability condition globally over space coordinates V x V|U(r, R, )| =0,
due to the normalization constraint Eq. (1.2). Applying the Stokes theorem in the arbitrary
circuit of Eq. (1.3) gives

2// U(r,R, 1)V x VS(r,R, 1) - da = 0. (1.5)
S

3 Applying the Stokes theorem for the arbitrary closed circuit gives // V x VS(r,R,t) - da = 27n, im-
s
plying that there is a nodal line along the points where V x VS(r,R,t) # 0 forn # 0.
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This implies that W(r, R,¢) has to be zero at the dislocation lines where the phase is un-
determined V x VS(r,R,t) # 0 which is the second constraint. Although the phase is not
globally integrable, it does not cause any complications due to the constraint
U(r,R,t) V x VS(r,R,t) = 0. For example, in the Hydrogen atom the wavefunction is
zero along the entire z axis whenever the electron has a well-defined angular momentum.
Therefore, an infinite nodal line is present and extends all over the z axis, from the lower
boundary of the system to the upper boundary. This defines the topologically trivial states
with quantized angular momentum, that is the states where each nodal line crosses twice the

enclosing surface of the system.

Dirac string

An exceptional, non-trivial case was encountered in the seminal work of Paul Dirac [43] in
his study about the motion of an electron around a magnetic monopole charge. He intro-
duced a vector potential A(r) by a global, singular U (1) phase transformation with a non-
integrable phase. That is, he assumed ®(r,¢) = et U(r,t) where A cannot be expressed as
a function of (r,¢) with definite value at each point, but, has definite derivatives satisfying
VA = %A(r). The phase A is undefined along the nodal line characterized by

V x VA = hiB(r) # 0, where B(r) is tangential to the nodal line. This nodal line is
c
unobservable, provided that it coincides with a nodal line of W(r,?), as well as it satisfies

VA - dr = 27n. Therefore, viewing the nodal line as an infinitesimal flux tube with the

magnetic field B(r) coming from south pole as depicted in Figure 1.3, and assuming that
this nodal line penetrates only once the surface enclosing the system, he concluded that the

magnetic flux over a closed surface is quantized

e

= B(r) da—#VxVA da-%VA dr = 2mn,

S C—0

where C is the infinitesimal closed curve enclosing the nodal line and n is an integer.
Equivalently, this magnetic flux can be attributed to a magnetic monopole charge ¢,, that
is situated at the end of the nodal line where V -V x VA # (0 and creates an effective

spherically symmetric magnetic field Beg(r) as shown in Figure 1.3. Therefore the magnetic

. L . he
charge is quantized in units of ¢, = ny-
e

String in parameter space

Similar arguments of the Dirac string approach in real space, are commonly found in the
topological states of matter, where the role of the magnetic field is given to the Berry cur-
vature and the role of vector potential to the Berry connection. For example, in topological

states of matter one frequently finds the map

(r,R) — T(r,R) /// (r,R) VrU(r,R)dV = A(R) (1.6)
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Figure 1.3: Magnetic field of the singular Dirac potential.

where A(R) is the Berry connection. Intuitively one expects that singularities of the wave-
function created by variation of the parameter R will be inherited to the Berry connection.
Therefore, one can follow the Dirac steps of derivation but in parameter space, namely, in-
troduce a Berry connection A(R) by a global singular U(1) phase transformation with
a non-integrable phase. In this framework we assume ®(r,R) = et U(r,R), where the
phase A cannot be expressed as a function of R with definite value at each point, but, has def-
inite derivatives satisfying Vg A = A(R). This vector field is singular along the nodal line
V& x VrA # 0, but is unobservable provided that it coincides with a nodal line of ¥(r, R)

as well as it satisfies 56 VRrA - dR = 27n. Therefore, for a nodal line that penetrates once a

closed surface in parameter space, one finds

#B(R)da:#VxVAda:jﬁ VA-dR = 2mn
S S

C—0

where B(R) = Vg x A(R) is the so-called Berry curvature, C' is the infinitesimal
closed curve enclosing the nodal line, and n 1is a topological invariant integer called first
Chern number. In this framework, monopoles are also possible to exist in parameter space
provided that the Berry connection A(R) and the wavefunctions (according to Eq. (1.6)),
have some kind of singularities. A monopole (antimonopole) charge in parameter space
(the k space in Solid State Physics) is situated at the end (beginning) of a nodal line which
coincides with a band-touching point in the Brillouin zone.

Monopoles are realized in crystal momentum (parameter) space in band theory, in the
topological states of matter, in contradistinction to real space. A reason that may cause this
dissimilarity may be due to the wavefunctions that need not be single-valued globally over

parameter coordinates (in contrast to real space). Therefore, the single-valuedness over real
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space coordinates Eq. (1.5) can be relaxed in parameter space

yg VeU(r,R) - dR = z// U(r,R) Vg x VRS(r,R,) - dag # 0. (1.7)
C S

This kind of multivalued functions does not affect the observables in the canonical formula-
tion, since the operators (r, p) do not act on the parameter coordinates. If we accept that this
is the case, then, the nodal lines in parameter space R need not coincide with the zeros of the
wavefunction, and as such are presumably much easier to be realized in crystal momentum
space.

Two plausible questions now arise. What are the theoretical tools that probe these topo-
logical effects and how are these effects explicitly taken into account as part of observables’
formulas? The probe of these effects is usually made by studying the geometric phases in the
framework of Michael Berry’s phase [17], but the explicit connection to observables is still
somewhat unclear. Perhaps the most known result so far that explicitly relates an observable
with a curvature, was given by Ming-Che Chang and Qian Niu [35] in 1996, and Ganesh
Sundaram and Qian Niu [130] in 1999, who enhanced the semiclassical equations of motion
by incorporating Berry curvature corrections.

An explicit engagement of Berry curvatures in the formulas of observables will come out
as a part of this dissertation, originating from a derivation of two dynamical extensions of
the Hellmann-Feynman theorem that takes into account boundary contributions due to non-
Hermitian effects. The dynamical extensions give one the ability, in the simplest manner

possible, to explicitly probe the dynamics and the topology of the embedded Hilbert space.

1.3 Semiclassical Equations of Motion

In the semiclassical approach, each electron is described by a wave packet constructed from
a single band Bloch functions under the following condition. The spread Ak of the wave
packet in the momentum space should be small compared with the dimensions of the Bril-
louin zone, so that it is meaningful to speak of the momentum k of the electron. This require-
ment implies that in real space the spread Ar of the wave packet is on the scale of hundreds
of unit cells. Therefore, in order for the semiclassical description to be valid, external per-

turbations must vary slowly over the dimensions of Ar. The wave packet can be written

Wk} = J]f a0 =5, ) (1.8)

where r. and k. are the wave packet centers in real and momentum space respectively,
a,(k) is the expansion coefficients whose exact form is not important as long as the above
requirement on the wave packet spread is satisfied, and |u,(k)) is the periodic part of the
Bloch function |V, (k)) = etkT |un(k)). The spirit of the semiclassical model is that the
fast varying periodic lattice potential is taken into account by the use of the Bloch functions

|u,(k)) while the slowly varying external perturbations are treated semiclassically. In the
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presence of weak electric (E) and magnetic (B) fields, the equation of motion of the wave

packet center is usually given in the following form [8]

dr, 1

= E,(k 1.
dt thc n( c) ( 9)
dk, edr,
hf=eB+ ——fxB (1.10)

where FE, (k.) is the unperturbed band energy of the electron. According to this set of equa-
tions, the electron dynamics is solely determined by the band energy. In fact, the quantity
E, (k.) is so important that techniques developed to calculate the band structure have become
an independent field in Solid State Physics. The wave packet is expanded in the basis of the
cell functions |u,(k)) which are the eigenstates of the following effective Hamiltonian

H(k) = QL(—mV + AK)? + Vipys (). (1.11)

m

If the electron adiabatically moves from k; to k,, which can be done by simply applying an
electric field, the electron’s wavefunction will acquire an extra geometrical type of phase.
M. C. Chang and Q. Niu [35] in 1996, and G. Sundaram and Q. Niu [130] in 1999, were the
first to enhance the above semiclassical equations of motion by incorporating Berry curva-
ture corrections. They use an effective Lagrangian of the motion with generalized variables
the electron’s main position and the electron’s main crystal momentum, whereas the external
(electric and magnetic) fields were taken into account as perturbations. Under the approxi-
mations that: (i) the external fields vary slowly over the spatial extension of the wave packet,
and (i1) the fields do not cause excitations (adiabatic approximation), and by employing a
time-dependent variational principle for the trial wave packet, they found the two extended

semiclassical equations of motion

dr, 1 ~ dk,
prl ﬁchEn(kc) o x B, (k) (1.12)
dk. edr,
hdt =ck + 7 x B, (1.13)
where
B, (k.) =i (Vi u,(ke)| X |V, un(ke)) (1.14)

is the Berry curvature evaluated with respect to the cell periodic states. In this framework,

they found that the electron acquires an extra velocity that is proportional to the Berry cur-

C

vature — x B, (k.) which is sometimes referred to as the “anomalous velocity” of the

electron. As we shall see, a part of our work described below leads to even further extensions
of the above equations of motion that involve additional types of Berry quantities (that can

be interpreted as electric field in k-space).
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1.4 QOutline of the dissertation

Motivated by the increased importance of boundary effects in topological states of matter,
combined with the involvement of geometric and topological concepts within a quantum
mechanical framework, this dissertation is dedicated to the reformulation and extension of
some fundamental concepts, which in turn lead to important measurable consequences. The

outcomes of this dissertation are briefly reviewed below:

[J Theoretical study of orbital magnetization

We reconsider the modern theory of orbital magnetization by defining additional quantities
that incorporate a non-Hermitian effect due to anomalous operators that break the domain
of definition of the Hermitian Hamiltonian. As a result, boundary contributions to the ob-
servable are rigorously and analytically taken into account. In this framework, we extend
the standard velocity operator definition in order to incorporate an anomaly of the posi-
tion operator that is inherent in band theory, which results in an explicit boundary velocity
contribution. Using the extended velocity, we define the electrons’ intrinsic orbital circu-
lation and we argue that this is the main quantity that captures the orbital magnetization
phenomenon. As evidence of this assertion, we demonstrate the explicit relation between
the nth band electrons’ collective intrinsic circulation and the approximated, evaluated with
respect to Wannier states, local and itinerant circulation contributions that are frequently
used in the modern theory of orbital magnetization. A quantum mechanical formalism for
the orbital magnetization of extended and periodic topological solids (insulators or metals)
is re-developed without any Wannier-localization approximation or heuristic extension [33].
It is also shown that, as a result of the non-Hermitian effect, an emerging covariant deriva-
tive enters the one-band (adiabatically deformed) approximation k-space expression for the
orbital magnetization. In the corresponding many-band (unrestricted) k-space formula, the
non-Hermitian effect contributes an additional boundary quantity which is expected to give
locally (in momentum space) giant contributions whenever band crossings occur along with
Hall voltage, due to imbalance of electron accumulation at the opposite boundaries of the

material.

[ Theoretical study of boundary contributions with application to spin current

We show how one can set up a global quantum equation of motion for transport processes,
without any local conservation law being necessary (in contrast to the established practice),
provided that additional boundary operators are taken into account and the system is closed.
The global quantum equation of motion: (i) provides a way for defining operators in an
extended manner, (ii) leads to a bulk-boundary relation for stationary states (having the form
of a gain-loss balance equation that relates the boundary rate of change of an observable with
its corresponding bulk change), as well as, (iii) gives a way for defining linear approximation

dissipation equations near equilibrium. By employing the extended definition of an operator,
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we first review the spin current definition [121] and show that, together with the bulk spin
generation, spin generation over the boundaries has to also be zero, in order for their operator
to have a well defined value; the spin generation over the boundaries is explicitly attributed
to a non-Hermitian boundary operator and has not been pointed out in this manner so far. We
then define the intrinsic spin current operator as the time derivative of a correlation function
between electron’s position and electron’s spin. The intrinsic spin current has two parts, the
bulk part and a boundary one, the latter attributed to the non-Hermitian effect. Its value is
always well-defined without any constraints being involved whatsoever. For any stationary
state, there exists a gain-loss detailed balance relation that explicitly relates the bulk intrinsic
spin current with the corresponding boundary one, while, for systems that lack local spin-
torques (in a given direction), the spin current turns zero value (provided that the state under
consideration has a well-defined spin in the given direction) due to the position and spin

being uncorrelated.

[J Derivation of a dynamical Hellmann-Feynman theorem and application to topolog-
ical transport processes

On could argue in general that topological quantum states of matter are studied and classified
by two different kinds of methods. Within the first kind, one examines the phases that are
accumulated during cyclic processes with respect to parameters that vary with time, whereas
in the second kind of methods, one explicitly studies an observable’s expectation value by
using time-dependent linear response methods. In the first kind of methods the quantities in-
volved are Berry connections which are gauge-dependent quantities, whereas in the second
kind the quantities involved are Berry curvatures that are gauge-invariant quantities. It is fair
to state that, although in this work none of these has been followed, we have still derived
results on expectation values of observables to all orders in the fields (no linear response
assumption). By just using quantum dynamics in an appropriate way, we have derived an
extended and dynamical Hellmann-Feynman (HF) theorem for general non-adiabatic pro-
cesses. The theorem is derived for a time-dependent vector parameter and takes into account
boundary contributions due to an emerging non-Hermitian effect. We present therefore a for-
mula for the observables that explicitly depends on generalized Berry curvatures and takes
into account boundary contributions. We show that, when dealing with states that are la-
beled by time-dependent parameters (as for example in the extended HF theorem that we
have derived), it creates a complication in the standard (in band theory) way of transfor-
mation between the discrete sum over static parameters (such as crystal momentum) to a
counterpart Riemann integral over continuous variables. We resolve this issue by taking into
account the arbitrary Jacobian of transformation between the initial value of a parameter and
the time-evolved one. This way of transformation engages measurable consequences when
the parameter velocity-field behaves as a compressible fluid field. This complication is pre-
cisely the “paradox” that appears in the semiclassical modification of density of states [149],

which has not been realized or identified in this manner.
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Several applications of the theorem showing its usefulness are made:
(i) We have derived a generalized Maxwell type of equation (in parameter space) with
monopole sources, where the fields are the generalized Berry curvatures of the theorem.
For flux preserving motions, the generalized Maxwell type of equation takes the familiar
form of Faraday’s law accompanied by a current that has two parts, the first part being the
monopole current whereas the second being a divergenceless free part. The current satisfies a
continuity equation leading to conservation of the total monopole charge of the system. This
Maxwell type of equation is a generalization of the Maxwell type of equation that is found
in the last few years [70] in the study of Weyl semimetals, which has arisen by heuristic
analogy to the electromagnetic induction law and without any detailed derivation.
(i1)) We have studied the particle transport in the adiabatic limit (Thouless pump) as well
as in dynamical and non-adiabatic limit. By using the extended velocity operator we have
confirmed that the quantization of the particle transport in the adiabatic limit is a boundary
effect. This is accomplished by using the dynamical HF theorem together with the non-
Hermitian boundary velocity. In the counterpart study of the non-adiabatic transport we
find that the quantization of the particle transport breaks down due to a non-trivial (non-
integrable) Aharonov-Anandan phase.
(iii)) We have reconsidered the electric polarization in the framework of the so-called modern
theory of polarization. We have shown that there is a boundary contribution that has been
overlooked. This boundary contribution is zero only when the Bloch states satisfy periodic
boundary conditions (over the realistic boundaries of the material) during the adiabatic driv-
ing, thus no voltage must be present during the adiabatic cyclic evolution.
(iv) We have derived two sets of quantum equations of motion for the electron without any
localization or adiabatic approximation involved. One is for spinless motion and the other
for spinfull one. These quantum equations of motion are extensions of the semiclassical ones
[130] that where derived by means of a time-dependent variational method, applied to a trial
localized wavepacket under the adiabatic approximation. The electron’s velocity that we
found depends explicitly on two generalized Berry curvatures as well as on a non-Hermitian
boundary term. We argue that the spinfull quantum equations of motion can be applied to the
quantum anomalous Hall effect. Based on the spinfull equations of motion, and by show-
ing explicitly the approximations involved, we have derived a modification of the density
of states for a spinfull motion. In comparison to the semiclassical counterpart modification,
the magnetic field is replaced by the total magnetic field, that is, the externally applied field
plus the effective one due to spin-orbit coupling; at the same time, the modification takes
into account an extra term that involves the monopole charges which were discarded in the

semiclassical study.
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[l Derivation of a dynamical HF theorem in a complete and orthonormal basis accom-

panied by applications

The dynamical extension of the Hellmann-Feynman theorem that we have made, although
practical and useful, cannot extract analytically the combined information of (i) the dynamics
captured by the expansion coefficients and (i) the topology of the Hilbert space that is instan-
taneously occupied. On the other hand, during the last few years a lot of theoretical as well
as experimental work is carried out in the study of time-dependent and non-equilibrium sys-
tems, where topological patterns of behavior may emerge under certain constraints. There-
fore, by using an orthonormal basis we have further analyzed the dynamical extension of
the Hellmann-Feynman theorem. We have found a formula for the observables that depends
on emerging non-Abelian curvatures as well as on non-Hermtian boundary contributions.
The formula has an inherited gauge structure that is attributed solely to the dimensions of
the Hilbert space that are instantaneously occupied, irrespectively of the energy scale of the
quantum system. Therefore, the gauge structure comes up either when the electron is spin-
less and not relativistic or when it is a spinfull and high energy one. It is remarkable that the
form of these non-Abelian Berry curvatures resembles the Yang-Mills field strength tensors.
In the fully dynamic limit, when all expansion coefficients evolve in time coupled one to each
other, these non-Abelian Berry curvatures turn to zero. On the other hand, whenever only
one dimension of the available Hilbert space is at every instant occupied, then, the gauge
structure is lost and the observables are given by Abelian curvatures. By way of applica-
tion of this extension we can justify the theoretical results that have come out the last few
years in non-equilibrium transport studies, where they find that the conductivity, as well as
the particle transport, are given as integrals of Berry curvatures weighted by the occupation
numbers.

We should probably stress that all the new quantities emphasized above have indeed
been defined for the first time in this work. All interpretations and results are based on
these quantities and have been derived during the period of carrying out this dissertation.
In particular, the non-Hermitian effect (that had earlier been noted as a “paradox” in the
Ehrenfest theorem, and is here also encountered in the Hellmann-Feynman theorem) stands
out as something that seems to have been entirely overlooked in the Solid State literature,

various cases where it shows up deserving further investigation.
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Orbital magnetization

As we already declared in the Introduction, we shall begin with the orbital magnetization' as
the observable under investigation and we shall see that this leads to results - especially on
subtle boundary contributions - that have largely been ignored in the literature.

Boundary effects are ubiquitous in condensed matter systems. However, how these ef-
fects influence bulk quantities such as the bulk orbital magnetization M seems to be still
unclear [38, 92, 20]. Circular dichroism measurements have confirmed the existence of
surface states with non-trivial orbital moment textures in k-space [104, 74] due to Orbital
Rashba Effect [103], while gigantic orbital magnetization values are predicted to occur in
the vicinity of band crossings at the surfaces of sp alloys [54]. A simple and direct method
to link boundary properties with bulk quantities, if found, would conceptually give a direct
realization of a bulk-boundary correspondence in a general sense. Hints of such a link have
appeared but they have not yet been combined in a single theoretical framework for con-
densed matter systems. In the chemists’ community the link between boundary effects and
“bulk” quantities seems to have been studied in detail and is formalized as surface integrals
(fluxes) of certain generalized currents in the so-called atomic theorems [13, 12, 15] that de-
termine atom properties viewed as parts (fragments) of a molecule; for example, the atomic
dielectric polarization [15] and atomic magnetic susceptibility [14] have been determined
within that method. In the mathematical physics community the connection between bound-
ary effects and bulk quantities can be attributed to anomalous operators that break the domain
of definition of the Hamiltonian operator, thereby leaving residues either in the Ehrenfest the-
orem [47, 48, 66] or in the Hellmann-Feynman [49] theorem; these can be converted into
space coordinate surface integrals (for 3D systems) over the system’s boundaries. In this
paper we rigorously take into account these boundary residues as non-Hermitian effects in
order to model the boundary contributions to the orbital magnetization of non-interacting
electrons.

In general, anomalous operators act on states that belong within a given Hilbert space,

where the Hamiltonian is assumed Hermitian and the system is closed, and they produce

'This chapter is adapted from K. Kyriakou and K. Moulopoulos [81] which is currently under review in
Physical Review B.
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states that are outside this given Hilbert space; this leads to emergent non-Hermiticity in the
Hamiltonian which is precisely the above mentioned boundary residue.

One of the most common examples of such an anomalous operator (that leaves a bound-
ary residue in the Ehrenfest theorem) is the position operator r whenever periodic boundary
conditions at the ends of the system are adopted for the wavefunctions. In Solid State Physics
one usually bypasses this kind of anomaly as in Ref.[110] by redefining a proper (periodic)
operator for the electrons’ position that does not leave any boundary residue and by working
with its expectation value. In this work we deal with this problem in a direct way, that is
we maintain the standard electrons’ expectation value (r) as defined within the Schrédinger
picture (despite the fact that the electrons’ position expectation value (r) becomes undefined
within the Bloch representation in the thermodynamic limit, its displacement A(r) after a
finite time interval is always a well-defined quantity as shown in Appendix A) and simply
extend the standard velocity operator by adding to it an extra operator term that takes into
account the non-Hermitian effect of the Hamiltonian operator. The expectation value of the
added operator term is determined entirely from the boundaries of the system and it rigor-
ously gives a boundary velocity contribution for the electron (although formalized in a bulk
framework).

Therefore, having in mind the evolution of the quantum state under consideration as
well as the position operator expectation value within the Schrodinger picture, we are led to
define the velocity operator in an extended form as, v.,; = v + v, where v is the standard
velocity operator as given in the literature (which can be viewed as a bulk property) and v,
is the added boundary operator term that takes into account the non-Hermitian effect. In this

fashion, the extended velocity operator expectation value (v.,;) is always equal to the rate

of change of the electrons’ position expectation value (v..;) = E<r> irrespectively of the
system’s size or the boundary conditions to be imposed on the wavefunction; it should be
noted that the latter equality is not guaranteed if the boundary velocity operator is not taken
into account, and this has been the source of paradoxes[66].

The above boundary velocity v, expectation value, can be used as a probe with respect
to transport properties that are carried by the system’s boundaries. However, although the
boundary velocity expectation value (v,) is well defined and not zero within Bloch repre-
sentation in the thermodynamic limit, the expectation value of certain observable operators
involved in orbital magnetization calculations in the literature, can be undefined, e.g. the po-
sition operator expectation value (r) and the circulation operator expectation value (r X v).
Such subtle behaviors, as well as relevant consequences with respect to the modern theory
of orbital magnetization, are presented in Sec.2.1.3 and summarized in Table 2.1.

Orbital magnetization is the quantity to be crucially affected by the above non-Hermitian
effect and it is this observable that is the focus of our treatment. Before we start, let us note
that, although in conventional materials the orbital magnetization is only of the order of a few
per cent of the total magnetization, in materials with topologically nontrivial band structures

the electrons’ collective orbital magnetization can be larger than spin magnetization which
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has been confirmed in experiments [131, 58, 107], owing to large orbital magnetization con-
tribution arising from the effective reciprocal space monopoles near the band crossings.

Nowadays, the so-called modern theory of orbital magnetization M has been argued
to have come to a mature stage [132]. Three main methods for deriving the bulk orbital
magnetization formula in the context of modern theory are currently widespread: a quantum
mechanical method with direct calculation of circulating currents for trivial band insulators
in the presence of boundaries [133, 33], a semiclassicall wave packet approximation method
[149, 148, 35] and one that takes the derivative of free energy with respect to magnetic
fields under periodic boundary conditions [120, 37]. In the first of the above methods two
incompatible features had to be overcome in order for the magnetization to be a genuine
bulk property, namely adoption of periodic boundary conditions (PBCs) and usage of the
circulation operator r X v in the Bloch representation. This was done with the aid of the
Wannier representation which can be rigorously employed in normal insulators with zero
Chern number.

Furthermore, it has been argued that bulk behavior of observables in crystalline materials
is ensured when computing within PBCs. In spite of this belief, and contrary to what has been
stated in the literature [112, 19], the system by construction has a “terminated” boundary
surface (assuming a 3D material), the one on which PBCs are imposed; boundary contribu-
tions due to non-Hermitian effects are therefore generally not ruled out, especially whenever
observables incorporate anomalous operators, such as the position operator that enters the
expressions for the electron’s magnetic and electric dipolar moment.

In the spirit of re-examining the orbital magnetization formula within a quantum me-
chanical theoretical framework that takes into account boundary effects and at the same time
relaxes the Wannier-localization approximation, we were motivated to define a circulation
operator that contains the extended velocity operator in the form %(r X Vegt — Vegt X T),
in order to analytically determine the orbital magnetization of a system of effectively non-
interacting electrons (i.e. in a density functional theory framework). Although this circu-
lation operator takes into account boundary contributions as a consequence of the extended
velocity operator v.,, its expectation value is still problematic in the Bloch representation
within PBCs and it becomes undefined for extended systems in the thermodynamic limit (see
Appendix A).

In spite of the undefined expectation value of the latter circulation operator in periodic
and extended systems, and to our surprise, we found out that it can always be decomposed
into two distinct parts, namely, an intrinsic one that has a definite value and an extrinsic
one that carries the undefined value. The intrinsic one has an intensive and bulk behavior
that properly counts the local and circulating probability micro-currents embodied in the
(generally) extended wavefunction’s structure with boundary contributions being explicitly
taken into account due to the non-Hermitian effect.

Specifically, the expectation value of the intrinsic orbital circulation is found to have the

following properties: (i) it does not depend on the system’s size and has a finite value within
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PBCs in the Bloch representation in the thermodynamic limit, (ii) it carries information about
the electrons’ orbital circulating probability micro-currents which are encoded as structured
wavefunction in real space (for free electrons and plane waves it becomes zero), (iii) its value
does not depend on the position origin (as long as the shift of the origin can be attributed
to a unitary transformation of the wavefunction) and (iv) it takes into account boundary
contributions as a consequence of the non-Hemitian effect.

Although we do not use any Wannier states in this work, we nevertheless demonstrate
how an explicit relation between the electrons’ nth band collective intrinsic circulation (eval-
uated with respect to Bloch eigenstates) and a starting point formula of the modern theory
of orbital magnetization (namely, the electrons’ collective circulation evaluated with respect
to Wannier states) can be established. This is accomplished by using the standard velocity,
the newly defined boundary velocity and the intrinsic circulation and by assuming that each
Bloch eigenstate satisfies the periodic gauge. In this respect, we expand each Bloch eigen-
state into the basis of localized bulk Wannier states and localized surface orbitals, and as a
result the nth band electrons’ collective intrinsic circulation (initially evaluated with respect
to Bloch eigenstates) acquires two distinct contributions which are the same as the ones given
in Ref.[133], that is, the collective local circulation contribution (LC) plus the collective itin-
erant circulation contribution (IC), the latter being, in our formulation, explicitly attributed
to the new boundary velocity. It is important to re-emphasize that, using the relation between
the boundary and the standard velocity, the IC can be recast in a form that can be evaluated
as a bulk property.

In this framework we propose that the intrinsic circulation is the proper quantity that
encodes the electrons’ intrinsic orbital behavior in periodic (or moderately disordered) and
extended systems, without the need of any approximation, and as such it must be employed
in a rigorous quantum mechanical theoretical framework for calculating the orbital magneti-
zation.

In the fashion described above, we exploit the intrinsic orbital circulation in order to
model the orbital magnetization of non-interacting electrons and as such we use it to derive
two quantum mechanical formulas, one as an r-space and another one as a “reciprocal” k-
space formula, both being relaxed from any Wannier-localization approximation.

The r-space formula is derived for an extended system within PBCs over the terminated
boundaries, giving therefore the bulk orbital magnetization.

In the derivation of the k-space expression we relax the PBCs constraint, and as a con-
sequence, certain interesting features emerge. Namely, a covariant derivative appears in the
one-band (adiabatically deformed) approximation formula for the orbital magnetization as
an emerging operator, and survives due to the non-Hermitian effect that is attributed to the
anomalous momentum gradient operator 0y that enters the static (off-diagonal) Hellmann-
Feynman theorem that we derive in Appendix C. In the many-band (unrestricted) formula
the non-Hermitian effect contributes an additional boundary quantity which explicitly de-

pends on the off-diagonal matrix elements of the boundary velocity operator v, as well as
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on a new boundary momentum gradient operator k; (defined in Eq. (2.46)). The latter ad-
ditional boundary quantity, is expected to give locally (in momentum space) giant orbital
magnetization contributions (due to its structure) whenever band crossings occur along with
Hall voltage as a consequence of boundary conditions that may generally break the standard
Born-von Kérman periodicity.

The theoretical method that we propose can be employed either for calculating the built-
in orbital magnetization of solids in the absence of external fields [133, 33] or for calculating
the induced orbital magnetization as a response to external fields, e.g. to an electric field [90].
In this work we determine the built-in magnetization in solids when time reversal symmetry
is assumed to be broken, either from a staggered magnetic field that averages to zero over

the unit cell, or through spin-orbit coupling to a background of ordered local moments.

2.1 Definitions

2.1.1 Extended velocity operator

By taking into account the evolution of the state under consideration, and by demanding
that the velocity operator expectation value must always be equal with the rate of change of
the electrons’ expectation value E(r) it is necessary to define the velocity operator in an

extended theoretical framework as,

Vegt = V +Vp (2.1)
where, »
v = % [H(r,t),r] 2.2)
is the standard velocity operator and
vy = %(H(r,tﬁ — H(r,t))r (2.3)

is the boundary velocity operator.

The introduction of this new operator vy is rather naturally motivated by Refs.[47, 48]
and its expectation value is not zero only whenever the position operator becomes anomalous
due to the non-Hermitian effect, in which case there are paradoxes first noted in Ref.[66].

For closed systems (¥(¢)|¥(t)) = 1, the Hamiltonian is Hermitian H(r,t)" = H(r,t)
with respect to the states that belong within the domain of its definition and these states form
the given Hilbert space. The non-Hermitian effect emerges whenever the state rW(r, ¢) does
not belong within the given Hilbert space, that is H(r,t)" (r¥(r,t)) # H(r,t) (r¥(r,t)),
which is a characteristic property of all wavefunctions W(r, ) that satisfy PBCs over the

system boundaries.
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Although the expectation value of the boundary velocity operator Eq. (2.3) given by
?

(ve) = 2 ((H (r, )T (0)[rP(2)) — (L(&)| H (r, )r¥(t))) (2.4)
is by definition a bulk quantity, due to space-volume integration (assuming a 3D system) in
position representation, it can always and equivalently be evaluated as a boundary quantity
due to the structure (and symmetry) of the integrands that allows an integration by parts.

In this respect, by working in position representation, for real scalar and vector potentials

and after a straightforward integration by parts, the expectation value of Eq. (2.3) is given

<vb>:—§1§érupr( )-dS) +—#\\p £)|dS (2.5)

with S being the terminated boundary surface of the system where the boundary conditions

in the form

are imposed, and J,,.(r, ) =Real[¥(r,¢)*v U(r, )] is the standard local probability current
density (for a spinless electron). The general form of Eq. (2.5) can be further reduced for
periodic systems. Specifically, by assuming a wavefunction u(r,¢) that is cell-periodic in
the bulk and at the same time satisfies Born-von Kdrman periodic boundary conditions over
the material’s boundaries, Eq. (2.4) takes the form

i

{ve) = = ((H(r, t)u(®)| ru(t)) ey = (@) H(r, )rul?)) o) (2.6)

where we have used the normalization convention (u(t)|u(t)). ,, = 1, as well as the fact that

cell —
u(r,t) belongs within the domain of definition of the Hamiltonian, that is,
(H(r,t)u(t)|u(t)y — (u(t)| H(r,t)u(t)) = 0. By then exploiting the symmetry of the in-

tegrands and performing integration by parts, Eq. (2.6) takes the simplified form

(vy) = — # v (3, (r,t)-dS) @.7)

ell

that is valid for periodic systems.
The first term of Eq. (2.5) can be seen as a position-weighted probability flux through
the boundaries of the system, while the second and purely imaginary part, cancels a possible

imaginary remnant part of the standard velocity operator expectation which is given by

v = [ 3wteoav - 2 b oo ops 2.8)

By adding Eq. (2.5) and Eq. (2.8), thatis (v.,) = (v) + (v;) we see that (v.,;) is always
a real quantity as expected (see discussion below).

The boundary velocity operator can also be useful in the study of materials with strong
spin-orbit coupling interaction if a modification of its expectation value form is made, that is,

by taking into account the spin dependence of the standard velocity operator (as an outcome

of the non-relativistic limit of the Dirac equation) v = —II + o x VV(r) that en-
m

4Am?2c?
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ters the local probability current density J,,.(r,t)=Real[¥(r,t)'v ¥(r,t)] which now must
be evaluated with respect to spinors.
With the aid of Eq. (2.1) —(2.3), the extended velocity operator can be recast in the form

Vo, = %(H(r, Hr — rH(r, 1)), (2.9)

d
and the equality (ve,;) = pr (r) holds irrespectively of the position operator behavior (hence
irrespective of the boundary conditions). By the definition as given in Eq. (2.9) and by work-

ing in the position representation r™ = r, we can easily deduce that the extended velocity

+

operator is always a Hermitian operator v_,, =

Ve and its expectation value is always
real, in agreement with a summation of Eq. (2.5) and (2.8) without the need of any specific
boundary conditions to be imposed, which is also valid even for open systems where the
Hamiltonian is not a Hermitian operator.

A simple and intuitive criterion to demonstrate the necessity of introducing the extended
velocity operator is as follows: Consider a stationary and extended plane wave state of a
free electron of mass m with well defined momentum £k in a finite volume V. The sys-
tem is assumed to be closed, that is the electrons’ wavefunction is normalized to unity at
every instant ¢ within the volume V, (U(¢)|W(¢)) = 1. In this fashion, the electrons’ dis-

placement A(r) must always be smaller than (or equal to) the systems’ size. Using the

standard velocity definition v = % [H(r,t),r| the elctrons’ displacement acquires the value

Alr) = h—nl;t which will eventually lead the electron out of the system. This paradox is
bypassed within the extended velocity operator definition, as it turns out that the boundary
velocity contributes an equal magnitude and opposite sign than the bulk electrons’ velocity
(v) resulting in zero displacement A(r) = 0 at every instant ¢ for the assumed stationary
state. In fact, the extended velocity operator guarantees that every stationary state (irrespec-

tively of the static potentials) will always produce zero displacement for the electron, that is
d
expectation value is a static quantity with respect to any stationary state.

(ry = (Vexr) = (V) + (v) = 0, as expected from the trivial fact that the position operator

In this fashion, we can develop a simple and direct method to link boundary effects with
bulk properties as a form of a bulk-boundary correspondence in a general sense for every
stationary state, namely (v) = — (v;), where n indexes the Hamiltonian eigenstate; this
is an example, therefore, of a bulk formulation that properly takes into account boundary
currents that are rigorously related to the bulk band structure.

There are two important features of the extended velocity operator v.,; that can be de-
duced from its off-diagonal matrix elements with respect to the (generally time-dependent)
Hamiltonian instantaneous eigenstates |n(¢)). These are derived by direct application of
Eq. (2.9) and Eq. (2.1) and are given by

(m@)|v[n(t)) + (m@)[veln(t)) = - (En(t) = Ea(t) (m(t)|r|n(t)) (2.10)
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where, the off-diagonal matrix elements of the boundary velocity operator are explicitly

calculated (after a straightforward integration by parts) as

m@lila0) = =5 fpr (o + dhyven)as + 5 dfolvads, @

tn = Yp(r,t) = (r|n(t)) are the Hamiltonian’s instantaneous eigenfunctions and v is the
velocity operator given by Eq. (2.2). Eq. (2.11) can be viewed as the off-diagonal counterpart
of Eq. (2.5).

The two important features then follow. First, the off-diagonal position matrix elements
in Eq. (2.10) will explicitly be involved in the many-band (unrestricted) formula of the or-
bital magnetization that we will derive in this article; therefore, boundary contributions due
to the off-diagonal boundary velocity matrix elements will explicitly be taken into account.
Second, the off-diagonal position matrix elements in Eq. (2.10) are proportional to the elec-
trons’ transition dipole moment, therefore the emission and absorption of photons can be
rigorously related with boundary properties owing to the off-diagonal boundary velocity ma-
trix elements.

Generalizing the results of this subsection we point out that, whenever one defines an op-

erator in an extended way O.,, so that its expectation value (O.,;) is equal with the rate of

d
=2 (G,
the definition of O,,; can be consistently given by the Ehrenfest theorem, as long as a

change of the expectation value of a given Hermitian operator G, that is (O.,;)

corresponding boundary operator @, is taken into account. The expectation value of the
boundary operator (Q,) is extremely sensitive to the boundary conditions of the wavefunc-
tion and takes a nonzero value only whenever the given Hermitian operator G (entering the
theorem) becomes anomalous due to the non-Hermitian effect. Specifically, by working in
position representation, due to symmetry of the integrand, after a straightforward integra-
tion by parts, the expectation value (@) is always cast in the form of a boundary integral
(assuming real scalar and vector potentials) of a generalized current Js flux as
1

(Oy) = - (U)] (H(r,t)" — H(r,t))G|¥(t)) = #SJG dS (2.12)

where the generalized current density J¢ is given by
1
Jo = —§r1-((V\IJ(r,t))T +U(r,t)'v) GU(r,1). (2.13)

The wavefunction ¥(r,t) entering Eq. (2.13) can be either the electrons’ two component
spinor wavefunction for spinfull electron (and this will be nontrivially useful in solids with
strong spin-orbit interaction) or the scalar wavefunction for spinless electron motion (where
the generalized current has the same structure but with the dagger operation { being replaced
by the complex conjugation * operation only) and n is the unit vector locally normal to the
surface S. For the special case of G = r and either spinlfull or spinless electron motion,

by analytically calculating the directional velocity operator n-v action on GW¥(r,t) within
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Eq. (2.13) and Eq. (2.12), we recover Eq. (2.5). Alternatively, if we choose G to be the
identity operator I, then J; becomes the usual probability current J,. and for a closed sys-
tem Eq. (2.12) becomes zero, which is consistent with the conservation of total probability

(valid for states belonging within the Hilbert space of closed systems).

2.1.2 Intrinsic and extrinsic orbital circulation

In order to define the electrons’ intrinsic and extrinsic orbital circulation for an extended and

periodic system, we first choose to define a Hermitian circulation operator as
1
C= 5(1‘ X Vegt — Vegt X r) (214)

namely the electrons’ orbital circulation operator that employs the extended velocity op-
erator; it is therefore designed to take into account the inherited anomaly of the position
operator when computing circulating currents in periodic systems. The circulation opera-
tor always behaves as a Hermitian operator C* = C irrespectively of the wavefunctions’
boundary conditions as evidenced from Eq. (2.14) and Eq. (2.1). With the aid of Eq. (2.1)

—(2.3) and r x r = 0, the circulation operator can be recast in the forms

C= %ir x (H(r,t)* + H(r,t)) r
and

1
C:r><v+§r><vb.

It is interesting to note that in the latter form of C the 3 r X vy term is an anti-Hermitian
operator that has imaginary expectation value which exactly cancels any remnant imaginary
part of the r X v term expectation value. Direct calculation gives the orbital circulation

operator C expectation value form, which is found to be

(T(£)| C [T (t)) = Im[i (U(t)|r x v |[T(t))] = ///Vr x Jop(r,t)dV (2.15)

where the quantum state under consideration |W(¢)) is normalized within the volume V' of
the system. In spite of the cautious definition of the circulation operator in order to take
into account the possible anomaly of the position operator for periodic systems, it is shown
in Appendix A that its expectation value (C) with respect to a Bloch eigenstate does not
quite lead to any theoretical progress as it becomes undefined for an extended system in the
thermodynamic limit.

Motivated, however, by classical mechanics, either by rigid body dynamics or by contin-
uous medium (hydrodynamical) theories, we find out that the expectation value of the circu-
lation operator (C) can always be decomposed into two distinct parts. Namely, an intrinsic
circulation part (C;,,,.) that always has an intensive and bulk behavior (with well defined

value within Bloch representation in the thermodynamic limit) and an extrinsic circulation
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part (C.,;) that has an extensive and position origin-dependent behavior (with undefined
value within Bloch representation in the thermodynamic limit). The definitions of the intrin-

sic and extrinsic circulations are given by

(W) Cinar [U(2)) = Im[i (W (B)] (r = (r)) x v[¥(2)) ] = ///V(r — (1)) X Jpr(r, 1)dV
(2.16)

and

(U(t)| Couer [W(1)) = Im[i (T(1)] (r) x v |¥(1))] :/// (r) x I (r, AV (2.17)

\%4

respectively, where V' is the volume of the system and (r) = /// r [U(r,t)[>dV is the posi-
tion operator expectation value that takes an undefined value wit‘t/lin Bloch representation in
the thermodynamic limit (as shown in Appendix A).

The intrinsic circulation (C;,;-) has no ambiguity and is a position origin-independent
quantity whenever the shift of the position origin causes a U(1) transformation for the scalar
wavefunction (assuming a spinless electron). The origin-independence is a consequence of
the combined transformation (under a shift of the position origin) of the operator
((r — (r)) x v) and the U(1) transformation of the wavefunction that compensate each other.
For spinfull electrons the velocity operator acquires spin-dependence and, as long as the shift
of the position origin can be described by an SU(2) transformation of the spinor wavefunc-
tion, the intrinsic circulation remains a position origin-independent quantity without any
ambiguity.

The electrons’ intrinsic orbital circulation as given by Eq. (2.16) has an inherited bound-
ary contribution which is revealed when taking into account Eq. (2.1) and Eq. (2.5) —(2.8).
In the special case of a stationary state |\U,,(¢)) the electrons’ intrinsic orbital circulation has

the explicit boundary dependence given in

(U, ()| Ciner [V (1)) = ///v r X Jprm)(r)dV — (r), X #gr (Jpr(ny(r).dS).  (2.18)

Assuming an extended Bloch eigenstate W, (r, ¢, k) that obeys PBCs over the boundaries
of the system (and is normalized within its volume V'), and in spite of the position operator
(undefined) expectation value (r) that explicitly enters Eq. (2.16), we find after a straightfor-
ward calculation shown in Appendix A that the electrons’ intrinsic orbital circulation takes

a well-defined value at the infinite volume limit V' — oo, given by

(U(010] Con 10110 = 5 = (0,00 1)) X Ty (2100 2:19)

Veen

with u,(r, k) the cell periodic eigenstates, where all space integrals have been truncated

(due to symmetry of the integrands) and evaluated within a unit cell of volume V., the local
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probability current density being determined with respect to a Bloch eigenstate. It is evident
from Eq. (2.19) that the intrinsic circulation is a bulk and intensive quantity of a periodic
and extended system. On the contrary, the extrinsic circulation as given from Eq. (2.17),
takes an undefined value for a periodic and extended system (owing to the position operator
expectation value); it is therefore not a proper quantity to model any bulk or boundary prop-
erty of such a periodic and extended system. We note that, in deriving Eq. (2.19) we have

assumed the normalization convention (¥,,(k)|V, (k)) = (u,(k)|u,(k)) ., = 1, thatis we

1 .
have assumed a Bloch state in the form |V, (k)) = ﬁezk.r |un(k)) where N is the total

number of the unit cells enclosed within the volume V' of the system.

Summarizing, and with Eq. (2.16) as well as Eq. (2.19) in mind, we can conclude that
the quantity (r — (r)) x J,,(r,¢) is a well defined local intrinsic circulation density, even if
it is computed with respect to an extended Bloch state in the thermodynamic limit where the

electrons’ position expectation value acquires an undefined value.

Physical meaning of the intrinsic orbital circulation

A physically and intuitively important feature of the intrinsic orbital circulation is that it is
a quantity that properly counts the circulating probability micro-currents embodied in the
wavefunction’s structure. In order to clarify this feature in a simple manner let as consider
two spinless and free electron motions in 3D space: one electron with well defined linear
momentum vector hk and another one with partially well defined linear momentum vector,
e.g. only its z component hik.e, (with k, and k, being undetermined). We assume that each
electron is in an extended state motion that is normalized within a volume V. The free elec-
tron motion with well defined linear momentum vector 7k, hence with a plane wave form
for the wavefunction, has a local probability current density that is a homogeneous vecto-
rial quantity proportional to ik /m. On the contrary, the free electron motion with partially
well defined linear momentum hk.e, has a local probability current density that is an inho-
mogeneous vectorial quantity with a constant z component proportional to ik, /m. Using
Eq. (2.16), we can easily find that the intrinsic orbital circulation of the free electron motion
with well defined linear momentum £k is zero (due to the homogeneous local probability
current density), while the intrinsic orbital circulation of the free electron with partially well
defined linear momentum hk.e, is non-vanishing (due to the inhomogeneous local probabil-
ity current density) and takes contributions only from the = and y non-constant components
of the local probability current density that may constitute a vortex circulating probability
micro-current field on the planes normal to e, (with free electron vortex state being an ex-
ample, see below).

Considering such a structured wavefunction, its phase is indeterminate on the disloca-
tion lines (in 3D space) where the modulus of the wavefunction takes a zero value. The

intrinsic orbital circulation of the electron as given by Eq. (2.16) becomes zero, namely,

///r X Jp(r,t)dV — (r) x///.]pr(r,t)dv = (0 whenever, in the simplest scenario, the
v v

local probability current density is zero (the gradient of the wavefunction’s phase is zero)
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Figure 2.1: Vortex beams propagating along the z-axis carrying intrinsic longitudinal orbital
angular momentum (L,) = A ¢ per particle. The 3D schematics show the phase fronts
(cyan) and probability-current streamlines (orange) for beams with different vortex charges.
Adapted from [21].

or whenever the local probability current density is a homogeneous quantity (the gradient of
the wavefunction’s phase has a constant and well-defined value), therefore the wavefunction
is structureless. On the contrary, in structured wavefunctions the electrons’ intrinsic orbital
circulation is generally not zero and has two competing contributions as given in Eq. 2.16,
which are explicitly dependent on the local probability current density field. The bigger the
difference of these two competing contributions the bigger the electrons’ intrinsic orbital
circulation, which occurs for example whenever the internal structure of the wavefunction
has such a symmetry that makes some of the components of /// J,r(r,t)dV become zero.
The latter symmetry feature is found in the free electron motion t‘flat are described by vortex
states [86, 21] illustrated in Fig. 2.1, where the electron has well defined linear momentum
hk.e, only in the z direction and at the same time has a well defined canonical orbital an-
gular momentum along the same direction (characterized by the azimuthal index [). Due

to the rotational (azimuthal) symmetry of the wavefunction, the azimuthal component of

///Jm(r,t)dv becomes zero.
1%

Structured wavefunctions appear naturally in motions under external potentials, e.g. in
atomic orbitals with nonzero mechanical angular momentum or in Landau states in a mag-
netic field. In this respect, we generally expect that the ionic environment will in principle
produce structured and extended cell periodic electronic wavefunctions wu,(r,k), with the
dislocation lines being periodically ordered in the bulk owing to the periodicity of w,(r, k),
while spiraling probability micro-currents around those lines can be taken into account by
Eq. (2.16) and Eq. (2.19). Intrinsic orbital circulation is the starting point quantity for the
microscopic understanding of the orbital magnetization origin and as such will be used in
the following to model the orbital magnetization in band theory without the need of any

Wannier-localization approximation.
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Table 2.1: Matrix elements evaluated with respect to Bloch eigenstates in the thermodynamic
limit.

Operator Matrix element Value Origin Boundary
Velocity is
r (thn| T |9)n) undefined dependent  well defined
r (Un| T |t0m) n#m well defined independent well defined
rxv (| X V |1hy) undefined dependent  well defined

HS

. . HS
Ly x Hy, ; [tm) (| T }%; (tUn| T |t ) X By (| T |uy,)  well defined independent  zero

h
r — (|1 |[thn) (Um| (r = (Un| T [1V0)) [t0m) well defined independent well defined
(r — (| T |thn)) X v (W] (xr = (Wn| v [1hn)) X v |thy) well defined independent well defined

(| T |ty X v (| (Pn] T 10n) X V |2by) undefined dependent  well defined

Physical meaning of the extrinsic orbital circulation

The extrinsic orbital circulation ( C..,- ) = Im[i(r) x (v)] is an extensive quantity that
counts the circulation of the global probability current ( v ) with respect to a specific position
origin. It does not carry any tractable information about the structure of the wavefunction or
the circulating probability micro-currents (due to being a position origin dependent quantity),
and has an undefined value within Bloch representation in the thermodynamic limit (owing

to the position operator expectation value being undefined).

2.1.3 Subtle behaviors and relevant consequences within Bloch repre-

sentation

The scope of this subsection is ultimately to facilitate a comparison of our results (derived
in later sections) with the literature, and more specifically (i) to point out the behavior of
operators (with respect to their expectation values and position origin dependence) that are
commonly used in the modern theory of orbital magnetization, and (ii) to show some subtle
consequences that emerge due to implicit Hermiticity assumptions that were silently made
during calculations in recent theoretical works [92, 20, 19].

The expectation value of the position operator with respect to a Bloch eigenstate
(n (k)| r |1, (k)) turns out to be an undefined value in the thermodynamic limit, as shown
by Eq. (A.4) derived in Appendix A. On the other hand, the corresponding off-diagonal
matrix elements (¢, (k)| r |1),,(k)) given by Eq. (A.5) (also derived in Appendix A) remain
well defined quantities. In this respect we also note that the matrix elements of the operator
(r — (Vn(k)| r |1, (k))), evaluated with respect to any Bloch state, have a well defined value
in the thermodynamic limit. This can be shown by taking the expectation value with respect
to |t (K')), thatis ( (¢, (K)|r [t (K)) — (¥n (k)| r [¢n(k))), which by using the 3D ana-
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logue of Eq. (A.12), shows that the undefined terms cancel each other and, as a result, the
expectation has a well defined value.

The same pattern, that is, the undefined terms canceling each other, is what makes the
intrinsic circulation Im[i (¢, (k)| (r — (¢, (k)| r |[¢n(k))) X v |1, (k))] have a well defined
value in the thermodynamic limit. On the other hand, the real part of the circulation oper-
ator expectation value Im[i (¢, (k)|r x v [, (k))], is an undefined quantity as shown by
Eq. (A.11). For what follows it is worth pointing out that, in all the above mentioned calcu-

lations, no constraint is assumed with respect to the boundary velocity expectation value.

By then using the Bloch form of the considered state as well as v = % [H(r),r] and

1
r x r = 0, the circulation operator takes the form —ﬁlm[ (up(k)|r x Hi(r, k) r |u,(k)) ]

where Hy(r, k) = e_ik'rH(r)eik'r. Assuming then that the state r |u,(k)) can be ex-

panded in the complete orthonormal basis of the cell periodic eigenstates |u,,(k)), that is,
HS

using the closure relation [ = Z |t (K)) (un (k)| and acting from the left on the above

m
state r |u,(k)), the circulation operator becomes

S I ) e 1) () ¢ {6 e (1))

which has far reaching consequences. Firstly, the latter operator is now transformed into a

well defined quantity due to taking the form

HS
1
~ > " Im[ (1, (k)| 1 [t (K)) B (K) X (1t (K)| 1 [, (K)) ],
m#n
where we have used (u, (k)| r|u,(k)) X (u,(k)|r |u,(k)) = 0. This is the basic idea be-
hind the theoretical work made in Refs [92, 20, 19] which, however, was performed in a

slightly different way. Specifically, these works used a spectral resolution of the Hamilto-
HS

nian H(r) = I H(r)I, where the closure is given by [ = Z |om) (&m| and |@,,) are the

orbitals. As a result of this spectral resolution, the (undeﬁnercnl) diagonal matrix elements of
the position operator are excluded from their circulation operator formula.

The subtle consequence of the above two calculations, is that one unintentionally assumes
that the state r |¢,) belongs within the domain of H(r), that is, certain boundary conditions
for ¢, (r) are assumed which guarantee that the wavefunction r¢,(r) also belongs within

the domain of definition of the Hamiltonian, and as a result the non-Hermitian boundary
HS
velocity Eq. (2.4) becomes zero. Specifically, the identification r |¢,) = Z Cr |Om) 18

m
the one that enforces the state r|¢,) to belong within the domain of the Hamiltonian and

the boundary velocity expectation value to become zero. This is evident when one (i) takes
the inner product of r |¢,,) with %(¢n| (H(r)™ — H(r)), (ii) uses Eq. (2.3) for the definition
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of the boundary velocity operator v, and (iii) exploits the fact that the states |¢,) belong
within the domain of definition of H (r) which finally gives

(a8 100) = 1 (6 (H)T — HO) x160) = 5 Co (6] (HE)™ — H(0))lo) =0

In this framework, the method of calculation used by Refs [92, 20, 19], enforced on one hand
the circulation operator to have a well defined value, but, on the other hand, unwillingly, they
induced Hermiticity which sweeps away boundary contributions to the orbital magnetization;
in this respect, the conclusion about the irrelevance of the boundary on the orbital magnetiza-
tion of metals that was made by Ref. [92], although reasonable, is rather unjustified. We also
point out that, due to the above mentioned spectral resolution of the Hamiltonian (performed
within the circulation operator) the orbitals |¢,,) that were assumed in Refs [92, 20, 19], must
have zero standard (bulk) velocity expectation value (¢,|v |¢,) =0 owing to the relation
(| V |Pn) = — (¢n| Vi |dn) that holds for any stationary eigenstate of the Hamiltonian.

To demonstrate at a glance the various subtleties hidden in the literature, in Table 2.1
we summarize the behavior of certain operators that are related to the modern theory of
orbital magnetization: we summarize their values, their position origin dependence, as well
as relevant boundary constraints. The presented values are results of calculations performed

with respect to Bloch eigenstates in the thermodynamic limit.

2.1.4 Decomposition of the intrinsic orbital circulation into local (LC)

and itinerant circulation (IC) contributions

At this point it is useful to make a connection between the one electron’s intrinsic circu-
lation as given by Eq. (2.16) and the decomposition of the nth band collective electrons’
circulation that was made in a rather ambiguous way, namely, to local circulation (LC) and
itinerant circulation (IC) in the seminal work of Ref. [133] in order to model the orbital mag-
netization of normal insulators within a quantum mechanical method. Therein, they started
from the assumption that each electron’s eigenstate can be represented by an exponentially
localized Wannier function (thus the Bloch states that they used satisfy the periodic gauge
|V, (k+ G)) =|V,(k)) and have zero Chern invariant) and they began their calculation
with a collective circulation computed with respect to these Wannier functions, turning at the
end of their calculation to the Bloch eigenstates. In the present work we follow an opposite
route, that is we start our calculation from the one electron’s intrinsic circulation Eq. (2.16)
without any gauge assumptions (restrictions) with respect to the Bloch eigenstates, and us-
ing those states as building blocks in the many-body Slater determinant wavefunction we
determine analytically the electrons’ (ground state) collective orbital magnetization. By then
taking into account the above mentioned relation between the standard and the boundary ve-

locity for stationary states (v), = — (v;),, the electrons’ intrinsic circulation with respect
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to a Bloch eigenstate U, (r,t, k) is given by

(Un(k)| Cintr | W (k)) = Im[i (¥, (k)| x v Uy (k)) | + Im[i (r),, x (W, (k)| v, [Vn(k)) .
(2.20)
In order to establish the connection with Ref. [133] method we assume that the Bloch eigen-

states W, (r, ¢, k) entering Eq. (2.20) satisfy the periodic gauge and we expand it as

W, (k)) = \/Lﬁ ; JkR n,R) = \/_lﬁ Rzlezk.RI In,Ry) + \/LN RZS JkRs In, Rg)
(2.21)
where N is the number of primitive cells of the system, |n, R;) is the nth band Wannier
function in the bulk cell R and |n, Rg) is the nth surface localized orbital on the surface
cell Rg. By then taking into account that the expectation value of the boundary velocity
(U, (k)| vy |V, (k)) is determined by a boundary integral, that is, only the boundary localized

orbitals |n, Rg) enter into the expansion of the expectation value

(0, (K)| vy |0, (k ZZ ik-(Rs = Rs) () RY| v, |n, Rs), (2.22)

R‘S’ Rs

we calculate the nth band collective electrons’ intrinsic circulation given by
Co(colt) /// k)| Ciner |V, (k)) @k, which takes the form
BZ

Cn(coll) = Z <n7 R’ rxv ‘nv R>
R

+ Z Z Z Z OrR/1Ry R4Rs (7, R 1[0, R) x (n, Rg| vy [n, Rs) .

R’ R R} Rs (2.23)

Assuming then that the crystal has inversion symmetry in the bulk (n, —R;|r |n, —R;) =
—(n,Ry|r|n,Ry), thatis Z (n,Ry|r|n,Ry) = 0, as well as that for Ry # Rg the ma-

Ry
trix elements (n, R + Rs — R| r |n, R) can be taken as zero, the nth band electrons’ col-

lective intrinsic circulation takes the approximate form

Colcotty = Z (n,R|rxv|n,R) + Z (n,Rg|r|n,Rg) x (n,Rg|vy|n,Rg) (2.24)

R Rg

where the first term on the right hand side of Eq. (2.24) gives the electrons’ nth band collec-
tive local circulation contribution (LC) and the second term the collective itinerant circulation
contribution (IC) illustrated in Fig. 2.2, as given respectively in Ref. [133].

In Ref. [133] and [33] they notice that the itinerant circulation (IC) contribution that
involves only the surface WFs can always be calculated as a bulk quantity that involves
the bulk WFs, and they emphasize that this is quite remarkable and one of their central
results. Their finding is explained whenever in the starting Eq. (2.20) we use the bulk
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Figure 2.2: The itinerant current (n,Rg| v, |n,Rg) (indicated by arrows) associated with
each nth surface localized orbital centered at (n,Rg|r|n,Rg) which is used by [133]
in order to calculate their itinerant surface contribution (IC) to the orbital magnetization.
Adapted from [133].

expression Eq. (2.4) for the boundary velocity expectation value and at the same time replace
(H(r)¥, (k)| r¥,(k)) with its equal (¥,, (k)| rH (r)¥,(k)), which is true for all stationary
states according to Eq. (2.9) (and the vanishing of its expectation value). Therefore, with the
aid of the extended velocity operator and the intrinsic circulation definitions, we can elucidate
and rigorously explain the origin of the heuristic partitioning of the orbital magnetization that
was made in Ref.[133] and [33].

2.2 Orbital magnetization quantum formulas

In this section we use the electrons’ intrinsic orbital circulation presented in Sec. 2.1 in or-
der to derive quantum mechanical formulas for the orbital magnetization of non-interacting
electrons by accounting for the circulating probability micro-currents. The formulas that we
derive are applicable either to conventional or to topological crystalline materials, under peri-
odic or realistic boundary conditions for the electrons’ wavefunctions, while any localization
assumptions are absent.

In a system of non-interacting electrons we can define the (single-eigenstate) orbital mag-

netization M, (k) per electron as

m,(k) e
Vo 2V

M, (k) = (U0 (t,%)| Cintr [Va(t, k)) (2.25)

where m,,(k) is the electrons’ orbital magnetic moment, W, (r,¢,k) is a Bloch eigenstate,

V' is the volume of the system, c is the speed of light and e < 0 is the electron charge.

2.2.1 r-space orbital magnetization quantum formula

In the derivation of the r-space formula we do not take into account the realistic boundary

contributions to the orbital magnetization due to the realistic wavefunctions’ boundary con-
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ditions; rather we provide a formula that has a bulk character. Namely, we calculate the
orbital magnetization within PBCs which are imposed on the wavefunction over a “termi-
nated” boundary surface of the (3D) material in the thermodynamic limit.

Using Eq. (2.19) for the electrons’ intrinsic orbital circulation and Eq. (2.25) for the
orbital magnetization per electron, as well as the collective electrons’ ground state mag-

netization (assumed to be evaluated with respect to a many-body Slater determinant wave-

function) given by M = ) Z // fn(k, 1) m, (k) d®k, where 1 is the Fermi energy

and f,(k, p) is the occupatlon functlon the bulk orbital magnetization of spinless and non-

interacting electrons is given by

P 2 // Full /// = (9] [ 0)) ) X Ty ()Y | &

e (2.26)
where all expectation value position-integrals are truncated (due to symmetry) and carried
out within a primitive cell of volume V,.; as shown in Appendix A. The orbital magneti-
zation r-space formula is the first major result in this work and the integrand of Eq. (2.26)
can be seen as a local orbital magnetization density with respect to real space.

We re-emphasize that, although the position operator that enters Eq. (2.16) has by itself
an undefined expectation value (r) within Bloch representation, its problematic behavior
does not show up and it effectively behaves as a well defined operator when it appears within
Eq. (2.16) and subsequently within Eq. (2.26). Therefore, the position operator does not
have to be “sandwiched” between the ground-state projector and its complement as done in
Ref. [19] in order to get a well defined local expression for the electrons’ orbital magnetiza-
tion with respect to periodic and extended states, but this can be realized in a straightforward
manner with Eq. (2.26).

As evidenced from Eq. (2.26), the orbital magnetization acquires significant value when-
ever the difference between the two competing contributions gets as large as possible. We
therefore expect that the orbital magnetization will have significant contributions from those

states that possess some kind of rotational symmetry within the unit cell that results in
/// pr(n) (T, k)dV — 0. Although we have considered spinless electrons, the orbital mag-

cell

netization as given by Eq. (2.26) is a property that silently carries an explicit spin depen-
dence. In crystals with strong spin-orbit interaction the velocity operator acquires spin de-
pendence v = EH + WG X V'V, (r) which is inherited in the local probability cur-
or(n) (T, k) =Real[¥, (r,k)"v, (r, k)| that enters Eq. (2.26). Therefore, in

materials with strong spin-orbit interaction where the spin degree of freedom is essential,

rent density J

the orbital magnetization is directly influenced (apart from the wavefunctions) by the crystal

force field that interacts with the electron.
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2.2.2 k-space orbital magnetization quantum formula

In this subsection we derive an orbital magnetization formula that is valid for general bound-
ary conditions for the electrons’ wavefunction. Boundary contributions are explicitly taken
into account as a consequence of the emergent non-Hermitian effect.

In order to derive the k-space formula we assume that, each electrons’ motion is de-

scribed from a (generally) extended and stationary form eigenstate (normalized within the

volume of the material) in the form |V, (¢,k)) = e h (k) cik.r |u,(k)) and no Wannier-
localization approximation is involved. The bulk values of each (position representation)
wavefunction u,(r, k) are assumed to be periodic (with respect to any direct lattice vector
translation R), while we relax this property near the boundaries of the material in order to
take into account the realistic boundary contributions. We derive below a k-space orbital

magnetic formula m,, (k) for each electron, starting from

m, (k) = —Im[i (¥, (£, k)| (r — (r) ) x v [, (£, k)) ] (2.27)

2c

(cf- Egs (2.16) and (2.25)), and by straightforward generalization we provide the collec-
tive orbital magnetization formula for non-interacting electrons calculated with respect to a
many-body Slater determinant wavefunction. The formula we derive will explicitly incor-
porate k derivatives (with the thermodynamic limit assumed), thus we are cautious from
the very beginning against possible k-dependent ambiguities of our final result. For this
reason we consider the dynamical phase as well as an arbitrary k-dependent phase (due to
gauge freedom) for the wavefunctions from the very beginning of our derivation. There-
fore, the Bloch type quantum eigenstates that we consider (for each electron) have the form
|V, (t, k) = kT (10,(t, k) |un(k)), where O,(t,k) is the dynamical phase augmented
by an additional k-dependent gauge phase. The ©,(t,k) phase has explicit form, for a
static H, given by O,,(t,k) = —%En(k)t + A(k).

By taking into account the above Bloch type eigenstate for each electron, the standard
velocity operator as given by Eq. (2.2), and the Schrodinger equation that evolves the quan-
tum eigenstate, the action of the standard velocity operator on the Bloch type eigenstate is

given, as analytically derived in Appendix B, by

v [0, (t k) = —% ¢RI O K) (11, (1K) — B (K)) |0t (K)) + %akEn(k) T, (t, k) .

(2.28)
where Hy(r,k) = e_ik‘rH(r)eik'r. In view of Eq. (2.27), the orbital magnetic moment
for each electron is given by

m, (k) = — = Im[ i (u, (k)| (¢ — (1)) % (Hi(r,k) = Ba(K) (k)] (2:29)

It is now helpful to see the origin of the electron’s orbital magnetic moment Eq. (2.27)

and Eq. (2.29); a comparison with the semi-classical counterpart of a localized wave packet
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[148] will be made at the end of this subsection after Eq. (2.49). In virtue of Eq. (2.27)
and Eq. (2.19), the orbital magnetic moment is always a well defined quantity even if the
wavefunction is an extended one and the volume V' of the system infinite. It is a quan-
tity that emerges due to the circulating probability micro-currents embodied in the wave-
function’s (bulk as well as boundary) structure. For free electron and plane wavefunction,
namely, a wavefunction with a well defined crystal momentum hk, the electron’s orbital
magnetic moment Eq. (2.27) becomes zero. In virtue now of Eq. (2.29), where Eq. (2.28)
has been used, although the orbital magnetic moment holds its above mentioned physi-
cal origin, is now also explicitly dependent on the remnant non-Hermitian boundary term
(Hi(r,k) — E,(k))|Oku,(k)) of the Hellmann-Feynman theorem, a fact first noticed in
Ref. [49]. Specifically, by taking the inner product of Eq. (2.28), with (¥, (¢, k)|, the

electrons standard velocity expectation value is found to be

(un (k) |V |un (k) = %31«En(k) - % (un (k)| (Hr(r, k) = En(K)) [Ohun(k)),  (2.30)

where the second term on the right side of Eq. (2.30) is precisely the non-Hermitian bound-
ary term of Ref. [49], which emerges due to the momentum gradient operator Jj that be-
comes anomalous. In this respect, despite the fact that the electron’s orbital magnetic mo-
ment Eq. (2.27) is an intensive quantity, when we transform it into a k-derivative formula,
Eq. (2.29), this is dominated by the remnant boundary term (H(r, k) — E, (k))|Okun(k)).

We then express the action of the operator r — (r), on the eigenstate |u,(k)) as a
k-derivative formula, and then substitute the result in Eq. (2.29). This is done by tak-
ing into account that the time-independent eigenstate |u,(k)) can be recast in the form
lun(k)) = e—ikr o —iA(k) |W,,(k)), where the time-dependence has been eliminated. In
this manner, the action of the position operator on the eigenstate |u,(k)) is expressed as a

k-derivative given by
r [t (k) = 7 |Otin(K)) — FAK) |un(k)) —ie KT MK 150 1)y, (231

Accordingly, the expectation value of the position operator r with respect to the eigenstate
lu,(k)) takes the form

(un(K)| r |un(k)) = Apn(k) — O (k) — i (¥ (k)| OV (K)) (2.32)

where A, (k) =i (u,(k)|Oku,(k)) is the Abelian Berry connection. By acting with
Eq. (2.32) on |u,(k)) and then subtracting the product from Eq. (2.31) we obtain the
identity

(r— (1)) (k) = (i0 — Apn(K)) |un(k)) — i e~ KT =IAK) 190, (1))

vie kT o—iAK) g 1000, (k) |8 (K)) - (2.33)
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The first two terms on the right hand side of Eq. (2.33) can be recast in the form,
(10 — Aun(K)) [n(k)) = ik [un (k) (2.34)
where
Ok = (1 — |un(k))(un(k)|) Ok (2.35)

is the one-band covariant derivative that will explicitly enter the final many-body orbital
magnetization formula as an emerging operator, and as such has never shown up in the
literature of modern theory of orbital magnetization. In this fashion, Eq. (2.33) takes the

form
(r = (),) (k) = i |G (k) = ie= T g, 1)
vieker =AM (g (1)) W, () WL (k). (2.36)

We then expand the state |0V, (k)) of Eq. (2.36) on the complete basis of the Bloch

HS
eigenstates |¢,,(k’)) using the identity operator [ = Z /// CK |1 (K')) (U (K'), that
— JM Bz

HS
is we use |0V, (k)) = Z /// Ak (Y (K) |0kl (K)) |10, (K')). By then taking into ac-
— )M Bz

count that the operator (r — (r) ) is by definition Hermitian (without the need of any spe-
cific boundary conditions to be imposed) owing to the position representation that we are
working in (r* = r) and to the reality of the position operator expectation value (r),, we
let it act on the left to the eigenstate (u, (k)| in Eq. (2.29), which is carried out by taking the
Hermitian conjugate of Eq. (2.36) and then plugging it into Eq. (2.29). In this respect and
as analytically shown in Appendix B, Eq. (2.29) takes the form (B.14), namely

m, (k) = —%Im“@lun(k)\ % (Hy(r, k) = Ba() () ) |
o S I (0 ()04 () ¢ {1 (1)] e, K) — B 1) 4 (K)

(2.37)

which, by using the identity (Hy(r, k) — E,,(k))|Oku,(k)) = (Hg(r, k) — E,(k)) ‘(ff);un(k)>
takes the form

m,(k) = —%_le[<8kun(k)| % (Hy(r, k) — En(K)) | Ot }
_%—L Z Im [(¥,, (k)| W, (K)) X (un (k)| Hi(r, k) — E,(K) |Okun) ] -

(2.38)

Now, some further analysis is in order concerning the off-diagonal elements in Eq. (38).

As rigorously shown in Appendix C, by deriving an off-diagonal Hellmann-Feynman the-
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orem that takes into account non-Hermitian corrections, the off-diagonal matrix elements
(U, (k)|Ox¥,(k)) are found to be emergent non-Hermitian boundary quantities, that are

given by
Snm (k)
(En(k) = Epn(k))

where the matrix elements of the non-Hermitian term S,,,,(k) are always transformed after

(2.39)

W)n (k) | WVm (k> > =

an integration by parts (due to symmetry of the integrands) into a boundary quantity that is

given by
_ih

Spm(k) = 5 #:; n- (V)" +¢)v) dabn, dS, (2.40)

where S,,,,,(k) is defined as

Sum(k) = (H(r)Yn(k)[Oktm(k)) — (¥n(k)|H (r) O (k)
= (VK| (H(r)" = H(r)) D Y(K)) - (2.41)

By then using the considered Bloch eigenstate |V, (k)) = etkr (1A (k) |ty (k)) in the non-
Hermitian boundary term expression S,,,,(k), we transform the non-Hermitian boundary
term and express it in a form that is evaluated only by the use of the cell periodic eigenstates.

Straightforward calculation shows that
Snm (k) = B (un (K)| Vi [t (K)) + (un (k)| K [um (K)) , (2.42)
where,
(un (K)| vy [um (k) = %((Hk(n k) (k)| 1 (k) — (un (k)| Hy(r, K)run,(k))) - (2.43)

are the off-diagonal matrix elements of the boundary velocity operator v, defined as

l

7 (Hk(r, k)" — Hy(r, k) ) r, (2.44)

while
(1 (1) Ky [t (K)) = (0, K1 ()] Bt (K)) — (1K) Hi(r, k)it () (245)

are the off-diagonal matrix elements of the boundary momentum gradient “operator” defined

as
kb = (Hk(r, k)+ - Hk(I', k) ) ak s (246)

where the Hamiltonian Hy(r, k) is the standard Hy(r k) = e_ik'rH(r)eik'r and u,, =
um(r, k) are the cell-periodic eigenfunctions. In position representation and after an inte-

gration by parts, both the above off-diagonal matrix elements are always transformed (due
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to symmetry of the integrands) to boundary quantities given by

(1t (K)| v [t (K)) = _% # n- (Vi) + 1w v) rup dS
S
1 .
= —= # r ((vun)*um + u:vum)-ds + ﬂ # w u,, dS

2 Jfs 2m JJs

(2.47)
(which comes out from Eq. (2.11)), and
ih * *

(un (k)| kp |um (k) = 5 n-((vu,)* +u, v) Oy, dS

s (2.48)

respectively, where u,, = u,,(r, k) are cell-periodic in the bulk. We note that Eq. (2.47) and
Eq. (2.48) are not zero only whenever the position operator r and the momentum gradient
operator Ji become anomalous respectively. For example, for bulk localized states (defined
as the ones that the wavefunction u,,(r, k) and all of its derivatives are zero over the mate-
rials boundaries) both operators behave as normal operators and have zero matrix elements,
(un (k)| vp |um(k)) = 0 and (u, (k)| ky |um(k)) = 0 respectively. On the other hand, for ex-
tended states that satisfy PBSs over the material boundaries (u,, (k)| v, |un,(k)) # 0 while
(un (k)| kp |um(k)) = 0. We also point out that the matrix elements (u, (k)| v, |u,(k)) and
(un (k)| kp |, (k)), thus also their sum S,,,,(k), can equally be computed as bulk quantities
whenever the integrations by parts are not performed.

Using Eq. (2.38) and Eq. (2.39) we find the second major result in this work, namely

the k-space orbital magnetic moment of each electron m,, (k) that is given by

m, (k) = — 5 1m | (s, ()] x (Hi(r. k) = Bu(k)) [ () |

e Nm { ! Snm(K) X (1t (K)| He(r, k) — Ep (k) [dhetin(K))
(2.49)

It is worth noticing that, due to the off-diagonal Hellmann-Feynman theorem Eq. (C.6),
the combination of the off-diagonal matrix elements (A, (k) — (u, (k)| r |u,,(k))), where
A (k) =i (up(k)|Okun,(k)) is the non-Abelian Berry connection, turns out to be a

boundary-dependent quantity that emerges due to the non-Hermitian effect and is given by

Snm (k)
(En(k) — Em(k))’

1 (Vn(K)|Octim (K)) = (Apm (K) = (un (K)| 1 [t (K))) = @ (2.50)
which can be viewed as a new result in the Berry phase literature showing the role of the
non-Hermitian effect on Berry curvatures.

By using Eq. (2.49) we can now make a comparison with the semi-classical electron’s

orbital magnetic moment given by Ref. [148]. In that framework, the electron’s state |IV,),

48



Chapter 2 Section 2.2

is a localized wave packet state, composed of one band Bloch states. The wave packet is
sharply centered in k-space around the wave vector k. and its center of mass is well de-
fined and given by (W, | r |IW,) = r.. Due to the self rotation of the wave packet around its
center of mass, they found that the electron acquires an intrinsic orbital magnetic moment
given by m,(k.) = %(@Cun(kc)] X (Hy, (k) — En(ke)) |0k un(k.)) where they have
use the convention e > (. If we assume that the electron’s state is a bulk state, as well as that
the electron completely avoids the boundaries of the system where it is enclosed, hence the
wavefunction u, (r, k) and all of its derivatives are zero over the boundaries, then, all non-
Hermitian boundary terms become zero. In this respect, letting S,,,,(k) = 0 in Eq. (2.49)
we find m,, (k) = —%Im [<8Nkun(k)\ % (Hy(r, k) — E,(k)) \8kun(k)>] where we have

used (H(r, k) — En(k))‘é;un(k)> = (Hy(r,k) — E,(k))|Oku,(k)). Furthermore, by us-
ing the one-band covariant derivative Eq. (2.35), we make the replacement
<8Nkun(k)‘ = (Oktn (k)| 4+ (un (k) |0k, (k)) (u, (k)| in the above approximated m,, (k) which

results into

e

my (k) = —o—Im[(Gun(k)| x (Hi(r, k) — En(k)) |Otn (k)]
—%Im[@n(k)lﬁkun(k)) X (un ()| (Hy(r, k) — En(k)) |Ohcun (k)] .

The term (u,(k)| (Hg(r,k) — E,(k)) |Okun(k)) in the above equation, is also a
non-Hermitian boundary term, which by assumption is also zero. In this respect, for the
assumed bulk states, defined as the ones that the electron completely avoids the boundaries,

the electron’s magnetic moment is given by

mn(k) f;ﬁ!;lized State — _%Im [<akun(k)| X (Hk{r? k) - ETL(k)) |akun(k)>] (251)

which is a form that has the same structure as the real part of semi-classical electron’s orbital
magnetic moment Re[m,,(k.)] = Im[i m, (k.)] of Ref. [148].

It is evident that, the semi-classical electron’s orbital magnetic moment m,, (k.) does not
explicitly take into account contributions from the realistic boundaries of a material, and as a
consequence, the electrons’ magnetization formulas that are derived by semi-classical means
do not take into account such boundary contributions. We expect that our more general result
Eq. (2.49) will be able to provide such contributions.

Moreover, our own result for the electrons’ orbital magnetic moment formula Eq. (2.49)
satisfies the two basic invariant properties, namely it is invariant with respect to gauge trans-
formations of the form w, (k) — etf ”(k>un(k) and with respect to a shift of the zero of
the Hamiltonian Hy(r,k) — Hg(r, k) + ¢; we expect therefore that the many body orbital
magnetization formula that we derive further below will share the same invariant properties.

At this point it is useful to make some further remarks that may be important. In the
modern theory of orbital magnetization, they implement by heuristic argument the many-

band covariant derivative [90, 113, 91] in order to make their final orbital magnetization
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formulas gauge invariant. In a different context, namely in the study of the polarization
current produced by a homogeneous but time-dependent electric field [126], the many-band
covariant derivative is also implemented in the time dependent Schrodinger equation in order
to consider in a gauge invariant manner the action of the position operator on the time-
dependent and cell-periodic states.

As will be explicitly shown in the next subsection a boundary contribution that is encoded
by the one-band covariant derivative is hidden within the first term of the right hand side of
our Eq. (2.49) and itis attributed to the emerging momentum gradient operator 0y anomaly.

Having in mind that the combination of (A,,,(k) — (u,(k)|r|u,(k))) is the one that
rigorously and explicitly gives the boundary contributions, if one does not take into account
the off-diagonal position matrix elements (u, (k)| r|u,,(k)) within Eq. (2.50), thus contri-
butions coming from the boundaries are lost, then it is evident from Eq. (2.50) (if this is
substituted into Eq. (2.38)) that the magnetization will explicitly be expressed in terms of
the many-band covariant derivative which will appear as an emerging operator within our
formulation; it should be noted that the latter many-band covariant derivative is frequently
used in the literature of the orbital magnetization in a heuristic manner that is based on the
gauge invariance argument. This is therefore another possible deficiency of the heuristically
found results in the literature that are based on the gauge invariance argument, namely that
they ignore the off-diagonal position matrix elements (u,, (k)| r |u,,(k)).

Finally, let us in what follows use our general result Eq. (2.49) (or Eq. (2.38)) to provide
a general result for the total orbital magnetization and apply it to particular cases, by always
keeping an eye on corresponding results in the literature. (The total final result is Eq. (2.55)

below.) Let us, however, first start with the simplest one-band case.

One-band formula

In the one-band formula we assume that each combination of the off-diagonal matrix ele-
ments (A, (k) — (u,(k)|r |un(k))) can be neglected, due to

Snm (k)
(En(k) = En(k))

—0

which is a good approximation for conventional insulators with large band gap and negligible
boundary contributions as evidenced from Eq. (2.40) and Eq. (2.42). If we assume that in
Eq. (49) each of the non-Hermitian effect terms S,,,,,(k) is zero, then % (u, (k)| vy |un (k) =
— (up (k)| kp |u, (k)) must be satisfied, which in the simplest scenario is fulfilled whenever
the electrons completely avoid the boundaries of the material and at the same time no band-
crossings exist in the Brillouin zone.

In a different point of view, the assumption of zero value for the off-diagonal matrix
elements, namely, (A,,(k) — (u,(k)|r|u,(k))) =0 (¢f. Eq. (2.50)) can be attributed to
adiabatically deformed Bloch eigenstates |V, (k)) with respect to crystal momentum differ-
entiation, that is, |0V, (k)) = (V,,,(k)|0k V. (k)) |V, (k)). The latter equality is satisfied
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whenever each one of the off-diagonal amplitudes (V,,(k)|0xWV,,(k)) is zero which defines
the restriction (¥, (k)|0xV,,(k)) =0 for n # m. Substituting ¥,,(r, k) = eik'rum(r, k)
in the latter adiabatically deformed restriction we find the former assumption of zero value
for each one of the off-diagonal matrix elements (A, (k) — (u, (k)| r|un(k))).

In this respect and within the one-band (adiabatically deformed) approximation, the

many-body electron orbital magnetization (Eq. (2.49)) is given by

M= gt 3 [ et [ (B, )] ¢ (110e.1) = 2,00) e, (1)) ]

En<p BZ

(2.52)
which satisfies the two basic invariant properties, namely, it is gauge invariant and invariant
with respect to a shift of the zero of the Hamiltonian.

Although we have apparently dropped out any boundary contributions of the orbital mag-
netization by approximating the off-diagonal matrix elements S,,,,,(k) values as zero, there
still exists an explicit boundary contribution within Eq. (2.52) which is attributed to the one-
band covariant derivative. Specifically, if we use the definition of the one-band covariant
derivative as given by Eq. (2.35) we can recast the integrand of Eq. (2.52) in the following

form

(Betn(19)] % (Hy(x, 1) = B (1)) [Ghtn (1)) = (@hcun ()] % (Hi(r, k) = E () [ohcann (1))
i A (K) X (un (k)| Hy(r, k) — By (k) |t (K)) -
(2.53)

The second term on the right hand side of Eq. (2.53) gives a non-zero boundary contribu-
tion to the orbital magnetization only whenever the non-Hermitian effect with respect to the

momentum gradient operator emerges, that is

(un (k)| Hi(r,k) = E,(K) [Oun(k)) = — (un(k)| Hy(r, k)" — Hy(r, k) |G (k)

= D (V) ) B dS £ 0

2
° (2.54)

where u, = u,(r,k) are the cell-periodic eigenfunctions. If we further assume within a
stricter approximation that the position operator r and the momentum gradient operator
Ok are separately normal operators, that is the expectation value of the boundary momen-
tum gradient operator (u,,(k)|k; |u,(k)) is zero, (u,(k)| Hk(r, k) — E,(k) |Oku,(k)) = 0,
we can replace the covariant derivative entering Eq. (2.52) with the normal derivative that
yields the orbital magnetization formula that was derived in Ref. [133] but with the cor-
rect opposite sign between the Hamiltonian operator and the energy. Alternatively, if one
assumes from the beginning a solid with one band denoted by n then, the sum in the second

term on the right side of Eq. (2.38), will not be present due to the one band closure rela-
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tion I = /// &K' |1 (K')) (,(K)|, that must be used in Eq. (B.12) and subsequently in
BZ
Eq. (B.13) leading to Eq. (4.31).

Many-band formula

In the many-band formula we don’t a priori make any assumption with respect to the behav-
ior of the position operator r and the momentum gradient operator Oy, thus no restrictions
for the wavefunctions’ boundary conditions are made; the goal is to derive a general formula
applicable to non-interacting electrons within topological materials, insulators or semimet-
als. In this respect, and because of Eq. (2.49), the many-band orbital magnetization formula

of non-interacting electrons within a periodic solid is given by

M=Co 37 [ o tm [ (B 1) x (Hur. ) — B, (1) i ()] %

En<p'py

S (k) 3
+Cy > > // fn Im [ - By < (0] Hilr k) = Bu(k) |8kun(k)>] &’k

En<pm#n BZ
(2.55)

3 ch—(62 g and f, = f,(k, ), which is valid for arbitrary boundary condi-

tions on the wavefunctions wu,,(r, k). Orbital magnetization many-band formula Eq. (2.55)

where Cy =

is the major result of this work; it rigorously provides within a quantum mechanical theoret-
ical framework, and without any Wannier-localization approximation or heuristic extension
[33], the manner in which one could generally model the orbital magnetization of periodic
topological solids.

The energy differences in the denominator of the second term on the right hand side of
Eq. (2.55) captures the possible local (in momentum space) gigantic orbital magnetization
contributions in the vicinity of band crossings. These gigantic orbital magnetization contri-
butions are predicted to occur only whenever band crossings exist along with an imbalance
of electron accumulation at the opposite boundary surfaces of the material that creates a Hall
voltage.

In order to verify the need of the presence of a Hall voltage, we will show that within
PBSs for the wavefunctions (thus with no electron accumulation occurring) no gigantic lo-
cal contribution of the orbital magnetization is possible even if the material is topological.
Within PBCs the momentum gradient operator 0y does not break the domain of definition
of the Hamiltonian, that is the wavefunctions w,,(r, k) and Oxu,(r,k) both satisfy periodic
boundary conditions in r-space. Indeed, the latter periodicity of Oyu,(r,k) can be deduced
from the periodicity wu,(r + L, k) = u,(r, k), where L is the length of the material, by dif-
ferentiating both sides with respect to the momentum k (which is treated as an independent
parameter in the assumed thermodynamic limit) that gives Oxu,(r + L, k) = Oku,(r, k). In
this fashion, each one of the matrix elements (u,,(k)|ky |u,,(k)) is zero due to symmetry,

and any emergence of the non-Hermitian effect owing to the momentum gradient operator Oy
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anomaly is prohibited. We point out that the absence of this non-Hermitian effect is invariant
with respect to twisted boundary conditions of the form w,(r + L, k) = et f (L, k)un(r, k)
as long as the system is closed.

By recasting the (u,,(k)| Hx(r, k) — E, (k) |Oku,(k)) term entering the right hand side
of Eq. (2.55) in the form

(um (k)| Hy, (1, k) — En (k) |Octn(k)) = (Em(k) = En(k)) (um (k)| Oun (k)
— (um (k)| K [, (K)) | (2.56)

as well as by taking into account the non-Hermitian boundary term as given by Eq. (2.42)
Snm (k) = h (un (k)| Ve [um(k)) + (un(k)| ko lum(k))

then, under periodic boundary conditions the boundary momentum gradient “operator” k;
matrix elements given by Eq. (2.48) are zero (u,,(k)|k |u,(k)) =0, and the multi-band

and unrestricted orbital magnetization formula Eq. (2.55) takes the form

M = —mZ//fn(k,,u)lm[(ﬁkun(k)!><(Hk(ryk)_En(k)”akun(k))]dgk

En<p BZ

+L3 Fn (K, 1) T [ (i, ()| i [t () X (i (K) [ Ot (K)) | K
2¢(2m) Enz<umz7én4

(2.57)
where we have also replaced the one-band covariant derivative with the normal one

(Dt 1)) % (Hi(r,16) = B (1) Gt (1) ) = (Ot ()] x (Hi(r, k) = B (1)) [ ()
(2.58)
due to (u,(k)|ky |u,(k)) = 0 in accordance with Eq. (2.53) and Eq. (2.54).

It is now clear from Eq. (2.57) that, whenever a Hall voltage is zero owing to periodic
boundary conditions, the orbital magnetization cannot acquire local gigantic values, even if
the material is topological with non-trivial band structure crossings, while whenever imbal-
ance of electron charge is formed, local gigantic orbital magnetization contributions near the
band crossings are generically expected to occur.

It is also interesting to point out that, whenever the material’s realistic boundary con-
ditions are periodic, by expanding the cell periodic functions in a Fourier series over all
reciprocal lattice vectors G, namely, u,(r,k) = > C,(k, G)e_iG'r, it is evident that
Okun(r, k) is periodic in space (as well as u,(r,k) and the Hamiltonian Hj(r,k)). By
then using the normalization convention (¥, (t,k)|V, (¢, k)) = (u,(k)|u,(k))., = 1, that

1
. . 1 - _En (k)t
is, assume a Bloch state in the form |V, (¢, k)) = N e h

cell
ik.r
e |un(k)), we replace

1
lun(k)) — Wi |un(k)) in all terms in Eq. (2.57) (the initially assumed eigenstate was nor-

33



Chapter 2 Section 2.2

malized over the volume V' without taking into account the cell normalization convention,
therefore it defers by a factor —N) and exploiting the symmetry of the integrands, the orbital

magnetization formula it truncates into the form

M= JJ] 2010 i B 00 (Halr10) = Ew10) e 10| 8%

20h i
e DD // [ k) 0 0,000 ¥ (09 (00t () ) €8
En<pm#n

where all space integrals are performed within one primitive cell, and the off-diagonal matrix

elements of the boundary velocity are given by

(0 (09 ¥ () = =5 fbr (v 0) 0+ v )-8

(2.59)

in accordance with Eq. (2.47), where we have taken into account that w,(r, k) are periodic
over the unit cell boundaries. Eq. (2.59) can be thought as the k-space analog of Eq. (2.26).

It is worth comparing (i) the orbital magnetization formula of periodic solids that is
given by Eq. (2.57) with the one that was proposed in Ref.[33] by a heuristic argument,
as well as, (ii) compare the general orbital magnetization formula Eq. (2.55) with the one
derived in Ref. [92], where they propose a theoretical approach to discriminate the separate
contributions of the total magnetization, that is, the one contribution coming from the bulk
states and the other coming from the surface states.

(i) Orbital magnetization formula Eq. (2.57), is relaxed from any Wannier localization
approximation as well as from the periodic gauge approximation, and it is therefore valid
for topological materials as long as the electrons’ wavefunctions satisfy periodic boundary
conditions (zero Hall voltage) over the materials boundaries. The heuristic extension of the
orbital magnetization formula [133] by an additional term, assumed to be proportional to the
chemical potential, that was made in Ref. [33] in order to model the orbital magnetization
of Chern insulators and metals, is rigorously given by the second term of the right hand
side of Eq. (2.57). This term has explicit boundary contributions due to the off-diagonal
matrix elements of the boundary velocity operator v, which are not zero due to the emerging
non-Hermitian effect of the position operator r that becomes anomalous within periodic
boundary conditions, as should be expected.

(i1) In Ref. [92] they use the standard circulation operator together with the spectral reso-
lution of the Hamiltonian, and as a result of this spectral resolution, the (undefined) diagonal
matrix elements of the position operator are excluded from the circulation operator formula;
one can therefore evaluate the standard circulation operator expectation value (even in the
thermodynamic limit within PBCs), hence one can calculate the orbital magnetization. Due
to the spectral resolution within the circulation operator, the assumed orbitals must satisfy
(Dn| V|On) = — (Pn| Vb |Pn) = 0 owing to (¢p,| vy |¢n) = 0, therefore, the orbitals that are
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taken into account indeed describe bound bulk states. Then, Ref. [92] extracted their result
from the semi-classical orbital magnetization formula given in Ref. [149], and they stated
that the remaining part gives the boundary contribution of the orbital magnetization. The
theoretical method that they use rests on the argument that the semi-classical orbital mag-
netization formula given in Ref. [149] correctly gives the total (bulk and boundary) orbital
magnetization of non interacting electrons. We argue that this may not be entirely true due
to the approximations that are made during the derivation of the Ref. [149] orbital magneti-
zation formula. First, as we have shown in the derivation of Eq. (2.51), the structure of the
semi-classical electron’s orbital magnetic moment can be attained by the unrestricted quan-
tum formula Eq. (2.49) whenever the electron’s state is a localized bulk state, that is, when
the electron completely avoids the boundaries of the system where it is enclosed. There-
fore, the orbital magnetization that is evaluated only by taking into account the electron’s
semi-classical orbital magnetic moment, does not account for magnetization contributions
coming from all possible states, i.e. does not take into account topologically non trivial
extended states. On the other hand, the semi-classical orbital magnetization formula given
in Ref. [149], namely as the derivative of the electrons’ total energy with respect to the
magnetic field (at zero magnetic field), besides the contribution coming from the electrons’
intrinsic orbital moment, it also acquires two extra terms that come up due to the modified
density of states. One is attributed to the explicit magnetic field dependence of the density of
states and the other is due to the resulting change in the Fermi volume. The two extra terms
cannot carry any topologically non trivial information, on one hand due to the localized
wavepacket employed, and on the other hand due to the explicit assumption V-, (k) = 0,
where €2, (k) is the Berry curvature, that was made in Ref. [149] for deriving the modified
density of states (hence Berry type of monopoles, crucial for the non trivial topology, were
ignored). In this framework, these two extra terms most probably represent corrections to the
semi-classical orbital magnetization formula and do not carry any topologically non trivial
information. We argue therefore that, although the method followed in Ref. [92] is rea-
sonable, the findings do not represent the orbital magnetization of topologically non trivial
surface states, but they instead provide trivial corrections to the orbital magnetization for non
localized states. This discussion here is given so that our results Eq. (2.55) or Eq. (2.57)
can be directly compared with the state of the art results.
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Defining operators in an extended

framework: The spin current

The general viewpoint and methodology of the previous Chapter, and in particular the defini-
tion of appropriate boundary operators that reflect the non-Hermitian effect, is here applied
to spin physics. The coherent accumulation and motion of magnetic moments associated
with the spin of electrons, is a central concept of spintronics in condensed matter systems
in the quest of processing and storing information within the spin degree of freedom. The
pure motion of spins has the unique property that it uses minimal charge carriers to deliver
substantial angular momentum, thus generating the least possible Joule heat. In spite of the
primary importance of coherent spin accumulation and spin transport, there does not exist
up to now a generally accepted agreement on the correct definition of the corresponding op-
erators, namely, the spin-accumulation rate of change operator and the spin-current operator
[108, 40, 128, 121, 125, 24, 44, 4, 23]. The reason for this controversy is that in any closed
system that lacks spin-rotation invariance (which i.e. can be broken by spin-orbit interaction
or by spin-spin interactions) it does not exist any given direction in the material along which
the spin is conserved S,V (r,t) # ii\ll(r, t), where S,, = S-n is the projection of the spin
in the given direction n; therefore, no local spin magnetization conservation law can be de-
rived in a form of a continuity equation, and as a consequence it is said that, no quantum me-
chanical spin-current operator can unambiguously be well-defined. The technical reason for
this discrepancy is the bulk source term ¥'(r, t)%[H (r,t),S]¥(r,t) # 0 that enters the lo-
cal continuity equation which breaks the conservation of spin density ¥'(r,#)SW(r,t) with
respect to position coordinates, in contrast to the electron charge density U'(r,¢)eW(r, )
that is conserved. Most of the theoretical methods used so far with respect to the proper defi-
nition of the spin-current operator, use the local spin density and rely on local continuity-like
equations with bulk source terms; while the divergence term of certain quantities entering
them is introduced without any rigorous and explicit consideration of the material’s bound-
aries with respect to operator’s behavior and to its macroscopic expectation values.

In our point of view, and as we will actually show, the bulk source terms are not quite a

problem in the quest of the proper definition of an observable’s operator; rather an expected
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term, namely the divergence term entering the local continuity-like equation (commonly used
in the quest of the spin current operator) is a real “problem”. In particular, the divergence
term is an emerging quantity that comes up due to the non-Hermitian effect and is generally
overlooked in the standard theory of Hermitian operator’s definition within Schrédinger pic-
ture, that is, its coordinate (volume) integration is frequently set to zero which is rarely the
case.

Doubts about the reality of the dissipationless spin transport in equilibrium ground-states
in Rashba mediums as an outcome of the conventional spin current have been raised [108,
125, 129]. By using a local continuity-like equation with a source term, Ref. [128] show that
in order to completely describe the transport of the spin density %\I’T (r,t) S¥(r,t) one has
to introduce the angular spin current density apart from the linear spin current. By using a
restrictive assumption, namely, that the expectation value of the bulk spin torque is zero, as
well as that the spin torque density over the system’s boundaries can be neglected, Ref. [121]

have proposed an alternative spin current operator. This is defined as the time derivative of

d(rS.,)
dt

the spin displacement operator (where the Heisenberg picture is implied and the 2

d(rS.,)
—a )

satisfying a continuity equation and supporting important conclusions concerning conser-

component of the spin is used), with the effective spin current density ReW¥!(r)

vation of spin currents [127, 155, 147]. Compared to the conventional spin current, the
Ref. [121] definition is more complete as it explicitly takes into account an additional contri-
bution, which depends explicitly on the spin torque and is given by % (r7.(r,t) + 7.(r,t) 1)
where 7,(r,t) is the spin torque in the z direction. As we will show, and based on our ex-
tended theoretical framework for defining operators, the boundary spin torque density that
is neglected by Ref. [121], is rigorously attributed to a non-Hermitian effect boundary term
that has not pointed out yet and we explicitly define it in this work. This boundary term gives
the expectation value of a boundary spin torque, which must be zero in order for this spin
current operator to have a well defined value. In this respect, whenever both limitations are
satisfied, the time derivative of the spin displacement operator has a well-defined value in
periodic systems (where the spin torque 7, (r, ) is a periodic quantity) with respect to Bloch
states in the thermodynamic limit. On the contrary, if any one of the spin torque expectation
values, either the bulk or the boundary one, is not zero, then, this spin current behaves as an
extensive quantity of a periodic system and scales linearly with the system’s size, therefore
has an undefined value. As a matter of fact and as we will show, the two limitations for the
validity of this spin current are attributed to its definition, that is, it is an observable that is
generally origin dependent unless the bulk and the boundary spin torques expectation values
happen to be zero. In this respect, the vanishing of the bulk and the boundary spin torques,
makes this spin current operator behave as a proper, intensive operator.

The purpose of this chapter is twofold, first to show a rigorous and unambiguous the-
oretical framework within Schrodinger picture of how one may define operators (in closed
systems) in an extended manner without the need of any conservation law by defining addi-

tional boundary operators that take into account the non-Hermitian effect terms, and second,
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to provide a rigorous definition for the intrinsic spin-current operator.

In this quest we will show that: (i) the boundary contributions are explicitly attributed to
anomalies of the spin and position operators, (ii) the boundary contributions are encoded by
boundary operators that we will explicitly define, (iii) the expectation values of the boundary
operators are extremely sensitive to the boundary conditions of the spinor wavefunctions (as
they are calculated by boundary integrals), and finally, (iv) for stationary states of closed
systems, there exist a quantum mechanical relation between the bulk and the boundaries
that has the form of a gain-loss detailed balance relation; whenever the bulk of the system
behaves as a source, the boundaries operates as a sink and vice versa.

Motivated by classical mechanics continuous medium (hydrodynamical) theories, where
angular momentum cannot be transferred (propagate) within a medium whenever the resul-
tant local torque is zero in each medium position at every instant, we expect that, in quantum
systems, the spin density of an equilibrium state can propagate only whenever local, non
zero spin-torques, exist within the system. In this framework, we are defining the intrinsic
spin current operator as the time derivative of the correlation function between position and
spin. The expectation value of the intrinsic spin current operator have three basic properties,
namely: (i) its value is independent of the position origin, (ii) it has a well defined value
without any restrictions with respect to periodic systems and Bloch representation in the
thermodynamic limit, and finally, (iii) for systems that lacks local spin-torques (in the bulk
and over boundaries), the value of the intrinsic spin current turns to zero with respect to a
stationary state (provided that the stationary state is a spin eigenstate also); in other words,
whenever the correlation between position and spin is a constant quantity, then, the intrinsic
spin current turns to zero.

In the chemists’ literature, although they had never defined any operator in an extended
manner, they had explicitly taken into account boundary contributions in the so-called atomic
theorems [11, 13, 12] in order to determine atom properties viewed as parts (fragments) of
a molecule. This was made within the quantum action principle generalized to an open
system, that explicitly gives boundary and “bulk’ contributions. The boundary contributions
are formalized as surface integrals (fluxes) of certain generalized currents and have been used
for example in the determination of atomic dielectric polarization [15] and atomic magnetic
susceptibility [14].

In the mathematical physics literature, paradoxes related to anomalous operators entering
the Ehrenfest theorem have been noticed [47, 48, 66], but to date there has not appeared any
generally accepted theoretical framework for taking into account these operator anomalies,
within quantum formulas that provide observables in condensed matter systems. Specifically,
every assumed closed system (W(¢)|W(¢)) =1 evolves by a Hamiltonian that is Hermitian
H(r,t)" = H(r,t) with respect to the states ¥(r,¢) that belong within the domain of its
definition Dy, which form the given Hilbert space. An operator G that enters the Ehrenfest
theorem causes the non-Hermitan effect, whenever the states G (r,t) do not belong within
the given Hilbert space, that is, H(r,t)"(GU(r,t)) # H(r,t) (GU(r,t)), which is true
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whenever the states GU(r,¢) and U(r,t) do not satisfy the same boundary conditions,
and, as result a residue term remains in the theorem [47, 48, 66].

In this chapter, we are rigorously considering these residue terms in the Ehrenfest theo-
rem within a theoretical framework that takes into account the non-Hermitian effect contri-
butions that are explicitly attributed to additional boundary operators that we define. We will
show that, for every closed system and in position representation, a boundary operator ex-
pectation value is explicitly evaluated by a boundary integral over the terminated boundaries
of the system; such a boundary operator therefore rigorously gives an additional boundary
contribution to the quantum equation of motion of the observable’s expectation value.

A common paradigm of such an anomalous operator is the position operator r whenever
periodic boundary conditions (Born-von Kéarmén) are adopted for the wavefunctions
U(r+ L,t) = ¥(r,t). These boundary conditions make the position operator r an anoma-
lous operator due to the fact that the state rW(r,t) breaks the periodicity, that is,
(r+L)V(r+L,t) #r¥(r,t).

On the the other hand for spinor wavefunctions U (r, ¢) = (Uy(r,t), Uy(r, )", the spin
S (matrix) operator behaves as a normal operator and preserves the periodic boundary condi-
tions owing to SU(r + L, ) = SU(r,¢), not leaving therefore any non-Hermitian boundary
residue in the Ehrenfest theorem. But, if one assumes a less restrictive boundary condition,
namely, periodic boundary condition for the probability density of the spinor wavefunction
Ui(r + L, t)¥(r + L,t) = Ui(r,¢)¥(r,t), then, the spinor wavefunction is periodic up to
an SU(2) phase. Specifically, assuming a domain of definition Dy where each spinor wave-
function is periodic up to a specific SU(2) phase, then, each spinor wavefunction within the

domain must satisfy

U(r+L,1) = U(r,t) = U(Sy, 9)U(r, 1), (3.1)

where m is the direction about which the spinor wavefunction is rotated by an angle .
Therefore, a quantum state SW(r, ) belongs to the domain of the boundary conditions
(given by Eq. (3.1)), when it satisfies SU(r + L,?) = U(S,,, ¢)SVU(r,t). Acting on both
sides of Eq. (3.1) with S gives

SU(r+ L,t) = U(Sp, )S¥(r,t) + [S,U(Sn, ¢)]¥(r, 1), (3.2)

thus, the quantum state SW(r,¢) breaks the boundary conditions when [S, U(S,, ¢)] # 0.
In this framework, the spin operator S becomes anomalous and leaves a (non-Hermitian)
residue term in the Ehrenfest theorem which we will explicitly take into account. It is useful
to note that this non-Hermitian effect of the spin S operator can be used as a probe (detector)
for the spin Hall effect, where different spin orientations over the material’s boundaries are
present (due to bulk spin torques that are exerted on the electron’s wavefunction as a result
of strong spin-orbit interaction) but the probability density is periodic.

Provided that the non-Hermitian effect boundary term in the Ehrenfest theorem is taken

59



Chapter 3 Section 3.1

(a) Spin current (b) Charge current
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Figure 3.1: Interacting charge and spin currents. In (a) a longitudinal charge current is

converted into transverse spin current by the Spin Hall effect. In (b) a longitudinal spin
current is converted into transverse charge current by the inverse Spin Hall effect.
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into account, one can unambiguously set up a self-consistent quantum equation of motion
(with respect to the expectation value) for any spin dependent quantity. In this framework,
for equilibrium, stationary and pure states, the expectation value of any extended operator
is always zero (which is not generally true for the standard bulk operators), therefore, one
can work in a quantum mechanical framework (as a counterpart of the statistical mechanical
one) and derive reciprocal factors that relate the charge current to a produced spin current
(spin Hall effect) and vice versa, relating therefore the spin current to a produced charge
current (inverse spin Hall effect) [121, 56, 142, 71] as depicted in Fig.3.1. Specifically, for a
quantum system that is near equilibrium and evolves irreversibly into equilibrium, where all
extended operators have zero expectation value, one can employ a phenomenological linear
dissipation approximation equation for the time derivative of an extended operator expec-
tation value, and then derive Onsager reciprocal relations [99, 100, 32] between (different)

coupled transport processes.

3.1 Operators within Schrodinger picture

3.1.1 Extended operator

By taking into account, (i) the time-evolution of the state under consideration (in Schrodinger

picture), and (ii) the boundary conditions of the (spinor) wavefunction that belongs within

d
a given Hilbert space Dy (of closed systems £<\If(t)|\lf(t)> = 0), we suggest that one may
readily define an operator O.,; in an extended theoretical framework by using the equation

of motion
d

7
The equation Eq. (3.3) is always valid without any subtleties or restrictions involved pro-

(Oeut) = G). (3.3)

vided that, in the definition of the extended operator O.,;, an additional, boundary operator
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O, that emerges due to a possible non-Hermitian behavior of the Hamiltonian H(r,t) is

always taken into account. In this framework, the extended operator is given by

O = O+ O, (3.4)
where . i
i
=—[H(r,t),G] + — .
O = [H(r1),G+— (3.5)
is the standard (bulk) operator and
O, = % (H(r,t)" — H(r,t))G (3.6)

is the boundary operator. Although the explicit form of H (r, t)Jr may not be found when the
given Hermitian operator G becomes anomalous (therefore we cannot define it as a regular
operator), we can always evaluate the expectation value of the boundary operator (O,) by
employing the explicit form of the Hamiltonian operator H (r,t). In this fashion, we assume
a one electron spinfull Hamiltonian H (r,t) given by

H(r,t) = LH(r,t)2 +V(r,t) — e—ha-B(r,t) + afr,t, o) I(r,t) 3.7)

2m 2mec

where, II(r,t) = p — EA(r, t) is the kinematic momentum operator and o the vector Pauli
matrix. The third term Con the right of Eq. (3.7) is the Zeeman term representing the inter-
action of the electron’s spin with the magnetic field, while «(r,t, o) in the fourth term rep-
resents the interaction of the electron’s spin with the orbital motion. For the non-relativistic

limit of the Dirac equation and pure spin-orbit interaction, that term is given by

a(r,t,o) = WHQCQG x VV(r,t). (3.8)

As analytically shown in Appendix D: by (i) working in the position representation, (ii)
using the explicit form of the Hamiltonian operator Eq. (3.7), and by (iii) taking into account
that the scalar and vector potentials are real quantities, after a straightforward integration by
parts (assuming a 3D system), the volume integration giving the expectation value of the
boundary operator (O, is always transformed to a surface integral of a generalized vector
current Jg(r,?,n) over the terminated boundary surface S of the system (on which the

boundary conditions of the spinor wavefunctions are imposed), given by

% ((H(x, )W (0)|GU(1)) — (U(8)| H(r, 1) G(1)))

= — # Ja(r,t,n)ds. (3.9
S

(Oy) =
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The generalized vector current Jg(r, ¢, n) is given from
1
Ja(r,t,n) = -n (VU (r, ) + U(r, t)'v) GU(r, ), (3.10)

where v is the standard (bulk) velocity operator given by

_ i _ H(r,7)
v = h[H(r,t),r] = +a(r,t, o) (3.11)

and n is a unit vector that is locally normal to the boundary surface that encloses the system.

Due to the structure of the generalized vector current, that is Jg(r,f,n) = (n-a)b,
1
where a = 5 (v¥(r,t))"+¥(r,t)'v) and b= GU(r,?), it can always be rewritten as
= =
Ja(r,t,n) =n- Jg(r,t) where Jg(r,t) is a generalized second rank (Cartesian) tensor

current that is given by the dyadic product of the vectors a and b and is denoted as ab. In

this respect, the generalized tensor current is given by

Telr.t) = = (VU(r, ) + U(r, )ty ) GU(r, 1) (3.12)

N | —

and the expectation value of the boundary operator can be recast in the form of a flux of a

generalized tensor current given by

(O) = — # ds- Ta(r,t). (3.13)
S

We note that, whenever the operator G that enters the Ehrenfest theorem is a scalar
operator, the (second rank) tensor generalized current Eq. (3.12) is truncated to a (first rank)
vector quantity.

Although our findings are based on the model Hamiltonian Eq. (3.7) which is continuous
and quadratic in momentum (due to the kinetic energy), they can be modified and used to
topological materials with linear dispersion relation. In this framework, we may ignore the

kinetic energy term in Eq. (3.7) and use the approximated model Hamiltonian

where the ferromagnetic properties of the solid can likewise be model with a mean Zeeman-
like filed that acts on the electrons’ spins. In this approximation, the expectation value of the
boundary operator (O,) is readily evaluated by Eq. (3.12) —(3.13) and the velocity operator
is given by v = % [H(r,t),r] = a(r, t, o).

The simplest example to see the necessity of the boundary operator O, is the motion
of a spinless and free electron. If we assume that the motion is described by a common
eigenstate of the Hamiltonian H(r) and momentum p, thus the electron has a well de-

fined energy F and momentum 7k, then, by using G =r in Eq. (3.3), we deduce that

the equation of motion of the electron’s main position 7 (r) = 0 is not satisfied if we don’t
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d
take into account the boundary velocity expectation value, owing to (p) = hk # m%(ﬂ
Specifically, explicit calculation of the bulk velocity operator expectation value Eq. (3.9)

gives (O,) = —hk, verifying that the expectation value of the extended (velocity) operator

operator is zero (D) = E(r) =0, as it should be for every stationary state according
to Eq. (3.3). Similarly, after a time lapse 7', the change of an operator G expectation value
is correctly evaluated without any ambiguities by taking into account the extended operator

definition
t+T

A(G) = /t (O dt. (3.14)

At this point, it is helpful to see the physical as well as the mathematical origin of the

boundary operator with respect to closed systems %(\P(t)hll(t)) = 0. In this framework,
we assume that, the potentials are created by known sources so that, either they are inside
the system, or they lie in the environment and their potentials penetrate into the system:

(1) From a physical point of view we argue that, in every closed quantum system, the
boundary operator expectation value (O},) captures the exchange of the observable in ques-
tion between the system and its environment. Specifically, in every closed system of in-
distinguishable particles we may have entering and leaving particles, provided that the net
particles’ number always remains constant. Each entering or leaving particle may carry
different, i.e. momentum, angular momentum, spin or kinetic energy, which may result
in a change of the system’s global observable quantity in quest, but without changing the
net particle’s number of the particles. In this framework, we may define two categories of
closed quantum systems, namely, the ones that are closed and isolated and the ones that
are closed but not isolated. In the former ones, the wavefunction as well as all its spatial
derivatives are zero over the system’s boundaries, thus, the boundary operator expectation
value with respect to any arbitrary operator G always turns zero value as evidence from
Eq. (3.12) —(3.13); in topological systems, it seems that this is rarely the case. On the
other hand, the latter ones, closed but not isolated systems, fulfill only the basic require-
ment, that is, the system’s net particle number is held fixed. In this respect, by replacing
G — I in Eq. (3.3) and assuming %(Q/(t)hlf(t)) = 0, as well as by taking into account
the time evolution of the quantum system (thus the potentials are being taken into account),

one finds the condition <Oz(7[)> =— # ds-J(r,t) = 0 which all closed systems must sat-

isfy. Those wavefunctions ¥(r,t) that ?ulﬁll proper boundary conditions over the system’s
boundaries and satisfy <(’),()I)> =0, form the given Hilbert space of closed systems, or
equivalently, form the domain of definition of the Hermitian Hamiltonian Dy. Although
these systems are closed, their isolation is broken whenever there exist a nonzero outgoing
(or incoming) boundary current of a physical quantity, such as momentum, orbital angu-
lar momentum, spin or kinetic energy. This phenomenon is captured by the correspond-

=
ing boundary operators that result into non zero currents (Op) = — D ds- Jg(r,t) # 0.

S
Therefore, for any physical quantity, the boundary operator expectation value Eq. (3.13)

represents the outgoing (or incoming) boundary current of the observable quantity in ques-
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tion, the standard bulk operator expectation value Eq. (3.5) represents the creation (or sink)
of this current within the bulk, and the extended operator expectation value Eq. (3.4) gives
the net, global current of this physical quantity for the system.

(i) From a mathematical point of view [47, 48], the boundary operator is attributed to an
emerging non-Hermitian effect due to the operator G that breaks the domain of definition
of the Hermitian Hamiltonian. In this language, H(r,t)"¥(r,t) = H(r,t)¥(r,t) with re-
spect to the spinor wavefunctions W(r, t) that satisfies certain boundary conditions and ful-
fills <(’)l(f)> = 0. On the other hand, the wavefunctions G¥(r,¢) may satisfy such differ-
ent boundary conditions over the system’s boundaries, that they don’t belong within the
given Hilbert space of the closed system. In this fashion, the Hamiltonian H (r,¢) will
not be Hermitian with respect to these states, which is locally indicated by the inequality
H(r,t)"GU(r,t) # H(r,t) GU(r,t). In order to verify that the wavefunctions GV (r,t)
indeed lie outside the given Hilbert space of the assumed closed system, we have to integrate

over the system’s coordinates the local quantity
U(r,t) H(r,t)"GU(r,t) — U(r,t)"H(r,t) GU(r,1).
This volume integration, denoted in bra-ket notation as
(H(r,t)¥(0)|GU(t)) — (V(t)[H(r, t)GU(1)),

is equal (up to physical constants) with the boundary operator expectation value Eq. (3.9).
This indicates that (@) is not zero only whenever the action of the operator G creates
wavefunctions that lie outside the given Hilbert space of the Hermitian Hamiltonian; we can
therefore say that the boundary operator expectation value is not zero owing to an emerging
non-Hermitian effect.

Each extended defined operator Eq. (3.4), can be expressed in a more compact form.
Namely, by expanding the commutation relation in Eq. (3.5), and by using Eqgs. (3.6) and
(3.4), it is recast in the form

dG
dt’

Ot = i (H(r,t)"G — GH(r,1)) +

- (3.15)

which for closed and isolated systems that satisfy H (r, ) "G (r,¢) — H(r,t) GU(r,t) = 0,
is reduced to the standard, textbook definition of an observable operator.

Furthermore we point out that, by examining Eq. (3.3) we can deduce that any extended
operator expectation value (O.,;), is always a real quantity with respect to the given Hilbert
space, provided that the operator G is Hermitian with respect to the given boundary con-
ditions of the system, that is, it satisfies (GW(¢)|W¥(t)) — (U(¢)|GY(t)) = 0. Such is for
example the case when the operator G is, the position operator r = r* (working in posi-
tion representation is implied), or the spin operator S = S* (due to Pauli matrices satisfying

o; = 0 ), or any symmetric combination of position and spin operators. For these exam-
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ples G = G*, and the extended operator is Hermitian O,,; = O, as evidenced from
Eq. (3.15).

By assuming that the operator G is always a Hermitian operator with respect to any arbi-
trary states, which do not necessarily belong to the same Hilbert space, that is,

(B(1)|GU(t)) = (GP(1)|W¥(t)), it is easy to show by straightforward calculation that, the
standard bulk expectation value (@) = % (U(4)| H (r, )GU(t)) — % (U(4)|GH(r, ) T(t))

and the non-Hermitian boundary expectation value
i

(Op) = 3 (H(r,)T()|GU()) — + (T(OH(r,)GT(1)),

S

satisfy (O) — (O) = —((O,) — (O,)"). Therefore, even if (O) has a complex expec-
tation value, its imaginary part is canceled by the imaginary part of (©O;) when the two
expectation values are added to give the extended operator (O.,;) expectation value.

At this point it is also interesting to note a dual picture, that can show up when the
system does not exchange any observable quantity in question with the environment but, at
the same time it does not have constant particle number. We can formalize this dual picture
by taking into account Eq. (3.15) as well as Eqgs. (3.3) —(3.6), and by remaining within cases
with system’s spinor wavefunctions W(r, t) as follows. We assume an effective Hamiltonian
Heg(r, t) that has the form

He(r,t) = H(r,t) + K (3.16)

and which is enforced to satisfy
Hei(r,t)*GU(r,t) = Heg(r,t) GU(r,t),

behaving therefore as a Hermitian operator with respect to GW(r, ¢) spinor wavefunctions.
The K operator is defined by taking advantage of Eq. (3.9) and the above mentioned Her-
miticity of the effective Hamiltonian. Thus, K is defined by

(O) = —% (K¥(@)|GU()) — (V()|[KGY(1))) . (3.17)
Taking now into account that ( H(r,t)W(¢)|W(t)) — (V(¢)|H(r,t)¥(t)) =0, we see that
(Hegr(r, )W ()| W () — (W (1) Hen(r, 1) W(t)) is equal to (KW(E)|W(t)) — (W(t)[K¥(t))
and the conclusion drawn is simple. If the defined operator K satisfies
(KU (t)|W(t)) — (W(t)|[KW(t)) # 0, then the effective Hamiltonian will not be Hermitian
with respect to W(r,t), thatis, Heg(r,t)TW(r,t) # He(r,t) ¥(r,t) and (i) the system will
behave as an open one with respect to the effective Hamiltonian, namely

(ef) i
T WMD) = T ({Hoae, U OI(1)) — (0 (0) | Healr, 0)0(1)) # 0

as well as (ii) the effective equation of motion of the observable G will be given from
Eq. (3.15) by replacing Hz(r,t)" G = H.x(r,t)G, where by definition the boundary ex-
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pectation value is zero (O;) = 0. In this framework, the effective system is certainly
behaving as an isolated one with respect to the current of the observable quantity G over
the system’s boundaries, while it may behave as an open one with respect to the system’s
particle number. Specifically, whenever the expectation value of the defined operator K is
an imaginary quantity, that is, ( KW (¢)|W(¢)) — (V(¢)|K¥(¢)) # 0, then the K operator is
an anti-hermitian operator with respect to W(r,¢) wavefunctions, and the effective system
also behaves as an open one. A simple example to achieve this, and at the same time sat-
isfy Eq. (3.17), is by employing a purely imaginary scalar potential, that is, K = iVk(r,t)
where Vi (r,t) is a real quantity. The imaginary scalar potential has to be chosen in or-

: 2 : : .
b) — — ¢ 9 s -
der to satisfy (O,) - (U(t)|Vi(r,t)G¥(t)), while the time evolution of the effec

dh 2
{TOTR) = = (O Vi (r,1)[T(2)).

In this simple example it is evident that each one expectation value, namely, (O) and (O}),

tive system’s particle number is governed by

are separately purely real quantities, although it is generally only their sum that should be

a real quantity. These conclusions pose now the opposite question. Given an open system

whose time evolution is governed by the static non-Hermitian Hamiltonian H.g(r), under

what conditions can it have all of its energy expectation values real? The answer is given by

means of Eq. (3.16) which indicates that, whenever (W (¢)|KW(t)) = 0, then the two ex-

pectation values coincide (Ql(t)\Heff(r)(\I;ng» = (U(t)|H(r)¥(t)) and the initially assumed
(P@)[¥(t)) = 0.

In summary, whenever one deals with closed systems, then, by using our extended the-

open system behaves as a closed one

oretical framework for defining operators within Schrodinger picture Eq. (3.4), the rate of

change of an observable G expectation value is rigorously given by

d

4G) = (Ou) = (0) +1(00). (3.18)

and this equation, together with Egs. (3.5) —(3.6), as well as Eq. (3.13), have been be used as
the building blocks of this work. Firstly, in order to define our intrinsic spin current operator,
and secondary, in order to review the currents defined in Ref. [128] and Ref. [121], that
were both derived by local means and without taking into account any non-Hermitian effect

term whatsoever.

3.1.2 Extended operator’s equation of motion

By using Eq. (3.18), as well as by assuming that the operator G is Hermitian with respect to
the Hilbert space of the assumed closed system (the observable’s expectation value (O.,;)
being therefore a real quantity) we can deduce two important properties. That is: (i) for those
quantum states that the extended operator has stationary expectation value 7 (Oeut) =0,
we can deduce an explicit relation between the standard (bulk) and the boundary operator
expectation values and, (ii) for irreversible and non-equilibrium quantum states that are near

equilibrium, where the extended operator expectation value satisfies the approximated linear
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dissipation equation <Oext> = —k;j <Oemt> with £;; being phenomenological transport
coefficients (where repeated indices denote summation), we can form reciprocal relations

between phenomenological transport coefficients.

Stationary expectation values

The steady states that are giving stationary expectation values with respect to an extended
operator, can be separated into two groups, namely, the ones in which (O.,;) = 0, and those
in which (O.,;) = C where C is a constant vector quantity.

In the first group, by assuming that the operator G is time-independent, it is evident that
the relation (O.,;) = 0 is satisfied whenever the system is in a stationary eigenstate of a
static Hamiltonian, thatis |¥(¢)) = exp(—%En t) n), where n indexes the band energy, and
the system is therefore in an equilibrium state. In these equilibrium states (G), = g, where
g is a constant quantity, which results into (O.,;), = 0. As evidenced from Eq. (3.18),

any such stationary state satisfies a bulk-boundary relation given by

(0), = —(Ow),, (3.19)

where the operator G is assumed to be static. In this framework, Eq. (3.19) forms a strict bal-
ance relation in a type of a gain and loss between the standard (bulk) and the non-Hermitian

effect (boundary) contributions with respect to the global “current” of the observable G

denoted as E<G> and it states that, whenever the bulk of the system behaves as a source,
the boundaries operates as a sink and vice versa. By defining the isolated stationary states
(in a macroscopic sense with respect to the system’s boundaries) as the ones that satisfy
<Ob>n = 0, we can deduce from Eq. (3.19) that the standard (bulk) operator, evaluated with
respect to such states, satisfies (©), = 0, thus the boundary operator expectation value can
be used as a probe (detector) of such isolated states.

In the second group where (O.,;) = C, the system has to be in such a state that sat-

d
isfies E<G> = (O) + (O,) = C. The latter equation suggests that the expectation value
of G must be equal to (G) = g + C'.t, where g is also a constant. By assuming again that
the operator G is time-independent, as well as that the Hamiltonian H(r) is static, then,

by taking into account that the system is in a superposition of Hamiltonian’s eigenstates

|W(t)) =5, Cnexp( —%En t) |n), by explicit calculation we see that by no means we can-

not satisfy the equation
FEOIGIN0) = 3 3G et (B~ E))
dt " dt h
<m|G|n>—

with C non-zero constant. On the other hand, if the operator G has an explicit linear time-

dependence, namely, = C, where C' is the above mentioned constant, then, if the system

dt
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is in a single stationary eigenstate |n) of the Hamiltonian, the second restriction (O,,;) = C

d dG
is satisfied %Nj(i)’ G|U(t) = <n\ 5 \ n> = C. In this framework, there exist a bulk-
boundary relation
(0), —C =—(0y), (3.20)

with respect to any operator G that has linear time dependence.

Reciprocal relations

By using Eq. (3.18) and the extended operator definition O.,;, we can always form a
quantum equation of motion for an operator’s G expectation value without any subtleties
concerning emerging non-Hermitian behaviors being involved. In example, for G = r and

within periodic boundary conditions for the wavefunctions, the quantum equation of mo-

d
tion of the position operator expectation value E(r> cannot be satisfied by only taking
into account the standard bulk velocity operator %[H (r,t),r|, rather it is satisfied only

. : . d .
when the boundary operator is also taken into account, that is —(r) = (O.). In this

dt
respect, we are asking a plausible question: given the equation of motion of an extended
d ) e .
—(Oeut), can we draw conclusions concerning its irreversible
dt p
equation of motion towards the values (O.,;) =0 and E«I)m) =0 ? In other words,

operator expectation value

an initially equilibrium system is perturbed and then left alone; can we make approximate
estimates with respect to the irreversible process that returns the system back to an equi-
librium, stationary eigenstate of a static Hamiltonian? The answer is yes within a linear

approximation dissipation equation, that is, near (O..;) = 0. We take a Taylor expan-

d .
sion of %«omg near equilibrium, and assume that each component of %<ngt> has the

d . .
function form E<Oezzt> = 1 ((OZ,),(0L,),(OZ,)). The expansion around the equilib-
—kij <Oejxt> = Aijk <ngt> <Ok > + - - - where re-

ext

. . d, ..
rium value (O..) = 0 gives £<ngt =
peated indices denotes summation, k;; and \;;; are phenomenological transport coefficients

and f%(0,0,0) = 0. Within a linear dissipation approximation, the above expansion is re-

d . . d ,
duced into E<O€Zﬂ> = —k;; (Ol,), where E<O;“> can be thought as the generalized
J

“force” that cause the time evolution of <(9€zt

>. In matrix notation, the irreversible, linear

quantum equation of motion takes the form

(Oft) koo kuy Ko (O

d

at <O£xt> == | Ky Ky Ky <Oeya:t> . (3.21)
<Oezxt> kzz kzy kzz <Oezxt>

Due to <Oj > being real quantities, it is evident that the phenomenological transport coeffi-

ext

cients k;; are also real quantities, therefore, the matrix composed of the coefficients is a real
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matrix. We are interested in the irreversible, attenuating solutions of the above matrix equa-
tion, that is we seek solutions of the form <Om (t — oo)> = 0. The general solution form

of the above matrix equation, is given by ((OZ,), (OL,), (02 )" = —At (c1, ca, €3)"

where ¢; and A are constants. By substituting this form in Eq. (3.21) we end up with the

eigenvalue equation

kza: — A kzy kzz C1
ke kg — A ky o | =0 (3.22)
k:Zaf kzy kzz - A Co

Taking now into account that, the elements k;; of the matrix /C in Eq. (3.21) are all real
quantities, then, in order for all eigenvalues A to be all purely real and at least one positive, so
that there exists an exponential attenuating solution for each <(’)ej$t>, it is necessary that the
matrix /C has to be a Hermitian one, therefore, k;; = k;;. In this respect, within a linear dissi-
pation approximation equation (with respect to the time evolution of the extended operator’s
expectation value Eq. (3.21)), one can justify a quantum mechanical theoretical framework

to derive Onsager reciprocal relations [99, 100] for irreversible transport processes.

Mixed States

Although all of our prior theoretical analysis resides on pure states, it is easy to extend
the way that one can define an operator in an extended manner for a mixed states (within
Schrédinger picture).

When the system is in a mixed state, the ensemble average of G is given by
sz (Ui (1) G T (1))

where w; weights the expectation values of the ensemble members and satisfies ), w; = 1.

Then, we may define the ensemble average extended value as [O.,; | = E[G]’ which is
given by
dwZ
(O] = <q, G| Way(t)) + sz )] Ot | Y1) (3.23)
where (W(;)(t)] Ocar | Ui)( >— < ()] G W) ( dtl

accounts for the time evolution of the populatlons. Choosing a convenient complete or-

thonormal base / = ) |n)(n|, then, Eq. (3.23) is recast in the form

[Ocat] =D (|G + p Oy | 1) (3.24)

n
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where 1 is the population density matrix operator given by

dw;
p= § |\If( ) (Wi (1)) (3.25)
and p is the density matrix given from

p =2 wi[V(®)) (Y1) (3.26)

e . . ) dw;
Within this framework, whenever the populations acquires a static value —— = 0, the en-

semble average extended value [O.,;] may also acquire a stationary value C, that is,

d
(Ot ] = pr [G] = C, where we may assume that for C' = 0 the ensemble is “unpolarized”.

Therefore, whenever the ensemble average extended value gets a static value, there exists an

involved bulk-boundary relation that is given by

> (nlpO|n)y=C =Y (n|pOy|n) (3.27)

n

even though the system may not be in the lowest energy configuration.

3.1.3 Local continuity-like equations

Although it is an operator’s expectation (global) value that represents the observable, it is
instructive to make a connection with the methodology that is mainly followed in the the-
oretical works that concerns the spin transport [128, 121, 125, 24, 44, 23, 155]. In these
methods, the starting point formulas are local, continuity-like equations with respect to the
rate of change of the observable’s G density. Based on our work, a local continuity-like
equation can be derived by using the expectation value equation Eq. (3.18) in position rep-
resentation, as well as by taking into account Eq. (3.13) and Eq. (3.5). In this respect, the
expectation value Eq. (3.18) when calculated over position coordinates, has the local solu-
tion (due to the assumed volume V' of the system being arbitrary) that can be expressed in a
form of a local, continuity-like equation given by

Tl(r, 1) (ﬁ [H(r,t),G] + %) (r,t) — V-?G(r, t) = %qﬁ( HGY(r,t). (3.28)
We note that Eq. (3.28) can also be derived by local means. This is done by: (i) taking
the time derivative of the density of the observable W(r,t)GW¥(r,t), (ii) using the time-
dependent equation for the evolution of the spinor wavefunction iha\ll(r, t)=H(r,t)¥(r,t),
(ii1) using the assumed Hamiltonian given by Eq. (3.7), and (iv) performing algebraic ma-
nipulations such as the ones made in the integrands of the expressions in the appendix D.

The first thing to note in the local Eq. (3.28), is that the divergence term V-?G(r, t)
should be absent within the standard definition of Hermitian operators (assuming zero non-
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Hermitian effect) rather than the bulk source-term (which is thought to be the problem in
the literature). In this respect, and although we are considering closed systems, the bulk
source-term cannot be ignored and naturally breaks the continuity equation for the density
of the observable Eq. (3.28) when the expectation value (V(t)| G |W¥(¢)) is not zero. The
breaking of the local conservation does not lead to any theoretical problem with respect to
a proper definition of an observable’s operator (also noticed by [125] in the quest of the
proper definition of the spin current operator), contrary to what is commonly stated in the
literature [128, 121, 24, 44]. As a matter of fact, Eq. (3.28) provides a local, quantum
mechanical, micro-balance equation for the density of an observable (in analogous manner
as in hydrodynamical theories) which takes into account the evolution of the state under
consideration as well as the bulk and the boundary sources.

In summary, the divergence term can be viewed as the source term that produces the
boundary time-evolution of the observable’s expectation value (¥(¢)| G|W¥(t)) which is
not zero only whenever the operator G becomes anomalous, while the bulk source-term
can be viewed as the one that produces the standard, bulk time-evolution. In spite the fact
that the local balance equation Eq. (3.28) breaks the local conservation law, an alterna-
tive local equation for the observable’s density, that satisfies a local conservation law, can
be derived. This can be done by defining a local current density (flux) of the observable
as J(r,t) = %Q/T(r,t)(}\ll(r,t), and a local density by p(r,t) = =V (¥i(r,t)GU(r, 1)),
which clearly satisfy a local conservation law

dp(r,t
vt = D (3.29)
dt
The latter conservation law Eq. (3.29) resembles the polarization current of classical elec-
dP(r,t
trodynamics, with the polarization current density given by J,(r,t) = ﬁ and the

polarization charge density from p,(r,t) = —V-P(r,t), where P(r,?) is the polarization
of the medium.
It is now helpful to see the usage of the local Eq. (3.28) for some observable operators:
(i) The particle’s local number density is defined as W' (r,#)¥(r,¢) and the rate of change
of the local number density by %\Iﬁ(r, t)W(r,t); in this respect, by replacing the G in
Eq. (3.28) with the identity operator G—1I, and for assumed closed system
ds-J;(r,t) = 0, Eq. (3.18) gives the particle number conservation with respect to those

stastes that belongs within the domain of definition of the Hermitian Hamiltonian, that is
% (U(t)|W(t)) =0, irrespectively of whether the quantum state under consideration is a
stationary (equilibrium) state or a non-equilibrium state.

(i1)) For an assumed closed system the particle’s local position density is defined as

Ui(r,t)r ¥(r,t) and the rate of change of the particle’s local position density by

%\IJT(r,t) r¥(r,t). Therefore, by replacing G with the position operator r in the lo-

d
cal Eq. (3.28), the particle’s position expectation value time derivative = (U(t)|r|W(t))
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given by Eq. (3.18), acquires two explicit contributions, namely, the one due to the standard
bulk velocity operator % [H(r,t),r| expectation value, and a boundary one, due to the non-
Hermitian effect term given by Eq. (3.13). A simple example to show the necessary presence
of the boundary non-Hermitian effect velocity part is given as follows: Consider a stationary
and extended plane wave state of a free electron of mass m with well defined momentum Ak
in a finite volume V. The system is assumed to be closed, that is the electrons’ wavefunc-
tion is normalized to unity at every instant ¢ within the volume V, (U(¢)|U(¢)) = 1. In this

respect, the electrons’ displacement A(r) must always be smaller than (or equal to) the sys-

tems’ size. Using the standard velocity definition v = ! [H(r,t),r| the elctrons’ displace-

h

ment acquires the value A(r) = —t which will eventually lead the electron out of the sys-
tem; this paradox is bypassed by taking into account the non-Hermitian velocity part that, as
it turns out, contributes an equal magnitude and opposite sign than the bulk electrons’ veloc-
ity (v) resulting in zero displacement A(r) = 0 at every instant ¢ for the assumed stationary
state.

It is worthwhile to point out that, although the system is assumed closed with fixed number
of electrons, the particle’s main position (W(¢)|r|W(¢)) is not a conserved quantity (with
respect to space coordinates) as is evident from Eq. (3.28) due to the standard velocity op-
erator expectation value that is not zero; however, we can still define the electron’s velocity
without any need to modify the continuity-type Eq. (3.28).

(iii)) For an assumed closed system, we can define the particle’s local spin density as
Ui(r,t) S W(r,t) and the rate of change of the local spin density by %\Iﬁ(r, t)SW(r,t).
Therefore, by replacing G = S and according to Eq. (3.18) and Eq. (3.28), we can evaluate

the particle’s spin expectation value rate of change % (U(t)] S|¥(t)) that has two explicit
contributions, namely, a standard bulk one given from the expectation value of Eq. (3.5) and
a boundary, non-Hermitian effect one, given from Eq. (3.13). It is worth pointing out that,
the spin expectation value (W(¢)|S|¥(¢)) is not a conserved quantity with respect to space
coordinates (in a similar manner as the particle’s main position) according to Eq. (3.28)
whenever the bulk source term is not zero, that is, the bulk torque operator % [H(r,t),S]

expectation value is not zero.

3.2 Spin-accumulation rate of change operator

In Ref. [128], and without realizing the necessary presence of the non-Hermitian effect terms,
the authors found out, by using a local continuity-like equation that, in order to completely
describe the so-called spin transport %\Iﬁ(r, t)S U(r,t), one has to introduce the angular
spin current apart from the linear spin current. The angular spin current, was attributed
to the bulk source term that violates the conservation of spin in the local continuity equa-
tion. On the other hand, no inside observation about the unexpected emergence (within the

standard theory of Hermitian operator’s definition) of the linear spin current owing to the
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non-Hermitian effect was ever made.

This spin transport or spin accumulation rate of change, can be studied as a special case of
the general theoretical method that was presented in Sec.3.1, by defining a proper operator
in an extended manner. This is made by replacing the abstract G operator in Eq. (3.18)

with the spin (matrix) operator S that gives

(T) + (1) = —(89), (3.30)

where we can rigorously define the bulk electron’s spin-accumulation rate of change operator
as
T=—[H(r,t),S], (3.31)

(H(r,t)" — H(r,1))S. (3.32)

The above two operators, namely, 7 and 7, can also be interpreted as the bulk and the
boundary torque operators respectively.

The bulk spin-accumulation rate of change operator expectation value (7) can explic-
itly be evaluated by employing the specific Hamiltonian of the system and the quantum
state under consideration. Therefore, for the Hamiltonian given either from Eq. (3.7) or by
Eq. (3.14), and by using [0;,0;] = 2i€; 05, giving [0-B,o]=—-2iB xo and
(o x VV)Il,o] = -2 (VV x1II) x o, we find the explicit form of the bulk
spin-accumulation rate of change (bulk spin torque) operator that is given by

mc 2m?2c?

- (_iB(r,t) (Vb H(r,t))) «S. (3.33)

The expectation value of the boundary spin-accumulation rate of change (boundary spin
torque) operator (7), is also evaluated by employing the specific Hamiltonian of the system
Eq. (3.7) and the state under consideration. In this respect, we replace G = S in Egs. (3.12)
—(3.13) which leads to

Ts(r,t) = % (vO(r,t)" + U(r,t)'v) SU(r, 1) (3.34)
and
(1) = — y][é ds- Ts(r,1). (3.35)

The expectation values (7) and (7,), are the analogs of the angular spin current and
the linear spin current given in Ref. [128], and according to our formulation, the expectation
value of the boundary spin-accumulation rate of change operator (7;) is not zero only when-
ever the spin operator S becomes anomalous breaking the domain of definition Dy of the

Hamiltonian.
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Whenever the calculations are performed with respect to a stationary state, that is, the

d
spin expectation value is constant 7 (U, ()] S|¥,(t)) =0, then according to Eq. (3.30)
there exists a strict gain-loss balance relation between the standard (bulk) spin expectation

value rate of change and the boundary spin accumulation rate of change given by

(7)== (o) (3.36)

suggesting that, for stationary states, whenever the bulk of the system behaves as a spin
source the boundaries operates as a spin sink and vice versa.

Furthermore, by defining the localized stationary states (in a macroscopic sense with
respect to the system’s boundaries) as the ones that satisfy (7,), = 0, implying that the
spin operator S behaves as a normal operator (in the sense that it does nor break the domain
of definition of the Hamiltonian operator) and the boundary integral Eq. (3.35) is zero, we
deduce from Eq. (3.36) that the standard, bulk spin-accumulation rate of change operator
expectation value (with respect to such stationary and localized states) is also zero (7), = 0.
In this framework, the spin expectation value (S), can be assumed as separately constant,
in the bulk as well as on the boundaries.

On the other hand, if we assume a spin Hall stationary state in which spins are created in
the bulk and sink over the boundaries, then according to Eq. (3.36), (74), = — (1), — # 0
indicating that the spin S is behaving as an anomalous operator due to the non-Hermitian
effect, that is, the spin polarization orientation over the opposite boundaries of the material
is altered due to acquired SU(2) phases induced by the bulk spin torques that influence the
electron’s spinor wavefunction.

Owing to the form of Eq. (3.33), it is evident that S-7 = 0 which implies that, in the
bulk of any material, the spin is performing an involved precession motion around the di-
rection of the vector —micB(r, t) + Dy (VV(r,t) x II(r,t)) . Actually, this is a generic
feature of the spin in every closed system, that is, it makes an involved precession motion
both in the bulk and at the boundaries of the material owing to the exerted local spin torques.

This generic, bulk and boundary precession of the spin, can globally be explained due to

h d
o?=1 and S* = 351, which leads to o (W(t)| S*|¥(t)) = 0 for every closed system ow-

ing to % (U(t)|W(t)) = 0. Local analysis of this precession, for bulk and boundary regions,
can be made by using Eq. (3.18) if we replace G — S-S. In this respect, the rate of change
of the modulus of the spin in the bulk is given by the expectation of the operator S-7 which
turns to zero due to the latter operator being locally zero. Similarly, the rate of change of the
modulus of the spin over the boundaries turns also to zero (for an assumed closed system),
as evident from Eq. (3.12) —(3.13) when we replace G — S-S = 3;[.

In the case we want to study the spin torque in a given direction, i.e. the z direction, we
replace the abstract vector operator G in Eq. (3.18) with the scalar operator S, and the

tensor generalized current Jg(r,¢) is simplified to a vector quantity, that is
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1

Js.(r,t) = 5 (vU(r,t)" + U(r,t)'v) S, U(r,¢)
— Re (%\I/(r, ) {v,S.} \I/(r,t)) (3.37)

where {, } denotes the anticommutator, and the boundary torque is given respectively by

<Tb(Z)> - #q ds-Js, (r,t). (3.38)

3.3 Defining extended current operators

In transport phenomena, flux is defined as the rate of flow of a property per unit area, which
has the dimensions [quantity].[time]~*.[area]~!. In this respect, by assuming a single parti-

cle system and using the transport definition of flux, we can define a local micro-flux (for an

d
assumed 3D system) of an observable as E\I/T(r, 1) rQW(r,t), that has the desirable dimen-

I where, r is the position operator and Q is the

sions, namely, [quantity].[time]~!.[area]™
magnitude of the assumed scalar property.

The coordinate integration (over the system’s volume) of the micro-flux, gives the global
value % (U(t)|rQ|¥(t)) thathas dimensions [quantity].[time]!.[length], representing there-
fore a global propagation (within the medium) of the quantity Q that is captured by the
quantum mechanical operator G = rQ.

In this fashion, and according to Sec. 3.1, we can define an extended current operator as
Jexe=J+Jp (3.39)

that has two explicit contributions, namely, the standard (bulk) one given by

i dQ

and a boundary one due to the non-Hermitian effect (owing to the anomalous action of the
operator rQ) given by .

J, = % (H(r,t)" = H(r,1))rQ. (3.41)
The expectation value of the standard current operator (W(t)|J |¥(¢)), represents the bulk
propagation of the property ©Q, and the expectation value of the boundary operator

(U(t)|Jp |[¥(t)) the boundary propagation respectively.

3.3.1 Extended charge current operator

It is useful to see a simple example of Eq. (3.40) and Eq. (3.41), by examining the charge e

propagation in a closed system, that is, by assuming Q = e for the assumed single particle
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system. In this fashion, the value of % (U(t)|er|W(t)) represents the global propagation
of the charge and has two explicit contributions. Specifically, the first one (W(¢)| J¢|¥(t)),
is given by the expectation value of Eq. (3.40) for Q = e, and represents the bulk propa-
gation that is given by the standard velocity operator expectation value times the electron
charge e. The second one (¥(¢)|Js |¥(t)), has a non-Hermitian origin, and is given by
the expectation value of Eq. (3.41) which (in position representation and for real scalar and
vector potentials) is always truncated to a boundary integral over the terminate boundaries
of the system. It represents the transmission of electric charge through the boundaries and
its expectation value is not zero whenever the position operator becomes anomalous. It is
worth pointing out that the charge transport can be formalized by means of Eq. (3.40) and
Eq. (3.41), even though no local conservation law is satisfied by the position weighted charge
density UT(r,t)er¥(r,t). The conservation of the charge on the other hand, is captured by
the local charge density W'(r, t)eW(r, ) that satisfies a local conservation law.

3.3.2 Extended spin current operator

We now turn to the transport of the spin property and the method used in Ref. [121]. In
order to resolve two critical flaws of the conventional spin current definition, that is, (i)
spin is not a conserved quantity (does not satisfy a local conservation law) as well as (ii)
it does not describe transport, they provided an improved spin current definition for spin-

orbit coupled systems within an explicit restriction, namely, that no global spin generation

in the bulk is made (U (¢)| 7, |V (¢)) = <\If(t)| %[H(r, t),S.] ]\If(t)> =0, due to symmetry
reasons. By then working in the Heisenberg picture, they defined the spin current (of the z

component of the spin) as the time derivative of the spin displacement operator rS,, that is,

d(rS,)
Jorlx) — 2222/
dt

spin current as J*(*) = % [H(r,t),rS.].

. In a recent work Ref. [147] they provided also the operator form of this

Incorporating now our formalism (within Schrodinger picture), and without any con-
straint with respect to the spin density W(r,¢)"S,¥(r,t) conservation, the propagation of
the spin S, property (spin current), is formalized by means of Eq. (3.40) and Eq. (3.41) by

replacing Q = S.. In this respect, the extended spin current operator is given by

ext

3R — g o sz(z), (3.42)

where the bulk propagation of the z component of the spin is given by the standard (bulk)
spin current operator .

37 = = [H(r,1).xS.], (3.43)
which is identical to the one given in Ref. [147] while the boundary spin propagation is

given by the boundary operator

3P = % (H(r,t)" — H(x,t))rS.. (3.44)
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By expanding the commutator of the right side of Eq. (3.43), the standard spin current
operator is recast in the form
JPE) =v S, +rr, (3.45)

where v = ;—:L [H(r,t),r] is the standard (bulk) velocity operator, and 7, = %[H (r,t),S.]
is the standard (bulk) z component of the spin torque operator. For the Hamiltonian of
Eq. (3.7), the spin torque 7 is given by Eq. (3.33), and the z component of the spin torque by
7, = T-e,. Although not obvious, the right side of Eq. (3.45) is a properly symmetric oper-
ator. This is explicitly shown by using the expressions, v .S, = §(V S.+S.v)+ §[V, S, |

and r7, = %(r T, +71,1)+ %[r, 7.], as well as the commutation relation identity
[r, 7.] = —[v, S.]. In this respect, the standard spin current operator can be recast in the
form

Jort®) — %(v S, 4+ 5.v)+ %(r T, + T, T) (3.46)

which obviously shows that it is a properly symmetric operator. The first term on the right
side of Eq. (3.46) is the conventional spin current operator, while the second term is a
contribution owing to the spin torque.

Due to the explicit (linear) dependence of the spin current operators Eq. (3.44) and
Eq. (3.45) by the position operator r, we have to examine their behavior with respect to
periodic systems. This investigation shows that, both operators are generally ill defined
operators with respect to periodic systems. Namely, each one of the spin current expectation
values behaves as an extensive quantity for a periodic system because their values scale
linearly with respect to the system’s length, therefore they have an undefined value in the
thermodynamic limit.

In order to show the above assertion, we assume a 3D cubic crystal and a spinor Bloch
form wavefunction ¢y(r,t) = —=e " uk(r,t) that satisfies Born-von Kdrman periodic
boundary conditions over the material’s boundaries where uy(r,t) are the cell periodic part
of the wavefunction.

We adopt the normalization convention (¢ (t)|¥x(t)) = (ux(t)|ux(t)),.,; = 1, thus, N

are the total number of primitive cells enclosed by the volume V' the system. By now taking

cel

the expectation value of Eq. (3.45) with respect to the Bloch wavefunction (r, k, ) and at
the same time exploiting the symmetry of the integrands, namely, taking into account that the
spinor cell periodic wavefunction u(r, k,t) as well as that the operators v(r,¢) and 7,(r, ?)

are cell periodic, we find that the standard (bulk) spin current expectation value is given by

(I Ne(t)) = ()] ITu(t)),,,

WCEDACED IR

oy +

s e+ oy B2 ) ol o)

(3.47)

where the expectation value of the z component of the standard (bulk) spin torque 7, = 7-€,,
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evaluated with respect to a cell periodic state within one primitive cell, is related to the Bloch

state expectation value by (ui(t)| 7. |uk(t))..; = (W (t)| 7 [k (t)).
Similarly, the expectation value of Eq. (3.44) is recast in the form

(O a0) = (|37 htr))

R S RO
(3.48)

where the expectation value of the z component of the boundary spin torque operator
To(z) = Tb €z, is evaluated with  respect to a  Bloch state by
(ue(t)] o2y [uc(t)) ., = (Prc(t)] o2y [c(t) ). In deriving the latter equation that relates the
boundary spin torques expectation values, we have used the bulk counterpart expression of
Eq. (3.32) for the expectation value of the boundary spin torque, namely,
()| ey lo(®)) = (L, 0)0)] Seit)) — () H(r, 1) S.0(1))), and exploited
the translation symmetry of the integrands. By summing now Eq. (3.47) and Eq. (3.48) we
find the equation of motion of the spin displacement operator rS, caused by the extended

spin current operator J>" m expectation value, which is given by

O ) S (1)) = () T2 elt)) = (o) 3% o))+ 0] I i)
(3.49)
that leads as to two conclusions:

First, in order for the spin current operators Eq. (3.43) and Eq. (3.44), to have a well
defined and intensive value in periodic systems, the standard (bulk) spin torque expectation
value (Y (t)| 7, |1k (t)) as well as the boundary (non-Hermitian effect) spin torque expec-
tation value (v (t)| 7o(-) [ (t)) have to be simultaneously zero. We stress that, the zero
boundary spin torque restriction, was not pointed out in this manner in Ref. [121], rather
they assumed that the boundary spin torque density can be neglected. Moreover, by taking
into account the boundary spin torque Eq. (3.38), we can deduce that, whenever is zero,
then, the spin operator S, behaves as a normal operator and no spin Hall effect is possible.

In virtue of Eq. (3.30), the two restrictions of zero bulk and boundary spin torques, are sat-

isfied whenever the 2 component of the spin is a constant of the motion %(SZ> = 0 (within
bulk and over boundaries), which is fulfilled, either due to the above mentioned symmetry
reasons, or more generally for any stationary state and without any symmetry considerations
being involved, in which cases the right side of Eq. (3.49) has a well defined value.

Second, in order for the spin current to be rigorously given by the time derivative of the
spin displacement operator Eq. (3.49), the non-Hermitian boundary contribution Eq. (3.48)
has to be taken into account, which was also not noticed in Ref. [121].

The two restrictions with respect to the validity of this extended spin current operator,

namely, the zero bulk and zero boundary spin torques, guarantees that its expectation value is
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origin independent. This argument is verified by assuming a shift by L of the position origin,

that is, r — r — L. In this respect, the expectation value of Eq. (3.42) is transformed

d d d
as £< rS,) — £< rS,) — L£<SZ), from which it is clear that the extended spin current

d
operator Eq. (3.42) is position origin independent whenever a(SJ =0.

3.4 Intrinsic spin current operator

Although the spin density is generally a non-conserved quantity with respect to materials that
carry local spin-torques, the modulus of the spin is always a constant of the motion as long
as the system is closed. In this respect, the electron’s spin makes a precession motion around
an involved direction (varying in space and time) in the bulk and over the boundaries of the
material. In this framework we define the electron’s extended intrinsic spin current as the
time derivative of the correlation between electron’s position and electron’s spin. Whenever
the two observables, spin and position, are uncorrelated, the extended spin current operator

turns to zero value.

3.4.1 Extended intrinsic spin current operator

Based on the method developed in Sec.3.3, we define the local, intrinsic micro-flux of the

d
z component of the spin as —t‘IlT(r, t) (r — (r)) S,¥(r,t), which has the desirable dimen-

1. where (r — (r)) is the electron’s induced position

sions, namely, [spin|.[time] ".|area|”
displacement operator due to the action of the spin S, operator on the quantum state un-
der consideration. Similarly, the coordinate integration (over the system’s volume) of this
intrinsic micro-flux, gives the global value % (U(t)| (r—(r))S,|¥(t)) that has dimen-
sions [spin|.[time]~!.[length], representing therefore the global intrinsic propagation of the
z component of the spin that is captured by the quantum mechanical operator G defined as
G = (r — (r)) S,. By inserting this G operator in Eq. (3.5) and Eq. (3.6) we find the two
operators of the observable, namely, the standard “bulk” intrinsic spin current operator given
by

' d
O = LH(r, 1), (r— (1)) 5] — s, (3:50)
h dt
and the boundary intrinsic spin current operator given from
Sp(z /l’
Oy = 1 (H(x )" — H(x,0)(r - (1)) S.. (3.51)

We employ our extended velocity operator definition for the second term of the right hand

side of Eq. (3.50). In this respect, the extended velocity operator is given by,

Vext =V +Vp (3.52)
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where,
v =—[H(r,t),1] (3.53)

(H(r,t)" — H(r,t))r (3.54)

is the boundary velocity operator (see Eq. (2.3)).

By following the steps of derivation of Eq. (3.50) and Eq. (3.51) with the use of the
Ehrenfest theorem, as well as using the identities ((v)S.) = (v (S,)) and ((v;)S.) =
(vp (S.)) during the derivation, we find the final forms of the bulk and the boundary intrinsic
spin current operators denoted as J*”'*) and J;" () respectively.

In this respect, the bulk intrinsic spin current operator J***) is given by
TP = (v—(v)S, + (r— ()7, (3.55)

where we have expanded the commutator on the right side of Eq. (3.50) and use
vV = % [H(r,t),r| aswell as 7, = %[H (r,t),S,], while the boundary intrinsic spin current
operator J;"% is given from

i

h

T = L (He " — Hir,t) (c — (1)) 5.

- (H(r,t)" — H(r, 1)) r (S.), (3.56)

where the second term on the right side of Eq. (3.56) is attributed to the boundary veloc-
ity operator. The boundary intrinsic spin current operator J ;" () can be recast in a more
symmetrical form given by
T = % (H(r,t)" — H(r,t))(rS. — (r)S. — r(S.)). (3.57)

The two terms of the bulk intrinsic spin current operator J °* ) in Eq. (3.55) have a simple
interpretation, namely: (i) the first one represents the spin current due to an induced velocity
shift (v — (v)) produced by the action of the spin .S, operator on the quantum state under
consideration, while (ii) the second term gives a spin current contribution due to an induced
position displacement of the particle (r — (r)) produced by the action of the spin torque 7,
on the above mentioned quantum state.

By using Eq. (3.55) and Eq. (3.57), we find the extended intrinsic spin current operator
that is given by

jgf) — g 4 jzp(z), (3.58)

which is the necessary operator that causes the equation of motion of the operator (r — (r))S,

by satisfying the equation

SO (e~ (1)) 5. w(0) = (w(o)| T2 () (3.59)
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without any constraints with respect to the expectation values of the bulk and the boundary
spin torques being involved.

Based on Eq. (3.59), the expectation value of the extended spin current operator
<\If(t)| J ) |\If(t)>, has the intuitive interpretation of the time derivative of the correlation

between electron’s spin and electron’s position

d

d
SO (= (1) S [B(0) = 4 ((rS.) = (£)(52)),

measuring therefore of how spin projection along e, direction and position co-vary with one
another. In this framework, whenever the correlation between the electron’s spin projection
along e, direction and position, is constant in time, then, the extended intrinsic spin current
operator turns zero expectation value. In the simplest case, whenever spin’s projection and
position are uncorrelated, e.g. when spin S, is constant of the motion, the extended spin
current operator turns zero value.

By now using Eqgs. (3.55) —(3.59) we can determine the basic properties of the bulk
intrinsic spin current operator J*"*) which are:
(i) For stationary states there exists a gain-loss detailed balance relation that explicitly relates

the bulk expectation value with the corresponding boundary one given by

<jsp(z) >n , <sz(2) >n 7 (3.60)

implying that, whenever the bulk of the system behaves as a source of spin current the bound-
aries operates as a sink and vice versa.

(i1) By defining the localized stationary states (in a macroscopic sense with respect to the
system’s boundaries) as the ones that satisfy <J o (Z)> = 0, implying that a boundary in-
tegral of the form Eq. (3.9) with G =rS, — (r)S, —nr(Sz) is zero, we can deduce from
Eq. (3.60) that the standard, bulk intrinsic spin current expectation value (with respect to
such stationary and localized state) is also zero.

(i11) For systems that do not exert spin torques in the z direction 7, = 0, the expectation value
of the bulk intrinsic spin current operator Eq. (3.55) is zero <._7 P (z)> = 0 provided that
the Hamiltonian’s stationary eigenstate is an eigenstate of the z comporrent of the spin also.
Accordingly, taking into account Eq. (3.57) as well as that the eigenstate belongs within the
domain of definition of the Hamiltonian, that is, (U, (¢)|(H(r)" — H(r))| ¥,(t)) =0, the
boundary intrinsic spin current expectation value turns also zero <J o @Y —o.

(iv) The expectation values of, the extended intrinsic spin current Eq. (3.5n9), bulk intrinsic
spin current Eq. (3.55) as well as of the boundary spin current Eq. (3.57), are separately
position origin-independent quantities, which can be verified by assuming a shift by L of the
position origin r — r — L.

(v) The expectation values, of the bulk and boundary intrinsic spin currents, < J Sp(z)> and

<J o (z)> respectively, are always well defined quantities without any restrictions being

involved, e.g. with respect to spin generation in the bulk or over the boundaries. In or-
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der to prove this assertion, we calculate their expectation values with respect to a spinor

1 .
Bloch wavefunction y(r,t) = —elk‘ruk(r, t) that satisfies Born-von Kdrman periodic

boundary conditions over the material’s boundaries. The method of calculation is identical
to the ones used in Sec.3.3 where we computed the expectation values of Eq. (3.44) and
Eq. (3.45). Specifically, by exploiting the symmetry of the integrands, that is, taking into ac-
count that the spinor wavefunction uy(r,t) as well as that the operators v(r,¢) and 7,(r, )
are cell periodic, we find that the standard (bulk) intrinsic spin current expectation value with

respect to a periodic system is given by

(I TP ct)) = ()] (= ) 7 ) er) 7 (D)

+ ()] (v = (usc(®) [ v s (£)) o) 7= [(t)) oy -

without any undefined quantities being involved.

Although the expectation value of the boundary intrinsic spin current is computed by
a boundary integral over the terminated surface of the system, we use the bulk expression
counterpart given by

?

(eI TPl = 1 CHilr, (D) (0. = (1)S. —1(5.) [k (1)
?
=5 (uic(®)] Hie(r, )(rS; — (1) S; — 1(5z)) |ux(?))
where Hy(r,t) = e kry (r, t)ek'r, in order to exploit the symmetry of the integrands. By
doing so, we find that all undefined terms cancel each other and the boundary intrinsic spin

current is given by

(0 TP nlt))

= = ()] (Hielr, £)* = Hy(r,8))(rSe — (r) 8o — 1(S2).0p) w(t)),

h
(3.62)

without any undefined quantities being involved whatsoever. Moreover, the right side of
Eq. (3.62) can be transformed and evaluated as a boundary integral over the unit cell. At this
point, it is worth comparing our extended intrinsic bulk spin current Eq. (3.58), with the one
defined in Ref. [121] and given by Eq. (3.46), as well as with the conventional spin current
defined as %(v S, + S.v). The comparison shows that:

(i) The conventional spin current cannot be derived by means of a global quantum equation
of motion, whenever the spin S, is not conserved (e.g. in systems with non zero local spin
torque 7,) and the non-Hermitian boundary velocity of the electron (v,) is not zero. On the

other hand, if we assume that, no local spin torques are exerted in the z direction 7, = 0 and
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: : : . h
the quantum state under consideration has a well-defined spin S, eigenvalue +—, as well
as that the boundary velocity operator expectation value is zero (v,) = 0, then, according

to Egs. (3.44), (3.46) and (3.49), the conventional spin current operator satisfies trivially the

quantum equation of motion pr (rS.) = % ((vS.,+S,v)). In this framework we conclude
that, the conventional spin current cannot be employed whenever spin dependent interactions
and boundary non-Hermitian effects are present.

(i) The Ref. [121] spin current (J**(*)) given by Eq. (3.46), is an extension of the conven-
tional spin current operator owing to explicitly taking into account the local spin torques that
are exerted on the electron’s spin S, but, on the other hand it has an undefined value in peri-
odic systems. Only whenever no global spin generation in the bulk is made (7, ) = 0, due to
bulk symmetry reasons, its value Eq. (3.47) turns well defined. On the other hand, only the

bulk symmetry is not adequate for this operator to satisfy the quantum equation of motion

d
7 (rS.) = <J s”(z)> assumed in Ref. [121]. In order for the latter equation to be satisfied,

the boundary spin propagation expectation value Eq. (3.48) has to also be zero <J o (z)> =0
meaning that, <uk(t)| JZP(Z)\uk(t)> = 0 as well as (¢ic(t)| 7oz [ (t)) = 0, thus no spin
i

Hall effect is possible. In summargfe, the Ref. [121] spin current expectation value cannot
generally satisfy a quantum equation of motion, unless certain constraints are satisfied, thus
the Ref. [121] spin current operator cannot be generally employed for arbitrary interactions
(due to the above mentioned symmetry constraints being involved) to study coupled transport
processes.

(i11) Our extended intrinsic spin current operator Eq. (3.58) always has a well defined
value and satisfies a quantum equation of motion Eq. (3.59) without any constraints being in-
volved, provided that the system is closed. In this respect, it can be used to study interactions

that cause the time evolution of the extended spin current expectation value that is captured

d
by the quantum equation of motion pr <\I/(t)| Tk (z)|\Il(t)> — F*P2) where F*P*) denotes

ext

the spin force expectation value. The latter equation is in accordance with the quantum ana-

logue of Newton’s 2nd law, namely the quantum equation of motion 7 (W) I, |W(t) =

F, where the extended particle’s mass current J7’, expectation value is defined by

d
(J Y =m (V(t)| Verr| VU (2)) = — (¥(t)| rm|¥(¢)). In this framework, near the equilib-

dt
rium stationary states that satisfy <\I/(t)| g |\Il(t)> = 0, one can use a linear dissipation

ext
approximation equation for an assumed irreversible process, that is use Eq. (3.21) applied
to the extended intrinsic spin current and study the dissipation of the extended intrinsic spin

current. This method gives the coupled first order differential equations

5p(2) kow kuy Ko < \7;’1(?>

FPO N == | ke Ky Ky < $§(2)> , (3.63)
sp(z) sp(z
Zp kz:(: kzy k;zz < k7e:5t(z)>
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where the elements £;; of the above matrix are all real quantities and satisfy k;; = kj;, in

order that an exponential attenuating solution exist for each < p(z )> In the right side of

ext 1

Eq. (3.63) the extended intrinsic spin current is given by definition as

(F2) = S 4(e = (x))52)

The counterpart irreversible linear charge current dissipation equation is given by

Feh Paz My  Haoz (Tt )
F;h = 7| Hyz Hyy  Hye < T y> ) (3.64)
FZCh ,uzac /~Lzy ,U/zz < Jecgt z>

d 2

where by definition, (J&,) = pr (re) and Fh = Ewm e) = Cpeec — g where £ is
m m

the electric field acting on the electron charge and m is its mass. Eq. (3.63) and Eq. (3.64)

can be expressed in compact forms as F7*) = k;; <$ﬁ(§)> and Ff" = pu;; (J

ext ]> re-

spectively. By having in mind that the spin dipole ((r — (r))S.) will saturate to a con-
stant value at the end of the irreversible process, we express the extended intrinsic spin
current as a linear dissipation equation given by < Tr j)> = hjn (Cp, — ((rn, — (10)) S2)),
where hj, are phenomenological coefficients and C), the (constant) value in which each
((r, — (ry))S,) will saturate in equilibrium. Accordingly, having in mind that each (re)
will also saturate to a constant value when equilibrium is reached, we express the extended
charge current as < pui ]> vji (R, — (r;e)) where v; are phenomenological coefficients
and each R; is the (constant) value in which (7, ¢e) will saturate. In this fashion, one can
couple Eq. (3.63) with Eq. (3.64), and form Onsager relations that relate the extended intrin-
sic spin current generated by an electric force F" to the extended charge current generated

by a spin-electric force Fsp(z)
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Chapter 4

Topology in transport processes:

Extended Hellmann-Feynman theorem

We now proceed to some independent study with the purpose to extend an elementary quan-
tum mechanical theorem so that it can become a tool for the investigation of transport prop-
erties in Solid State Physics. In spite of the independent nature of this study, we will witness
an overlap with the viewpoint reflected in the previous two Chapters; the outcomes of the
present Chapter will inherit the non-Hermitian effects of Chapters 2 and 3 in combination
with nontrivial topology.

Collective robust patterns of behaviors such as the precise quantization of the transverse
conductivity in the quantum Hall effect [77], are attributed to the so-called topology of the
first (magnetic) Brillouin zone of the Hilbert space [135, 78]. These collective topological
properties, in the simplest case, emerge when the Hamiltonian / of the system varies slowly
with time, either due to explicit time-dependence or implicitly by a time-dependent param-
eter. With time, this kind of change, makes each electron’s ground-state wavefunction to
deviate infinitesimally from stationarity (the wavefunction is an instantaneous eigenfunction
of H), resulting into an extra, geometrical type of phase for the wavefunction during the
time-evolution. When the extra phase is non-integrable (cannot be expressed as a regular
function of the parameter), it signals that the quantum system is set into a topological quan-
tum process', which is stable against local perturbations and sometimes maintains quantum
coherence even at high temperatures (i.e. it can exhibit robustness to environmental deco-
herence).

The topological quantum processes can roughly be separated into two general categories,
the first one described by equilibrium quantum states (the quantum state is parallel to an in-
stantaneous eigenstate of the Hamiltonian), and the second one described by non-equilibrium

quantum states where the wavefunction is in a coherent superposition and occupies more than

! Since the seminal theoretical work of M. V. Berry [17], all of the scientific community was standing on the
Fock’s false observation, who unintentionally excluded all topological processes. He suggested that, during all
processes that the wavefunction evolves in time adiabatically, one can always eliminate the extra phases by a
proper adjustment of the wavefunction’s phase with a regular function, that is, by performing a regular U (1)
gauge transformation.
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one direction of the available Hilbert space. The study of equilibrium quantum processes is
in a very mature state, while the study of the non-equilibrium is at an ongoing research stage
(i.e some new topological invariants have been suggested based on the time-evolution oper-
ator [76, 83, 31, 116], as well as some dynamical order parameters have been used for the
description of topological phase transitions [65, 26, 68, 138, 53, 117, 64]).

The equilibrium quantum processes, are mainly studied by three different methods:

In the first kind of methods, which resides on the route opened by M. V. Berry, one studies
the phases that are accumulated by the wavefunctions during closed (cyclic) process when
a time-dependent parameter undergoes a periodic evolution (when the accumulated phase
is not zero, it indicates that the wavefunctions carry non-trivial topological charge). In this
kind of methods, the local (on the path of integration) quantities involved are the Berry
connections which are not gauge-invariant quantities.

In the second and third kind of methods, gauge-invariant topological quantities such as
Berry curvatures, are explicitly engaged into observable formulas, therefore, one can directly
study the impact of topology to collective transport properties. Specifically, in the second
kind of methods, one employs a quantum mechanical framework and uses a first order (linear
response) time-dependent perturbation theory (alternatively the adiabatic limit of Kubo for-
mula), in order to calculate for example the electron’s velocity expectation value. Within this
method, an electron that is assumed to initially be in a non-degenerate ground state, acquires
an extra velocity term (named anomalous velocity) besides its group velocity, that explicitly
depends on a Berry curvature, which has topological origin. This extra velocity contribution,
is responsible for the quantization of the transverse Hall conductivity [77, 135, 78], as well
as, plays a crucial role in the theoretical explanation of the anomalous quantum Hall effect
[73, 34, 94, 145, 59, 85, 18, 84, 62, 124]. As will be shown (based on a dynamic Hellmann-
Feynman (HF) theorem that we have derived), there exist two other velocity contributions in
general: the one is of topological origin and is attributed to another Berry curvature, and the
other is of non-Hermitian boundary origin. These extra contributions will be explicitly used
to study the (Thouless pump) particle transport [134, 97, 122, 89, 105, 156, 141], as well as
the polarization current [75, 101, 109, 114, 111, 126, 139, 57] in a dielectric medium.

The third method is a semiclassical one, first derived by M. C. Chang, D. Sundaram and
Q. Niu [35, 130]. In this method the electron’s motion is described by a trial wave packet
constructed from Bloch eigenstates (with small spread in crystal momentum space compared
to the Brillouin zone). An effective Lagrangian of the motion, with generalized variables the
electron’s main position and the electron’s main crystal momentum is defined, whereas the
external (electric and magnetic) fields are taken into account as perturbations. Under the
approximations that: (i) the external fields vary slowly over the spatial extension of the wave
packet, as well as that (ii) the fields do not cause excitations (adiabatic approximation), by
employing a time-dependent variational principle for the trial wave packet one finds the
two equations of motion; one for the electron’s main position and the other for the crystal

momentum motion. Within this method, the velocity of the wave packet’s center acquires an
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extra contribution (besides the group velocity) which explicitly depends on a Berry curvature.

Having in mind all three above methods, a plausible theoretical question has motivated
us: “Can one use a kind of a Hellmann-Feynman theorem to study such topological quantum
processes?” The answer is affirmative yes, and up to date, to the best of our knowledge, there
has not been any extension of the known static Hellmann-Feynman (HF) theorem [63, 50]
that can be applied to dynamic topological transport processes and at the same time take into
account boundary contributions as an emerging non-Hermitian effect. In this respect, a brief
review of known forms of the Hellmann-Feynman theorem will be given followed by our
derivation accompanied by interesting implications (i.e. equation of motion of the elemen-
tary parameter volume AVg(¢) that causes complications when one transforms a sum over
states to a counterpart Riemann integration, and a Maxwell type of equation with monopoles
for flux preserving motions), followed by certain applications (i.e. particle transport with
boundaries explicitly taken into account, electronic polarization with boundary contributions
explicitly included, quantum equations of motion as extension of the semiclassical counter-
parts, and modification of the density of states for spinfull motions with monopole sources
included).

The known HF theorem is a very practical method for calculating expectation values
of observables with respect to stationary eigenstates of static Hamiltonians by taking the
derivative of the energy eigenvalue with respect to a static parameter that is assumed to take
continuous values. After the first derivation of the HF theorem [63, 50], Epstein utilized
it, and showed its direct relation to time-independent perturbation theory [46]. These two
methods deal with static parameters and time-independent eigenstates of the Hamiltonian.

An extension that uses time-dependent parameters and relates the theorem to adiabati-
cally evolving eigenstates of the Hamiltonian is hardly known and has only been noted in
passing [10, 9]. Another extension was later made by us, a preliminary report of which
has been given in [80]. All forms of the HF theorem mentioned above, have a common
assumption: the states that are created by the action of the parameter’s differential operator
are assumed to belong within the domain of definition of the Hermitian Hamiltonian (thus
belong within the given Hilbert space) which is hardly the case. This kind of anomaly leaves
aresidue in the HF theorem and was first noted in [49]. Based on this observation [49], they
have generalized the static HF theorem (applied to static parameters and time-independent
eigenstates of the Hamiltonian) in order to take into account these extra anomalous terms
(differential operators that cause such non-Hermitian effect are sometimes called anoma-
lous operator, and by definition create states that lie outside the given Hilbert space). These
residue terms, are always transformed to a surface integral (assuming a 3D system) over the
material boundaries, therefore giving an extra boundary contribution (that explicitly depends

on the realistic boundary conditions of the wavefunctions).
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4.1 Formulating the dynamical extension of the HF theo-

rem

Dynamic vector parameter R (¢):

We consider a real vector parameter R that has an arbitrary time-dependence (without any
adiabatic approximation involved), namely, R = R(¢,R,) where R, is the initial value

of the parameter satisfying R, = R (0, R,). Therefore, the parameter satisfies the general

R
equation of motion R =R, + / ——dt’, and its time derivative is given by

g Ot
Ga_ft{ = % The theorem that we are to prove is for a continuous vector parame-
ter R, therefore the initial value R, is assumed to have continuous values. The Hamilto-
nian of the system H(¢,R), apart from the implicit time-dependence (via the parameter)
may also have an arbitrary explicit time-dependence. The derivation that is given owes its
existence to the Hamiltonian being the generator of time evolution of quantum states. We
provide the derivation for a single-particle state while the generalization to a many-particle
system is straightforward. A particle’s motion is generally encoded in its normalized time-
dependent state |W(¢, R)) which evolves either by the time-dependent Schrédinger equation
for non-relativistic and spinless particle, or by the time-dependent Dirac equation for spin-
full particle. We assume for simplicity a one particle quantum system. The motion of the
particle is described by a general state, not necessarily an eigenstate of the Hamiltonian
nor a localized state (such as a narrow wave packet). The system is assumed to be closed
(U(t,R)|¥(t,R)) =1, and the quantum state time evolution is determined by the time-

dependent equation

m% U(t,R)) = H(t,R) [U(t,R)) 4.1)

where the Hamiltonian is either of Schrodinger or Dirac type. The time derivative in Eq. (4.1)

is the total time derivative given by

d 0 OR
i o VR 42

3

0 L o

where Vg = Z eia—. The initial value of the parameter R, that implicitly enters Eq. (4.1)
=1 R

can be used to label the quantum states |W(¢, R)). The expectation value of the Hamiltonian

can be seen as the instantaneous time-dependent “energy” of the particle E(¢, R). Differen-

tiation with respect to the parameter R of both sides of Eq. (4.3) gives

(V| VgH|U) = VRE — (VRU | HU) — (U| H Vg l) . (4.4)
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Taking now into account that the parameter gradient operator Vg can generally be an
anomalous operator, that is, the states | Vg W) may not belong within the domain of the Her-
mitian  Hamiltonian  which is  expressed by the non-trivial inequality
(HU |VRV) = (V| H" VgV¥) # (V| HVRV), we recast Eq. (4.4) in the form

(U|VRH| V) = VRE — (VgVU | HU) — (HU| Vg U) + (V| (H* — H) VgU). (4.5)

By then using Eq. (4.1) in Eq. (4.5) we find

(U|VRH | W) = VRE+ (V| (H" — H) Va¥)—ih (<VR\1; | C;—\f> - <qu’ VR\I/>) .

dt
(4.6)
Applying the total time derivative Eq. (4.2) on Eq. (4.6) we get
(UV|VRH|V) = VgrE + <\If | (HJr — H) VR\II>
. ov ov
a{(een ) (i)
4 IR OR
4.7)
Using then the vector identity, %—I: x (AxB)=A (%—I:B) - (%—?A) B in the last

term on the right hand side of Eq. (4.7), we finally find

(O(t,R)) = VRE(LR) + S(LR) — hE(LR) — h XX BLR),  (48)

ot
where
(Ot,R)) = (¥(t,R)| Ve H(t,R) [V(t,R)) (4.9)
is the observable in quest, whereas
is a generalized Berry curvature in the R xR space and
ov(t,R ov(t,R
£(t,R) :z‘<vR\p<t,R)|%> —i<%|va(t,R)> @.11)

is a second generalized Berry curvature in the t xR space. The S(¢,R) term is a non-
Hermitian boundary quantity which, by working in position representation and assuming real

scalar and vector potentials, is always transformed to a boundary integral (due to symmetry
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of the integrands) over the system’s boundaries and is given (assuming a 3D system) by

St,R) = (Y(t,R)| (H(t,R)" — H(t,R)) VrRY¥(t, R))
= %:L n-((vo(tR)T+¥(,R)"v) VRU(t,R)dS, (4.12)
S

where v = 72_1 [H(t,R),r] is the standard velocity operator and n is the unit vector that is
locally normal to the surface that encloses the system. The dynamical extension of the HF
theorem given by Eq. (4.8) is the first major result of this chapter, and one of the major
results of this dissertation.

As is evident from the structure of the dynamical HF Eq. (4.8), the observables (O(t, R))
that are given by this theorem always have a part that is transverse to the direction of the pa-
rameter variation R which is given by

OoR

= —h—x B(t,R), (4.13)

<O<t7 R))tran at

as easily confirmed by (O(t,R)),..- OR =0 (where we have used the vector identity
OR x A-0R =A"-0R x 0R = 0), while the first three terms

(O(t,R)) = VRE(t,R) + S(t,R) — h&(t,R) (4.14)

may have longitudinal as well transverse part. It is interesting to note that, when the assumed

parameter R is static, the transverse part turns to zero (O(¢,R)), =0 (the generalized

tran
curvature B(¢, R) need not be zero), while, when the quantum state does not have explicit
time dependence, the generalized curvature £(¢, R) turns to zero by definition Eq. (4.11).
The general form of the theorem Eq. (4.8), has a very interesting property. Namely, when
the assumed Hamiltonian /' does not depend explicitly on the parameter R, but on the other
hand the quantum states explicitly depend on it (the parameter enters the wavefunction due to
symmetry reasons as a constant of the motion, or in virtue of a large gauge transformation),
then, by definition (O(¢, R)) = 0, one can clearly relate the boundary contribution S(¢,R))
of an observable to bulk quantities such as, the gradient of the “energy” and the generalized
curvatures (such examples are discussed in Sec.4.1.3 as well as in 4.3.1 and 4.3.2). Fur-
thermore, if the boundary contribution is expressed by the expectation value of a boundary
operator (such as the boundary velocity operator), then, there is a relatively simple way that
one can relate boundary contributions of an observable to the bulk topology of the projec-
tive Hilbert space via the generalized Berry curvatures. We explicitly use this argument in

applications of the theorem for the particle transport.

Static vector parameter:

Whenever the vector parameter is static R(¢) = R,, we use Egs. (4.8) —(4.12) and substi-
R(t)

tute
ot

=0 aswellas Vg = Vg,.
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Dynamic scalar parameter \(¢):

For a real scalar dynamic parameter, we replace R(¢) — A(¢) as well as Vg — E3N in
Eq. (4.7) that results to

(O(t,\)) = %E(t, A) + S(t,\) — RE(t, ). (4.15)

where the initial value ), of the parameter A = A(¢,\,) is assumed to take continuous

values. The curvature £(t, \) is given by

_ L JOUA) OV(EAN L SOV(EN) OV(EN)
E(t,)\)—z< B\ | T > ’L< Y | R >, (4.16)

and the boundary non-Hermitian term by

S(t,\) = <\p(t, A | (H@?)\)Jr —H(, )\)) 6\11;3 )\)>

(v ) o n v ) 2N

: 4.1
2 JIs O\ a5 17)

We conclude that, for a scalar parameter and 3D system no transverse contribution can be
defined.

4.1.1 Adiabatic limit of the extended HF theorem

It is instructive to derive the adiabatic limit of the extended HF theorem Eq. (4.8), because
numerous quantum processes related to topological invariant properties, are studied within
this limit. In this respect, we assume an adiabatic evolved quantum state with initially well
defined energy, namely, |¥U(¢,R)) = ¢On(t:R) In(t,R)) where |n(¢,R)) is the instanta-
neous eigenstate of the Hamiltonian satisfying the eigenvalue equation

H(t,R) |n(t,R)) = E,(t,R) |n(t,R))

and O,(¢,R) is the total (sum of dynamic and geometric) phase of the wavefunction satis-

fying the equation

dO,(t,R) , dn(t,R)
—hT =FE,(t,R) —ih <n(t, R)| T> .

By substituting |V(¢,R)) = ¢On(t, R) In(t,R)) in all members of Eq. (4.8), that is, by

using

IVaU(R)) = O ER) jgro, (L R) n(t, R)) + Ot R) jwpnt R))

91



Chapter 4 Section 4.1

as well as

ot ot

‘8\P<t,R)> — 0.t R); IOER) oy 01 R) v

B

we find after straightforward calculation,

(O(t,R)), = VrEL(t,R) + S,(t,R) — L

5 % Bult.R) — hEL(LR),  (418)

where,
(O(t,R)), = (n(t,R)| VRH(t,R) |n(t,R)) 4.19)

is the observable in quest, and

is the standard Berry curvature evaluated with respect to the Hamiltonian’s instantaneous

eigenstates. Accordingly

E,(tR) =i <VRn(t,R) | w> —i <%\ VRn(t,R)> 421

is a Berry curvature in ¢t X R space, while the non-Hermitian boundary term is given by

S.(t,R) = (n(t,R)| (H(t,R)* — H(t,R)) Vrn(t,R))
= % n((ve,)" + &' v) Vgd,ds, (4.22)
S

where ¢, = @, (t,R) = (r|n(t,R)). In deriving Egs. (4.20) and (4.21) we have used the
normalization condition (n(¢,R)|n(t,R)) = 1, which upon differentiation gives the rela-

tions
(Vrn(t,R)|n(t,R)) + (n(t,R)|Vrn(t,R)) =0

Fd <wh¢(t,fi)> + <n(tR)l%> =0

that have been used. Furthermore, we have used that the states |n(¢, R)) belong within the
domain of definition of the Hamiltonian H(¢,R), that is

(n(t,R)| (Ht,R)" — H(t,R)) n(t,R)) = 0.

4.1.2 Symmetry considerations

From the symmetries of the instantaneous eigenvalue equation

H(t,R)n(r,t,R) = E,(t, R) ¢ (r, t, R), (4.23)
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where ¥, (r,t,R) = (r|n(t,R)), the symmetries of the curvatures themselves can some-
times be deduced, which gives valuable information about the topology of the projective
Hilbert space of the energy band £, (¢, R). In the latter eigenvalue equation, the time ¢ and

the parameter momentum R are assumed to be fixed parameters.

Continuous Symmetries

Whenever the Hamiltonian does not have explicit time dependence %—Ij = 0,then H = H(R),
thus the instantaneous eigenstates v, (r, ¢, R) do not have explicit time dependence owing to
the eigenvalue equation H(R)v,(r,R) = E,(R)¢,(r,R). As aresult, the Berry curvature
given by Eq. (4.21) turns to zero &£,,(R) = 0 by definition.

Discrete Symmetries

This section is useful in band theory applications if we identify the parameter as the wave
vector R =k, where the instantaneous wavefunction has the ansatz form
U, (r,t, k) = eik'run(r, t, k). The states u,(r,t, k) need not be cell periodic. For simplic-
ity reasons we assume spinless motion, that is, the Hamiltonian is a scalar operator and the
wavefunctions wu,(r,t, k) are scalar quantities. We further assume that the initial Hamilto-
nian does not have explicit wave vector (parameter) dependence, therefore the wavefunctions

n(r, t, k) satisfies the eigenvalue equation
H(t) Yn(r,t, k) = E,(t, k) ¥, (r, 1, k), (4.24)
and accordingly, the wavefunction w,(r,¢,k) fulfills the equation

e RTH () KT, (r,1,k) = B (t,K) un(r, 1, k). (4.25)

Time reversal

In a time-reversal symmetric (spinless) Hamiltonian, under the action of the anti-unitary

operator O that performs the inversions
(¢,r,t, k) — (—i,r, —t,—k),
the Hamiltonian remains invariant
%, <€—z’k'r H(t) 6z'kor> o-1 — —tkr H(t) Jkr

As a result, the eigenfunctions of a time-reversal invariant Hamiltonian satisfies the symme-
tries
* *
Up(r,t, k) =, (r,—t, —k)" and w,(r,t,k) = u,(r, —t,—k)",
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up to a U(1) phase ¢!\ which is neglected for simplicity (the curvatures and the non-

Hermitian boundary term are invariant with respect to such phases). In this respect, the
curvatures satisfy the following symmetries
B.(t,k) = i(Vin(t,k)| x |[Vin(t,k)) =i (Vin(—t,—k)*| x |Vin(—t, —k)*)
= —i(Vin(—t,—k)| x |[Vgn(—t,—k))
= —i(Vign(—t,—k)| x |V ign(—t,—k)) = =B, (-t, —k) (4.26)

and

E.(tk) = <an 8”gtk>> i<%|vkn(t,k)>
= i(Van(ot, gy 2L (PO, )7
- (s <vkn i) P2 (P -t k) )
= —&,(~t,—k). (4.27)

We note that the above time-reversal symmetry transformation rules remain the same in
spinfull motions. That is, the curvature B,,(¢,k) is transformed according to Eq. (4.26) and
E,(t, k) according to Eq. (4.27), although the wavefunction becomes a two-component
spinor 1w, (r,t,k) = (an(r,t,k), b,(r,t,k))" in the non-relativistic limit. In these spin-
full motions, due to the spin-orbit coupling term in the Hamiltonian, the anti-unitary time-
reversal operator O becomes a matrix quantity that also interchanges the components of the

spinor wavefunction, resulting in a symmetry transformation
(an(r,t,K), by(r,t,K))" = (=bu(r, —t, —K)*, an(r, —t,—k)*)",

that gives the symmetries of the curvatures.

Space inversion

In a space-inversion symmetric (spinless) Hamiltonian, under the action of the unitary oper-

ator O that performs the inversions
(i,r,t,k) — (i, —r,t, —k),
the Hamiltonian remains invariant

O <e—ik-r H(t) 6ik-I‘> 071 — e—ik-I‘ H(t) el'k-I'.
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As a result, the eigenfunctions of this space-inversion symmetric Hamiltonian satisfy the

symmetries
Up(r,t, k) =, (-1, t,—k) and wu,(r,t,k) = u,(—r,t,—k).
As a result, the curvatures satisfy the following symmetries

B,(t,k) = i(Vin(t,k)| x |Vin(t,k)) =i (Vin(t, k)| x |Vin(t, —k))
= i (Vn(t, —k)| x |V (cin(t, —k)) = B,(t, —k) (4.28)

and

E.(t k) = i<an(t,k)|an(t’k>> _Z,<8n(t,k)

_ z’<an(t, )| 6n(tét—k))> s <8n(tét—k))

| Vin(t, —k))>

The symmetries Eq. (4.27) and Eq. (4.29) of the Berry curvature &, (¢,k) are not fre-
quently used in the literature. We believe that they are important in topological transport
process, e.g2. in Thouless pump, because they give a simple criterion to know when the
collective pump charge will be zero. For example, in an adiabatic pump process of a fully
occupied band (in a gapped insulator), the total transported charge in any one of the direc-

tions during the cycle will be zero provided that the space inversion-symmetry is unbroken.

Mirror inversion

Driven by the last conclusion, with respect to a zero Thouless pump by any inversion sym-
metric Hamiltonian, this lead us to examine the mirror inversion as a lower symmetry. Our
aim is to indicate the symmetries of the curvature £,(¢,k) in a given Cartesian direction.
In this respect, we assume that the Hamiltonian is invariant under the action of the unitary

operator O
O <€—zk~r H(t) 6zk-r) O-1 — e—zk-r H(t) ezk'r

that performs the mirror inversions over the plane z = 0

(i) €, Y, z, t7 kaﬂ ky7 kz) — (Z7 —-1,Y, %, tu _kzu kya kz)
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The eigenfunctions satisfy the symmetries

,lvz)n(xa Yy, z, t) kam k:yv kz) = ¢n(_x7 Yy, z, t) _k$7 ky7 kz)

and

Un(l', Y, z, ta kza kya kz) = Un<—l', Y, =z, ta _kxa kya kz)
Therefore, the curvature &, (¢, k) satisfies the following symmetry
gn(ta kxa kya kz) c€p = gn,x(ty k:a;; ky7 kz)
,<8n(t,k) | 8n(t,k)> ,<0n(t,k)| 8n(t,k)>
Z JR—

Ok, ot "\ ot Ok,
= —Enalt,—ka by, K. (4.30)

The latter equation implies that, in the directions that there exists a reflection symmetry, the
collective pumped charge of a fully occupied band is expected to always be zero. This kind
of mirror symmetry is for example broken by a homogeneous electric field E,(t) along the

x direction, which results to the mirror symmetry-breaking Hamiltonian

1/ .9 N L 0N 10N
H(r,t) :% (—Zh£+6/0 E.(t )dt> +% (—Zha—y) +% (—Zh&) +‘/crys(r)'

4.1.3 Static limit of the extended HF theorem

In the static limit of the dynamical HF theorem, we assume that the Hamiltonian as well as
: . OR L

the parameter are static; that is, rTie 0 and H = H(R). We apply the static limit of the

HF theorem into an eigenstate of the Hamiltonian |¥(¢,R)) = ¢On(t:R) In(R)), where

In(R)) is a Hamiltonian’s eigenstate satisfying the eigenvalue equation
H(R)|n(R)) = E,(R) |n(R)), and O,(¢,R) is the phase of the wavefunction satisfying

do,(t,R : . .
the equation —h# = E,(R). In this fashion, employing Eq. (4.18) we replace
R
i 0 as well as £,(t,R) = 0 due to the considered eigenstate |n(R)) that does not

have an explicit time dependence. In this respect, Eq. (4.18) is simplified into
(n(R)|VeH(R)|n(R)) = VRE,(R) + S.(R) (4.31)

which is the form of the generalized static HF theorem that was derived in Ref.[49]. The
simplest example where one can ascertain the necessity of presence of the boundary non-
Hermitian term S, (R), is a free electron motion in 1D. In this respect, we assume the

Hamiltonian
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n* d?
=50 which does not have any parameter dependence. We consider an electron’s
m dx
1 .
motion, described by an eigenstate of the Hamiltonian &, = ——_"RT with well defined en-

VL

, where hk is the momentum of the electron and L is the normalization

27.2
ergy given by

constant. When one uses the electron’s momentum R = £ (assumed to take continuous val-
ues) as a parameter, by employing the standard static HF theorem without the non-Hermitian
term (the 1D analogue of Eq. (4.31) without the boundary term S(k)), will eventually lead

dH dE(k d i*k*  h’k
to a paradox since <—> = 0 while (k) _ — = —

o — = 5o - # 0. The paradox is re-

solved whenever one takes into account the boundary non-Hermitian term S(k). Specifically,

the 1D analogue of Eq. (4.31) is given by

 dE(k)
0= "= +5(k), (4.32)

where S(k) is truncated to a two point formula (cf. Eq. (4.22))

ih dd, 17"
(k) =5 | (v Op)* + O v) d_I: . (4.33)
h 0
We substitute in Eq. (4.33) the standard velocity operator v = —Z—a—, aswell as (v &) =
m Ox
1 hk ; hk dd 1 ‘
ﬁ—edm — —®, and d—k‘“ - ﬁm@m =iz ®;. In this respect, Eq. (4.33) takes
m m
the value
ih [ ( hk AN i
S(k) = A (Eq): - E@’t @) zx@kl (4.34)
ih [ihk h _ i
N 7|¢>k|2$ + E|(I)k|2 +ix®f (v @k)}
ih [ ihk h wH
21 m m -
ih?
= 2i 1]
5T 2ikx+1]0
ih? h2k
= 21k L) = ——
2mL( ikL) m’
dE(k h2k
which together with % = — verifies Eq. (4.32) and guarantees the validity of the
m

static HF theorem. Therefore, whenever the momentum gradient operator i becomes
anomalous, the boundary non-Hermitian effect term cannot be excluded from the HF the-
orem.

In this respect, one can draw a clear conclusion: whenever the initial Hamiltonian does
not depend explicitly on the momentum V, H (k) = 0, rather than involving the momen-
tum only in the form of the considered state (i.e. whenever Bloch states are employed and

the crystal momentum is assumed as the parameter), one must also use the non-Hermitian
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boundary term S,,(k) as a probe for detecting information about the dispersion relation with

respect to the boundary behavior of the Bloch functions
ViE, (k) =-=8,(k). (4.35)

Consequently, by defining the bulk localized eigenstates of the Hamiltonian as the ones that
their values and all of their derivatives are zero over the boundaries of the material, that is
S, (k) =0, it is evident from Eq. (4.35) that these states will have flat band dispersion
relations Vi E, (k) = 0.

We suggest that, by employing Eq. (4.35), one can theoretically explain the changing of
the dispersion relation slope in relation to the localization of the involved states.

For example, in the Quantum Hall Effect, the bulk states are localized and described by
flat bands (Landau levels) dispersion relations F, (k) = E, = constant, while the states
near the boundaries have dispersion relations with non-zero slopes that are approximately
linear [60]. This kind of behavior, can most probably be theoretically explained when the
non-Hermitian boundary term is taken into account (although this has to be worked out in
detail).

Moreover, in Dirac and Weyl semimetals [6, 137, 151, 72, 28], linear dispersion relations
are found near the vicinity of degenerate points in the Brillouin zone, which represent the
bulk electrons’ physics near these degeneracy points. Although the electrons’ motions are
not fully relativistic (apart from correction due to spin-orbit coupling), these are theoretically
explained by employing various model Hamiltonians H (k) which are effectively relativistic.
We suggest that, these emerging relativistic linear dispersion relations that are accompanied
by exotic boundary behaviors such as Fermi arcs, can alternatively be explained by employ-
ing the non-Hermitian boundary term. Specifically, by taking a Taylor expansion of the

non-Hermitian boundary term S,,(k) near a degenerate point k, we find
ViE, (k) = =8,(k,) — ((k — ko) Vi) S (K) [k, + O(K?) + ... .. (4.36)

Provided that the linear dispersion relation £, (k) profile is experimentally obtained, one can
extract information about the boundary term S,,(k) by keeping only up to first order terms
in the Taylor expansion. By then, employing the Bloch functions ¥, (r,k) in Eq. (4.22),
further information about the behavior of the wavefunction at the boundary can be extracted.

4.1.4 Non-adiabatic motion: Floquet states

The dynamic extension Eq. (4.8) can in principle be employed to non-adiabatic quantum
processes where the quest for topological invariants is still in an ongoing research state
[76, 42, 83, 31, 116, 27, 98, 105, 141, 79]. In this framework, by assuming periodic in
time Hamiltonian H (¢t +T,R(t+ 1)) = H(t,R(t)), where the time of 7" is the period of
driving and a parameter that has the same time periodicity R(¢ +7) = R(t), we apply a
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1
——€qt
Floquet state |¥(t,R))=e h ~ |®_ (t,R)) into Eq. (4.8), where |®_ (¢,R)) are the
Floquet modes that are periodic in time |®., (¢,R)) = |®., (t + 7T,R)) and ¢, is the static
quasienergy (restricted to the interval Ae, = % called first Floquet-zone which contains

all the physically non-equivalent quantum states). After a straightforward calculation we find

(O(t,R)), = VrE,(t,R) + S,(t,R) — 7188—}; x B,(t,R) — h&€,(t,R), 4.37)
where
(O(t,R)), = (., (t,R) | VRH | P, (t,R)) (4.38)
and
E.(t,R) = (D, (t,R)|H|D., (t,R)). (4.39)

The curvatures are given by
B.(t,R) =1 (VRr?., (t,R)| x |[VrP.,(t,R)) (4.40)

and

0%, (1, R) > . <8<I>€a(t, R)

5 5 | Ve, (t, R)> (4.41)

Et,R) =1 <VR<I>5a (t,R)|
while the non-Hermitian boundary term is given from

S.(t.R) = (2, (tR)[(H" - H) Ve, (t,R))

= %i n-((v®,)" + @ v) Vg, ds, (4.42)
S

where @, = ®_ (¢, R) are the time periodic Floquet wavefunctions.

Discrete Symmetries

Our extended HF theorem applied to a Floquet state, is useful in band theory if we identify
the parameter as the crystal momentum R = k. We further assume an initial Hamiltonian
that does not depend on the parameter, as well as take into account that the Floquet states

satisfy the eigenvalue equation
Hp(t) @, (r,t, k) = e, D, (r,t, k), (4.43)

where the Floquet operator is given by
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If we now express the Floquet state ®._(r,¢,k) as
_ iker
O, (r,t,k) =" Tu, (r,t, k)

where u.,(r,t,k) is periodic in time w.,(r,t, k) = u., (r,t+ T, k), then, from the symme-

tries of the eigenvalue equation
—ik-r ik-r _
e Hp(t)e Ue, (r,t, k) = €4 ue, (r, 1, k) (4.44)

we can deduce the symmetries of the curvatures themselves (which are evaluated with respect
to the Floquet states), thus we can find valuable information about the topology of the projec-
tive Hilbert space of the Floquet band. We claim that, the implications of the discrete sym-
metries, namely, (i) time reversal, (ii) space inversion and (iii) mirror inversion symmetry,
are completely analogous with the ones performed for the instantaneous eigenstates of the
Hamiltonian, making therefore, the results given by Egs. (4.26) —(4.30), straightforwardly
mapped to the Floquet system, with the identification

U, (r,t, k) — o (r,t,k).

4.2 Implications of the theorem

4.2.1 Lagrangian and Eulerian description of the parameter space

In the dynamic and extended HF theorem Eq. (4.8) that we have derived, the velocity of
the parameter R _IR( Ro)

P ot ot ;
each quantum state is defined by iha W (t,R)) = H(t,R)|¥(¢,R)). In this respect, one

can use the initial value of the parameter R, in order to label each inequivalent quantum

is assumed to be arbitrary, and the equation of motion of

state. Under certain boundary conditions for the wavefunctions (e.g. periodic) at an initial
moment ,, one can find an elementary parameter volume AV, (¢,, R,) thatis “attached” to
each inequivalent state. Furthermore, if the system has lowered translation symmetry over
position coordinates (i.e. the distance between any two adjacent primitive cells within the
crystal, or between two adjacent magnetic cells when there is magnetic field) than the large
periodic boundary conditions, one can define a larger volume AVpz(t,) (the first Brillouin
zone or the first magnetic Brillouin zone) in which all inequivalent states are restricted. These
labeled and countable quantum states, form a projective Hilbert space, the topology of which
discriminates the conventional from the topological quantum processes. A subtle question
that as far as we know hasn’t been considered in a quantum mechanical framework?, is
what are the consequences of the time evolution of the (i) elementary parameter volume
AV,(t,R,) per quantum state, as well as that (ii) of the larger volume AVpy(t) where all

’In a semiclassical framework the phase-space volume AV} (t)V,.(t) time evolution has been studied [149]
leading to an apparent modification of the density of states.
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the elementary volumes are being enclosed. The method mentioned above is quite similar to
the Lagrangian description of fluid mechanics as we will show. In this respect we review the
basic ideas of the Lagrangian and Eulerian descriptions, and subsequently apply these ideas
to quantum mechanics wavefunctions that depend on a parameter R that varies with time.
In the Lagrangian description of fluid mechanics, one uses the parcels picture for the fluid
(the fluid is composed by countable and distinguishable parcels) with each parcel having a
prescribed label and volume. Let us assume for a moment that the parameter R denotes
the position of a labeled parcel. In the Lagrangian description in a given space ¢ xR, the
trajectory of each labeled parcel is defined by R = R(¢,R,), where time ¢ and the initial
position of the parcel R, are independent variables (while the position R is a dependent

one). In this framework, the velocity of each parcel is defined as

~_OR  O0R(t,R,)

vRltRo) = 5 =51

(4.45)

On the contrary, in the Eulerian, field description formalism, within a given space ¢t xR
time ¢ and position R are the independent variables, and a priori there does not exist a
parameter path. A velocity in the Eulerian description Vg(¢,R) is defined by using the
inverse transformation R, (¢, R) in Eq. (4.45), and is defined by the equation

OR
Ve(t.R) = vr(t,Ro(t. R)) = = (4.46)

4.2.2 Time evolution of a volume in parameter space

As time evolves, each volume over parameter space (either the volume per quantum state or

the collective volume) expands or dilates according to the equation
AV,(t) = DetJ(t,t,) AV, (4.47)

where DetJ(t,t,) denotes the determinant of the Jacobian matrix of the transformation. The
Jacobian matrix, captures the transformation of the initial value of the parameter (equiva-
lently the initial position of a fluid parcel) R(¢,) = R(t,,Ro) to a subsequent one
R(t) = R(t,R,). The latter transformation, as well as the Jacobian matrix, are completely
arbitrary in our formulation because it is assumed that the velocity of the parameter is arbi-
trary. Therefore, the Jacobian matrix is solely determined by the way that one defines the

velocity of the parameter. The time evolution of the Jacobian matrix is given by

d
ZDet(t.1,) = Vi Ve Det/(t.1,). (4.48)

and by taking the total time derivative of Eq. (4.47) and then substituting in Eq. (4.48) one

finds the time evolution of each quantum state’s elementary parameter volume that is given
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by
%lnAV}(t) = VR Vg = VRO@—I:. (4.49)
The latter equation implies for our extended HF theorem formalism the following: Each
volume in the parameter space AV,(t), evolves in time according to the divergence of the
assumed velocity of the parameter that one employs. As evidenced from Eq. (4.49), when
the velocity of the parameter has zero divergence Vg Vi = 0, each assumed volume in the
parameter space remains constant and the £ x R space behaves as an incompressible fluid.
An alternative, and presumably the simplest way for one to see how each quantum state’s

elementary parameter volume AV (R) evolves in time, is by using the convection theorem

%///F-d‘/(t) :///@_]; + F VR-VR> dv (t)
V(t) V()

where [ is an arbitrary scalar function. By setting the arbitrary scalar function £’ equal to
one F' = 1, and by considering an infinitesimal volume over which Vg -V can be assumed

as constant, one can derive Eq. (4.49).

4.2.3 Band Theory: Sum of states when the volume in the (parameter)

crystal momentum space changes with time

In band theory we label each single particle’s state by its band index n and its corresponding
crystal momentum k index. By further assuming that the crystal momentum is constant of
the motion, we may equally replace k = k,, where k, is the initial value of the crystal

momentum. In order to compute a collective non-interacting electrons’ property, we use the
BZ

above mentioned labels and sum over all available values of the indices, that is Z Z In

n ko
the thermodynamic limit, the crystal momentum takes continuous values and each sum over

crystal momenta is transformed into a Riemann integral according to the limit

BZ
N ‘l/liin_m (Z AVko> — /// AV, . (4.50)
ko BZ

Each infinitesimal volume AV, is assumed to be determined once and for all by the initial
coordinate boundary conditions of the wavefunctions, provided that that the boundary condi-
tions do not change with time. For periodic boundary conditions for the wavefunctions and

for a 3D system, this infinitesimal volume is the volume per quantum state in crystal mo-
(27)°
V

of the material. Therefore, the sum is transformed into the integral expression

BZ
S o /// i, (4.51)
ko BZ
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On the assumption that the crystal momentum is a parameter that is changing with time,
then the infinitesimal volume dVj(t) at time ¢ need not coincide with the initial counter-
part dVj, at time t,, thatis, dV(t) # dVj,. Employing the Jacobian of the transformation
namely, dVj(t) = DetJ(t,t,)dVy,, we find

i::ﬁ (2—‘;)3 /// mdvk(t)- (4.52)

FBZ(t)

where F'BZ(t) denotes a time-dependent Brillouin zone.

We note that, in Eq. (4.52) the quantity dVy(t) is constant in time, and the

1
DetJ (t,t,)
limits of integration F'BZ(t) changes only due to external fields that can form an irreducible
electric-magnetic translation group [7, 153, 25]. In time, these groups may create a zone
FBZ(t) (that depends on the fields) having a different volume than the initial Brillouin
zone.

By using Eq. (4.48) and Eq. (4.49), we find that the time evolution of the Jacobian of
the transformation is determined by
ok

d d
ElnDet](t, to) = ElnAVk(t) = Vk'Vk == Vk'a, (453)

implying that the divergence of the crystal momentum velocity field Vi is the quantity that
determines the equation of motion of the Jacobian matrix of the transformation. Equations
(4.52) and (4.53) constitute a transformation from the Lagrangian, labeled description of
inequivalent quantum states, to a counterpart Eulerian field description, where a priori the
quantum states cannot be labeled.

In the formulation of Eq. (4.52) we have silently made an assumption, namely, each
infinitesimal volume AV that is occupied by one particle does change size over time.

On the other hand, the volume of the first Brillouin zone may change over time according

ok . . .
to Eq. (4.53), thus, whenever Vk-a # 0, the particles behave as a compressible fluid
within the crystal momentum space. Solving now Eq. (4.53) for DetJ(t,t,), and taking
into account that DetJ(t,,t,) = 1, the sum over the crystal momentum is transformed (in

the thermodynamic limit) to an integration given by

ok

t
/// . /t (Vk‘%) dt/de(t). (4.54)

BZ(t)

™ (2
. . k : :
When the crystal momentum is a static parameter % 0, or when its velocity field

ok

ot

ok
Vi(t, k) = e behaves as an incompressible fluid within the first Brillouin zone V-
Eq. (4.54) is simplified to the standard one.

At this point is worth making an observation. A classical mechanical system behaves as
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canonical whenever the phase-space volume is conserved

d ok or
%ln (AVL(1)AV,(t)) = V“’E + Vr~a =0

owing to the Hamilton’s equation that couple the two canonical variables, that is,
ok
ot ) )
space volume. On the quantum mechanical formalism that we have employed, where the

= —V.H and a—lt. = Vi H, which always results into the conservation of the phase-

observables become operators, a priori there does not exist such relation between two inde-
pendent generalized quantities; we only have the equation of motion of parameters that can
be defined arbitrarily. In this respect, in the semiclassical framework study made by [149],
the phase-space volume AV} (¢)V,(t) conservation was found to be violated, leading to an

apparent modification of the density of states®.

4.2.4 Maxwell type of equations in ¢ xR space generated by the dy-

namical HF theorem

By taking the curl of both sides of Eq. (4.8) and using the vector identity
Vx(AxB) = A(V-B) —B(V-A) + (B-V)A — (A-V)B, as well as
Vr x VrE(t,R) = 0, we find the relation

1
Vex€&€=LB +BVRgVR—VrVRr-B— ﬁVRX (<O> — S) (4.55)

where
LB = (VR'VR) B — (BVR) VR (4.56)

is the Lie derivative of the vector field B(¢,R) with respect to the parameter’s velocity
Vr(t,R) vector field. Eq. (4.55) is a general Maxwell type of equation in ¢ xR space
with monopole sources and without any conservation law being involved. The generalized
curvature £(t,R) behaves as an effective electric field, whereas the curvature B(t,R) as

an effective magnetic field in R-space.

Flux preserving motion

Motivated by magnetohydrodynamics theories [144], we pursuit Lie drag invariants. By

using the 2D analogue of the convection theorem for an arbitrary surface S(t) that is moving

R
with the flow (with velocity Vg = E), the flux of the generalized Berry curvature B(¢,R)

3This violation is justified according to [22, 45], due to the assumed generalized coordinates (r.(t), k(t))
employed in the semiclassical treatment of the wavepacket motion [149, 130] that are not canonical variables.
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is Lie dragged with the flow when

//B dS = //(——VRX (VR xB) + Vg Vg - B)dS:O, (4.57)

where the surface S(t) is arbitrary. By taking into account that the surface S(t) is arbitrary,

the generalized Berry curvature satisfies the local equation

%—VRX<VRXB)+VRVR B =0, (4.58)

which by using the Lie derivative £,B is expressed as

%_fmmzszvR_o (4.59)

Substituting Eq. (4.59) into Eq. (4.55) we find a Maxwell type of equation

0B
Ve XxE&€=—-Jg— — (4.60)
ot
for the advected flux motion, where
1
JR:VRVR'B+—VRX(<O> —8) (461)

h

is the current that is entering into the Maxwell equation. Taking the divergence of both sides

of Eq. (4.58) (which guarantees the Lie dragging) we find

%VR B+ Vr- (VR VRB) = 0, (4.62)

which with the aid of Eq. (4.61) is transformed into a continuity equation

0
_gf + Vg Jr =0 (4.63)

where p); is defined by

and is the topological monopole charge density. Continuity equation Eq. (4.63) alongside
with Eq. (4.57), implies that the total topological monopole charge is conserved

d AQwm
B-dS = — dV = = 4.
dt S = // Vg-BdV = T 0, (4.65)

for flux preserving motions, meaning that, either no monopole charges are created (annihi-
lated), or monopole and anti-monopole charges form into pairs.

By identifying the parameter as the wave vector of crystal momentum R = k, then, the
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Maxwell type of equations (4.60) and (4.55) are the generalization of the Maxwell type of
equation that has been found over the past years in the study of Weyl semimetals [69, 70],
which has arisen by heuristic analogy to the electromagnetic induction law and without any

detailed derivation.

4.3 Particle transport

As a first application we study the Thouless charge pump [134] using the dynamical HF
theorem that we have derived. The Thouless charge pump serves as a simple yet fundamental
example of topology in quantum systems. The hallmark of this effect is the transport of
a precisely quantized amount of charge during an adiabatic cycle in the parameter space.
This remarkable phenomenon, has recently been demonstrated by experiments in a one-
dimensional chains of ultra-cold atoms trapped in an optical lattice [88, 96, 87].

Our purpose is threefold, (i) first to reveal the practical aspect of evaluating an observable
within the HF theorem, (ii) second to show the importance of the boundary non-Hermitian
term in the HF theorem, and finally, (iii) to make use of the boundary velocity operator

Egs. (2.3) —(2.4) that we have already used in the orbital magnetization of the electrons.

4.3.1 Adiabatic process (Thouless pump)

The adiabatic particle transport was first studied by D. J. Thouless [134] using first order
(linear response) time-dependent perturbation theory. In the introduction of his article he
explicitly raises the theoretical question: “If the potential is changed slowly in such a way
that it returns to its starting value in time 7', is the integrated current across the boundary
quantized?” He affirmatively found that the transported charge is quantized due to topolog-
ical reasons, provided that the system is an insulator evolving in time adiabatically and the
thermodynamic limit is taken. In his study, no explicit consideration of the boundaries of
the system has been made. The Thouless pump shares the same topological origin as the
quantized Hall conductivity [135, 78], and may thus be regarded as a dynamical version of
the Integer Quantum Hall effect.

We will study the transport in a slightly different context. Instead of assuming a slid-
ing potential V' (r —vte,) like in the original problem [134], we assume an electric field
along e, direction which is periodic in space (over x coordinates with period equal to the
lattice constant) as well as over time ¢. Each electron’s wavefunction evolves in time by the
Hamiltonian

H(r,t) = ipz +ep(x,t) + Verys(r) (4.66)
where m and e are the mass and charge of the electron respectively, and p the canonical mo-
mentum operator. The time-dependent scalar potential is periodic in time ¢(z,T) = ¢(z,0),

_do(,1)

boundary condition E(z,0) = E(x,T) = 0. Moreover, we assume that the scalar potential

and produces the periodic in time electric field E(z,t) = —Vo(z,t) = e,, with
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is periodic over position coordinate x at every moment ¢(x + na,t) = ¢(z,t), where n is
an integer and « is the primitive cell length in 2 direction (hence ¢ has the same period-
icity with Vs in the z-direction), as well as d(b(xx, 2 = do(z (—;—mna, 2
the periodic electric field E(x,t) = E(z + na, t). Therefore, the Hamiltonian Eq. (4.66) is
periodic in time H(r,0) = H(r,T) and coordinates H(r + R,t) = H(r,t), where R is a

Bravais lattice vector.

, which produces

The crucial property that we assume, is that the scalar potential breaks the mirror sym-
metry along the x direction resulting to ¢(x,t) # ¢(—x,t). This is analogous to the case of
the Thouless sliding scalar potential V' (z — vt,y, z) # V(—x — vt,y, z) which also breaks
the mirror symmetry over x direction. Each electron’s state evolves in time according to the

time-dependent Schrodinger equation (TDSE)

2m

@'h% |W(t)) = <Lp2 +eg(x,t) + Vcws(r)) |W(t)). (4.67)

We assume that each electron is initially in a non-degenerate ground  state,
|W(t,)) = |¥n(t,)), where n labels the energy. The ground state energy band is for all mo-
ments 0 <t < T separated by a gap from the upper bands. Each electron’s ground state

wavefunction satisfies periodic boundary conditions over the material’s boundaries

¢n(1‘ + L, to) = wn(l‘, to)v

where L denotes the (vector) length of the material in each direction. Assuming that the
electric field E(x,t) is slowly changing with time, meaning 7" — oo, each ground state

evolves in time adiabatically
U, (r,t) = ei@"(t)wn(r, t),

where O,,(t) is the total phase of the wavefunction (the sum of the dynamic and the geo-
metric adiabatic phase). Each wavefunction 1), (r,?) satisfies the instantaneous eigenvalue

equation

2m

(LPQ +ep(z,t) + Vc,,ys(r)) Un(r,t) = E, (1) ¥y (r, t). (4.68)

By following [134], we assume that the electron’s wavefunction has the form
Un(r,t, k) = KTy (v, ¢, k), (4.69)

and the w,(r,¢,k) satisfies periodic boundary conditions w,(r + L,t, k) = w,(r,t,k),
which constrains the allowed wave vector k-values by the condition 8L — 1 In order
to apply the dynamic and extended HF theorem Eq. (4.8) we need to define a continuous
parameter R and its corresponding velocity e The parameter definition is made by using

the assumed form of the quantum state. Namely, we define the parameter R as the static wave
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vector R = k which has zero corresponding velocity aa_ft{ = g—lz = 0. In order for the ap-
plication of the theorem to be valid, the parameter k has to be a continuous one. Therefore,
we assume that the length of the system L is infinite, which results to infinitesimal mini-
mum spacing between the allowed values of the wave vectors Ak — 0. By noting that the
Hamiltonian H(r,t) does not depend on any parameter V H(r,t) = 0, application of the

adiabatic form of our extended HF theorem Eq. (4.18) with respect to the state v, (r,t, k)

gives
0= VkEn(tv k) + Sn(tv k) - hgn(t>k)v (470)
where
k k
£,(119 =i (Vi (11| 2200 ) i (P08 v m)) @
and

Sn(t,k) = (Uu(t, k)| (H(r,t)" — H(r,t)) Vitha(t, k))

= %_L n-((vin)" +4Fv) Vi, dS. (4.72)
S

By now using Eq. (4.69) into Eq. (4.72), that is, taking into account that
Vit (r,t, k) =ir,(r,t, k) + etk r Vi, (r, t, k),
the non-Hermitian boundary term is transformed into
S,(t,k) = i (¢, (t, k)| (H(r,t)" — H(r, 1)) v, (t,k))
+ (un(t, k) | (H(r,t, k)" — Hi(r,t,k)) Viu,(t, k) 4.73)

where Hy(r,t, k) = X TH (r, )T,

Because we have assumed periodic boundary conditions, ¥, (r + L, ¢, k) = ¢, (r,t, k) as
well as u,(r + L,t, k) = u,(r,t,k), the quantum state Vyu,(r,t,k) is periodic with re-
spect to space coordinates Vyu, (r + L, t, k) = Vyu,(r,,k), it therefore belongs within

the domain of definition of the Hamiltonian Hj(r,¢,k) which results to
<un(t, k)| (Hk;(r,zf,k)+ — Hy(r,t, k)) Viun(t, k)> = 0.

On the other hand, the quantum state r,(r,¢,k) lies outside of the domain of definition
of periodic wavefunctions, and leaves a residue on our extended and dynamical HF theorem.

Employing our non-Hermitian boundary velocity defined by Eq. (2.4)

(8 1)), = 3 (8 1) | (L, 0) = H(e,0) 1, (11)
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as well as Eq. (4.73), the HF theorem Eq. (4.70) that governs the adiabatic particle transport

is recast in the form
1
(vp(t,k)), = —ﬁVkEn(t,k) + E.(t, k). (4.74)

To the best of our knowledge, it is the first time that the particle transport is explicitly related
with a non-Hermitian boundary velocity (v4(t,k)), . together with an effective electric field

E,(t, k) (an “electric curvature”) that originates from the extended HF theorem. Having in
T

mind Eq. (2.1) which gives % (r), = (v), + (vs),. the time integral {(vb(t, k)), dt can
be interpreted as the displacement of the electron through the boundaries of the material. We
stress that, owing to the Bloch functions which are not cell periodic, the boundary velocity
expectation value (v,(¢,k)), cannot be simplified to a quantity that is evaluated over the
boundaries of the unit cell in contrast to the example given in Eq. (2.7).

The electron’s boundary velocity in z direction is therefore given by

LOE(L)) o ik 4.75)

(Vo (t, k), 4 haT

where the electric curvature is given from

M (t, k) | OYn(t, k) -/ Ovn(t k) Ot k)
En.a(t, k) = < T >_Z< T >

(4.76)

Assuming now for simplicity a simple cubic crystal with lattice constant a, the collective
electrons’ displacement over the material’s boundaries in the x direction, for a fully occupied

band, is given by

T T
AZ(Boundary) = / vy (t, k)) / / vp(t,k)),, ,dt | dk, dk, dk.,
0 0
4.77)
which gives
T +7/a +7/a +7/ a ( k)
1 t
Aw(Boundm"y) - ﬁ / / dk / dk / Tdka:
—7/a —7/a —7/a
T +m/a +7/a +7/a
) /d / dk, / dk, / na(t k) dk, | . (4.78)
0 —7/a —7/a —7/a
+7/a
) OE,(t,k) ) ,
The first term is zero T dk, = 0 due to symmetry of the instantaneous “energy”

—7/a
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E(t,k) over the edges of the Brillouin zone, and the collective displacement is given by

v +7/a +7/a T +7/a
A& o) = / dk, / dk. / / En(t,X) dt dk, | . (4.79)
—7/a —7/a 0 —7/a

The integral over k£, is not zero (according to Eq. (4.30)) due to the mirror symmetry that is
broken by the external electric field along the x direction. Moreover, the integration over the

manifold spanned by dk, dt is quantized due to topological reasons and is given by

T +7/a
/ / Enat,K)dtdk, | =27C", ez (4.80)

0 —7/a

where Cfn) is the first Chern number [95]. The first Chern number defines the mapping
from the parameter space (¢,k) to the complex projective space of normalized Bloch states
U, (r, t, k). Non-zero Chern number indicates that the mapping is non-trivial. For example,
because we have assumed periodic boundary conditions at every instant,
Un(r + L, t, k) = 9, (r,t, k) as well as u,(r + L, ¢, k) = u,(r,t, k), it implies that the
Bloch states are generally periodic over the parameter k up to a phase ¢, (r,t, k + G) =
¢19c Yn(r,t, k) where G is a reciprocal lattice vector. Similarly, because we have as-
sumed time-periodic Hamiltonian, the Bloch states are periodic over the parameter ¢ up
to a phase ¥, (r,t + 7T, k) = 01 ¥, (r,t, k). The last two equations imply that the Bloch
states W, (r,t,k) are not in general single-valued quantities in the parameter space (¢, k).
Non-zero first Chern number Cfn) indicates that the Bloch states ¥, (r,,k) cannot be ev-

. . . T T
erywhere single-valued in the parameter space domain 0 <¢ <7 and —— <t < —.

a a
Therefore, the collective electrons’ displacement is equal to
v +m/a +7/a Nod /9 9
A oundary) — C(n) (27)2 / dk / dkz = C(n) a _77 4.81
T (Boundary) 1 (27T)2 Y 1 (27?)2 o ) ( )

—7/a —7/a

where N is the total number of unit cells of the material. Eq. (4.81) implies that, after one
period 7' of adiabatic driving, the displacement per particle in the x direction and over the
boundaries of the material, or equivalently, the displacement of the center of mass of the
electrons in the = direction and over the boundaries, is quantized in units of lattice constant

a (along the x direction) given by

A‘/L‘(Boundary)

o = c"a. (4.82)

This implies that the center of mass of the electrons performs a quantized rigid displace-
ment over the boundaries along the x direction, or equivalently the electrons behaves as an

incompressible fluid in k-space.
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Accordingly, the collective electrons’ displacement over y and z directions are zero

Ay(Boundary) = AZ(Boundary) =0 (483)
due to the mirror inversion symmetries
gmy(t, ke, kyv kZ) = _gn,y(tv Fz, _kya kz)

and
Eny(t ky by ky) = =& y(t, kg, by, —k2)

that are satisfied by the curvatures along those directions.

We conclude that, in the original problem of charge pumping [134] studied with a sliding
potential V(r —vte,) along the x direction, or in our study with periodic in time ¢ and
coordinate x electric field, the mirror symmetry must be broken along the = direction, which
results to

En oyt kg by, ky) # —En y(t, —ky, ky, k),

and which, together with topology, provide the nontrivial (i.e. nonzero) quantization.

As an outcome, we argue that, in materials such as conventional metals which most prob-
ably show large internal screening (within adiabatic evolution) of the externally applied elec-
tric field, mirror inversion symmetry along the electric field will not be broken. As a result,
the Berry curvature &, . (¢, k) contribution to the longitudinal conductivity due to each pair
of electrons with opposite crystal momentums —k, and %, will sum to zero. Therefore, no
considerable contribution by the curvature &, ,(¢,k) to the longitudinal collective conduc-
tivity is expected. On the other hand, in Weyl semimetals [6, 28, 151] where there is at least
one direction where the mirror symmetry is broken, the curvature’s £,(t,k) contribution to

conductivity is expected to be significant.

4.3.2 Non-adiabatic process (periodic driving)

Non-adiabatic particle transport using the Floquet-Bloch bands ¢, and the counterpart peri-
odic in time Floquet states, was first made in [122] where they showed that the quantization of
the particle transport breaks down due to emergence of band gaps at the quasienergy bands.
In a very recent study [105], by performing a careful Floquet analysis of a closed, clean,
and non-interacting driven Rice-Mele model in the thermodynamic limit, they found that the
pumped charge deviates from the topologically quantized value for a suddenly switched-on
periodic driving.

In this respect and in an analogous manner to the one in Sec.4.3.1, we propose that one
can use the Floquet-Bloch band ¢, and the counterpart Floquet states in order to study the
non-equilibrium charge pump with the dynamical HF theorem. We assume the Hamiltonian
Eq. (4.66) having the same potentials as in Sec.4.3.1, with the difference that the scalar

potential is periodic over repeated cycles, and changes fast over time. The scalar potential
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satisfies the boundary condition ¢(x,nT) = ¢(x,T), where n is the integer number of the
cycles. The Hamiltonian H(r,t) does not depend on any parameter V H(r,t) = 0, there-
fore we use the HF theorem Eq. (4.37) of Sec.4.1.4 by identifying the parameter as the
static crystal momentum R = k. Each electron’s wavefunction evolves in time according
to the TDSE

ih%\lf(r,t, k)= H(r,t)¥(r,t,k) (4.84)

——&gt
and the quantum state has the form ¥(r,t,k)=e h  ®_ (r,t,k). The Floquet states
o, (r,t,k) are periodic in time ®. (r,t, k) = ®. (r,t + 7, k) and satisfy the eigenvalue

equation
(H(r,t) - Zh%) O, (r,t, k) = Hp(r,t)®., (1,1, k) = e, (k)P (r, , k) (4.85)

where £, (k) is the quasienergy.
We assume that each Floquet state is expressed with respect to the Floquet-Bloch state
[55]
o, (r,t,k) = KTy, (r, 1, k), (4.86)

where u,(r,t,k) is periodic both in r and ¢. Application of the HF theorem Eq. (4.37) with
respect to the Floquet state ®.,(r,¢, k) gives

0= ViE,(t,k) + Sa(t, k) — hE, (LK), (4.87)

where the “energy” is given by

d
E.(t,k) = (D, (t,k)| H(t) |D.,(t,k)) = e,(k) + ih <<I>€a (t,k) | ECI)% (t, k)> . (4.88)
By assuming time-reversal symmetry in the eigenvalue equation Eq. (4.85), results to the
symmetry £,(k) = ¢,(—k) for the quasienergy. Using the counterpart of Eq (4.78) for a

single period and for a fully occupied quasienergy band gives

1 v T +7/a +7/a +7r/aaE I
n(t,
Aoty = T3 / dt / dk, / k., / #dkx
0 —7/a —7/a —7/a
v T +7/a +7/a +7/a
dt’ dk dk, no(t,k)dk, | . (4.8
o Fo o Fona). am
0 —7/a —7/a —7/a

112



Chapter 4 Section 4.4

Taking into account Eq. (4.88) and the symmetry relation ¢,(k) = ¢,(—k) we find

+7/a +m/a

A:L‘(Boundary) 1V
—_— = — — dk dk,
N (27)3 N / ! /
—7/a —7/a
+7/a T
x/ 0 / . (1K) | Lo (k) dt |
akm 1 Ea Y dt Ea ) T
—7/a 0
+ " a, (4.90)

The first term on the right side of Eq. (4.90) captures the non-adiabatic deviation from
the topologically quantized value C’fn)oz due to a non-trivial (non-integrable) Aharonov-

Anandan phase [1]. In the special case of parallel transport of the Floquet states

(#0101 G (010) =0,

the quasienergy coincides with the expectation value of the Hamiltonian ¢,(k) = E,(¢,k)
according to Eq. (4.88), and the displacement of the center of mass of the electrons in the x

direction over the boundaries is quantized in units of lattice constant a.

4.4 Electric polarization

Charge pumping has played a central role in the development of the Modern Theory of Polar-
ization [75, 101, 109, 114, 111] in periodic and extended systems. It has theoretically been
recognized that in an extended system, only the change in polarization has physical meaning,
and it can be quantified by using the Berry phase of the electronic wave functions. The mod-
ern theory, in agreement with the experiment, avoids addressing the “absolute” polarization
of a given equilibrium state, quite in agreement with the experiments, which invariably mea-
sure polarization differences.

We now give a short review of the subtle issues concerning the “absolute” polarization
definition, and then use our extended velocity operator definition Eqgs. (2.1) —(2.8), together
with the dynamical extended HF theorem in order to give a formula that evaluates the polar-
ization difference.

In a classical description, the dipole moment of a single point particle is defined as
p; = ¢; r; where g; is the charge of the particle. This “absolute” definition of the dipole mo-
ment is a position origin dependent quantity. For a collection of charge particles, the sums

of all individual dipole moments p = Z P = Z q; r; gives the collective dipole moment

p of the sample. This collective dipole lmoment ils an origin independent quantity provided

that the total charge of the sample is zero. The polarization P of a material is defined as

d
the dipole moment density per volume of the material P = % and it is known that is not a
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gauge invariant quantity [67]. On the other hand, the polarization differences are well defined
ap
In a quantum mechanical description, for the bulk electronic polarization of a periodic

quantities without any ambiguity and are related to the polarization current J, =

insulator, a plausible analogy from the classical description, is to find the collective dipole
moment of all electrons p = Z (pi) = Z e (Y;(t)|r; |1i(t)), and then divide by the vol-

ume of the material to find thez polarizati(;n itself. This however causes serious problems
since, for periodic and extended systems, the expectation value of the position operator
(1;(t)| r; |1i(t)) within Bloch representation and in the thermodynamic limit is an undefined
quantity (besides being a position origin dependent quantity as well). This was a perplexing
issue for some years until the development of the Modern Theory of Polarization [75, 101].

As we have shown in Appendix A, for a periodic and extended system in the thermody-

namic limit, the electron’s displacement

A ()] [(1))

is a well defined quantity provided that one uses our extended velocity operator definition

A (1) £ [(8)) = / ()] Ve [0(8)) dt.

In this respect, the collective induced polarization of non-interacting electrons is given by
1
AP = - Eije A (i(t) x [r(1)) (491)

where V' is the volume of the material and e is the electron charge.

We assume the Hamiltonian Eq. (4.66) and the same potentials as in Sec.4.3.1, that is,
a periodic crystal potential together with a time periodic scalar potential ¢(x,T") = ¢(x,0),
which is also periodic over position coordinates. Our aim is to calculate the collective elec-
trons’ displacement that gives the collective induced dipole moment, which in turn provides
the quantum electronic induced polarization. Each electron’s state evolves in time according

to the TDSE

L d 1
zha\lf(r, t) = <%p2 +egp(x,t) + Vcrys(r)) U(r,t). (4.92)

We use the ansatz wavefunction
W(r, b, k) = X Ty(r, t k), (4.93)

where the static wave vector k is a continuous, static vector parameter. Substituting Eq. (4.93)
in Eq. (4.92), gives

d 1
zhau(r, t, k) = (% (p + hk)® + eg(x, t) + vcrys(r)> u(r,t, k), (4.94)
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where the quantum state u(r, ¢, k) is evolved over time by the Hamiltonian
1
Hy(r,t.k) = o— (p+ hk)? + ed(x,t) + Vipys(r). (4.95)

We assume that the electron is initially in the ground state. The scalar potential turns
on and changes slowly over time 7" — oo, resulting in each ground state evolving in time
adiabatically.

u(r,t, k) = ei@”<t’k)un(r,t,k),

where O,(t,k) is the total phase of the wavefunction (the sum of the dynamic and the
geometric adiabatic phase) and u,(r, ¢, k) is the instantaneous eigenstate of the Hamiltonian
Hi(r,t,k). We now apply the adiabatic form of the HF theorem Egs. (4.18) —(4.22) on
Eq. (4.94) for the Hamiltonian Hy(r,¢,k) and the static vector parameter k. The gradient
of the Hamiltonian with respect to the wave vector gives

Vi Hy(r,t, k) = %[Hk(r,t,k),r] —v
which is the (bulk) standard velocity operator. Therefore, we find
(v),, = VRE,(t,k) + Sp.(t, k) — RE,(t. k), (4.96)

where,

E.(t,k)=1 <Vkun(t, k) | pn — o | Viu,(t, k)> (4.97)

Ouy, (t, k)> _ <8un(t, k)
is the t xR space corresponding Berry curvature, while the non-Hermitian boundary term

is given by
Sin(t k) = (u,(t, k)| (Hi(t, k)" — Hy(t, k) Viu,(t,R)). (4.98)

The crucial difference with respect to the theoretical approach that was made in the study
of the topological particle transport (Thouless pump), is that, the states u,(r,t, k) are as-
sumed to be cell periodic in the bulk of the material at every instant, but, need not satisfy
periodic boundary conditions over the boundaries of the material. Therefore, except from
the initial moment ¢ = 0, we do not assume periodic boundary condition for the Bloch and
the cell periodic wavefunctions at every instant. In this respect, we employ the boundary

conditions
Un(r +L,0,k) = up(r,0,k)  and  w,(r + L, T, k) = ¢!Ou,(r, T, k),

where O is a phase, while at intermediate times 0 < ¢ < T' the modulus of the wavefunction
may not be periodic
[tun (v + L, t, k)| # |u,(r, t, k)|
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(analogous boundary conditions are satisfied by the Bloch states).

This breaking of the periodicity over the material boundaries is due to an assumed im-
balance of the electron accumulation over opposite boundaries during the time-periodic evo-
lution of the Hamiltonian and can be attributed to a piezoelectric effect. In this framework
Si.n(t, k) is not zero and cannot be neglected. By taking into account Eq. (4.73) which

relates the boundary velocity with the boundary terms of our extended HF theorem
Sa(t, k) =h(vy), + Skalt k), (4.99)
where v, is our non-Hermitian boundary velocity defined by Eq. (2.4) and
S,(t, k) = (U, (t,k) | (H(r,t)" — H(r,1)) ViV, (t,k))
then, Eq. (4.96) is transformed into

(v), +{vp), = %VkEn(t,k) + %Sn(t,k) — E.(t,k). (4.100)

By using the extended velocity operator definition Egs. (2.1) —(2.3) given by

d

E<r>"’

(Veat )y = (V) +( Vo), =

we find the electron’s main position time derivative given from

1 1
(), = 2V (LK) + £8u(tk) — E.(tK). (4.101)

Therefore, the adiabatic electron’s displacement after the cyclic evolution of the Hamiltonian

over a period of time 7, is given by

A (u (£, K)| ¢ |un(t, k)) = / ' (%VkEn(t,k) + %Sn(t,k) - £n(t,k)) dt  (4.102)

Next, by using Eq.(4.91), we calculate the induced electronic polarization for a single fully

occupied band, which is now given by

T
e V 1 1
AP, = ——— —ViE,(t, k - t, k) — t, k) ) dtdk, dk, dk,.
n V(27F)3////(th n(7 )+ hSn(a ) 871(7 )) T Y z
BZ 0
(4.103)

Due to time-reversal symmetry, the contributions from the group velocity cancel out resulting

in

T T
_ ¢ 3, ¢ 3
AP, = s / dt // S, - o5 / dt // ELK)PE (4.104)
0 BZ 0 BZ
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@ | (b)

Figure 4.1: Two possible realizations of the piezoelectric effect in a crystal strained along a
piezoelectric axis. In (a) the crystal is not shorted, and induced charges pile up at its surfaces.
In (b) the crystal is inserted into a shorted capacitor; the surface charges are then removed
by the electrodes, and the induced polarization is measured by the current flowing through
the shorting wire. Adapted from [114].

Comparing Eq. (4.104) to the Modern Theory of Polarization [75, 101, 139], we have
found an extra non-Hermitian boundary contribution to the electronic polarization captured
by Si.(t, k), that most probably captures the piezoelectric effect as shown in (a) of Fig-
ure 4.1 (although this needs to be investigated further). In the special case that the states
u,(r, ¢, k) satisfy periodic boundary conditions at every instant, the boundary non-Hermitian
contribution turns to zero Sy ,(¢,k) = 0. This can be shown by expanding the cell periodic
functions in a Fourier series over all reciprocal lattice vectors (G, namely,
Un(r,£,K) = g Ca(t, k, G)e"?G T This shows that Vi, (r, ¢, k) as well as u,(r, ¢, k),
are periodic over position coordinates, which by employing Eq. (4.22) results to

Sin(t, k) =0 due to symmetry *.

4.5 Quantum equations of motion for a spinless
electron

In this section we derive a set of quantum equations of motion with respect to an assumed
closed system that conserves the particle number (V(¢,R)|¥(¢,R)) = 1. The first equation
gives the velocity of the electron and is derived by means of our extended and dynami-
cal HF theorem Eq. (4.7). The second one gives the equation of motion of the parameter
and is derived by means of an extended Ehrenfest theorem [47, 48] that takes into account
the boundary non-Hermitian contributions. In the derivation we do not use: (i) specific
orthonormal basis set, (ii) semiclassical localization approximation, and (iii) adiabatic time-
evolution (in contrast to the common practice that is used in the semiclassical derivations
[35, 130, 41, 148, 36, 39] where: (i) they employ as basis states the time-independent Bloch
states, (i1) they assume localization in both momentum and space coordinates, and (iii) adia-

batic time-evolution is used).

“Provided that the electrons are spinless and no spin-Hall effect is present.
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4.5.1 Theoretical framework of the method

The basic idea is to use an initial Hamiltonian H (r,¢) that does not depend on any param-
eter, and insert a time dependent parameter with a large gauge transformation. Namely, we

assume a time dependent wave vector as the parameter R(¢) = k() and the ansatz
W(t,k)) = A RO 1y (1,10, (4.105)

where the phase A(r,t,k(¢)) explicitly depends on space coordinates r, time ¢, as well as
on the time-dependent parameter k(¢).

The quantum state |W(¢,k)) evolves in time by the time-dependent equation

’ih% (W(t,k)) = H(r,t) [¥(t k), (4.106)
while |u(t,k)) evolves by
L d
ih— [u(t,k)) = Hi(r, t,k) [u(t, k)) , (4.107)
where
dA(r,t, k)

Hi(r,t,k) = e ALK g gy At k) g (4.108)

dt

is the gauge-transformed Hamiltonian that is explicitly dependent on the parameter. We then
apply our dynamical and extended HF theorem to the Hamiltonian Eq. (4.108) in order to

evaluate the electron’s velocity. In order to explicitly involve the standard velocity operator

v = % [H(r,t),r| into the theorem, we assume that the phase has the form

Ar,t,k(t)) =k(t) r + Ak(t)), (4.109)
thus Eq. (4.108) is given by

Hy(r,t, k) = e_ik'rH(r,t) KT <8k dA(k)) :

We now act with the momentum gradient operator V. on both sides of the above equation

which gives

Vidli(r,tK) = Vi (T H 0 ) 4 (Vk (%'r) Vi (d)\d(tk)

(4.111)
The first term on the right side of Eq. (4.111) is equal to

Vi (e—ik'rmr,t) e@'k'r> = [Hy(r,t,k),ir] =h (% [Hy(r,t,k), r]) = hiv,
4.112)
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where v is the standard velocity operator.

In our formulation, the wave vector k(¢) is an arbitrary time-dependent parameter. De-

pending on its definition, it may not have zero k-space derivatives, thatis V) 81: # 0, thus

the second term on the right side of Eq. (4.111) is not generally zero. In this respect we

define the phase A(k) in such a way that

<u(t,k)| (Vk%) |u(t,k)> —0, 4.113)
resulting to
(u(t, k) |ViHy(r, 1K) |u(t, ) = B (u(t, k)| vy |u(t, k). 4.114)

Eq. (4.113) and (4.114) will be directly used in what follows.

4.5.2 Velocity of the spinless electron

We assume that the electron moves within a crystal environment, subject to arbitrary electric

and magnetic fields. Therefore, the initial Hamiltonian is

Hirt) = —— (p— A t)>2 b b, £) + Vings(r), @.115)

where e is the electron charge (e < 0), m is the bare electron mass and c the speed of light.

The electron interacts with the electric field

~ 1dA(r,?)
c dt

1
E(r,t) = -V, (qﬁ(r,t) + chrys(r))
as well as with the magnetic field
B(r,t) = V. x A(r, 1),

which results to the classical Lorentz force given by the second Newton’s law
dil . e dr

dt
where 11 is the classical kinematic momentum of the electron.

With the ansatz |U(¢,k)) = ¢t (kv + Alk)) |u(t,k)), the Hamiltonian Eq. (4.115)

takes the explicit gauge transformed form

1 2 ok d\(k
Hi(r,t,k) = o (p - ZA(r,t) + hk) Fed(r,t) + Viys(r) + T (E'r n d(t )) .
(4.116)

Using now Egs. (4.113) —(4.114), as well as our extended HF theorem Eq. (4.8) for param-
eter R(¢) = k(t), we find the standard velocity expectation value of the electron which is

given by
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1 1 k
(v) = = ViE(t.k) + 2 8u(t.k) — E(t.k) - g—tx B(t,k), 4.117)

where all involved quantities are evaluated with respect to the quantum state |u(t,k)). The

electron’s velocity expectation value
(v) = (ult, k)| vg [u(t, k) = (U(t, k)| v [¥(t k)

where v = 7 [H(r,t), r], is invariant with respect to the large gauge transformation

Eq. (4.109) that has been performed. The generalized curvatures are given by

B(t,K) = i (Viu(t, k)| x |Vieu(t, k) 4.118)
and dult, k dult, k
E(t.k) =i <Vku(t,R) | %> .y <%y Vku(t,k)> 4.119)

respectively, whereas the non-Hermitian boundary term is given by

Sk<t, k) = <U(t, k) | (Hk(t, k)+ - Hk(t, k)) Vku(t, k)>
h
- % n-((viu(t, k) +u(t, k)P vi) Vi(t, k) dS. (4.120)
5
We stress that, each of the generalized curvatures B(t,k) and E(¢,k), as well as the bound-
ary non-Hermitian term Sy(t, k), are gauge-invariant quantities with respect to U(1) trans-
formation of the form |u(¢,k)) — A (k) |u(t,k)). Therefore, the part of the velocity that
is attributed to the curvatures and the non-Hermitian boundary term, does not depend on the

specific choice of A(k) that was made in Eq. (4.113). On the other hand, the “energy”

Byt k) = (u(t, k)| Hy(t, k) [u(t, k) (4.121)

ok n d\(k)
—_— I‘ —_—
ot dt

which is the typical case of large gauge transformations with gauge functions that explicitly

is shifted by the time-derivative of the phase A ( ) as evident from (4.116),

depend on time, and changes the part of the electron’s velocity that is attributed to the gradi-
1

ent of the “energy”. Due to Eq. (4.113), the part of the group velocity ﬁVkEk(t, k) that

is attributed to the phase A(k) is given by

o () - (),

h dt dt ot

indicating that the group velocity does also not have any gauge ambiguity with respect to the
phase A(k).
The electron’s standard velocity expectation value Eq. (4.117) is one of our major

applications of the extended HF theorem, and we argue that it generalizes the semiclassical
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electrons’ velocity [35, 130, 41, 148, 36, 39].
Taking into account Eq. (4.73) which relates the boundary velocity with the boundary
terms of the HF theorem
S(t,k) =h{vy) + Si(t, k), (4.122)

where v;, is the non-Hermitian boundary velocity defined by Eq. (2.4), and the boundary
terms of the HF theorem are given by

S(t, k) = (V(t,k)| (H(r,t)" — H(r,t)) ViU(t,k))
and
Si(t, k) = (u(t,k) | (Hyp(r,t, k)" — Hy(r,t,k)) Viu(t, k))
respectively, then, Eq. (4.117) is transformed into

(V) +(vp) = %VkE(t,k) + %S(t,k) — E(t,k) — %x B(t, k). (4.123)

By using the extended velocity operator definition Egs. (2.1) —(2.3) that is defined as

(Ver) = (V) + (wa) = (),

we rigorously find the electron’s main position equation of motion

d 1 1 Jk

without any semiclassical or localization approximation being involved.

4.5.3 Equation of motion of the parameter-wavevector

The electron’s velocity in Eq. (4.117) depends explicitly on the time derivative of the

wavevector %, which for the moment is an arbitrary parameter. We now define the equa-
tion of motion of the wavevector in a physically plausible manner. Namely, we demand that,
for a free electron motion the parameter becomes a static quantity. In this framework, we
define the time derivative of the wavevector k (times h) to be equal with the time derivative

of the electron’s kinematic momentum expectation value

ok d
hse = o (T0). (4.125)

The time derivative of the kinematic momentum expectation value 7 (IT) is calculated by

the Ehrenfest theorem with the non-Hermitian boundary terms taken into account [47, 48].
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Due to the kinematic momentum which is a gauge invariant quantity

d
pr (IT) is equally calculated either by using

1= —ihV, — SA(r,1) (4.126)
C
and the Hamiltonian Eq. (4.115), or by using
I, = —ihV, — “A(r,t) + hk (4.127)
C

and the gauge-transformed Hamiltonian Eq. (4.116).
For simplicity reasons, we choose to work with the Hamiltonian H (r,t) that is given by

Eq. (4.115). Therefore, according to the Ehrenfest theorem

% (U(t, k)| IL|W(t, k) = (U(t, k)| F|U(t, k) + (P(t, k)| Fp |V(t k)) (4.128)

where

F= L D (4.129)

h dt
is the standard (bulk) operator which gives the bulk quantum force that is exerted on the
electron, whereas 4

F, = % (H(r,t)" — H(r,1)) TT (4.130)
is the non-Hermitian effect operator, which gives the boundary counterpart force.
Using the Hamiltonian Eq. (4.115) and the kinematic momentum Eq. (4.126), by straight-

forward calculation, we find the bulk force operator F which is given by

F = eE(r,t) — ViViys(r) + 23 ( v x B(r, 1) — B(r, t) x v> . 4.131)

C

The first two terms give the forces that are exerted on the electron by the externally applied
electric field and the internal electric field of the crystal. The last term gives the velocity-
dependent force due to the externally applied magnetic field, where v is the standard veloc-
ity operator which does not commute with the magnetic field B(r,¢) when the field is not

homogeneous. In this respect, the bulk force that is exerted on the electron is given by

(F) = e(B) ~{ViVin) + 5,

C

<va)—%<va>. (4.132)

For purposes of later application, when the spin-orbit interaction is included (which be-

haves as an effective inhomogeneous internal magnetic field), it is helpful to express the
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operator of the local external magnetic field B(r, ) as
B(I‘,t) = B(I‘,t) - <B(I‘,t)> + <B(I‘7t>> ) (4.133)

where (B(r,t)) = (VU(t, k)| B(r,¢)| ¥(¢,k)). Therefore, the expectation value of the bulk
force Eq. (4.132) is equivalently expressed as

(F) = e(B) = (ViVays) + - (v) x (B)

+—(vx(B-(B)))

20 — 5o (B—=(B))xv) (4.134)

where the second line captures the part of the magnetic force due to deviation of the external
magnetic field from homogeneity, which turns to zero whenever the external magnetic field
is homogeneous B(r,t) = B(?).

The expectation value of the boundary force (JF,) is calculated by assuming G = II
in Egs. (3.9) — (3.10) of Chap.3, that gives

(Fy) = (Ut k)| (H(r,t)t — H(r,t)) IT¥(¢,k))

— —% #gn-((v U(r,t,k)* + ¥(r, t,k)* v) II¥(r, ¢, k) dS, (4.135)
where S is the boundary surface that encloses the material and n is the unit vector that
is locally normal to the surface. In general, whenever the wavefunction is not zero at the
boundaries of the material, the boundary force may not be zero. For the special case of zero
external fields E =0 and B = 0, the boundary force is definitely zero with respect to a
Bloch eigenstate whenever the boundaries do not break the periodicity of the cell periodic
states. In order to prove this claim, we calculate the 1D analogue of Eq. (4.135) (which
truncates to a two point formula) with respect to Bloch eigenstate U, (z, k) = etk un(k, x)

which gives

09, (7, k) * oW, (x, k)
2m ox ox

(Fo) =—
x =0

where L is the length of the system over which we assume periodic boundary conditions
U, (x+ L, k) = V¥,(z, k). Taking then into account that

oV, (x, k)

ik Dun(,B)
ox

=ik, ak ’
i (x, k) + e

and expanding the cell periodic functions in a Fourier series over all reciprocal lattice vectors
G, namely, u,(z, k) = Z C,(k, G)e_ZGx , it is evident that all terms within the boundary
G

force expression (F;, ) are periodic, resulting to zero boundary force (F;,) = 0 for Bloch

states that satisfy periodic boundary conditions. Similarly, the bulk force is also zero within
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Table 4.1: Quantum equations of motion for a spinless electron.

Quantity Equation

d 1 1 ok
(r) (1) = s ViB(tk) + £ S(tk) — £(t.k) - - x B(t.k)
(M) LT = = (VW) + (F) + e (B) + S (vxB)— = (Bxv)
dt a roenys b ¢ 2c v 2c v
ok d
k(t) By = = (T1)
this approximation
I L2 OWVeryst( L)
Vot () L eyt — 5
— — \Ijn 2& :_/ \I[n . 2
I R e i L e
L/2
g L e =
~L/2 Ox

a‘/cr s
because the integrand |V, (z, k)|? OVeryst(2)

is an antisymmetric quantity. In this respect,
whenever the bulk and the boundary forces are zero, our parameter k is identical with the
static crystal momentum of band theory.

In conclusion, for a spinless electron that moves within a crystal and is subject to external
fields, we have derived two equations of motion, one for the electron’s main position derived
by our extended HF theorem, and the other for the main kinematic momentum derived by

the Ehrenfest theorem, which are all presented in Table 4.1. The two equations are cou-
d

o 't
We stress that, the states that we have assumed are generally extended ones, with no semi-

pled to each other owing to the definition of the velocity of the parameter 7

classical wavepacket localization involved. In this manner, our equations can be thought as
the quantum mechanical generalization of the semiclassical counterpart equations of motion
[35, 130, 41, 148, 36, 39]. Moreover, the electrons velocity %(r) that we give in Table
4.1, can rigorously be employed in topological quantum processes such as in quantum Hall
effects which are attributed to delocalized and extended states.

In this framework, one can identify the part of the electron’s velocity

d ok 1d 1
<E<r>)trans = — EX B(t,k) = _ﬁ E<H>X B(t,k) = _ﬁ <.7:>X B(t,k), (4136)

as the one that is always transverse to the bulk quantum force () that is exerted on the
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electron. Furthermore, by defining an effective electric field E.; withing the material as
(F) = e Ee, (4.137)
one can employ a simplified relation
d e
(£<r>)tmm =7 E. x B(t, k), (4.138)

in order to model the transverse response (with respect to the quantum force) of the electron.

4.5.4 Maxwell type of equation

Assuming a flux preserving motion, we now use Eq. (4.60) which gives the Maxwell type

of equation
oB(t, k
Vi x E(t, k) = —Jy — % (4.139)
where the current is defined by
ok 1
Jk = E VkB(t,k> + VkX <V> — i—iSk(t,k) . (4140)
The current satisfies the continuity equation
0
PM 7 T =0 (4.141)
ot
where p,, is the magnetic monopole charge density given from
pu = Vi B(t, k) (4.142)

in accordance with Egs. (4.63) —(4.64), and the above equations are precisely the general-
ization of the semiclassical Maxwell type of equations that have been heuristically found in

the study of Weyl semimetals [69, 70] in the last few years.

4.5.5 Relation to the semiclassical equations of motion

We are now making a comparison between our quantum mechanical equations of motion
with the semiclassical [35, 130, 148, 41] counterpart. In this respect, we use the closure

relation of the static Bloch states

-y JI] o ) o),

" Bz
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where k, is the static crystal momentum, and expand the quantum state |V (¢, k(¢))) in the

basis of the static Bloch states resulting to

W) = 3 J]f €t b k(o) 1 0) @143)

The time-dependent expansion coefficients C,, (t, ko, k(t)) = (¥ (ko) |¥ (¢, k(t))) evolve in
time in a way that is determined by the time-dependent Schrodinger equation. Expressing
each static Bloch eigenstate as |V, (k,)) = eikor |un(ko)), where |u,(k,)) are the cell

periodic states, the quantum state takes the form
HS ,
Tt k(t) =) // Co(t, o k(2)) €0 T |u, (Ry)) dPo. (4.144)
" Bz

Multiplying the right side of Eq. (4.144) by cK(t) T o —ik(t) T yhere k(t) is a time-

dependent arbitrary parameter, the assumed quantum state finally takes the form

(o) = O T Y JJ] ekt e o = KOV T, iy o,

" BZ

(4.145)

If we now identify

i///Cn(t, koo, k(1)) e (Ko = KO 1y (6 )y a3k, = Ju(t, k(1)) @.146)

" Bz

we end up with the assumed general ansatz
u(t k(®))) = O Ju(t, k()

that we have already used. Having in mind that, in our Eq. (4.124) that determines the equa-
tion of motion of the electron’s position expectation value, the generalized curvatures, as
well as the “energy” are evaluated with respect to the state |u(¢,k(t))), whereas the bound-
ary non-Hermitian term S(t,k) is evaluated with respect to the |W(¢,k(t))) state, we are
now in position to make a comparison with the semiclassical counterpart equations of motion
[130, 148, 41].

We assume an electron that initially moves within a crystal without the external fields. Its
initial state is a single band (ground state) narrow wavepacket, that is, it has sharp distribution
in the Brillouin zone, as well as it is narrowly localized around its center of mass in real
space. We identify the initial value of the parameter as the initial value of the main wave
vector (center) of the wave packet k(0) = k.(0). We turn on the static electric and magnetic
fields, and assume that the length scale of perturbations (the length scale of the externally

applied potentials) are much larger than the spatial spread of the wavepacket, therefore the
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electric and magnetic fields can be approximated as homogeneous vector fields over the
extend of the wavepacket in real space. We further assume adiabatic evolution, that is, the
external fields do not cause transitions to higher energy bands. We identify our parameter
wave vector k(¢) as the time-dependent main wave vector of the wavepacket k(t) = k.(t),

which results to

(£, ke (1)) = /// Clt, koo, () € R0 = KelO) T 1y (o )y P, (4.147)

By using the identification

ok(t)  Ok(t) d
f ot h ot _dt<H>’

as well as the equation of motion of the kinematic momentum given in Table 4.1, we find the

equation of motion of the main wave vector that is given by

Ok, ()
at

(v) x B(ro()), (4.148)

h =eE(r.(t)) + p

where the non-Hermitian boundary force is assumed to be zero
(Fp) =0

due to the spatial localization of the wavepacket.
Again, in deriving Eq. (4.148) we have assumed that the wavepacket is narrowly localized
around its center of its mass r.(¢), as well as that the external fields are approximately

homogeneous over the extend of the wavepacket, thus we have replaced

(E) = (ult, ke(t)) [ E(r) [ut, k(1) ) = E(r.(t)),

as well as
%<v «B-Bxv) — %(u(t,kc(t))]v < B(r) — B(r) x v [ult, k(1))
~ 5 (V) X Brd) — Blr(r) x (v)
_ (V) x B(r.(1).

Furthermore, because of the assumed localization, the non-Hermitian boundary terms and

the boundary velocity turns to zero
Si(t, k) =8(t, k) =0,

<Vb> =0.

127



Chapter 4 Section 4.5

Within this approximation we can replace

in Eq. (4.148) resulting to

Ok, (t) e dr.(t)
h ot = GE(rc(t>> + E dt

x B(r.(t)). (4.149)

For the electron’s velocity expectation value Eq. (4.117), we take into account the fol-
lowing approximation. The localized quantum state |u,(¢,k.(¢))) given by Eq. (4.146), is
assumed to be non-degenerate and to evolve in time adiabatically. Due to this kind of time

evolution, the time-evolved quantum state has the form
it ke(1))) = PO (KD o (1, (1))

where O,,(t,k.) is the total (dynamic plus geometric) phase of the wavefunction, and the

quantum state |u,(k.(t))) satisfies the instantaneous eigenvalue equation

Hi(ke(1)) [un(ke(t))) = En(ke(?)) [un(ke(1))) ,

where the Hamiltonian is given by Eq. (4.116) and the electromagnetic potentials A(r)
and ¢(r) are constant in time. In this framework, the instantaneous (localized) eigenstate

lun(ke(t))) does not have explicit time dependence, which results to
(£, Ko(8))) = // o (ke e (1)) € (o = Ke(0) X 1y o vy i
BZ

¢Onlt ko) 1y (1)) . (4.150)

Using the above equation for the form of the localized quantum state |u,(t,k.(t))) we
deduce that
E(t,k.(t)) =0, (4.151)

because the curvature E(t,k.(t)) is evaluated with respect to |u,(k.(¢))) that does not
have explicit time-dependence. Therefore, the electron’s main position equation of motion
is given by
dr.(t) 1 Ok.(t)
= -V E,(k.(t)) —
where the curvature B(t,k.(t)) is calculated with respect to |u,(k.(t))) in agreement with

the one given by [35, 130, 148].

x B(k,(t)), (4.152)
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4.5.6 Solution of the coupled quantum equations of motion

Taking now into account Eq. (4.117), as well as Egs. (4.125), (4.128), (4.131) and (4.135),

we solve the coupled equations

(v) = vk—S—%xB (4.153)
hOC = {Fow) + e (B) + (v} % (B) (4.154)

where . .
v = ﬁVkEk + ﬁsk (4.155)

is the sum of the group velocity and a contribution due to the non-Hermitian boundary effect,

whereas

(&

(Fuoar) = = (ViVarys) + 5 (vx (B=(B))) -

(B—=(B))xv) + (Fs)
(4.156)
is the composition of forces due to crystal environment, inhomogeneous magnetic field and

ok
the boundaries. Solving then Egs. (4.153) —(4.154) for (v) and —, we find

ot
1
D(v)=wv, — & — ﬁ<<mez>+e<E>> x B — %(vk-B—E-B)<B> (4.157)
and
ok
Dha <Eotal>+€<E>+Z<’Uk—£)X<B>

—% ((Eotal>-<B>+e<E>-<B>>B, (4.158)

where
D=1-—(B)-B. (4.159)

From Eq. (4.157) we see that the electron’s standard velocity has roughly three contributions
which are:
(1) the first one given by

v— &

which contributes mainly to the longitudinal conductivity,

(i1) the second one
1

— ((Fiot) +¢(E)) x B

which is responsible for the quantization of the transverse Hall conductivity, and

(iii) the last one
e

- = (v-B—é‘-B) (B)
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which is in the direction of the main value of the externally applied magnetic field.

4.5.7 Sum of states when the crystal momentum k changes with time

We now use Egs. (4.157) —(4.159) in order to demonstrate how the sum over time-dependent
crystal momentums k can be converted to an integration (in the thermodynamic limit).
Our aim is to explicitly find the Jacobian of the transformation dVj(t) = DetJ(t,t,)dVj,
in Eq. (4.52). The Jacobian of the transformation evolves in time according to the equation

%lnDetJ(t,to) = %lnAVk(t) = ng—l:.

Because the semiclassical counterpart modified density of states for the phase space vol-
ume AV, (t)V,.(t) was derived, (i) by using the semiclassical equations of motion [130, 148],
as well as (ii) by means of a number of approximations such as the absence of monopoles
[149], we now give a quantum mechanical derivation without the need of the semiclassical
position-momentum phase space, and show explicitly the approximations involved with the
aim to possibly find an exact closed result. We start the calculation by taking the divergence

Vi of both sides of Eq. (4.158) and then apply the following approximations:
1st approximation
We assume that all involved expectation values (...) do not depend on the crystal momen-

tum k. Therefore, we find

ok ok e
h(ViD)- 55 + ID Ve = =(B)- Vi x (vk - s)

2nd approximation

We assume adiabatic time evolution, whereas the electron’s motion is described by a non-
degenerate state that is at every instant an eigenstate of the Hamiltonian. Therefore, all
expectation values are assumed to be taken with respect to instantaneous eigenstates of the

Hamiltonian (...) =(...), .

3rd approximation

We assume that the Hamiltonian of motion Eq. (4.116) does not have explicit time de-
pendence Hy = H(r, k). Thus the instantaneous eigenstates |u,) = |u,(k)) do not have

explicit time dependence, which results to zero Berry curvature £,, by definition

E,=i <VRun(k) | &‘é;ik)> g <a“§—§k)\ Vkun(k)> —0.
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Due to the latter approximation, the Berry curvature 1,,(k) has not gotten any time depen-

dence, which in turn results to D = D,,(k). In this framework, the total time derivative of

D, (k) is given by VD, (k) - % _ dD;t(k).

4th approximation

We assume that the curl of the boundary non-Hermitian term is zero
Vk X Snk(k) =0.

Result

With the above four approximations we find

h%ﬁkﬁmn(k)wi{ _%<<Eotal>'<B>+@<E>'<B>>Vk'BN(k)’
which gives
T WG == (B (B) + e (B)(B)) YT o0

that leads to the equation of motion of the Jacobian of the transformation

J dinD,(k) e Vi B, (k)
(4.161)

The Jacobian satisfies DetJ(t,,t,) =1, and by assuming the boundary condition
D, (k(t,)) = 1, then, by time integration of Eq. (4.161) we find

t
e

InDetJ(t,1,) — —inD, (k) — %/(mmm-mwem)-(m) Tt

to
(4.162)

By exponentiating the above equation we finally get

t
hi/ Ftomz >+6<E>'<B>>bn—(k)dt’

1
_Dp,k)e lo . (4.163)

DetJ (t,t,)

that has to be substituted in Eq. (4.52) within the approximations (1-4). Our Eq. (4.163)
provides a quantum derivation of the semiclassical counterpart presented in Ref. [149], that
however also takes into account the monopoles of the projective Hilbert space. In the absence
of monopoles, Vi-B,,(k) =0, or when ((Fio)-(B)+e(E)-(B)) =0, one recovers
the semiclassical counterpart formula. We re-emphasize that Eq. (4.163) is valid only within

the assumed approximations (1 —4) and for a spinless electron motion.
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4.6 Quantum equations of motion for a spinfull electron

In this section we extend the quantm equations of motion derived in Section4.5 in order to
take into account the electron’s spin (or pseudospin) degree of freedom which take part in
most topological materials with high atomic numbers. For such motions we use the non-
relativistic limit of the Dirac equation with the Zeeman and spin-orbit coupling terms taken
into account. The theoretical framework of the method is analogous to that of Sec.4.5.1,
but with the difference that the assumed quantum state is now a two-component Spinor.

Therefore, we use the U(1) ansatz form
(¢, k)) = A ERO) ¢, x)), (4.164)
where the quantum state |u(t,k)) is a two component spinor
[ult,k)) = (lua(t, X)), Jus(t.Kk)))".

The initial Hamiltonian is now

1t = - (- “Ar D)+ eo(r0) + Vi) + Hy(r.1) + Hoolr1)  (4165)

where e is the electron charge (e < 0), m is the bare mass of electron and ¢ the speed of
light, while

eh
H,(r,t) = —%J-B(r,t) (4.166)
is the Zeeman term, and
h e
Hoo(r,1) = s (0 % (V0. 1) + VWi @) ) (P— ZAG)  (4.167)

is the spin-orbit coupling term.

4.6.1 Velocity of the spinfull electron

Using similar arguments as in Egs. (4.106) —(4.114), the bulk velocity operator is now given

1 _ @ _ 1 _¢ eff _
SViHy(r k) =+ [Hi(r k), 1] = — <p + k= (A(r, H+A (m))) = v,
(4.168)
where
A(r ) = - x <6V¢(r t)+ YV, s(r)) (4.169)
’ demce ’ Y

comes from the spin-orbit coupling and plays the role of an SU(2) effective gauge vector

potential. Therefore, we identify as kinematic momentum operator the quantity
I, = p + hk(t) — - (A(r, £) + A (r, t)> . (4.170)
C
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According then to our extended HF theorem Eq. (4.8) for parameter R(¢) = k(t), the ve-

locity operator expectation value is given by
1 1 ok

4.6.2 Equation of motion of the parameter-wavevector

In an analogous manner to that of Sec.4.5.3 we use the initial (before the U(1) transforma-

tion) kinematic momentum operator

) (A(r, £) + Af(r, t)) , 4.172)
c
as well as the initial Hamiltonian Eq. (4.165) and define the time derivative of the wavevec-
tor k (times h) to be equal with the time derivative of the electron’s kinematic momentum

expectation value

ok d
hsy = o (T0). (4.173)

The time derivative of the kinematic momentum expectation value % (IT) is calculated by
the Ehrenfest theorem with the non-Hermitian boundary terms taken into account [47, 48].
According to Ref. [119], the kinematic momentum Eq. (4.172) satisfies the commutation re-
lation (I, , II4]

bol whereas

_he , e : e
= i—5—€ap, B + —5[AS", AY'] where €3, is the Levi-Civita sym-
m=c m=c

B (r,t) = B(r,t) + B*(r, ) (4.174)
is the total magnetic field. The effective magnetic field

B (r,t) = V x A®(r, 1) (4.175)

is present due to strong spin-orbit coupling, whereas the standard magnetic field is given by
B =V x A(r,t).

By only keeping terms up to = (in agreement with the accuracy of the Hamiltonian
Eq. (4.165)) the bulk force operator JF is given by

F - E[H(r,t), m) - e (0A(r,t) N 8Aeff(r,t)>

h c ot ot

~ eEtOtal(rat) - Vr‘/;:rys(r) + 23 ( v X Btotal(rat) - Btotal(rat) X V) )
C

where the total electric field is given by

E*“(r,t) = E(r,t) + E(r, 1), (4.176)
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with the effective electric field

Ef(r 1) = 2_:10 V (o-B(r,t)) (4.177)

being a Stern-Gerlach type of electric field.
Accordingly, the non-Hermitian boundary force operator is given from

F = (H(r,t)" — H(r,t)) IL (4.178)

i
h
In an analogous manner as in Eq. (4.133), we express the total magnetic field in the form

P)total(r7 t) — Btotal(r’ t) . <Btotal(r, Zf)> 4 <Btotal(r’ t)> ( (4'179)
therefore, the time derivative of the kinematic momentum expectation value is given by
S = (F) ~ e (B — (V, Vi) +E<V> x (Bl

c
+2£ <V % (Btotal _ <Btotal >) > . € < (Btotal _ <Btotal >) % V>
c

2c
+ (Fyp). (4.180)

4.6.3 Solution of the coupled spinfull quantum equations of motion

In an analogous manner as in the spinless motion Eqgs. (4.153) —(4.154), the two coupled

equations of motion are expressed as

k
(v) = vk—S—aa—th (4.181)
k
h% = (F) + e(E") + S(v) x (BO) (4.182)
c

where ) .
= -V\E =S 4.183
Uk = 7 Vb + 5Ok ( )
is the sum of the group velocity and a contribution due to the non-Hermitian boundary effect,

whereas
(F) = —(ViVoys) + (Fp)
1 23 <V % (Btotal _ <Bt0tal >) > _ 23 < (Btotal . <Bt0tal >) % V> '
c c

(4.184)

ok
Solving then Eq. (4.181) —(4.182) for (v ) and 5 we find the two spinfull quantum
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equations
C({vy=v, — & — %(<F> +6<E‘°‘al>) < B — % <’Uk-B—5-B> <Btotal>
(4.185)
and
k
Ch%—t — <F>+6<Et0tal> + g(vk . 8) > <Btotal>
e ((FV(B) e () (B)) B, @186)
where
_ _i total \ |
C=1--—(B")-B (4.187)
with

<Btotal>: <B>—|—<Beff>.

Eqgs. (4.185)—(4.187) are the generalization of the spinless quantum equations of motion that
we derived in Sec. 4.5, and we believe that, due the explicit spin dependence, they can be ap-
plied to quite general non-interacting topological quantum processes. The spinfull electron
has three velocity contributions, namely, the first one v — &£ that contributes mainly to the
longitudinal conductivity, the second one —% (( F)+e(E"™ >> X B thatis in a direction
normal to the quantum force (which can presumably be used to model the transverse quantum

anomalous Hall conductivity), and the last one

— hﬁ (v-B —£ -B) (B} which is in the direction of the main total magnetic field. (In
c

all of them, the extra non-Hermitian effect has been incorporated.)

4.6.4 Sum of states in spinfull motions when the crystal momentum k

changes with time

Assuming the same approximations (1 —4) of Sec.4.5.7, we can straightforwardly map the

spinless result Eq. (4.163) to the spinfull one by substituting

E — Etotal
B — Btotal

Eotal = F
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in Egs. (4.157) —(4.159). This gives a closed result of the Jacobian of the transformation

t
€ total total total Vi B, (k) /
1 %/(<F><B >+€<E ><B >> Co(K) dt
= Cn(k) e to )

DetJ(t,t,)
(4.188)

which is a new result and extends the semiclassical modification of density of states [150,

22, 45] to topological spinfull motions provided that the approximations (1 —4) are satisfied.

A simplified model for the Quantum Anomalous Hall Effect

As a final application, and always within the non-interacting electron approximation, we as-
sume that each electron is confined in a thin film of, either a magnetically doped or magnetic
proximity topological insulator [34, 18, 62, 85], without any externally applied magnetic
field.

In order to apply our quantum equations of motion, we assume the Hamiltonian

1 e 2
H(r,t) = — (p — A t)) + Vi (1) + Hy(v) + Hiyo(r, t) (4.189)

and use a phenomenological inhomogeneous magnetic field B(r) in the Zeeman term
H,(r,t) = ———0o-B(r), (4.190)

in order to break the time-reversal symmetry. This microscopic magnetic field is assumed
to be of Haldane’s type, that is, it is periodic over space coordinates and averages to zero
(B(r)) =0, therefore no net macroscopic magnetic field is present. Moreover, this type
of inhomogeneous microscopic magnetic field is coupled to the electron’s spin o, thus it
can be thought of as a term that probes the local ordered magnetic moments of the electron.
We assume that this kind of microscopic magnetic field depends on the magnetic doping (or

magnetic proximity) and for undoped material is zero.
The spin-orbit coupling term that has no effect on the time-reversal symmetry is given by
H,o(r, t) (0% VVarsl®)) - (P = A1)

T Am2e
1dA(r,t) : - -
where BT E(r) is the externally applied electric field.
c
Each electron’s (standard) velocity (see Eq. (4.185)) is given by

C(v)y=wv, — & — %<<F>+6<Etotal>> <« B — %(,vk‘B_g_B><Beff>

(4.191)
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where
e
C=1-— (B .B. 4.192
hc< ) ( )

If we assume a 2D material, then, the Berry curvature B is in the direction normal to the

material, let’s say e, direction, which results to
<vk~B — 5.3) - (’uk - 5) e, B=0

because each one of v, and &£ has in-plane direction as evident by their definition (the
momentum gradient operator Vy having in-plane direction for 2D materials).
All the quantities involved in Eq. (4.191) are evaluated with respect to the time-dependent

state |u(t,k)) which evolves in time by the Hamiltonian

(4.193)

ok  d\(k)
ot dt )

Hy(r,t, k) = e_ik'rH(r) KT g (—.r +

where H(r) is given by Eq. (4.189). This Hamiltonian is generally time-dependent, thus it
is difficult to analytically find the time-dependent states. On the other hand, if there exists a
steady-state limit where the quantum force that is exerted on the electron is approximatively
zero
h aa—lt{ — 0,

then, the latter Hamiltonian is translation invariant and we can study these steady-state limit
quantum processes in a topological band theory framework. In this framework, we assume
a homogeneous and static externally applied electric field, with the vector potential given
by A(t) = —ctE. Assuming that the electron is initially in a (non-degenerate) ground state,
and considering the steady state limit, then, we may assume adiabatic evolution (provided
that the external electric field is sufficiently low) of each ground state.

The electron’s velocity is then given by
Co (V). = ven(t. k) — En(t k) — % ((F), +e(EB™) ) xB,(1k).,  @194)
where the total electric field is given by
<Et°“‘1 >n =E+_— (V(o-B(r))),.

We then define as collective electric field the quantity

Eeot = (é (F),+ (E >n) , (4.195)

which by definition has four contributions coming from: (i) the externally applied electric

field E, (i1) the Stern-Gerlach type of electric field due to the inhomogeneous microscopic

magnetic field B(r), (iii) the electric field created by the crystal environment, and (v) an
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effective electric field due to the boundary non-Hermitian force.

The electron’s velocity component in x direction is given by

<V33 >n - Ci (Uﬁf(t7 k) - g$<t»k) - %Ey,col Bz<t; k)) ) (4196)

where —%Eyml B.(t,k) is a velocity contribution due to the collective electric field in the
y direction. We assume that the electric field of the (perfect) crystal averages to zero, as well
as that the externally applied electric field is in the z direction E = Ee,. In this respect, the
collective electric field FE), ., is created solely due to boundary forces and the bulk Stern-
Gerlach type of force in the y direction. Now one can sum Eq. (4.196) over all single particle
sates of the fully occupied bands, in order to find the collective electrons’ velocity. It should
be noted that, in order to convert the sum to an integration in the thermodynamic limit, we
cannot use Eq. (4.188) because the Berry curvature &£, (¢,k) is not zero. Instead we make

a different kind of approximation, namely, the incompressible fluid one,

ok

— =0
ot

d

%lnDetJ(t, to) = Vk'
which results to DetJ(¢,t,) = DetJ(t,,t,) = 1. By using now Eq. (4.52), we find that the
transverse conductivity of fully occupied bands is given by

1 e e 1 1
= — — t, k) — t.k)) dk.,dk
=L g5t 2 g [ B (019 — B0
n BZ

- e—Qi// LBt K)dk.dk 4.197)
non ] ¢, et ey '
BZ

where S is the sample area.

The above result can be used to model the various contributions to the Quantum Anoma-
lous Hall effect such as the skew scattering® contribution. This contribution can be encoded
for example in the effective magnetic field < Beft >n that is attributed to the spin-orbit cou-
pling, as well as in the effective Stern-Gerlach type of electric field (E*T) ~ which is in
turn encoded in the collective electric field £, .. In this framework, for a “pure” transverse

motion of the electron we may assume
(vx(t, k) — & (t, k)) =0

in accordance to Eq. (4.191), and together with a limit of zero effective magnetic field
(B*") — 0 which (by expanding Eq. (4.192)) leads to

1 € peff\ £ /ety . ?
g Nt (BT, Bt (- (B™), B, (4.198)

SThe asymmetric scattering of the electrons in the presence of spin-orbit coupling and Ferromagnetism
which leads to unbalanced transverse motion.
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in accordance to Eq. (4.192), we conclude that the transverse conductivity is given by

i eff \ £ /peffy 2
Tay = h27r// (1 e B > B, + <ﬁc<B >n Bn) >Bz(t>k)d/€$d/€y.

(4.199)
The first term in the integrand gives a quantized value for topological reasons (first Chern
number), while the other two terms gives corrections due to the non-zero effective magnetic
field. We hope that this result may shed some light upon the controversy resulting from the

difficulty to interpret experimental results in this area [145].
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Topological stabilization in dynamic

transport processes

The topological characterization of equilibrium quantum systems' undergoing linear re-
sponse or adiabatic evolutions as a result of perturbations, seems to have been studied in
considerable depth and is nowadays in a mature state. These states are characterized ei-
ther by their abelian geometric phases, or by the explicit calculation of expectation values
within linear response methods. The topological equilibrium states of matter display many
striking features, ranging from the precise quantization of macroscopic properties (such as
the transverse Hall conductivity in the Quantum Hall Effect), to the emergence of fractional
excitations and gapless edge states. A fundamental characteristic of an observable that is
quantized due to topology, is that its value is immune against local perturbations such as
local sample defects.

On the other hand, in systems that are out of equilibrium and occupy more than one di-
mensions of the available Hilbert space, that is, the quantum state is made of coherent super-
position of different eigenstates, much less is known about the topological behavior. In the
point of view of geometrical phases, these non-equilibrium topological quantum processes
can be characterized by means of non-Abelian geometric phases [146, 82, 5].

As a general rule, the inductions of quantum phases by global perturbations are inher-
ently nonequilibrium phenomena, and thus their understanding is quite challenging. Even
some basic questions such as the physical signatures of the induced phases and how such
phases can be stabilized in a steady state do not yet have satisfactory answers. In this frame-
work, much theoretical [30, 143, 29, 140, 83, 136, 76, 27, 118, 156, 122, 105, 42, 55] and
experimental [89, 115] work, has being carried out the last few years in the quest to find
patterns of behaviors that emerge due to the combination of dynamics and the topology
of the projective Hilbert space that is instantaneously occupied. In this theoretical quest,
some new topological invariants have been proposed based on the time-evolution operator

[76, 83, 31, 116], as well as some dynamical order parameters for topological phase tran-

By equilibrium it is meant that the quantum states occupy one dimension of the available Hilbert space for
all times.
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sitions [65, 26, 68, 138, 53, 117, 64]. Most of the above mentioned theoretical studies,
are performed either by using the orthonormal basis of the instantaneous eigenstates of the
Hamiltonian within linear-response time-dependent perturbation theory, or within Floquet
theory for time periodic systems by using the complete set of the periodic Floquet modes.
With this in mind, we derive in this Chapter a dynamical extension of the Hellmann-
Feynman theorem for closed systems (the total number of the particles being conserved)
by using a complete and orthonormal basis. Our motivation is to find the simplest possible
theoretical method which gives a formula for an observable’s expectation value that (i) incor-
porates the real time dynamics as well as (ii) takes into account the instantaneous topology
of the Hilbert space. The theorem that we derive is valid for any complete orthonormal basis
state set, therefore it can be applied either to the instantaneous eigenstates of the Hamilto-
nian or to the time periodic Floquet modes. We will witness the appearance of interesting
generalizations of non-Abelian curvatures, of both magnetic and electric type, intertwined

with the non-Hermitian effect discussed in the previous Chapters.

5.1 Derivation of the theorem

We consider a real vector parameter R that has an arbitrary time-dependence (without
any adiabatic approximation involved), namely, R = R(¢,R,) where R, is the initial

value of the parameter satisfying R, = R(0,R,). Therefore, the parameter satisfies the

JOR o TR
7 dt’, and its time derivative is given by

0

The theorem that we are about to prove is for a continuous vector

13
general equation of motion R = R, + /
0

OR _ OR(t,Ro)
ot '

parameter R, therefore the initial value of the parameter R, is assumed to have contin-
uous values. The Hamiltonian of the system H(¢,R), apart from the implicit time de-
pendence (via the parameter), may also have an arbitrary explicit time-dependence. The
derivation that is given owes its existence to the Hamiltonian being the generator of time
evolution of quantum states. We provide the derivation for a single particle state while
the generalization to a many-particle system is straightforward. Particle’s motion is gen-
erally encoded in its normalized time-dependent state |V(¢,R)) which evolves either by
the time-dependent Schrodinger equation for non-relativistic and spinless particle, or by the
time-dependent Dirac equation for spinfull particle. Specifically, the wavefunction can in
general be, either a scalar complex number V(r,¢,R) for spinless electron, or a complex
vector, namely, a two component spinor ¥(r,t,R) = (¥1(r,t,R), Uy(r,t,R))" for the
non-relativistic limit of Dirac’s equation, or a relativistic four component spinor for a Dirac
fermion U(r,t,R) = (U(r,t,R), Uy(r,t,R), Us(r,t,R), Uy(r,t,R))".

We assume for simplicity a one particle quantum system. The motion of the parti-
cle is described by a general state, not necessarily an eigenstate of the Hamiltonian nor
a localized state (such as a narrow wave packet). The system is assumed to be closed

(U(t,R)|¥(¢t,R)) = 1, and the quantum state time evolution is determined by the time-
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dependent equation
d

where the Hamiltonian is either of Schrodinger or Dirac type. The time derivative in Eq. (5.1)

is the total time derivative given by

d 8 8R

0
where Vg = Z e, —
=1 aR

can be used to label the quantum states |V (¢, R)). The expectation value of the Hamiltonian

The initial value of the parameter R, that implicitly enters Eq. (5.1)

(U(t,R)|H(t,R)|¥(t,R)) = E(t,R) (5.3)

can be seen as the instantaneous time-dependent “energy” of the particle F(t, R). Differen-
tiation with respect to the parameter R of both sides of Eq. (5.3) gives

(V| VRH | W) = VRE — (VrV | HU) — (V| H Vg V). (5.4)

Taking now into account that the parameter gradient operator Vg can generally be an
anomalous operator, that is, the states | Vg ¥) may not belong within the domain of the Her-
mitian  Hamiltonian, = which is expressed by the non-trivial inequality
(HV | VRVY) = (V| HT VRV) # (V| H VRVY), we recast Eq. (5.4) in the form

(U |VRH| V) =VRE— (VRV|HV) — (HV|Vr¥)+ (V| (H* — H) Vr¥). (5.5)

By using Eq. (5.1) in Eq. (5.5) we find

(U| VRH|U) = Ve E+ (V| (H" — H) Va¥)— (<VR\11 | m@> + < d\p| VR\II>)

(5.6)
We then consider an orthonormal basis (m(t, R)|n(¢t,R)) = d,,,, where the basis states
In(t,R)) need not be the instantaneous eigenstates of the Hamiltonian H (¢, R) of the sys-
tem, rather they only depend explicitly on the same parameter R, and we project the assumed
time-dependent state | (¢, R)) on this basis

HS

[T(t,R)) = > Cu(t,R) |n(t,R)), (5.7)

where the sum runs over all Hilbert space (since the upper limit of the sum does not depend
on time) and only the N, (t) occupied states (with C), (¢, R) # 0) contribute to the sum,
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namely

#0 for n < Noe(t),
Cu(t, R) (5.8)
=0 for n > Nye(t).

By using Eq. (5.8) one can express the sum of Eq. (5.7) as

Noce (t)

[¥(t,R)) = Z Cu(t,R) [n(t,R)),

but this causes difficulties for taking the total time derivative of |¥(¢,R)), since the upper
limit of the sum is an integer number that depends on time. Therefore, we use Eq. (5.7) and
after taking the total time derivatives we turn into Eq. (5.8).

We assume that one uses the same orthonormal basis set |n (¢, R)) for all times, and that
the number N, (t) of basis states that are occupied is defined at first by the initial quan-
tum state |W(¢,,R,)) in combination with the orthonormal basis states, but, in subsequent
times this number is governed by the dynamics of the system (generated by the Hamiltonian
operator). Because the considered system is assumed closed

d
a(\ll(t, R)|¥(t,R)) =0, (5.9)
the basis states |n(t, R)) that one may use, are constrained to belong within the domain of

definition of the Hamiltonian H (¢, R) owing to

HS HS

(HO|) — (B|HT)) =Y Y CrCy(m|(H" — H)n) =0, (5.10)

?

d
%@1”‘1’) =

St |

which implies the constraint (Hm|n) = (m|Hn). The superposition of |¥(¢,R)) is con-
sidered in a general framework in order to (i) capture the dynamics that drives the system
as encoded by the expansion coefficients C,, (¢, R), and to, (ii) take into account possible
symmetries of the system (either over position coordinates or over time) which create degen-
eracies that are generally taken into account within the sum of Eq. (5.7); thus the indices
n are assumed to run also within the degeneration subspace. In this respect, the indices
n of Eq. (5.7) are taken into account in the most general sense and can label all above
mentioned combinations. For example, when one considers a periodic in time Hamilto-
nian H(t+ T, R(t+T)) = H(t,R(t)), where the time of 7" is the period of driving, and

also a parameter that has the same time periodicity R(¢ + 7") = R(t), one can use as an or-
HS

thonormal basis the complete set of the Floquet modes / = Z |D.(t,R)) (P,(¢t,R)| which

are periodic in time |®,(t + T, R)) = |®,(t,R)). The Floquet modes satisfies the eigen-
value equation Hp(t,R)|®.(t,R)) =,(R)|P.(¢t,R)), where ¢,(R) is the quasienergy
(restricted into the interval Ae, = T2 called first Floquet-zone, that contains all the physi-

cally non-equivalent quantum states) and Hp(t,R) is the Floquet operator defined by
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d
Hp(t,R)=H(t,R) — iha. In this framework, on can take advantage of the discrete time
symmetry of the Hamiltonian, and the quantum state Eq. (5.7) can be expanded in the Flo-

quet modes |V(t,R)) = %Sj Co (t,R) |®.(t,R)). A single Floquet mode
W (t,R)) = C,(t,R) | D, (¢, R)a), when inserted in Eq.t(S.l) gives the time-dependent state
- / ea(R)dH
of the system which is given by |V, (f,R)) = e h Jo |®,(t,R)). On the other
hand, the use as an orthonormal basis of the instantaneous eigenstates of the Hamiltonian
H(t,R) allows one to keep track of the real time occupation of the Hilbert space as produced
by the interaction of the system with the (externally) applied potentials, which is captured by
the expansion coefficients C,,(¢, R) dynamics, as well as to take into account the space sym-
metries of the Hamiltonian and the topology of the instantaneous eigenstates. For example,
if we consider a state |V (¢, R)) that is for all times the ground state of a degenerate system,
that is, for every index n in the expansion of Eq. (5.7) the instantaneous eigenvalue equation
H(t,R)|n(t,R)) = E,(t,R) |n(t,R)) is satisfied (with E,(¢,R) being the ground state

energy of the system) we have

ih%]\l/(t,R)) = H(tLR)|V,(tR) = HER) Y Cu(t.R) [n(t,R))

— E,(tR)|¥,(tR)), (5.11)

where the index n labels each different orthonormal eigenstate within the degeneration sub-
space denoted by S, and then the method that we will develop can give valuable information
on the observable in quest, with respect to the embedded degenerate Hilbert subspace of the
system and the topology of the degenerate eigenstates.

Substituting now Eq. (5.7) into Eq. (5.1) and exploiting the orthonormality of the basis
states (m(t,R)|n(t,R)) = 0,,, we find the equation of motion for each coefficient that is

given by

LdC, & L/l
ih— :;Cl ((n\Hl>—zh<n]%>>, (5.12)

where the sum runs over all Hilbert space. By using Eq. (5.8), the above equation of motion

of the expansion coefficients is equally expressed as

LdC, & , dl
ih— :ZZ:CZ ((n\Hl>—zh<n]%>>. (5.13)

where the sum runs now only within occupied states.

The purpose now is to use the equation of motion of the expansion coefficients Eq. (5.12)
(that incorporates the dynamics) together with Egs. (5.7) —(5.8), in order to express each
term of Eq. (5.6) as a function of the expansion coefficients and the assumed orthonormal
basis states. At the end of the calculation, this will result into the dynamical and extended

Hellmann-Feynman theorem projected on an orthonormal basis.

144



Chapter 5 Section 5.1

In this framework, we start our calculation with the gradient of the “energy” VgFE of
the first term on the right side of Eq. (5.6) which takes the form

HS HS
VrE = (ZZC* m]Hn)

HS HS HS HS
_ ZZVR CCy) (m|Hn) +) > " CC, V g{m|Hn)
= iva CrC,) (m|Hn) +§C:§C:C*C Ve(m|Hn). (5.14)

Analogously, the second non-Hermitian term on the right side of Eq. (5.6) is transformed
into
HS HS

(U[(HT —H)VgY¥) = > Y CiC,(m|(H" — H) Vgn)

occ  occ

= Y.> CrCo{m|(H" —H) Vgn). (5.15)

where we have made use of C* VrC,, (m|(H* — H)n) = 0.
We proceed now into the calculation of the third and fourth terms right side of Eq. (5.6).

By taking into account the superposition expansion Eq. (5.7), the total time derivative of

|W(t,R)) is given from
AU\ < [dC, dn
dt>zz(dt )+ Cn dt>)' (310

dC, . .
By then using the equation of motion v of the expansion coefficients Eq. (5.12) the

above equation takes the form

I HS HS N dn
zhﬁ> - ZZCZ ( n|HI) —zh<n| >)yn>+;ih0n $>, (5.17)
which by using Eq. (5.8) is expressed as
A occ  oce N dn
zh%> :ZZC’Z < n|HI) —2h<n| >)|n>+;iﬁC’n E>’ (5.18)

Similarly, the action of the parameter gradient operator on |¥(¢,R)), when one takes

into account the superposition expansion Eq. (5.7), gives

occ

IVRY) = ((VaCy) n) + Cu|VRn)). (5.19)

n
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Accordingly, the dagger form of Eq. (5.17) and Eq. (5.19) are given by

Oocc occ occ dm
_ _ o _ ; * /2
<@h = ZZCZ ( I|Hm) — ih <l\ >> (m] ;zhom < o (520
where we have use ﬂ|m =— (1 d_m , and
dt dt
(VrW| =Y ((VRCE) (m|+ Ck (Vrm]) (5.21)

m

Taking now the inner product of Eq. (5.21) with Eq. (5.17) we find

< R\Il|2h—> iii VrCyr)C <<n]Hl>—zh<n| >) mn

+Zzzo*q<n|m —zh<n| >)<Vlen>

HS HS d
+sz (VrCE) C < |”>

occ  occ

—l—ZZzhC C, <VRm| > (5.22)

The first term on the right side of the above equation is simplified to

; Zn: zl: (VrCr) G ((n|Hl> —ih <n]%>> Smn

ocC occ

_ZZ (VrCE)C (<m\Hz>—zh<m\ >)

which by interchanging the dummy variables [ and n is recast in the form

occ  occ

ZZ VrCE)C (<m|Hn> ik <m|fg>>

Taking into account the above expression as well as by using (Vrm|n) = — (m|Vgn) in
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the second term on the right side of Eq. (5.22), we find

<VR\1/|m—> ZZ VrC,,) Co (m|Hn)
=333 cxar (i —innl ) )l Vi

occ occ

+Zzzhc* <VRm| > (5.23)

By interchanging the dummy variables [ and n in the second term on the right side of

dv
Eq. (5.23), the <VR\II | zh%> term is finally rearranged into

<VR\1/|m—> ZZ (VrCy) C, (m|Hn)
—ZZZc* (m|Vrl) (I|Hn)
+Zzzzhc* m|VRl><l\Z—7Z>

occ  occ

+ZZzhC’* <VRm| > (5.24)

Similarly, by using Egs. (5.20) —(5.21) and performing analogous calculations, or equiv-

alently by taking the complex conjugate of Eq. (5.23) and then interchanging the dummy

A
variables n with m, we evaluate the zhE] VR\II> term which is found to be

<m—va\p> = Y ) Cr(VrCy) (m|Hn)
+ZZZC’* (m|HI) (1| Vgn)
~2 3o (i) (1 V)

occ  occ

S St <Z_T|an> | (5.25)
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By adding then Eq. (5.24) with Eq. (5.25) we get
d\:[/ . d\ll Oocc occ *
<VR\I/ | m—> + <m%| VR\I/> Z Z Vr(CEC,) (m|Hn)
-> ) CiCa (Z ((m|VRl) (U[Hn) — (m|HI) (1] an>>)
m n l

occ  occ

sy, (2 (t1wme) (15 ) = (G 1 an>)>

occ  occ

+ihY Y CrC, <<VRm|Z—7Z> - <0;—T:|V3n>) ' (5.26)

We will now take into account the action of the total time derivative

d 0 OR
prii T

on the basis states | n ), as well as use the vector identity

OR oR OR
EX(AXB)_A<87§ B) (at A>B

In this respect, the term

(et wmt) (15 = (mi G Y011 9

within the sum of Eq. (5.26) takes the form
dn dl OR
<m|vRZ><z |§> _ <m|5><z Van) = D (mIVal) x (1] Van)

+<m|le><Z|i,—7Z> - < §i><l|van>

(5.27)
By then defining the non-Abelian Berry connection
A, (t,R)=1i(m|Vgn), (5.28)
as well as the the non-Abelian Berry potential
D, (t,R) =1 <m|% > , (5.29)
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Eq. (5.27) is recast in the form

d dl OR
<m]VRl><l ‘d—Z>—<m’E><l ‘ VRTL> = — EX(Aml X Aln)_ (Aml (I)ln — (I)ml Aln)

d
In an analogous manner, the term (<V rM| d—?> — <— Vg n>> that enters the sum in
Eq. (5.26) takes the form

which by defining the Berry curvatures

and 5 5
. n . m
Smn(t,R)—z<VRm|E>—Z<W|VRn>, (5.31)
is recast in the form
dn dm OR .
<VRm]$>—<E\VRn> ——ZE Xan _ngn- (532)

Finally, by introducing the matrix elements of the Hamiltonian
En(t,R) = (m|Hn) (5.33)

we recast Eq. (5.26) in the form

. d\:[f . d\:[[ occ occ
<Vqu|m%> + <m%\Vqu> = ;;VR(O;Cn) Epn

+i> > CRCL Y (A B — B Au)
m n l
—z’hiiC*C i(a—RX(A X Ap) + (A @ — o Ay ))
. - mYn l 8t m n m n m n
hgmjznjcgicn (%—I:men + smn> (5.34)
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Substituting then Eq. (5.34) and Egs. (5.14) —(5.15) into Eq. (5.6) we find

(O(,R)) = Z Z CC V REpn + Z Z CECry Spn

occ  occ occ

—i> > CrC > (A Eip = By Asy)
n l

m

—h iiC’,’;Cn (&m —ii (A D — Py Aln)>
m n l

occ  occ occ

OoR .
—ha X Xm: ZH:C:LCH <an —1 Zl:Aml X Aln)

where
(O(t,R)) = (¥(t,R) | VRH(t,R) | ¥ (t,R)) (5.35)

is the observable in quest, that can be related to a “generalized force” given by

(F(t,R)) = —(¥(,R)|VRH(t,R)|¥(,R))
— _(OLR)). (5.36)

Eq. (5.35) is our generalized extended dynamical HF theorem.

The non-Hermitian term S,,,,,(t, R), by working in position representation and assuming
real scalar and vector potentials, is always transformed to a boundary integral (due to sym-
metry of the integrands) over the system’s boundaries and is given (assuming a 3D system)
by

Su(t,R) = (m(t,R)| (H(t,R)* — H(t,R)) Vrn(t,R))
ih
2 Jfs

n-((vo) +@fv) Ve, ds,
(5.37)

where v = % [H(t,R),r] is the standard velocity operator, n is the unit vector that is lo-
cally normal to the surface that encloses the system and ®,, = ®,,(¢t,R) = (r|m(¢t,R)).

The form of the dynamical extended HF theorem Eq. (5.35) is the first major result of
this theoretical analysis. It is applicable to dynamic quantum processes of closed systems,
and it is based on the dynamics as encoded in the expansion coefficients equation of motion,
as well as in the topology of the projective Hilbert space that is spanned by the basis states
that are occupied; this way one can extract patterns of behaviors that come up owing to the
dynamics and the topology.

Due to the emerging gauge structure of the observable’s (O(t,R)) expectation value
formula Eq. (5.35), we are surprisingly led to define three different non-Abelian Berry

curvatures, quantities that are explicitly involved into the dynamical extension of the HF
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theorem that we have derived.

Namely, we define the non-Abelian curvature

occ

7'-532 = Bn — Z‘ZlAml X A, (5.38)
l

that involves the Berry “magnetic field” B,,,, a second one that involves the Berry “electric

field” £,,,, and is given from

occC

.7:(8) = gmn —1 Z (Aml (I)ln - (I)ml Aln) ) (539)

mn
l

with connections A,,, and ®,,; given by Eq. (5.28) and Eq. (5.29), and the last one that

involves the Hamiltonian’s matrix elements and is given by

occ

!
In this fashion, the dynamical and extended HF theorem is compactly recast in the form

occ occ occ  occ

(OtR) = Y Y CrC.VREn, + > > ChCrSmn

0oCC oOccC 0oCC oOcCcC

—haa—? X iio;onfgfg. (5.41)

The non-Abelian Berry curvatures F 552 and F 553 are emerging quantities with inherited
non-Abelian gauge structure. These curvatures come up irrespectively of the energy scale
of the quantum system, that is, they are independent of the character of the local probability
amplitude field ¥(r, ¢, R). They appear, either when the wavefunction is a scalar complex
number (thus describing a spinless low energy quantum motion) or for a complex spinor
wavefunction that describes a relativistic high energy spinfull motion. It is remarkable that
the form of the non-Abelian curvatures that results from our derivation has similar structure
to the ones of the field strength tensors of Yang-Mills theory [152]. The origin of these non-
Abelian curvatures that we have found is attributed to the occupation of the available Hilbert
space”. Specifically, whenever the quantum state under consideration |¥(¢, R)) spans more

than one dimension of the available Hilbert space, that is, the state is at any instant made

2Whenever the basis states |n) do not have explicit time-dependence, the non-Abelian curvature F f,f%
becomes zero by definition.
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up by a coherent superposition of orthonormal basis states, the non-Abelian structure of the
observable in quest comes up. On the other hand, whenever the assumed quantum state is
at all times aligned in only one direction of the available Hilbert space (therefore the state is
parallel to a single basis state), the non-Abelian Berry curvatures are truncated into Abelian
quantities and the observable in quest (O(¢, R)) looses its internal non-Abelian gauge struc-
ture. A quantum process described by a coherent superposition may appear for example: (i)
due to an adiabatic time evolution of a degenerate ground state, or (ii) due to a quantum
quench that sets the system into a non-equilibrium state (after the quench) where the ex-
pansion coefficients evolve in time adiabatically, uncoupled to each other, with no optical
transitions taking place, or finally, (ii1) due to time-dependent driving where certain coupling
between the expansion coefficients is expected. In addition, the observable in quest has an
inherited non-Hermitian boundary contribution §,,, that do not depend on the dynamics,
rather they depend only on the spatial boundary conditions of the wavefunctions.

The observables (O(t,R)) that are given by Eq. (5.41) always have a part that is trans-

verse to the direction of the parameter variation JR which is given by

ocC occ

R
(O(t,R)), . = —h %—t x> Y ChC, FP), (5.42)

as easily confirmed by (O(t,R)),,.,  OR =0 (where we have used the vector identity
OR x A-0R = A - 0R x OR = 0), while the first four terms on the right side of Eq. (5.41)
may have longitudinal as well transverse part.

Due to the structure of the observable Eq. (5.41) one intuitively expects that, in virtue of
this dynamical extended HF theorem, in dynamic quantum processes where only the diagonal

non-Abelian curvatures survive, that is the only nonzero curvatures are

occ

.7:(8) = Bnn — iZAnl X Aln
l

nn

and

occC

"F%i) :gnn_iZ(Anl(Dln_(DnlAln)a
l

which are real and gauge invariant quantities by definition, then the standard topology (1st
Chern class) of the systems (that is defined by the fluxes of the Abelian curvatures B,
and £,,,) must be extended in order to include the fluxes of the extra terms in the above

equations. These circumstances are analyzed further in Sec.5.2.

5.1.1 Emerging many-band covariant derivatives

Due to the structure of the non-Abelian Berry curvatures F®) and F€)  these can be

mn?

transformed and equally expressed by the occupied-band covariant derivatives that we define

below. Specifically, we define the (parameter) gradient occupied-band covariant derivative
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as
%:(1—Zu><u>vm (5.43)
l

and the time occupied-band covariant derivative as
’5 occ a
—=|(1- Dl |= 5.44
o ( ; 1) |> o (5.44)

respectively. When each one of the above abstract occupied-band covariant derivatives acts

on a state |n) gives
occ

Van) = Van) = 3 (1Van) 1) (5.45)
!
and N
on on — on
|E>_ E>_;<”E>”> (5.46)
respectively.

By now using Eq. (5.45) as well as Eq. (5.28) and Eq. (5.30), and by exploiting the
orthogonality of the basis states (m|n) = d0,,,, a straightforward calculation shows that the

non-Abelian Berry curvature JF, B) of Eq. (5.38) 1s equally expressed as

FB _ <ﬂm1 x \%n>. (5.47)

Similarly, by using Eqgs. (5.45) —(5.46) as well as Eq. (5.29) and Eq. (5.31), and the or-
thogonality of the basis states, straightforward calculation shows that the non-Abelian Berry

curvature F &)

mn

of Eq. (5.39) is equally given by

fﬁfg:i<ﬂm|g—?> —¢<88—T|ﬂn>. (5.48)

These two covariant derivatives are useful for two reasons.

First, by using them one can easily show the gauge invariance in the time-parameter
space t X R with respect to a large global gauge transformation that transforms each one
of the basis states |n) — At R) In), where A(t,R) is real scalar function. Under this
global gauge transformation, Egs. (5.45) —(5.46) transforms (covariantly) like ‘%n> —

At R) ‘%n> and %> ML R) |21

—> respectively, which shows that the non-
Abelian Berry curvatures .7-'7(}32 and .’Fﬁf}z evaluated by Egs. (5.47) —(5.48) are gauge-

ot
invariant with respect to this kind of global time-parameter gauge transformations, therefore

they can carry a topological charge.
Second, whenever all the dimensions of the available Hilbert space are occupied due

to the dynamics, that is, all expansion coefficients evolve in time coupled to each other,
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occ HS N

we replace — , which leads to V/\I/{ =0 and 2 = 0, that gives F (B) — () and
p It g mn
! !

FE —o.

5.1.2 One basis state formula

In the adiabatic and non-degenerate limit, and whenever the time-dependent state |V (¢, R))

is aligned to a single basis state at all times
[V(t,R)) = Co(t, R) v(t, R)), (5.49)

therefore the occupied Hilbert space behaves as an effective one-dimension space, then, each
occ

sumin Eq. (5.41) is truncated into a single index v term Z — 0;, without any summation

taking place. In this one basis-state limit the non-Abelian curvatures truncates to
FB =B, FL—E, Fl-o, (5.50)

as evidenced from Egs. (5.38) —(5.40), and each one curvature F l(f) = B,, and
F) — g, is evaluated with respect to the state [/(t,R)) in virtue of Egs. (5.30) —(5.31).
By taking into account the normalization condition, that is, replacing |C,, (¢, R)|?* =1 within
Eq. (5.41), one finds the observable’s expectation value in this one-basis state approximation,

which is evaluated as an Abelian quantity by

R

<O(t,R)> = VREI,V +Sl/y — hgl,l, — ha X Bl/l/'
(5.51)
5.1.3 Matrix formulation
By combining Eq. (5.7) and Eq. (5.35) which gives
(O(t,R)) =YY " CrC, (m| VRH(t,R)|n), (5.52)
and then taking into account Eq. (5.41), each component
O, R)pn = (m(t,R) | VRH(t,R) | m(t,R))
of the observable in quest is given by
() © _p R s
O(t,R)mn = VrEn, +Smn —F,) — BF,.) — ha x Fo. (5.53)
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By using the Eq. (5.53) terms as matrix elements, we construct a vector-valued matrix equa-

tion (with the entries being vectors) for the observable in quest given by

R
Ot,R)=VgE +8 —FH — hFE h— % FB) (5.54)
In this equation, £ is a scalar-valued matrix constructed from the elements £, while all
other bold and calligraphic letters, S, F (E), FE) as well as F (B), denote the respective
matrices (which do not generally commute with each other, thus, they satisfy non-Abelian
algebra). In this fashion, the observables’ expectation value (O(t, R)) is given by the matrix

product

(O(t,R)) = C(t,R)'O(t,R)C(t,R)

= C(t,R)f (VRE +8 - FBH — pFE h%—ft{ x }'<B>) C(t,R)
(5.55)
where
Cl(t7 R)
CQ(t> R)
CN(t> R)

is the column vector of the expansion coefficients. By using Eqs. (5.38) —(5.40) and

0 0
Egs. (5.28)—(5.31), as wellas (Vgn|m) = — (n|Vgm) and <a_7z|m> S <n a_’: >
by straightforward calculation one can show the following relations

(7’2’@* = 7% (5.57)

E' = E
(;.-(E))T )
(j.-w))* _ F®
(7.-(B>>T _ £® (5.58)
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are Hermitian. On the other hand, taking into account the domain of definition of the Hamil-
tonian (n|(H*™ — H)m) = 0, by deriving both of its members with respect to the parameter
V r, we find

(Ven|(H" — H)m)+ ((VrH)n|m) — (n|(VgH)m) + (n| (H* — H) Vgm) = 0.
The first term of the left side of this equation is expressed as

(Ven|(H" = H)m) = —((H"—H)Vgn|m)
= —(m| (H" — H) Vrn)”

By then using the definition S,,, = (m| (H* — H) Vrn) we find the relation
~(Smn)" + ((VrH)n|m) — (0| (VRH)m) + S = 0
which results into
(Smn)” = S + (VRH) n|m) — (n| (VrH)m), (5.59)

that implies that the matrix & is Hermitian whenever the operator Vg H (¢, R) belongs
within the domain of definition of the Hamiltonian. Having in mind that each matrix can
always be separated into a Hermitian and an anti-Hermitian part, then Eq. (5.59) provides
the anti-Hermitian part of the matrix & which cancels the corresponding anti-Hermitian
part of the observable’s matrix @©. We remind that the matrix S is not zero only whenever
the parameter gradient operator V i gives states that do not belong within the domain of

definition of the Hamiltonian.

5.1.4 Unitary transformations

The time evolution of the expansion coefficients given from

- dC’n B occ - d
ih—* = Z<n| (H(t,R)—zhdt>l>Cl

l

occC

= > (n| He(t,R)1) C,, (5.60)

l

where J
Hp(t,R)=H(t,R) — ih%’ (5.61)

can equally be expressed as a matrix equation given by

ih@ = Hp(t,R)C(t,R), (5.62)
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where C(¢,R) is the column vector given from Eq. (5.56) and Hr(t,R) is the Hermitian

matrix given by

(A|Hel) (1|Hp2) ... (1|HpN)
(2|Hp1) (2[Hp2) ... (2|HpN)

He(t,R) = ‘ | ' . (5.63)
(N|Hp1) (N[Hp2) ... (N|HpN)

The above Hermitian matrix H (¢, R) captures the real time coupling between the expan-
sion coefficients due to the dynamics that are encoded by the potentials within the Hamilto-
nian operator H (¢, R) and the orthonormal basis states |n ) that are being used. Whenever
the time-dependent quantum state |¥(¢,R)) is in a superposition and it occupies more than
one dimension of the available Hilbert space, then, we can assume a unitary transformation

of the expansion coefficients given by
Cit,R)=U(t,R)C'(t,R). (5.64)

The unitary matrix U(t,R) is an N x N matrix (where NNV is the instantaneous number of

the dimensions of the Hilbert space that are occupied) satisfying
ULR)ULR)=ULR)UER) =T

while C'(t,R) is the new column vector. In other words, Eq. (5.64) denotes a linear trans-

formation of the expansion coefficients given by

occ

l

Owing to Eq. (5.64), the expansion coefficients satisfy
C(t,R)'C(t,R) =C'(t,R)IC'(t,R),

which means that this kind of unitary transformation preserves the normalization

occ occ

(T(t,R)|¥(t,R)) Z|O t,R)|? Z|O’tR (5.66)

without affecting the basis states | n ). Therefore, the action of any complex unitary matrix
U(t,R) conserves the norm of the state-vector |¥ (¢, R)), which implies that they generate
rotations in the Hilbert space over a unit sphere, resulting into the formation of a (generally
non-Abelian) U () group with elements the complex unitary matrices. The complex unitary

matrix transformation Eq. (5.64) together with Eq. (5.62), implies that the equation of
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motion of the new expansion coefficients is given by

dC'(t,R)
dt

dU(t,R)
dt

ih <u(t R) '"Hp(t,R)U(t,R) —ihU(t,R)” ) C'(t,R). (5.67)
The (complex) unitary matrix transformation Eq. (5.64) together with Eq. (5.67), indicates
that this kind of unitary transformation changes the coupling between the expansion coeffi-
cients without increasing the total number of dimensions of the Hilbert space that are occu-
pied. For example, assume an initial basis state set where the matrix Hz(¢,R) is diagonal
and the expansion coefficients C(¢,R) evolve uncoupled to each other, then, a unitary trans-
formation with a constant matrix U results to new expansion coefficients C’(t, R) that will
evolve by the matrix & ~'Hr(t,R)U which is not anymore diagonal, but, the total number
of occupied dimensions is the same.

By now using the gauge freedom of the expansion coefficients column vectors C(t,R),
we perform a unitary transformation and substitute Eq. (5.64) into Eq. (5.55) which gives

(0)=c't u—l(VRE+8—}'<E>—h}'< haa—Rx.’F >u '

The above equation, together with the gauge freedom of choosing any appropriate unitary
matrix U(t,R), has far reaching consequences. Specifically, having in mind that the matrix

in the following parenthesis

R
(VRE +8 - FB _ pF@ h— J-'<B>)
is a Hermitian matrix, then, by means of a unitary similarity transformation, one can always
choose such a unitary matrix ¢/(¢, R) that transforms the quantity

R

Ut,R)™! (VRE +8 - FB — pF® h—r 7—'<B>) Ut,R)

into a diagonal matrix

Uit,R)™! (VRE L5 —F _pFe R

(B)
5 < F )L{(t,R)

~ ~ ~ ~ R ~
- (VRE L5 -FP _pF0 R ><.7-'(B>
ot diagonal

(5.68)

In this framework, by choosing a convenient unitary matrix (¢, R), the expectation
value of the observable (O(t,R)) given by Eq. (5.41), can equally be calculated by a
unitary similar diagonal form given from

occ © 9R. _(B)

(O(t,R)) =) _|C) [ (VREm & —FO _pFE L F

5 % Fun ) . (5.69)
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It is now wort pointing out the origin of the above mentioned unitary transformations. These

are attributed to local gauge transformations of the wavefunctions

U(r,t,R) = AT ER) g 1 R) (5.70)

occ occ

where W(r,t,R)=> Cu(t,R) ¢, (r,t,R) and @(r,t,R)=> C/(t,R)¢(r,t,R).
m l

The wavefunctions v, (r,t, R) are the orthonormal basis state wavefunctions, which are
assumed to be the same before and after the gauge transformation, whereas C,(¢,R) and
C](t,R) are the respective expansion coefficients. A(r,¢, R) is a real scalar function for
scalar wavefunctions and a Hermitian matrix for spinor wavefunctions. The gauge transfor-

mation Eq. (5.70) gives

occ occ

S Cult,R) o (r,t, R) = 3 Ci(t, R) AT B R)y (1 R), (5.71)

l

which by exploiting the orthogonality of the basis states results to

occ

Cnlt, R) = (v A ER) 15 i1, R), (5.72)

l

that has the same structure as Eq. (5.65). We note that, for spinless electrons, if one as-

sumes a gauge function A(¢,R) that does not depend on the position coordinates, then,
Cn(t,R) = Z A R) (b | ) CJ(t,R) = JAER) C/ (t,R), indicating that the gauge

!
function must have coordinates dependence, in order to give a linear transformation that
changes the expansion coefficients column vectors by a unitary matrix U/(¢,R) that is not

diagonal.

5.1.5 Maxwell type of equation

By taking the curl of both sides of Eq. (5.54) and using the vector identity
Vx(AxB)=A(V-B)-B(V-A)+(B-V)A—(A-V)B wefind

1
Vi x FO = £,FB L FBYp.vg — Vg Vg-FB — VR (o -8 .7-'(5)>

where
LF® = (vi Vi) F® — (FE.Vg) e (5.73)

is the Lie derivative of the curvature matrix F® )(t, R) with respect to the vector field
Vr(t,R). Eq. (5.73) is a general Maxwell type of equation in ¢tx R space without any
conservation law being involved.

In the modern magnetohydrodynamics theories, one can formulate geometrical objects

(i.e. vectors or tensors) that are Lie dragged and advected with the flow. In this framework,
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by working (compactly) with the vector-valued matrix Eq. (5.54) (rather than working with

each one equation of the matrix vector elements Eq. (5.53)), if one assumes that the flux

/.’F’tR d’S

is advected with the flow, one can derive a local Maxwell type of equation where the topolog-

ical charges are conserved. By using the 2D analogue of the convection theorem for arbitrary
. . . . ) dR .
surface S(t) that is moving with the flow with velocity Vg = ——, then, the curvature matrix

dt
F®)(t,R) flux is Lie dragged with the flow when

B) 37: = (B) B q
dt FB . 4S = VerX | VRXF + Vg Vr-F dS =0. (5.74)

S(t)

Because the surface S(t) is arbitrary, the curvature matrix F (B) (t,R) satisfies the local

equation
oF®
ot

which guarantees the Lie dragging. By using the Lie derivative £,F ) the local Eq. (5.75)1s

Vg X (VR xf<’5>> F VR VR FB — 0, (5.75)

expressed as

oF®

5 (5.76)
Substituting Eq. (5.76) into Eq. (5.73) we find a (vector-valued matrix) Maxwell type of

equation
Vo x FE _ g _ TP (5.77)

ot
where

Jn = Vo Va-F® 4+ 1vgx (0 -8 —FF) (5.78)

h
is the vector-valued matrix of the current that is entering into the Maxwell equation. Taking

the divergence of both sides of Eq. (5.75) (which guarantees the Lie drag) we find

B
_ . B
5 VR FB L e (vR Vi F ) 0, (5.79)

which with the aid of Eq. (5.78) is transformed into a continuity equation

0
PN - Jr =0 (5.80)
ot
where p,, is defined by
oy = Vg-FB (5.81)

and is the scalar matrix of the topological monopole charge density. Note that, whenever all
the dimensions of the available Hilbert space are occupied due to the dynamics, then each

one entry of the matrix JF g‘fg = 0 1is separately zero, which results to pj; = 0, implying that
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no topological monopole charges can be found. Hence, if no constraints in Hilbert space

occupancies, the nontrivial topology is lost.

5.2 Topological Invariants

5.2.1 Single dimension of the available Hilbert space occupied:

Chern class

When only one dimension of the available Hilbert space is occupied, the non-Abelian Berry
curvature is  simplified into  the  diagonal = Abelian  Berry  curvature
FB(t R) = B,,(t,R) which is a real quantity B,,(t,R)* = B,,(t,R). The flux of
B.,..(t,R) over a closed manifold is a topological invariant

1 n
— P Bun(t,R)-dS =C" €Z (5.82)
2w S

called the first Chern number. This topological invariant is due to an obstruction to single-
valuedness (integrability) of the wavefunction, with respect to the parameter coordinates R,

which is more easily shown within the Dirac string method.

Dirac string method

We use the vector identity Vg X (fV)=Vgrf xV + f Vg xV into the integrand of
Eq. (5.82) which gives

Bnn<t,R) = Z<VRn’ X |VRn>
= ZVRX<TL‘VRTL> —z'(n|VR><VRn>,
(5.83)

where the last term ¢ (n|V g x Vgn) is a singular term that is not zero due to a Dirac
string formation. If the assumed wavefunction W,, = (r|n) is everywhere single-valued (in-
tegrable) over the manifold, then, for any closed tangent line on the manifold it must satisfy

VgrV,-dR =0, which by using the Stokes theorem implies the local relation
VCR x VRV, = (r|[Vg x Vgn) =0, that is precisely the integrability condition. There-
fore, by assuming that the wavefunction is integrable all over the manifold
(n|Vgr x Vgn) =0, and by employing Eq. (5.83) in Eq. (5.82) we find

1

1
— t,R)-dS = — dS =
o SBnn( s ) 27T#9VRX<H|VRTL> 0

for a closed manifold. Thus a zero Chern number indicates that there does not exist a Dirac
string in parameter space.

Assuming a scalar wavefunction ¥,, = |\Ifn|eZS n, where |V, | is its modulus and S,, its
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phase, we define as Dirac string (or dislocation line), in parameter space, the segment of a
line where the phase S, is undetermined (with respect to parameter coordinates) and non-
integrable Vg x Vg5,, # 0, but the modulus of the wavefunction |¥,| is not zero. By

assuming that the modulus of the wavefunction is integrable quantity Vg x Vg|V,,| = 0 (in
order that the wavefunction to be normalized /// |W,,|?d®r = 1), this kind of Dirac string
V .
in parameter space exists on the lines where Vg x VgV, =1 |\I/n|eZS” Vg X V&S, #0.
Because the phase factor b5
§I§ VRS, -dR = // Vg X VRS, -dS = 2mn where n is an integer. Then, for a single
c s

Dirac string penetrating once the manifold we may define

is single-valued, the phase satisfies

Vg %X VgS, =2m&*(R — Restring)

where 0%(R — Retring) is the 2D vector Dirac delta function with direction parallel to the

dislocation line. Then, the singular contribution of the Berry curvature is given by

—Z<TL‘VR X VRTL> = —iQ/// ’\DTJZVR X VRSn d37’
1%
= 2mé&*(R — Restring) /// W, |2 d*r
1%
= 27 6*(R — Retring)- (5.84)

By using Eq. (5.83) and Eq. (5.84) we find

1
— 1 8*(R — Retring) = 5- (VR % Apn(t,R) — Bon(t, R)) , (5.85)

which is precisely the integrand that is used for the calculation of the Z, invariant [51, 52]
that probes the obstruction to single-valuedness over the half Brillouin zone in the quantum
spin Hall effect.

Therefore, within this kind of Dirac string formulation one finds

B 2mn

1
— B..(t,R)-dS = 0*(R — Ratring) - dS =
2w§% R 2w§§é (1~ Ruurng) 5 =

where n is an integer. The integer n is a topological invariant (called topological charge),
which is a gauge invariant property with respect to any global gauge transformation in param-
eter space |n) — SAR) |n), even if the assumed gauge function A(R) is a function that
has singularities Vg x VgA(R) # 0. This global topological invariant property, is guaran-
teed due to the definition of the diagonal Berry curvature Eq. (5.83), which guarantees local
gauge invariance in ¢ X R space. Namely, by assuming the local (in ¢ x R space) gauge
transformation |n) — JAR) |n) in B,,(t,R) =1 (Vgrn| x |Vgn), after a straight-
forward calculation one finds B,,,(t, R) — B,,(t,R).
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Fiber bundle method

If one assumes that the basis states |n) are everywhere single-valued in ¢t x R space and

neglects the singular term in Eq. (5.83), the diagonal Berry curvature in use is given by
Bnn(t,R) EZVR X <TL|VR’I’L> :ZVRX Anna (586)

which is a gauge-dependent quantity with respect to a singular gauge transformation. As is

evident from Eq. (5.86), in topologically non-trivial systems = satisfying
1

27 Jfs

namely, there is at least one point on the closed manifold where the Berry connection is

B,..(t,R)-dS # 0, the diagonal Berry connection A,, must have singularities,

undefined. It is a fact that, for topologically non-trivial systems, the Berry connection calcu-
lated with respect to a basis state | ) cannot be regular function of R all over the manifold
without at least one singularity. In fiber bundle theory, one avoids the singularity problem
by employing more than one Berry connections. In this fashion, one separates the closed
manifold into two regions (patches), the north (V) one having a regular Berry connection
An(t,R) =1i(n|Vgr x Vrn) and the south one (5) that also has a regular Berry con-
nection Ag(t,R) =i (n|Vg x Vgn) evaluated with respect to a gauge transformed basis
state |71) = AR ),
singular gauge transformation given by Ag(¢,R) = Ay(t,R) — VRA(R), where A(R)

is called transition function and accounts for the singular gauge transformation. In this re-

In the overlapping region, this two connections are related by a

spect, by separating the closed manifold into two open manifolds, the north (V) part and the

respective south part (5), the flux of the diagonal Berry curvature over the closed manifold

is given by
1 1 1
- # Bun(t,R)-dS = — b Bu(t,R)-dS + — (P Bu(t,R)-dS
2T S 2T SN 2 Ss
1
= — @ (Ax(t,R) — As(t,R))-dR
27 C
1
_ _55 VeA(R) - dR = n (5.87)
27 C

where n is an integer.

Elementary consideration

It is interesting to note the connection of the diagonal Berry curvature
B..(t,R) =i (Vgrn| x |Vgn) with respect to obstructions to analyticity in an elementary
manner. We assume that the basis states | n ) are the (instantaneous) eigenstates of the (Her-
mitian) Hamiltonian H (¢, R), therefore they satisfy the eigenvalue equation H(t,R)|n) =
E, |n) for each value of the parameter R. The latter equation implies that the quantum
states |n ) are functions of the energy F,, while the energy £, can be a function of the pa-

rameter R. Therefore, a one to one map can exist that, for each value of the parameter R
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one can define one analytic function of the energy £, (R) as well as one quantum state | n ),
which is symbolically indicated by the map R — E,(R) — |n ). In this respect, the action
of the parameter gradient operator V i on the quantum state can be evaluated by the chain

rule

9
Van) = VeE.(R) a£>’

that gives

B..(t,R) = i(Vgrn|x|Vgn)

./ 9n  On %

(5.88)

indicating that the Berry curvature curvature B,,(¢,R) is always zero whenever the ana-
lyticity is not broken. The analytic behavior is broken at those values of the parameter R,
where the real energy E, (R) becomes a singular function of the parameter due to degener-
acy which makes it locally a multiply-valued quantity, thus the derivative V g E,,(R)) cannot

be defined. Similarly, at the degeneracy points the Hamiltonian’s eigenfunction ¥, (¢,r, R)
ov,(t,r,R)

2En cannot be defined

is not analytic function of the energy E,, and the derivative

either.

5.2.2 Multiple dimensions of the available Hilbert space occupied:
Chern class and Stiefel-Whitney class

Whenever more than one dimensions of the Hilbert space are occupied and the system is
in a superposition of orthonormal basis states, one has to evaluate the flux of the diagonal

non-Abelian Berry curvature

> # F®B(t R)- (5.89)

where F®) is a purely real quantity as seen by Eq. (5.57). The non-Abelian Berry curva-

nn

ture is given according to Eq. (5.38) from

occC

fﬁg - nn - ZZAnl X Alna
l

where each term is separately a real quantity

B:n = Bnn and (Z Anl X Aln>* = (7, Anl X Aln)
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where we have made use of A, = A:l. Taking into account that A,,,, X A, = 0, as well

as that A;, = A*, we express Eq. (5.89) in the form

nl>

1 occ
%# . #Bm s + _Z# (A% x Ay )-dS. (5.90)

The first term on the right side of Eq. (5.90) is the first Chern number, while the value of
the second term is for the moment unknown. When only the diagonal non-Abelian Berry
curvature F fffl

the above sum is a gauge invariant quantity (with respect to gauge transformations of the
form |n) — A (R) |n), which results to A,; X A;, — A, X Ay, ). On the other hand,

is taken into account, each one cross product A,; x A;, that enters into

when one takes into account the off-diagonal Berry curvature F. 7(52, then, it is the sum
occ

of all cross products which is the quantity that is gauge invariant Zz (A x Ayp) —

occC

Z i (A X Ay,). The latter considerations suggest that, each cross product i (A,,; x Ay,)

that enters in the diagonal non-Abelian Berry curvature JF. (B) can be linked separately to the

nn

topology of a given manifold.

Elementary consideration

By using similar arguments as in the Abelian consideration Eq. (5.88), namely, employing
the definition of the non-Abelian Berry connection A,,;(¢,R) =i (n|Vgr!l) as well as taking
into account the eigenvalue equation H(¢,R) |l) = E;|l) we find

(vt )|

indicating that the cross product i (A,; x Ay,) is always zero

i(AN xAy) =i VrE(R)* x VRE(R) (5.91)

Z(Anl X Aln) = O,

provided that the bands £;(R) that takes place into the superposition are analytic functions
of the parameter. The analytic behavior is broken in those occupied bands (denoted by /) and
at those values of the parameter R, where the real energy £;(R.) becomes a singular function
of the parameter due to degeneracy (which makes it locally a multiple value quantity, thus
the derivative V g E;(R) cannot be defined). Similarly, at the degeneracy points the Hamil-

tonian’s eigenfunction ¥, (¢, r, R) is not analytic function of the energy F; and the derivative
ov,(t,r,R)

0F)
tion A,;(¢,R) is (for any occupied band [ and every value of the parameter R) either a

cannot be defined either. In general, whenever the off-diagonal Berry connec-

purely real or a purely imaginary quantity, then, the vectors A,;(¢,R) and Ay, (t,R) are
parallel to each other resulting to A,,;(¢,R) x Ay, (t,R) = 0.

165



Chapter 5 Section 5.2

Stiefel-Whitney class

The first Stiefel-Whitney class [95] is an obstruction to the orientability of a manifold while
the second Stiefel-Whitney class is an obstruction to linear dependence. In contrast to the
rest of the characteristic classes, the Stiefel-Whitney class cannot be expressed in terms of
the curvature of the bundle. It is very interesting that in a recent theoretical study, concerning
the band topology and linking structure of nodal line semimetals with Z; monopoles charges
[3], it was found that the non-trivial band topology is characterized by the second Stiefel-
Whitney class, although the study was made for an equilibrium quantum processes.

We are now going to study the

%Z#i(Afjl X Ay ) dS (5.92)
S

term that enters in Eq. (5.90). By expressing the manifold’s elementary surface in Eq. (5.92)

as
dS = dR, x dRy,

where dR, and dR, are tangent vectors on the manifold, then, the integrand of Eq. (5.92)

can equally be expressed as
i (A} X Ay ) (dR, x dRy) = i(A}-dR,)(An-dRy) — i(A),-dRy)(Ap-dR,). (5.93)
Alternatively, by using
A¥ x A, = 2iReal[A,;] x Im[A,]
the integrand can equally be expressed by

i (AN x Ay) - (dR, x dRy)

— 9 ( (Real[Anl]dRa) (Im[Am}-de) - (Real[Anl]-de) (Im[Anl]-dRa) )

(5.94)
Torus manifold
When the manifold of integration is a torus Eq. (5.92) can be evaluated by
Li#z(A*I x Ay )-dS
2 S "
l#n
1 occ
= —— Z (55 Real[A,;]-dR @ Im[A,;]-dR — @ Real[A,]-dR Im[Anl]dR) ,
1Z S So So S
(5.95)
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Figure 5.1: Relative magnetic helicity over a torus evaluated by the differences of the off-
diagonal Berry’s phases over the toroidal and poloidal directions.

which is given by the differences of the off-diagonal Berry’s phases over the toroidal direc-
tion S; (with the major radius) and over the poloidal S, direction (with the minor radius)
illustrated in Fig. 5.1, and has the form of a generalized relative magnetic helicity over
toroidal and poloidal, directions which is a topological invariant.

Arbitrary closed manifold

For arbitrary closed manifold embedded in 3D parameter space, by using the divergence the-
orem we transform the surface (flux) integration of Eq. (5.92) to a bulk volume integration,
which by using the vector identity Vg (A x B) =B-VgpxA — A-VrxB takes the

form

1 oce
— (AX, x A,)-dS
27r;#éz( " l)

occ

1 Z/// (Real[Anl] - VerxIm[A,] — Im[A,]- VRxReal[AnlD dv
g l#n 14
(5.96)

where V' is the volume that is enclosed by the surface S. The latter integral has the form
of a generalized relative helicity [144] which is a topological quantity. It describes the
topology of the “magnetic” field lines of Vg xReal[A,;] with respect to the field lines
of VgrxIm[A,,], and without having analytical proof, we suspect that it captures the link-

ing between these field lines as illustrated in Fig. 5.2.

5.3 Dynamic topological processes

In what follows we describe certain dynamic processes where the observable in quest
(O(t,R)) is assumed to be evaluated with the HF theorem that we have derive. The purpose
is to indicate in the simplest manner, how and when the topology of the Hilbert space is

expected to play an important role in the quantization and robustness of observables.
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Figure 5.2: Generalized helicity as the linking between the real and imaginary part of the
off-diagonal Berry curvature. (Recall that the magnetic helicity is directly connected to the
Gauss linking number, see i.e. [154], p. 327.)

5.3.1 Degenerate eigenstate of the Hamiltonian evolving adiabatically

We assume that the considered state |V (¢, R)) = > C,(¢,R) |n(t,R)) is atime-dependent,
nes

degenerate ground state with well defined instantaneous “energy” E, (¢, R) satisfying the

eigenvalue equation

H(t,R) |V, (t,R)) = ZC’n(t,R)H(t,R)m(t,R))

nes

— E,(L,R) |, (t,R)). (5.97)

Each  orthonormal state |n(t,R)) has the same “energy” given by
H(t,R)|n(t,R)) = E,(t,R) |n(t,R)), and the sum in Eq. (5.97) runs over all different
orthonormal eigenstates within the degeneracy subspace S. We assume a degenerate adi-

abatic approximation, that is, no excitation to higher energy levels than the ground state
occ

E, is possible, thus all the sums entering Eq. (5.41) are truncated into Z — Z Using
i i€s
Eq. (5.33) and the orthogonality condition of the degenerate states Fj, = F,, 01, = g o,

the non-Abelian curvature JF ff,z turns up to be zero
FE = i) (A Egbm— Ey6mAn)

mn
les

= iAn, (E,—E,) =0, (5.98)
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while no simplification occurs for F&) and F®). Similarly, the first term on the right side
of Eq. (5.41) turns into

SN CHCuVREm, = )Y ChCybmn VRE,

meS nes meS neS

= VgrE; Y [Cpnl

meS

— VgE, (5.99)

where we have used the normalization condition (¢, (¢, R)[1,(t,R)) = > |C;,|* = 1. There-
mes
fore, Eq. (5.41) takes the form

(O(t,R)), = VRE, + Y Y ChC.Smn

meS neS

—hy Y CrC, FE)

meS neS

—h— x> N CrC, FE), (5.100)

meS neS

which by making a unitary transformation of the expansion coefficients
C(t,R)=U(t,R) C'(t,R),

where U(t,R) is a unitary matrix, turns into the diagonal form

OR
_ /112 112 =(€) 112 =(B)
(O(t.R)), = VRE,+ > [CLPSu—hY_|Chl* FE ~hos D |CLPFE). (5.101)

nes nes nes

Equal probability amplitude approximation

We now employ an “ergodic” approximation for the degenerate ground state F,, that is,

we assume that each one degenerate state |n(¢,R)) with energy F, in the superposition

|V, (t,R)) = > C,(t,R)|n(t,R)), has the same probability to come out in a measurement.
nes

Gt R = [Co(t, R = [C3(t, R)]" = - = [Cn(t, R)[",
which by using the normalization condition gives,

(Ut R) |1y, R)) = > |Cou(t, R) = |Cy(t, R)P D = |Cy(t, R)[2d(S) =1,
meS meS
(5.102)

where d(S) denotes the degree of degeneracy of the subspace, thus each expansion coeffi-

cient is given by
1

d(S)

Cy(t,R) = (5.103)
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Using then the unitary (matrix) transformation freedom, together with the ergodic approxi-
mation Eq. (5.103), we find the dynamic HF theorem, that can be applied to such a degen-

erate state, which has the form

h OR

1 h
O,(t,R) = VgE, + 5 > S — MZJ’-‘;? - @ o XY FB (5.104)
nes nes nes

5.3.2 Non-topological limit: fully occupied Hilbert space due to dynam-
ics

We now assume that each expansion coefficient C,(t,R) evolves in time according to

Eq. (5.60) coupled to all other coefficients due to dynamical driving of the system. Specif-

ically, we assume that the Hilbert space is at every instant fully occupied, irrespectively of

the initial occupation of the Hilbert space; that is, we assume in Eq. (5.60) that

<n| (H(t,R) - m%) z> £0 VYV n#l (5.105)

occ HS
In this limit we replace Z — Z in all formulas, and with the aid of the closure relation
! !

HS
I= Z |1(t,R)) (I(t,R)| we surprisingly find that the non-Abelian curvatures F®) and
1

F©) turn to zero, that is

mn

HS
-7:(3) 7 an —1 ZAml X Aln
l

HS

= Buu+iY_(m|Vgl)x (I|Vgn)
l
HS

= Bun—iY (Vrm|l) x (I|Vgn)

HS
= Byn — i (Vem| (Z|l)(l|>x|VRn>
l
= an —Z<VR7TL| X |VRn>
= 0, (5.106)
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as well as

HS

-7:553 - Smn_ZZ<Aml(I)ln_q)mlAln)
l

- £ +i§j(<m|w> (115 ) = (m15 ) (119m))

l
HS

= £ =i (1Tl ) (15 ) = (G ) (1190

!
on
ot

= Epn — i (VM| (ZH)(”)

= 0. (5.107)

In an analogous manner, the non-Abelian curvatures F'Z) truncate into

HS

FE =i (A B — By A)

mn
l

HS

= =" ((m|Val) (1[Hn) — (m|H1) {1|V gn))

HS

= 3~ (Vam| ) (1] Hn) — (Hm| 1) {1V 5n))

= +(Vrm| (ZIUUI) |Hn)
+<Hm|<2|l><l|) |V rn)

= (Vegm|Hn) + (Hm|V gn), (5.108)
and as result the observable O(t, R) expectation value, in this fully occupied Hilbert space

due to the dynamics, is given by

HS HS HS HS
OtR) = Y Y CrC.VREn, + > CrCyoSmn

HS HS
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showing that the non-Abelian curvatures F®) and F'€) that carry the topology of the

projective Hilbert have been eliminated due to the dynamics.

5.3.3 Topological limit in non-adiabatic processes: Separable Hilbert
space
Guided by the previous subsection we assume a quantum state

HS

[T(t,R)) = > C. (t,R)[n(t,R)), (5.109)

that evolves in a non-adiabatic manner by a time-dependent Hamiltonian but is subject to
one constraint, namely, there is a domain of the Hilbert space that remains unoccupied in all

times. In this framework Eq. (5.109) is expressed as

T(t,R) =D Culn)+ Y Culn)

neES, nesSy

where the Hilbert space 7 is the union of the two domains H := S, U S}, and the quantum

state takes the form

[T (t,R)) = Cy |Po) + Cy | Dy ), (5.110)
where
ch|n>zoa‘q)a> (5111)
neS,
and
D> Culn) =Cy|®). (5.112)
neSy

Assuming that the state |®,) is normalized, then |C,|* = Z |C,|* gives the probability of

neS,
the system to be found in the domain S, of the Hilbert space, and analogously, taking into

account that the state |®;) is normalized, then |Cy|* = Z |C,,|* gives the probability of

neSy
the system to be found in the S, counterpart domain of the Hilbert space. In this respect, the

Hilbert space is transformed into an effective two-dimension space with states |®,) and |®;),
that are orthonormal (®,|®,) = d,,. By assuming now that the quantum state remains within

the domain S, for all times, thatis |C,|* = Z |C,|* = 1 and |Cy|* = 0, the quantum state

ne Sa
acquires the form

W (t,R)) = Cy|Pa), (5.113)

where C, is clearly a phase factor and the Hilbert space of the system is truncated into an

effective one-dimensional space.
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Single state expression

In an analogous manner as in the single-state approximation Egs. (5.49) —(5.51), the ob-

servable’s expectation value O(¢, R) takes the form

R
Ot,R)=VRrEw + 8w — h€uu — h%—t X Baa-
(5.114)
where £,, and B,, are generalized non-adiabatic Berry curvatures given by
Bu(t,R) =1 (VRrP,| x |[VrD,) (5.115)
and 0D 0D
=1 G e 2 P A1
£..(t,R) Z<VR .| at> z< 51V r > (5.116)
while the non-Hermitian boundary term is given by
Sw(t,R) = (@, | (H(t,R)* — H(t,R)) Vr®,) (5.117)
and the gradient of the “energy” from
VerEw =Vr(®,]H(t,R)|D,). (5.118)

Eqgs. (5.114) —(5.118) are essentially the counterparts of Eqgs. (4.8) —(4.12) derived in the
dynamic extension of the HF in Chapter 4.

Time periodic system: single Floquet state

Assuming that, (i) the parameter R is periodic in time R(t) = R(t 4+ T'), as well as that
(ii) the Hamiltonian is also periodic H(t + T, R(t +T')) = H(t,R(t)), then we can choose
the phase factor C, of the state |VU(¢,R)) of Eq. (5.113), that lies within the effective
one-dimensional Hilbert space, in such a manner that |®,(¢,R)) is periodic in time, that is
|D.(t,R)) = |P.(t +T,R)), while |V,(t +T,R)) = (Co(t +T,R)/Ca(t,R)) |V, (t,R)).
By inserting Eq. (5.113) into Eq. (5.1), we find the equation of motion of the phase factor
C.(t,R) that is given by

d d
ih—InCa(t, R) = (Qu(t, R)| H(t, R) — i |a(t, R)) , (5.119)
where by definition the right hand side of Eq. (5.119) is periodic in time. In this respect, the

phase factor is given by

. ot
L /<q>a| H(t',R) - mi,|<1>a> dt’
C.(t,R) = C,(0,Re) e "o dt , (5.120)
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which gives the dynamic phase together with the Aharonov-Anandan phase. If one further

assumes that the state |W,(¢,R)) is a Floquet state, that is, it satisfies the eigenvalue equa-

d
tion, <H(t,R) - zha) |D.(t,R)) = ¢, |D.(t,R)), where ¢, is the static quasienergy,

——&4t
then, the phase factor is simply given by e h ", and the effective one-dimensional Hilbert

i
——&4t

space state is given by |U(t,R))=e A~ |®,(¢,R)). In this fashion, Eqs. (5.114)

—(5.118) are evaluated with respect to a single time periodic Floquet state |®, (¢, R)).

Time periodic system: coherent superposition of Floquet states

Assuming now that the states |n) in Eq. (5.111)

ZCn’n>:Ca‘(I)a>a

TLESa

are the Floquet states, then, the matrix Hpg(¢,R) given by Eq. (5.63) is diagonal, thus

each expansion coefficient C, (¢, R) evolves over time uncoupled to any other and has the

——=ept
form C,(t,R) = C,(0,R)e h where ¢, is the quasienergy. Therefore, the observable
in quest is given by Eq. (5.41) where the sums will run over all occupied Floquet eigenstates

and the expansion coefficients are uncoupled to each other.

5.3.4 Topological limit in adiabatic and non-equilibrium systems

We now assume a quantum state that is made of a coherent quantum superposition of dif-
ferent eigenstates individually undergoing quantum adiabatic evolution. Therefore, each

expansion coefficient C,, (¢, R) evolves in time according to

<n| <H(t,R) - m%) 1> =0 VYV n#l (5.121)

which prohibits any kind of transitions, either within the degeneracy subspace or optical
transitions. In this limit, the occupation of the available Hilbert space is constant due to
%|C’n(t, R)| =0 (the Hermitian matrix Hz(¢,R) of Eq. (5.63) is diagonal), but on the
other hand, the non-equilibrium quantum state can occupy the whole Hilbert space, therefore,
the quantum state that is encountered in this approximation can be thought as a dark quantum
state. Using the total time derivative Eq. (5.2), as well as the definition of the non-Abelian
Berry connection Eq. (5.28) and Berry potential Eq. (5.29), the non-excitation constraint
Eq. (5.121), evaluated with respect to the states (m | and |l ), is expressed as
JOR

Eml—hW-Aml—mml =0 Vv [#m. (5.122)
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Multiplying both sides of Eq. (5.122) with A;, we find the constraint

oR

E. Ay, —h
M (at

Similarly, the non-excitation constraint Eq. (5.121), evaluated with respect to the states

(1] and | n), is expressed as

By h05 AR, =0 ¥ I#n (5.124)

Multiplying both sides of Eq. (5.124) with A,,; we find the constraint

AmlEln - hAml (%—I;Aln> - hAmlq)ln =0 \ l 7& n. (5125)

Subtracting now Eq. (5.123) from Eq. (5.125) we find the constraint

OR
(AmlEln - EmlAln) - ha X (Aml X Aln) —h (Amch)ln - (I)mzAln) =0 (5126)

for [ #m and [ # n.
Therefore, by using Eq. (5.126) constraint into the observable’s (O(¢,R)) formula

Eq. (5.35), leads into the apparent truncation of the sums

involved in the formulas of F (E), F© and F®_ In this respect, in the adiabatic limit, the

curvatures are now given by

HS
FE =0 O (A By — By Agy) =0, (5.127)
l
as well as
HS
fgfr)z = gmn - ZZ 6lm5ln (Aml (I)ln - q)ml Aln )
l
= Emn (5.128)
end
HS

mn

T(B) = an - ZZ 6lm5ln Aml X Al”
l

= B (5.129)
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while the observable in quest is given by

<0(t7 R)> - i i C:;k@cn VerE,, + i i C;ch S,
0OCC 0OcCC 8R 0OCC OcCC
—hY D CnCan = hsm X DY CRCu B,
o nr (5.130)

We point out that, Eq. (5.130) cannot be simplified any further by means of a unitary trans-

formation of the expansion coefficients
C(t,R)=UC'(t,R)

(with U a constant unitary matrix) into a diagonal form, because this kind of transformation
would induce coupling between the expansion coefficients which are assumed to evolve in

time uncoupled one to each other.

5.4 Particle transport in non-adiabatic and time-periodic

system

As a final application we study the particle transport in manner analogous to the one of
Sec.4.3.2 of Chapter 4. Thus we assume the same Hamiltonian and potentials, but, with the
essential difference that each electron’s quantum state is a coherent superposition of different

Floquet states. Each electron’s wavefunction evolves in time according to
L d
@ha\ll(r,t, k) = H(r,t) ¥(r,t, k) (5.131)

and the quantum state has the form

Sa
U(r,t,k) = K Tu(r, k) = KT 570 (1K), (r, £, k) (5.132)

n

where @, (r,¢,k) are the Floquet eigenstates and the sum runs over all occupied Floquet

states. The Floquet operator Hp(r,t) = H(r,t) — ih% is diagonal with respect to the
states @, (r,t, k). The Hamiltonian H (r,t) is periodic over time and space coordinates,
and does not depend on any parameter. We assume periodic boundary conditions over
space coordinates thus ¢(r + L, ¢, k) = ¢(r,t, k) as well as, u(r + L,t k) = u(r, ¢, k)
and ¢,,(r + L, ¢, k) = &, (r,¢,k). Using the Hamiltonian H(r,¢) and the Floquet states

as basis states, as well as by using the static crystal momentum k as the parameter, thus
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k = R, the dynamical extension of the HF theorem in Eq. (5.41) gives

occ  occ

0= ZZC* (VREWL + S — FE) hfgf,{) , (5.133)

where all quantities are evaluated with respect to the Floquet eigenstates, and the “energy”

is given by
. d
Epn(t, k) = (P (t, k)| H(r, ) |P,(t, k) = €,(K)dpmn + iR <<I>m(t, k) | %Q)n(t, k)> .

The matrix elements of the boundary velocity and the counterpart boundary terms of the HF

theorem are related by
Son(t, k) =h{vy), — + Skmn(t k), (5.134)

where v; is the non-Hermitian boundary velocity defined by Eq. (2.4), and the matrix ele-
ments of the non-Hermitian boundary terms Sy, ,,,(¢,k) are assumed to be zero in accor-
dance to Sec. 4.3.2. Therefore, by applying Eq. (5.134) into Eq. (5.133) we find

occ  occ

(Vi) = D> CnCul Vi)
- Yy ocie (V- FR -FR), 61

which is the generalization of Eq. (4.74) of Chapter 4. In this framework, the extension of
Eqgs. (4.89) —(4.90) is given by

. occ +r/a  4w/a  +7/a

AT(Boundary) = — %3220 /dk /dk / . / <¢my% dt | dk,

—7n/a —7w/a —w/a 0
oce oce +7n/a  +7/a T +7/a
3220* /dk: /dk: / /fxfggndtdk
—7m/a —7/a 0 —7/a
occ  oce tr/a +n/a T +r/a
G ZZC* /dk: /dk: / / F& dtdk,
7T
—7m/a —7/a 0 —7/a

(5.136)

from which it is evident that the particle transport is given in terms of the non-Abelian curva-
tures Fi2), and FE), weighted by the occupation numbers. We hope that, theoretical in-
vestigations in non-equilibrium and closed quantum systems [141, 105, 89, 42, 29, 136, 143],
could take advantage of the general dynamical extension of the HF theorem Eq. (5.41) that
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we have derived, and that even the special cases that we have worked out above can provide

useful insights for future investigations.
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Chapter 6
Conclusions

This dissertation was motivated by the inadequacy of existing formulations of adiabatic and
non-adiabatic transport theory to capture non-Hermitian boundary effects, as well as by the
need to find a formula for the observables that takes into account at the same time the dy-
namics and the topology of the instantaneous occupied Hilbert space in the simplest manner
possible. In this respect, the dissertation was dedicated to the reformulation and extension of
some fundamental concepts and theorems which resolve the above mentioned inadequacies.
The results are summarized further below.

We have reconsidered the Modern Theory of Orbital Magnetization through careful def-
inition of additional quantities that rigorously and analytically take into account the bound-
ary contributions to the orbital magnetization. These contributions are shown to originate
from non-Hermitian effects that emerge whenever the position operator r and the momen-
tum gradient operator Jy (that enter the Ehrenfest and the Hellmann-Feynman theorems
respectively) become anomalous, in the sense that they break the domain of definition of
the Hamiltonian operator. In this theoretical framework, we have first extended the stan-
dard velocity operator definition in order to incorporate the anomaly of the position operator
that is inherited in band theory, and this results in an explicit boundary velocity contribu-
tion. Using the extended velocity, we have defined the electrons’ intrinsic orbital circula-
tion within Bloch representation which we have shown that is an intensive and well defined
quantity of periodic solids that properly counts the circulating micro-currents embodied in
the wavefunctions’ bulk and boundary structure. Using the defined electrons’ intrinsic cir-
culation, we have made a rigorous connection between the nth band electrons’ collective
intrinsic circulation and the local (LC) and itinerant circulation (IC) contributions, that are
used within Wannier-localization and periodic gauge approximation in the Modern Theory
of Orbital Magnetization [133, 33, 132]. With these concepts in hand, we have been able to
rigorously reconsider the theory and derive quantum mechanical expressions for the orbital
magnetization of non-interacting electrons that move within extended and topological solids
(insulators or semimetals), without any Wannier-localization approximation [133, 132] or
heuristic extension [33] been made. We have rigorously shown that, in the one-band approx-

imation k-space formula, a one-band covariant derivative enters the magnetization formula
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as an emerging operator due to the non-Hermitian effect that is attributed to the anomaly of
the momentum gradient operator J; the one-band covariant derivative can be replaced by
the normal derivative only whenever PBCs are satisfied. In the many-band and unrestricted
k-space formula of the orbital magnetization, the non-Hermitian effect has been shown to
contribute an additional boundary term that originates from the anomalies of the position op-
erator r and the momentum gradient operator Jy. This additional boundary term is expected
to give local gigantic orbital magnetization contributions in the vicinity of band crossings in
topological materials (insulators or semimetals) whenever band crossings occur along with
Hall voltage due to imbalance of electron accumulation at the opposite boundaries of the
material under study. These local gigantic orbital magnetization contributions are encoded
in the emerging non-Hermitian effect of the momentum gradient operator J that becomes
anomalous whenever the PBCs for the electrons’ wavefunctions are broken. On the contrary,
whenever Hall voltage is zero and the electrons’ wavefunctions satisfy PBCs, the momentum
gradient operator Jy has a well defined behavior and, as a consequence, gigantic boundary
contributions are not possible. By making a comparison between our derived formula and the
one that had heuristically been given (in order to model the orbital magnetization of Chern
insulators and metals) in Ref. [33], we have shown the (previously unnoticed) property that,
within periodic boundary conditions, the orbital magnetization has explicit boundary con-
tributions encoded in the off-diagonal matrix elements of the boundary velocity operator
(which are not zero due to the emerging non-Hermitian effect of the position operator that
becomes anomalous within PBCs). Finally, we point out that, all boundary contributions that
emerge due to non-Hermitian effects can equally be calculated as bulk properties whenever
the integrations by parts are not performed.

We have shown how one can set up a global quantum equation of motion within
Schrédinger picture and study transport processes without any local conservation law be-
ing necessary in contrast to the established practice. This is achieved whenever additional,
non-Hermitian effect boundary operators, are taken into account. By using the global quan-
tum equation of motion we have shown how one can define an operator in an extended
manner without any subtleties involved. This extended operator definition, leads into a bulk-
boundary detailed balance relation for any stationary state, relating therefore the bound-
aries’ rate of change of an observable with the corresponding bulk one. Moreover, it pro-
vides a way for defining linear approximation dissipation equations near equilibrium, there-
fore, one can derive Onsager reciprocal relations within a quantum mechanical framework.
Our extended theoretical framework of studying transport processes, has then been applied
in spin physics in order to resolve the controversies and ambiguities with respect to the
coherent spin accumulation and spin transport. Specifically, there does not exist up to
now a generally accepted agreement on the correct definition of the corresponding opera-
tors, namely, the spin-accumulation rate of change operator and the spin-current operator
[108, 40, 128, 121, 125, 24, 44, 4, 23]. The reason for this controversy is that in any closed

system that lacks spin-rotation invariance there is no given direction in the material along
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which the spin is conserved; therefore, no local spin magnetization conservation law can be
derived in a form of a continuity equation, and as a consequence it is said that, no quantum
mechanical spin-current operator can unambiguously be well-defined. In this framework, by
employing our extended operator definition and without any local conservation law being
necessary, we had reviewed the Ref. [121] spin current definition (which is presumably the
most widely accepted definition) and shown the limitation of its validity in comparison to our
theoretical framework. Namely, in addition to the bulk spin generation, spin generation over
the boundaries has to also be zero in order that their spin current operator definition to have a
well defined value (in the thermodynamic limit); this spin generation over the boundaries al-
though attributed to a non-Hermitian boundary operator in the present work, has not been so
far recognized as such. We then defined the intrinsic spin current operator as the time deriva-
tive of the correlation between electron’s position and electron’s spin. The intrinsic spin
current has two parts, a bulk one and a boundary one that is attributed to the non-Hermitian
effect. Our definition of the spin current has always a well defined value without any con-
straints being involved whatsoever. For any stationary state there exist a gain-loss detailed
balance relation that explicitly relates the bulk intrinsic spin current with the corresponding
boundary one. For systems that lack local spin-torques in a given direction, both the bulk
and the boundary intrinsic spin current turn zero value each (provided that the state under
consideration has a well-defined spin in that specific direction) due to the position and spin
being uncorrelated.

By just using quantum dynamics in an appropriate way, we have derived an extended
and dynamical Hellmann-Feynman theorem for general non-adiabatic processes. The re-
sulting formula for the dynamics of the observables is found to have profound connections
to generalized Berry curvatures as well as to boundary contributions due to an emerging
non-Hermitian effect. A complication when dealing with states that are labeled by time-
dependent parameters has been resolved. Specifically, we have shown how the standard (in
band theory) way of transformation between the discrete sum over static parameters (such
as crystal momentum) to a counterpart Riemann integral over continuous variables can be
modified when dealing with time-dependent parameters. This complication is overcome
when the arbitrary Jacobian of transformation between the initial value of a parameter and
the time-evolved one is taken into account. This way of transformation engages measurable
consequences when the parameter velocity-field behaves as a compressible fluid field. This
complication is precisely the “paradox” that appears in the semiclassical modification of den-
sity of states [149], which has not been realized or identified in this manner. Several applica-
tions of the theorem showing its usefulness have been made: (i) For flux preserving motions
we have derived a Maxwell type of equation (in parameter space) with monopole sources
which is a generalization of the counterpart Maxwell type of equation that has been found
in the last few years [70] in the study of Weyl semimetals, and which has arisen by heuris-
tic analogy to the electromagnetic induction law and without any detailed derivation. (ii) A

study of the particle transport in the non-adiabatic limit [105] has been made, showing that
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the adiabatic quantization breaks down due to a non-trivial Aharonov-Anandan phase. (iii)
Similarly, a study of the electric polarization has also been performed indicating that there
is a boundary non-Hermitian contribution that has been so far overlooked in the so called
Modern Theory of Polarization [75, 101, 109, 114, 111]. (iv) Two sets of quantum equations
of motion for the electron have been derived without any localization or adiabatic approxi-
mation involved. One is for spinless motion and the other for spinfull one. These quantum
equations of motion are extensions of the semiclassical ones [130] that had been derived
by means of a time-dependent variational principle applied to a trial localized wavepacket
under the adiabatic approximation. The electron’s velocity that we found depends explicitly
on two generalized Berry curvatures as well as on a non-Hermitian boundary term. We have
applied the spinfull quantum equations of motion to the Quantum Anomalous Hall Effect
in a magnetically doped topological insulator [34, 18, 62, 85] and we have given a formula
for the transverse Hall conductivity that, besides the topologically quantized values, acquires
two other correction terms which emerge due to the non-zero effective magnetic field that is
created by the strong spin-orbit coupling.

By using an orthonormal basis we have analyzed further the dynamical extension of the
Hellmann-Feynman theorem. We have found a formula for the observables that depends on
the dynamics through the expansion coefficients together with the topology of the instanta-
neous occupied Hilbert space. Interestingly, the observables turned out to have dependence
on non-Abelian Berry curvatures when the quantum state occupies more than one dimensions
in Hilbert space. The form of these non-Abelian Berry curvatures resembles the Yang-Mills
field strength tensors [152]. The extension to multiple bands, allows the generalization of the
invariants that come from the Abelian curvatures to the counterpart invariants that originate
from the non-Abelian curvatures within the many bands. These new topological invariants
have the form of generalized relative helicities [144]. In the fully dynamical limit, when all
expansion coefficients evolve in time coupled to each other, these non-Abelian Berry curva-
tures turn to zero. By way of application of this extension we have studied the particle trans-
port in the strong non-adiabatic limit where the quantum state is in a coherent superposition
of different Floquet states. The particle transport was found to be given in terms non-Abelian
curvatures weighted by the occupation numbers. We believe that the theoretical investiga-
tions in non-equilibrium and closed quantum systems [141, 105, 89, 42, 29, 136, 143] which
are performed in the last few years by means of the time-dependent perturbation theory or
the Kubo formula (both being more laborious and complicated methods than ours), could
take advantage of the general dynamical extension of the HF theorem Eq. (5.41) that we
have derived. By straightforward application one can easily find formulas for observables’
expectation values that incorporate in a combined way both the topology of the instantaneous
occupied Hilbert space and the dynamics in arbitrary time-dependent systems.

In summary, our dissertation gives a new perspective for a single theoretical formulation
that is appropriate in describing a coexistence of boundary non-Hermitian effects together

with non-trivial dynamical topological contributions in general quantum Condensed Matter
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systems. It is hoped that the methods and results presented here will be relevant to future

investigations where the above combination of factors plays the central role.
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Calculations of: Position expectation
value (r) , displacement A (r),
orbital circulation (C) , and intrinsic

orbital circulation (C,,+,),,

In the following all calculations are performed for one electron states within Bloch represen-

tation.

A.1 Explicit calculation of (r)

For simplicity and without loss of generality we assume 1D configuration (while the gener-
alization to 3D is straightforward). We assume a closed system (W(¢)|¥(¢)) = 1 of length
L, with PBSs for the wavefunction over the edges. We calculate the electrons position ex-

pectation value (V¥ (¢)| x |W(¢)) with respect to a Bloch eigenstate

1 —%En(k)t
VN,

The length L, of the system is equal to L, = N,«,, where a is the primitive cell length and

W, (1, k) = R Yo, ()

N, the number of the primitive cells of the system. The Bloch state |V, (¢, k)) is normal-
ized within the length L, of the system, thus (U,,(k)|V,,(k)) = (u,(k)|u,(k)),..; = 1, where
(un(k)|un(k)),., is calculated within one primitive cell and a normalization constant is as-
sumed to be absorbed in the cell periodic state |u,(k)). The electrons’ position expectation

value is a quantity that is position origin-dependent and is given by

Ly
(o ()] 2 [ () = Ni/o 2 [, B)[? d A.D)
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where the lower limit of the space integration is the starting point of the 1D system that
coincides with the position-origin. Using the periodicity of the cell periodic states w,(z, k)
we “transfer” all (N, — 1) primitives cells in the position of the 1* primitive cell (adjacent to

the position origin), which gives
GulBl e lin®) = [ (o P o do (a2)
0

1 A
bor o (142434 .+ (N, - 1))/ () d
0

T

= B (R + 3N () )

N, 2
(A.3)

where the cell subscript denotes that the space integrals are evaluated within the primitive
cell located at the systems edge. Using the normalization condition Eq. (A.2) takes the form

o, N,

Wnk)| 2 fn(k)) = 22 + ((nk) 2 [un (k) — ) - (A4)

Performing analogous calculation as that in Eq. (A.2), we evaluate the off-diagonal ma-

trix elements of the position operator for n # m which gives

(Na: B 1)

(Wn (k)| 2 [ (k) = (un (k)| 2 [m (k) e + o

(un(k) |Um(k>>cell )

where using (1, (k) |ty (k)) = (U (k) |tn(k)) ooy = Onm, We finally find that the off-diagonal

matrix elements are given by

(Wn(F)] 2 [ (K)) = (un (k)| 2 [t (K)) ey - (A.5)

Therefore, in the system’s infinite length limit L, — oo, the number of primitive cells
enclosed within the system also becomes infinite NV, — oo, and as a result, the electrons’
position expectation value Eq. (A.4) takes an undefined value (due to the first term of the
right hand side), in contrast to the off-diagonal position matrix elements Eq. (A.5) which

they return a well defined value.

A.2 Explicit calculation of A(r)

We assume a position periodic and closed system of length L,. We will calculate the elec-
trons’ displacement after a finite time interval 7" in the limit of infinite length L, — oo and

show that is a well-defined quantity. We assume that the electron is in an extended and
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time-dependent Bloch type state at every instant, that is,

1
VNV.

where the state |u(t, k(t))) has arbitrary time-dependence and is cell-periodic at every in-

Wt k(t)) = —==e PO e, k(r))) ,

stant, as well as |W(t, k(t))) is normalized to unity at every instant

(W(t, k(@)W k1)) = (ult, k(@))|ult, k(t))) e = 1.
Using similar reasoning as in Eq. (A.4) we find that the electrons’ displacement is given by
Alr) = AUt ()| x|V k(L))

(ut+ T k(t+T)|xut+ T, k(t+T)) — Ni (u(t, k)| z |u(t, k))

&l
8

= (Wt +T k@t +T)|xu(t + Tkt +T))) ey — (wt, k(0)| 2 [ult, k(t))) o
(A.6)

N, . :
where the undefined terms canceled each one another. In this fashion, Eq.(A.6) takes

the form
t+T d
Aay= [ o k) o ol K (A7)
t
where, by using the extended velocity operator V.,; defined in Eq. (2.9) in the main text, it

turns out that the electron displacement in a position periodic system has to be evaluated as
t+T
A(x) = / (u(t', k(1) Vear [u(t’, k(t'))) oy dt'- (A.8)
t

A.3 Explicit calculation of (C)

We calculate the electrons’ circulation operator expectation value (C) given by Eq. (2.15) of

. _iEn(k)teik.r |un (K))

the main text with respect to a Bloch eigenstate |V, (¢,k)) = i e h
that satisfies PBSs over the edges. For simplicity we assume a 2D system while the gener-
alization to 3D is straightforward. The system has length L, = N,«, in the x direction and
L, = Ny, in the normal y direction, where N = NN, is the total number of primitive
cells within the system and o, is the area of the primitive cell. The Bloch eigenstate
is normalized within the area L,L,, therefore a normalization constant is assumed to be
absorbed within the cell periodic states, (¥, (k)|V,(k)) = (u,(k)|u,(k)),.,, = 1. The elec-

trons’ circulation is given by

Nzagz pNyoay
(0,(K)| C W, (k NN/ / r X Dy (0,9, K)dedy  (A9)
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where the local probability current density, is evaluated with respect to the cell periodic

eigenstate u,(r,k) and is a cell-periodic quantity. ~We first carry out the integral
N / r X Jprm)(2,y,k)dy, where we exploit the periodicity of the local probability

current density and “transfer” (N,, — 1) primitives cells along the y direction on the y = 0

line which gives
1 Nyay
ﬁ/o r X Jpr(n)<x7y7k)dy
)

Qy 1 Oy
= / r X Jpn)(z,y,k)dy + N (1+2+..+(N,— 1)) e, ></ Joreny (@, y, k) dy
0 0

Y

* 1 N, —1 *
= / r X Jpo) (2, y, k)dy + N Ny(#)ay x/ Jorn) (@, 9, k)dy.
0 0

Y

Exploiting the periodicity of the local probability current, we perform analogous calculation

for the integral along the = direction which gives

Nzaz Ny oy, Qg Loy
N N / </ rX Jpr(n ( 7k)dy) 3 /Dv /0 r X Jp’r(n)<x7y7k) dl’dy
N, -1 o
+ (%agg + — ( ) / / or(n) (2, Y, k) dedy.

(A.10)
Eq. (A.9) with the aid of Eq. (A.10) finally takes the form
Qg Oéy
(0,,(K)| C |0 (k / / e 30 (1, K)dady
N, —1 N, —1 Rl e
+ <( 5 )ax+ ( y2 )ay) X /o /0 Jprn) (v, k)dady
(A.11)

where all space integrals are taken within one primitive cell adjacent to a system’s edge and
located at the position origin. The first term on the right hand side of Eq. (A.11) is always
a well-defined quantity even in the thermodynamic limit. Therefore, in the thermodynamic
limit the electrons’ circulation becomes infinite due to the second term of the right hand side
of Eq. (A.11.)

A.4 Explicit calculation of (C,,;,)

We calculate the electrons’ intrinsic circulation (Cj;.) givqn by Eq. (2.16) of the main

. . 1 B0 ey .
text with respect to a Bloch eigenstate |, (¢,k)) = \/—Ne h e |uy(k)) in a 2D
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system identical to the one of the previous subsection. Therefore, we have to calculate

Nzaz pNyay
(W ()] Gty [W(K)), = NN/ / 5 Tty (2,9, K)

1 Nyagz pNyay
X Jorny (T, 9, k) dzdy.
NxNy /(; /(; pr(n)

The first term of the right hand side of Eq. (A.12) is given by Eq. (A.11). The electrons’
position expectation value (r), is given by the 2D generalization of Eq. (A.2), that s,

= (S e+ B ay) @) (a1

and the space integral of the local probability current density is easily truncated within one
primitive cell adjacent to a system’s edge (located at the position origin) due to the cell

periodicity of the probability current, thus giving

1 /NxayNyay Qg [ Qy
Jrn(x,y,k)dxdy:/ / Joriy (z, 1, k) dedy
NxNy 0 0 p ( ) 0 ) P ( )

Substituting Eq. (A.11) and Eq. (A.12) —(A.13) into Eq. (A.12) we finally obtain

(0, ()] Coney [0,k / / () 1 [ () ) X Tory (2,4, K) ey (A13)

N, —1 N, —1 e
where the two terms =+ (( )az + (Y, )ay> X / / Jpr(n) (1, k)dzdy, each
2 2 o Jo

one undefined in the thermodynamic limit,have canceled each other.
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Action of the velocity operator v on a
Bloch eigenstate, and of the operator

(r — (r),,) on a cell periodic state

B.1 Action of v on a Bloch eigenstate |V, (¢, k))

At first we derive a general k-derivative formula that gives the action of the standard velocity
operator Eq. (2.2) on a Bloch type state of the form | ¥ (¢, k)) = cik.r |®(t,k)), where k is a
static wave vector (assumed to take continuous values). This is accomplished by taking into
account the specific Bloch type form of the state |V (¢, k)) as well as the time evolution of
the state by ih% |W(t,k)) = H(r)|¥(t, k)), thatis governed by a static Hamiltonian H (r).

Under these conditions, the action of the position operator on the state |¥(¢,k)) can be

expressed as
[t K)) = —i |OU(t k) + ie’T 3D (¢, K)) . (B.1)

Acting on both sides of Eq. (B.1) with the Hamiltonian H (r) of the system, and taking into
account that the Hamiltonian does not depended on the wavevector, that is [H(r),dx ] = 0,

we find
H(r)r |U(t, k)) = —iok (H(r) |[V(t, k))) + ieik'er(r, k) |0k P(t, k)) (B.2)

where the Hamiltonian Hy(r,k) is defined by Hy(r, k) = e KT (r)e® T, The term
Ok (H(r) |¥(t,k))) of the right hand side of Eq. (B.2) can be recast in the form

Ok (H(r)|W(t,k))) =irH(r)|V(t,k)) + eik'r zh% |0 P(t,k)) (B.3)
where we have used

H(r) |[W(t,k)) = m% Wt k)) = KT m% (¢, k),
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as well as

O (eik-rm% |<I>(t,k)>) - —heik-rr% B(t,k)) + eikfm% |0k (¢, k))

and

—heik'rr% @ (t,k)) = m'%% (™ T 10 K)) = i H(x) [9(2, ).

Substituting Eq. (B.3) into Eq. (B.2) we find that the action of commutator [H (r), r| on the
Bloch type state |¥(¢,k)) is given by

[H(r),x] [T, k) =i 'KT (Hk@, k) — zn%) EXIA (B.4)

The action of the commutator on a stationary Bloch type state of the form

U, (¢, k) = elkT ¢On(t, k) |u,(k)) where ©,(t, k) is the dynamical phase with an addi-
1

tional k-dependent gauge phase, that is, ©,(t,k) = —ﬁEn(k)t + A, (k) can be calculated

by replacing |®(¢,k)) = ¢1On(t; k) |un(k)) within Eq. (B.4). This gives
)] 110 = 4TI (010 4 150,001 ) a9
i (850,010 ) 10,119 ®.5)

d d
where we have used that 7 |un(k)) = 0, as well as (Hk(r, k) + h%@”(t’ k)) lu,(k)) = 0.

From Eq. (B.5) we can deduce that the action of the standard velocity operator v on a sta-

tionary Bloch type state is given from

1

v |9 (t,10) = =

KL AOLK) (v K) — B, (K)) |Betn(K)) + %akEn(k) (W (t, k).
(B.6)

B.2 Action of (r — (r)) on a cell-periodic eigenstate |u,(k))

We assume a Bloch type eigenstate in the form |V, (¢, k)) = elkr (10, (1, k) |un(k)) where
O,(t,k) is the dynamical phase with an additional k-dependent gauge phase, that is,
O.(t, k) = —%En(k)t + A(k). The time-independent eigenstate |u,(k)) can be recast in
the form

(k) = e~ KT IR g 1)) (B.7)

where the time-dependence has been eliminated as expected.
In the position representation and by using Eq. (B.7), the action of the position operator

on the eigenstate |u,(k)) can be transformed to a k-derivative identity given by
¢ [ (K)) = i [Ohcttn (k) — A [un (k) — i~ KT AW 90,10y, BS)
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Accordingly, the expectation value of the position operator r with respect to the eigen-
state |u,(k)) takes with the aid of Eq. (B.8) the form

(un(K)| r |un(k)) = Apn(k) — Ol (k) — i (¥ (k)| OV (K)) (B.9)

where A, (k) = i (u,(k)|Oku,(k)) is the Abelian Berry connection. By acting with Eq. (B.9)
on |u,(k)) and then subtracting the product from Eq. (B.8) we find the identity

(r=()) un(K) = (i — Ann(K)) |un(K))
—ie” KT ZIAMK) (19, (k) — (0,(K)|0T, (K)) |Ua(K)) ).

(B.10)
By then using the one-band covariant derivative definition, that is,
iOh |t (K)) = (10h = A (K))[n(K)) ,
where O is given by 9 = (1 — |u, (k) (u, (k)| ) O, Eq. (B.10) takes the form
(r = (1), [un (1)) = i |hann (1) )i~ T T IAK) 900, (1) (9, (1) 00 (1) fa ().
(B.11)

We then expand the state |0V, (k )) on the complete basis of the Bloch eigenstates

|, (k') using the closure relation I = Z /// Ak |V (K)) (b (K')|, that is

00T, Z JI] % w100, 00 ).
which gives
(x = (1), [un (1)) = i | (1))
—ZZ JI 5 tnt)ionn ) A0 = BN =80x 1y, )
i (0 ()]0 () ()

and then use the Hermitian conjugate of Eq. (B.12) to evaluate the orbital magnetic moment

of the electron, that is

my,, (k) = ——Im[i (un (k)| (r — (r),) % (Hi(r,k) = En(k)) [Ocun(k))].  (B.12)
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This way Eq. (B.12) takes the form

m (k) = —stm| (G (k)] x (e, k) = Ea(k) O (K) )

Y /// 1 AK) = AK)) g (1) 0w, ()
(1] €6 KT (1, k) — B, () [ (10) )
——Im[ (0, (k) [0k W,, (k)™ X (un (k)| Hy (v, k) — By (K) |Oun (K)) |-

Assuming then that the states, Jyu,(r, k) as well as u,, (r, k) and the Hamiltonian Hy(r, k),

are periodic in space within the material, then, Eq. (B.13) takes the form

Y /// @1 AK) = AK)) (50 (1) |w,,. (k) (B.13)
x 6(k = K') (up (k)| ( Hg(r, k) — En(k) [Oun(k)) ]

— o m (O ()] W, (1) ¢ {u ()| Hi(r, ) = E (k) [Ohcrn (1) ]

2ch
which finally gives
m, (k) = —otm | (Fan(K)] x (Hilr,k) = By(k) [dhn (k) |

~“im [Z (0, (1) G0 W, (K)) X {11 ()| ( H (2, K) = B (k) |akun<k>>]

(B.14)

where we have used (¥, (k)|V,,(k)) = — (V,,(k)|0 ¥ (k)) thatis valid due to m # n.
Eq. (B.14) is Eq. (4.31) of the main text. As a final step, we find an expression for
(n(k)|Oktm(k)), provided that n # m, and then replace it in the sum of Eq. (B.14).
This is accomplished by the off-diagonal Hellmann-Feynman theorem that we derive in the

Appendix C.
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Off-diagonal Hellmann-Feynman

theorem and
the matrix elements (¢, (k)0 (k))

We develop an off-diagonal Hellmann-Feynman theorem by starting from the eigenvalue
equation
(H(r) = En(k)) [¥m(k)) =0, (C.H

where H (r) is the initial system’s Hamiltonian. Specifically, for the purpose of calculations
of this work, we use the initial Hamiltonian of the system which does not depend on the
wavevector k, that is, 0 H(r) = 0. The result that we derive, is easily extended to include a
Hamiltonian that has explicit parameter dependence by simply adding to it the term that has
the derivative of the Hamiltonian with respect to the parameter.

By assuming that the crystal momentum takes continuous values, we act with the mo-

mentum gradient operator dy on Eq. (C.1) obtaining
— OkEn(k) [ (k) + (H(r) = En(k)) [Oxtbm (k)) = 0. (C2)
and then take the inner product of Eq. (C.2) with (t),,(k)| which gives
— OkEn(K)onm + (Un(K)| (H (r) — B, (K))|Oktom (k) = 0. (C.3)

We now take into account a possible anomaly of the momentum gradient operator due to
the non-Hermitian effect, that emerges whenever the gradient operator Jy, breaks the domain
of definition Dy of the Hamiltonian H (r). In this framework, the wavefunctions ¢, (r, k)
and Ok, (r, k) fulfill different boundary conditions over the edges of the system, and as
a result they don’t belong within the same domain of definition, that is, v,,(r,k) € Dy
while Ok, (r, k) ¢ Dy. Therefore, whenever the non-Hermitian effect emerges, the term
(Yn(k)| (H(r) — En(k)) |Oktom(k)) entering Eq. (C.3) is not zero as a result of the follow-
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ing non-trivial inequality

<Hk(ra k)@z)n(k)mk@bm(k» = <wn(k)|Hk(r7 k)+akwm(k)>
#  (VUn(k)|Hi(r, k) Octhm(k)) -

We treat this non-Hermitian effect by expressing the term (1, (k)| H (r) Okt (k)) as

(Vn(K)[H (r) Octhm (k) = (H(r)0n(K)|Oktom(K)) — Spm (k) (C4)

where the S,,,,(k) term represents the non-Hermitian effect and is a boundary quantity.
Its explicit boundary integral form is given below. In this respect, by taking into account
Eq. (C.4), Eq. (C.3) takes the form

OB (K) Orim = (B (k) = B (k) (n (K) [0kt (k) = Spm(K), (C.5)
which for n # m gives (¢, (k)|0k®m(k)) as a function of S,,,,(k), given by

S (k)
(En(k) = En(k))

(Y (k)| Octbm (k) = (C.6)
We now give the explicit integral form of S,,,,,(k). Specifically, (i) by using Eq. (C.4)

as the definition of the S,,,,(k), (ii) by working in the position representation, and (iii) after

an integration by parts (assuming a 3D system), the matrix elements of the non-Hermitian

term S, (k) are always transformed, due to symmetry of the integrands, into a boundary

quantity that is given by

th

Snm<k) - 9

#5: n- (V)" +¢)v) Kb, dS, (C.7)

where 1, = 1,,(r, k) are the Bloch eigenfunctions, v is the standard velocity operator and
n is the unit vector that is locally normal to the surface S. The corresponding abstract form

of S,m(k) is given by
(k) = (W, ()] (H(r)* — H(r)) A, (1))

It is now intuitively useful to give the extension of Eq. (C.5) to the one that includes the
explicit dependence of the Hamiltonian on a static parameter, in order to show the neces-
sity of a non-Hermitian boundary term that solves a “paradox” concerning the band theory.
First we present the “paradox” and then we show how this is resolved by taking into ac-
count the non-Hermitian term S,,,,,(k). When one uses the cell periodic eigenstates and ap-
plies the Hellmann-Feynman theorem into the equation (u, (k)| Hy(r,k)|u,(k)) = E,(k),
one finds the standard velocity expectation value with respect to the dispersion relation
derivative, that is (u, (k)| OxHy(r, k)|u,(k)) = Ok F, (k) # 0. On the other hand, if one
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uses the Bloch eigenstates, that is applies the Hellmann-Feynman theorem into the equation
(Yn(k)| H(r)|tn(k)) = E,(k), one deduces that dx E,, (k) = 0. These sorts of subtleties are
attributed to non-Hermitian boundary terms that are not properly taken into account. Specif-
ically, by assuming a Hamiltonian H(r, R), where R is a general parameter, then Eq. (C.5)
takes the form

8REn(R> Onm = (En(R) - Em(R>) <¢n(R)|ame(R)>

+ (Un(R)|OrH (r, R) [ (R)) — Spm(R) (C.8)

where |¢,(R)) are the eigenstates of the Hamiltonian. By way of an example, using
the diagonal form of Eq. (C.5) and assuming R = k as well as an initial Hamiltonian
H(r) we find 0xE, (k) = —S,,(k). In this manner, one will deduce that the bands are
always flat (or equivalently that the group velocity is always zero) if the non-Hermitian
boundary contribution is not taken into account, which will lead to an apparent “paradox”.
Using now the Bloch form eigenstate |V, (k)) = etkr iA(k) |u,(k)) into the boundary
term S, (k) = (H (1), (k)|Oktn(k)) — (1 (k) |H (r)0ktn(k)), as well as by taking into
account Eq. (2.30) and the explicit form of the boundary velocity definition Eq. (2.3) of the
main text, the relation between the boundary velocity and the standard (group) velocity for

stationary states (v;,), = — (v, is restored and the “paradox” is resolved.
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Boundary operator expectation value

We assume a Hermitian operator G that may be a function of G(r,n,t, o). Using a Carte-

sian coordinate system, the operator components are given by
G = Gxex + Gwew + Gzez. (Dl)

In order to analytically evaluate the expectation value of the boundary operator Eq. (3.6)
we need the explicit form of the Hamiltonian of the system. Therefore, we assume the

Hamiltonian Eq. (3.7) which is convenient to separate into

H(r,t) = Hy(r,t) + Hy(r,t), (D.2)
where .
H(r,t) = %H(r, )+ V(r,t) (D.3)
is the spinless part and
Ho(r, ) = ~ o B(r.1) + alr,t,0) TI(r. 1 D4
2(r,t) = —5 o Br, a(r,t,o r, .

is the relativistic correction term. In this respect, the expectation value of the boundary

operator Eq. (3.9) is given by
(Op) = (On) + (On2) (D.5)

where
1
h

is the non-Hermitian boundary contribution due to the spinless part of the Hamiltonian and

(On) = 7 ((Hi(r, )W (@) |GU(2)) — (U(1)[Hy(r, )G (1)) (D.6)

l

(On) = + ((Ha(r, 1)U (1)|GU(2)) — (U (1) Ha(r, 1) GE(2))) (D.7)

is the boundary contribution due to the relativistic correction (spin dependent) terms.
In this framework we will evaluate separately Eq. (D.6) and Eq. (D.7), and then add them
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to get Eq. (D.5).

Analytic calculation of (Oy)

By taking into account that the scalar potential that enters the Hamiltonian H(r, ) is a real

quantity, the expectation value of the boundary operator Oy, is given by

(On) = 27;71 ///V <(H2\I/)T GV — Ui I1? G@) dv, (D.8)

where W = U(r,¢) is the two component spinor wavefunction. The x component of

Eq. (D.8) is given from
_ b 2\t _ g2
(Ow), AL //v ((H WG, v — Il GI\I/> dv, (D.9)

where we have make use of the constant direction of the Cartesian unit vector e,. Using the
. . . . . €
explicit form of the kinematic momentum operator IT = —iAV — —A(r,t), Eq. (D.9) takes
c
the form

(On), = 5 h /// iV — SA) T G, — U (—ihv — EA)-HGw\IJ> dv
C C
(D.10)
that leads to

(On), = 5 h m/// (v G, 0 + v'Ina, \I/)dV

_;_hex(m)// ((H\D)T V(G,V) + VU TIG, U ) dv
m v

7 e
—— e,- A-TIV) G U — UTA . TIG, VU D.11
2mhe$c //V<( ) Ga G >dV ( )
which gives
(On), = ——e, ((H\I/)TG U(r ,t)+\IJTHG$\I/>-ds
. _ _. T.
th // (TIV )T - (—ih)(VG,T) — (—ihVT) HGzlf)dV

e—/// (0 G, — UG @)dv. (D.12)
" 2mh
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Replacing now —:hAV =11 + ©A in the second term of the right hand side of Eq. (D.12)
c

we find

1
- T T .
(On), = —5 e S((H\I/) G, + U HGx\P) ds

+% JJ[ (meyans Sayew - @+ Sy mew ) av

/// () ¢, — G xp) dv (D.13)
2mh
which finally gives
(On), = e ((H\I/)TG VANERVIN | FEM >-ds. (D.14)
v 2m " I I v

Taking now into account that ds = nds, where n is the unit vector that is locally normal to

the surface S, Eq. (D.14) can be recast in the form

1 II II
(Op), = —=€ # n- (( —)f 4 \Iﬁ—) G,V ds (D.15)
2 g m m
0 0 .
where we have use n-V = nxa— +n¢a— —i—nza—, in order to restructure the term

U(r,t)" (IIG,¥(r,t))-ds in the form n-(¥(r,¢)TI) G, ¥(r,t) ds.
By adding all of the Cartesian components (Op1) = (Op1), + (Op1),, + (Op1), we find
the form of the (O,;) that is given by

(On) = —% #gn- (( E@)T + @TE) GV ds (D.16)

m m

Analytic calculation of (O,,)

The expectation value of the boundary contribution (Opy) does not depend on the Zeeman

term; this is because each one of the Pauli matrices satisfies o; = 03 , therefore,

(0-B)! = B-o = o-B, which leads to the zero contribution
i +_ — T — Ut (.
()| (Hz* = Hz) G |0 (1)) ch /// GU — Ul (o B)G\If) dv

_ m/// qﬁ (O'B) (aB))G\If)dV—O

?

In this respect Eq. (D.7) is given from (Oyy) = 7 (U(t)] (Hs.o™ — Hs.0)G |¥(t)) and
the x component of it by

(Oh), = %em/// ((a M) G — U II quf) dv. (D.17)
14
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Using a(r,t,0)l =a(r,t,o) that gives (a¥(r,t))! =T(r,t)f e, as well as
aIll=1I-a+ih(V-a),

and the following properties:
(aTIV) = (II-a¥) + (ik(V-a) )}
— +ih (V-(a D)) — SA-(a\I/)T — ih U (V- a)
— +ih (V- (V) — EA.(\IrTa) — iR (V- a)
= +ikVO(r, ) a + BT (V@) — SA-(\Iﬁa) — iR (V-a)
= +ihVTTa — Z\I/TA-a (D.18)
together with

allG,Yv = II-aG,V + il(V-a) G,V

= —ihV-(aG, V) — (—‘iA-(an V) + ih(V-a) G, 0,
(D.19)

we find

(O), = iex/// (ihV\IfT~an\Il _ E\I!TA~an\II> av
h v c

- %e/// (—mﬂv-(a G, ) — SUTA-(aG,0) + ind (V.a)G, w) v
v c

= iex(ih)// V- (V' aG,V)dV — iegg(m)/// U (V-a) G, UdV
h . h v
T #(\IﬁaGI\P)-ds (D.20)
S

where we have used

h

4Am?2c?

V-a V(o x VV(r,t)) (VV(r,t)(Vxo)—0o-(VxVV(rt))=0.

Am?2c?

By adding all of the Cartesian components (Op) = (Op2), + (Op2) »t (Op2), wefind
the form of the (Oy;) that is given by

(Op) = — # n- (U o) GWds. (D.21)
s

Using (a¥(r,t))" = ¥(r,#)" a in Eq. (D.21) we restructure it in the symmetrical form

(Op) = —% # n-((a¥)! + ¥'a) GUds. (D.22)
S
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Boundary operator expectation value: (Oy;) + (Oy,)

Noting that o = %[H s.0,T], the expectation value of (O,) is finally given by

(Op) = (On) + (Ow)

m

- (G wn - v ) Gvas

1
= —5# n-(v)" + Ulv) Gl ds
s
' 11
where v = 72_1 [H(r,t),r] = e

(D.23)
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