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Abstract

The semiconductor Bloch equations (SBEs) are an insightful and well-established formalism
for studying light-matter interactions in solids. When Coulomb interactions between electrons
are omitted, the SBEs are simplified to a single particle model. The SBEs in this single electron
approximation have been used extensively to model strong-field interactions in condensed matter.
The SBEs in the length gauge provide an intuitive and numerically efficient model of high
harmonic generation (HHG) in solids. In this approach, the SBEs involve Berry connections
and transition dipole moments, which are gauge dependent structural quantities. This thesis
studies the role of gauge symmetry in the SBEs, and how it can be exploited to facilitate efficient
numerical analysis of HHG in solids.

In the length gauge, the macroscopic current describing HHG can be decomposed into
physically intuitive contributions. In particular, this leads to a contribution known as the
“mixture” current, which has been overlooked by the HHG community until recently. We study
the influence of this contribution using the analytic tight-binding model for gapped graphene.
We derive an analytic gauge transformation that removes singular behaviour from the gapped
graphene model, thus enabling efficient numerical integration of the SBEs.

We also present an alternative approach for simulating dynamics in tight-binding models.
Instead of simulating the SBEs in the usual basis of Bloch functions, we transform to the basis in
which the tight-binding Hamiltonian is represented. The dipole matrix elements necessarily van-
ish in this basis, and the SBEs can be integrated using only the Hamiltonian matrix elements. We
first generalize the SBEs to accomodate a non-diagonal Hamiltonian matrix, and we demonstrate
this formalism numerically using two different tight-binding models.

Finally, we derive a novel formulation of the SBEs which involve only gauge invariant matrix
elements. Specifically, the Berry connections and transition dipole phases are replaced by a
gauge invariant quantity known as the shift vector. This yields a fully gauge invariant description
of HHG in solids, and the shift vector provides intuitive insight for HHG in systems with broken
inversion symmetry. Further, the ability to describe HHG solely in terms of gauge invariant
quantities raises new possibilities for tomographic reconstruction of crystal band structure, and

this idea is discussed as a possible direction of future work.



Chapter 1

Introduction

The interaction of intense laser pulses with matter results in highly nonlinear dynamics, which
lead to a variety of interesting phenomena. One of the most interesting of these processes is high
harmonic generation (HHG), in which a system excited by a strong, coherent optical pulse emits
harmonics many times greater than the frequency of the applied field. HHG in solids was first
observed in a bulk semiconductor [1], and more recently has been explored in a wider variety of
materials such as dielectrics [2, 3], two-dimensional semiconductors [4, 5], and nanostructures
[6, 7]. Since HHG occurs on a sub-cycle timescale, its discovery has laid the foundation of
attosecond science in condensed matter [8—12]. HHG in solids has also attracted attention as
a potential source for generating ultrashort coherent XUV pulses [2], and has been used to
reconstruct structural properties such as energy band structure [13] and Berry curvature [14, 15].

Several theoretical approaches have been developed to model HHG in solids, ranging from
semiclassical analysis [16—18] to various quantum mechanical simulations; the latter including
time-dependent density-functional theory [19, 20], as well as the semiconductor Bloch equations
(SBEs) [21, 22]. The SBEs were originally derived [23] to include Coulomb interactions
between charge carriers within the Hartree-Fock approximation. Omitting these Coulomb
interactions leads to a significant simplification, resulting in a single-electron approximation of
the SBEs. The SBEs within this single-electron approximation have been used extensively to
model HHG in solids [13, 16—18, 24-36]. In particular, the single-electron SBEs in the length
gauge [37, 38] provide an intuitive decompositon of the induced current into intraband and
interband contributions [37, 39].

A disadvantage of the length gauge SBEs arises from the gauge freedom of certain structural
quantities in a periodic solid. Physical observables are invariant with respect to phase rotations of
the Bloch functions, which are eigenstates of a periodic crystal. Specifically, for the cell periodic

functions u,, x satisfying Bloch’s theorem, invariance with respect to phase transformations

[Umx) = [Umx) = e_ixm(k)|um,k>; xm(k) € R, (1.1



1. Introduction

describes a gauge symmetry! of a periodic crystal. Although observables are independent of the
phase X, structural matrix elements such as the transition dipole moment (TDM) and the Berry
connections are gauge dependent. While early theoretical studies of HHG in solids considered
only the gauge invariant magnitude of the TDM [13, 16, 24], it was later determined that the
TDM phase leads to the generation of even harmonics in crystals with broken inversion symmetry
[27, 28]. A subsequent study showed that in such systems, both the complex TDMs and the
Berry connections must be included in the SBEs to maintain gauge invariance of the overall
theory [31]. These matrix elements involve k-space gradients of the cell periodic functions,
and are thus strongly dependent on the phase of w,, x. We refer to a specific choice of these
k-dependent phases as a Bloch gauge, and clearly a smooth and periodic gauge is essential for
efficient numerical analysis of the SBEs.

The problem of obtaining a smooth Bloch gauge from numerical structural calculations
has received considerable attention in recent years [32, 33, 36, 38]. If the Bloch functions are
obtained from a numerical band structure calculation, the phase of u,, x can exhibit discontinuous
jumps throughout the Brillouin zone. As a result, the Bloch gauge must be smoothed before the
TDM and Berry connection can be calculated numerically. Numerical approaches based on the
parallel transport gauge transformation [41] have been demonstrated successfully [32], but the
implementation is quite technical; especially for systems with degeneracies [33]. In this thesis
we develop alternative approaches for simulating the SBEs that avoid the need for numerical
gauge fixing.

The Hamiltonian matrix of a tight-binding model can be diagonalized analytically, which
results in closed form expressions for the structural matrix elements entering the SBEs. Although
tight-binding models are not as accurate as ab-initio band structure calculations, they are useful
for developing understanding of HHG phenomena. Indeed, Jiang et al [28] used a tight-binding
model for ZnO to perform simulations of the SBEs that revealed the mechanism generating
even harmonics in prior experiments. Although tight-binding models avoid the issue of phase
jumps arising from numerical diagonalization, in some models the matrix elements can exhibit
non-smooth features at high symmetry points of the BZ. The two band tight-binding model for
gapped graphene [42] has been used extensively as a prototype for modeling two-dimensional
materials [27, 34, 43]. However, the Berry connections obtained from analytic diagonalization
are typically singular at the minimum bandgap, while the TDM exhibits a discontinuous phase

jump. We develop an analytic gauge smoothing function which eliminates the singular behaviour

'The gauge group for this symmetry is the one dimensional unitary group, since e~ *Xm(¥) ¢ U(1). The gauge
symmetry of a periodic solid is thus analogous to, but distinct from, the U (1) gauge symmetry of electromagnetism
[40]. This will be discussed further in Chapter 2.



1. Introduction

from the gapped graphene model. This allows efficient numerical integration of the SBEs
including both the complex TDM and the Berry connections, which we apply to study the
orientation dependence of HHG in gapped graphene.

One approach to circumvent the gauge smoothing issue in numerical band structure cal-
culations is to transform the SBEs to a particular basis comprised of a linear combination of
Bloch functions [30]. Specifically, the Wannier90 [44] software package has been developed
to calculate maximally localized Wannier functions (MLWFs) [41, 45] from density functional
theory (DFT) band structure calculations. The k-space gauge corresponding to the MLWFs is
necessarily smooth and periodic, but the Bloch-like functions in this basis do not diagonalize
the Hamiltonian. As a result, Wannier90 can be used to obtain smooth and periodic matrix
elements in this non-diagonal basis, even though the initial Bloch gauge has non-smooth phases.
Importantly, this approach shows that transforming the SBEs to a non-diagonal basis can be used
to avoid the issues of a non-smooth Bloch gauge; the price paid is sacrificing the band picture.
We develop an analogous approach for tight-binding models, in which the Hamiltonian matrix
is represented in a basis of localized atomic orbitals. We show that simulating the SBEs in the
orbital basis avoids any numerical complications arising from singular Berry connections in the
Bloch basis.

Finally, we present a novel gauge invariant formulation of the SBEs, in which all gauge
dependent phases are eliminated. Using a simple transformation of the density matrix elements,
we show that the SBEs, together with the expressions for the current, can be evaluated using
only gauge invariant structural quantities. Specifically, the Berry connections and TDM phase
are replaced by a gauge invariant quantity known as the shift vector [46, 47]. This formalism is
independent of the method used to obtain the band structure, and can be applied to both tight-
binding and numerical band structure calculations. Importantly, this formalism eliminates the
need for numerical gauge smoothing, since the required matrix elements are all gauge invariant.
The role of the shift vector provides valuable insight for HHG phenomena, and also raises new
possibilities for the reconstruction of structural quantities using HHG tomography.

This thesis is organized as follows. Chapter 2 reviews the derivation of the SBEs, as well as
the expressions used to calculate the induced current. We pay particular attention to the interband
mixture current [36], which has been overlooked by the HHG community until recently [39].
We also clarify the gauge transformation properties of the SBEs, as well as the matrix elements
entering the mixture current. In chapter 3 we discuss the analytic tight-binding model of gapped
graphene, and we develop a gauge transformation to remove singular behaviour from this model.
We also derive expressions for the generalized derivatives [37] of the TDM, which are required

to evaluate the mixture current. In chapter 4 we study the orientation dependence of HHG in
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gapped graphene, with a particular focus on the contribution of the mixture current. Chapter
5 generalizes the SBEs to a non-diagonal basis, and we simulate HHG in the orbital basis for
two different tight-binding models. In chapter 6 we present the gauge invariant formulation of
the SBEs, which is then applied to study HHG in a model semiconductor with broken inversion
symmetry. Finally, we conclude with chapter 7, which summarizes the important results and

discusses possible avenues of future work.



Chapter 2

Semiconductor Bloch equations

In this chapter we review the dynamics of light-matter interactions in solids within the single
electron approximation. Combining aspects of the approaches in Refs. [37] and [48], we for-
mulate the SBEs in terms of the gauge covariant derivative for a periodic solid. Not only does
this simplify the derivation, but it also reveals the gauge symmetry of the SBEs more clearly. In
Sec. 2.2 we derive the expression for the induced current that ultimately generates HHG, and we
pay close attention to the so-called mixture current [36, 39] that has been mostly overlooked in
previous studies of HHG in solids. Finally, in Sec. 2.3 we discuss the U(1) gauge symmetry of
periodic solid, and the resulting gauge transformation relations that are relevant to light-matter

interactions.

2.1 SBE:s in static momentum frame
The Hamiltonian for a single electron in a periodic crystal is

2

Hy — %+U(x), @2.1)
where p = —iVy is the momentum operator, U(x) is the lattice potential, and the electron

mass is m. = 1 in atomic units. The periodic potential satisfies U(x) = U(x + R) for any
translation vector R of the crystal lattice. The Bloch functions ®,, y are eigenstates of the crystal

Hamiltonian, satisfying [49],
Ho| @) = En (k)| @i i), (2.2)

where k is a crystal momentum vector in the reciprocal lattice, and E,, (k) is the energy dispersion

of the band indexed by the integer m. The Bloch functions can be written as

|(I)m7k> = (1/ V NUC)eik.x|um,k>
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where NV and v, are the number and volume of primitive unit cells in the lattice. According to

Bloch’s theorem, the cell-periodic functions u,, x(x) = (X|um, k) satisfy
Unx(X +R) =y, k(x). (2.3)
Further, the Bloch functions satisfy the orthogonality
(P x| Prier) = 00 (k — k'), (2.4

while the cell-periodic functions are normalized according to (u,,|u,,) = v..
In the semiclassical approximation, light-matter interactions are modeled by the minimal
coupling Hamiltonian
Ha(t) = [p — eA()]* /2 + U(x), (2.5)

where A (t) is the vector potential of the applied field, and e = —1 in atomic units. We work
in the Coulomb gauge, where the scalar potential vanishes and the electric field is given by
F(t) = —0,A(t). In the dipole approximation we assume the applied field to be spatially
uniform, and we can obtain an equivalent interaction Hamiltonian using a gauge transformation
[50] H(t) = eA®*H 4 (t)e~A®*_The result of this transformation is

H(t) = Hy — eF(t) - x, (2.6)

which is called the length gauge Hamiltonian [36-38]. Throughout this thesis we work in
the length gauge, which requires a smaller number of bands for convergence [36], and also
allows a decomposition of the induced current into physically intuitive contributions [36, 37, 39].
Although H 4(t) satisfies the lattice periodicy, the position operator in H (t) does not and it must
be treated carefully.

To evaluate matrix elements of the position operator in the crystal momentum representation,
we follow the prescription of Blount [49]. Details of this derivation can be found in Refs. [27, 36],

and here we only highlight the essential features. We first observe that

IV ™ U 1 (%) = % (iVi — X) U 1(X), 2.7
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which allows the matrix elements between Bloch states to be written as

(D1 |X| P xc) :/dxq);k,(x)xcbm,k(x)
v

= V(BB + / dxe K% () Viui(x), (28)
1%
where V' = N, is the crystal volume. Since u,, x(X) = u,k(x + R), the integral over the

crystal volume can be converted to a sum of integrals over unit cells,

: i i(k—k’)- i(k—k')x, *
(@l = ~1F(Bse B+ 1 5 R [ ke X ) Vi)
R Ve
(2.9)

The remaining sum over lattice sites reduces to a delta function, leading to the familiar result
[27, 36-38, 49]
(P 1 [X|Prnxc) = [—10nm Vi + Enm (k)] d(k — k'), (2.10)

where
Enm (k) = (Un k|1 Vi|tm x) (2.11)

are the dipole matrix elements [36, 49]. Clearly the matrix elements (2.10) are diagonal in k,
which means the matrix elements of H(t) are also diagonal in k as long as the field F(t) is
independent of position. This last point is important; if the electric field depends on x, the spatial
integral arising from (®,, i|F(x,t) - x|®,, k) cannot be converted to a sum over equivalent unit
cells since F(x, t) breaks translation symmetry.

When evaluating equations of motion in the crystal momentum representation, matrix ele-
ments of the position operator are always encountered in k-space integrals. To reveal the effect

of the position operator on a k-dependent function f(k), we consider

Z<q>n,k’|x‘q)m,k>f(k/) = Z f(k/) [_iénmvk + snm(k)] 5(k - k/)

kl

=37 6(k = K) [i6 Vic + & (K)] (K, 2.12)

where we have integrated by parts, noting that the surface term vanishes for an infinite periodic

crystal [49]; provided f is itself a differentiable function. This motivates the replacement

(Prter [X[ P ) f (k) = 0(k — K') [16m Vic + & (K)] £ (K), (2.13)
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which has become a standard result used in the study of light-matter interactions in the length
gauge [16, 18, 30, 37, 48]. We emphasize that this replacement only makes sense in the
crystal momentum representation, where (®,, i |x|®,, k) is interpreted as an operator acting on
k-dependent functions.

We can define an operator D by writing the position operator as
x =1D. (2.14)
The operator D is known as the gauge covariant derivative [48], and we label its matrix elements
Dk = (Pnx|D| P k) = —1( Dy i |X| D), (2.15)

which are clearly diagonal in k. Further, it is convenient to separate the matrix elements (2.11)

into intraband Berry connections

A, (k) = (unx|iVi|tn k), (2.16)

and interband transition dipole moments (TDMs)
dnm(k) = (1 - 6nm)<un,k|ivk|um,k>- (217)

As aresult, we can also separate the covariant derivative into into intra- (ra) and interband (er)

components
D =D"+ D%, (2.18)
which have matrix elements
D}k = Onm [V — 1A, (k)] (2.19a)
ke = —1idpm (k). (2.19b)

These decompositions will simplify the notation when evaluating commutators for equations of
motion and observables.

Working in first quantization, the Bloch Ansatz for the time-dependent wavefunction is

(1)) = am(k, 1)), (2.20)

where a,, (k, t) is the time-dependent probability amplitude for Bloch state ®,,, . The density

8



2. Semiconductor Bloch equations

matrix is

p(t) = D) (@), (2.21)

and its matrix elements in the Bloch basis are most generally given by
Prm (K, K, 1) = (x| p(t) [ Prater). (2.22)

Since the electric field F(t) is independent of the position operator, both H(t) and p(t) are
local operators with matrix elements diagonal in k [37, 49]. It is thus sufficient to consider the

dynamics of the density matrix elements
pnm(k7 t) - <(I)n,k|p(t)|q)m,k> = an(k7 t)a:n (k7 t), (2.23)

within the single-electron and electric dipole approximations. In the Schrodinger representation,

the equation of motion for the density matrix is
Oip(t) = =i [H(1), p(1)] (2.24)

The commutator can be simplified according to

[H (), p(D)],, = [Hos p(D)],1, — €F () - [%, p(E)] 1,
= (@ acl Ho @110} (Prae | 0(8) [ @rac) — (Povsel p()| P ) (P1aer | Ho | )]

Lk’

—ieF(t) - [D, p(t)],,
= [En(k) = En(K)] prm (K, t) — ieF(t) - [D, p(t)],,,, (2.25)

and from here onward we will not explicitly include summations over k-space, since we only

consider local operators; i.e.
(0, x|OPy 1) = 6(k — K) O (k). (2.26)
Defining the energy difference between bands,

enm(k) = E, (k) — E,,(k), (2.27)
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we can write the density matrix equations succintly as

10¢ + i€nm (K)| pum (K, t) = eF(t) - [D, p(k, )] (2.28)

nm?

which differs from Eq. (55) of Ref. [48] by an overall sign, due to the different convention for the

sign of the fundamental charge e. Using Eq. (2.19), the commutator is

[Da p(k, t)}nm = Z [Dnl,kplm(k’ t) — Pnl (k7 t>Dlm,k]
l
= [Vic = iAum (K)] prm (k, 1) + [d(K), p(K, )], » (2.29)

where

Anm (k) = An (k) — A (k) (2.30)

is the difference of Berry connections between bands. Finally, defining the Rabi frequency [21]
Qum(k,t) = F(t) - dpn(k), (2.31)
we obtain the one-body semiconductor Bloch equations (SBEs)

Orpum (K, 1) = — i [enm (k) — eF () - Appn(K)] pum (k, t)
+ie[Q(k, 1), pk,t)],,, — eF(t) - Vipnm(k,1). (2.32)

Although this form of the SBEs is used frequently in the literature [28, 30, 36, 39, 48], the gradient
term can pose difficulty for numerical integration. In the next section, we will reformulate the

SBEs by transforming to a non-inertial frame.

2.1.1 SBEs in comoving momentum frame

For Bloch electrons driven by a uniform electric field, the time-dependent crystal momentum is

k(t) = k(0) — eA(t), (2.33)

10



2. Semiconductor Bloch equations

where A (t) is the vector potential. Since k(t) = —eA(t) = eF(t) in the Coulomb gauge, the

total time-derivative of the density matrix is

d 0 .
Epnma{v t) = apnm(kﬂf) + k(t> ’ vkpnm(k7t)

0
= apnm(k, t) + eF(t) - Vipnm(k,1). (2.34)

This motivates the idea of eliminating the gradient term by transforming to a frame comoving
with the vector potential [16]. The transformation can be formulated explicitly using the boost
operator [39]

B(t) = Tele ki, (2.35)

where 7 is the time-ordering operator along the k-space trajectory. Labeling the initial momenta
k(0) = K, and defining
K, =K —eA(t), (2.36)

it can be shown [39] that the boost operator transforms k-space functions according to
B(t)f(k) = f(K), (2.37)
and we note that the action on Bloch states is given by
B(t)|®mx) = [Pmk,)- (2.38)
For matrix elements of on operator O(k), we have

B(t)Onm(k) = B()(Pr x| O (k)| Py x)
= (x| B()O(K)| Py x)

= (P i, [BH)O(K) B~ () B(t)[ Py xc)

= (P i, [BH)O(K)B™(t)| P x,)

= (Pu k., |O(Ky)[Pn k)

= O (Ky), (2.39)

where it is important to realize that the boost operator acts on all quantities appearing to its right,
and inserting B! prevents the ket from being boosted twice. From this result we deduce the
tranformation of operators,

Bt)O(k)B(t) = O(K,). (2.40)

11



2. Semiconductor Bloch equations

In order to transform the SBEs, we first note that the derivative of the boost operator is!

B(t) = eB(t)F(t) - Vi, (2.41)

and thus

Otprm (K, ) = 0 B(t) prm (K, 1)
= B(t)0ipnm(k, t) + eB(t)F(t) - Vipnm(k, t). (2.42)

Inserting the RHS of Eq. (2.32), we have (suppressing explicit time-dependence of B)

Opprm (K, 1) = — iB [enm (k) — €F (1) - A (K)] prm (k, 1)
+ieB[Qk, 1), p(k, 1],
= — 1 [enm(Ke) — €F(t) - Apn (Ko)] Bpam (k, 1)
+ie Y [Quu(Ke, ) Bppun (K, ) — Qpun (Ko, ) Bpyum (K, )] (2.43)

In

Recognizing that Bp,,, (K, t) = pnm(K, t) simply transforms the density matrix elements to the

comoving frame, we obtain

atpnm(Ka t) =—1 [5nm(Kt) - eF(t) : A’nm(Kt)} pnm(Kv t)
+ e [QKy, t), p(K, 1)), - (2.44)

By removing the gradient term, the frame transformation yields SBEs that are decoupled for
all K-points. The price paid is that the structural quantities on the RHS of Eq. (2.44) must be
evaluated at the time-dependent momenta. If the band structure is known analytically this poses
no difficulty; however, numerically calculated band structure must be interpolated from an initial
calculation on a static k-mesh. Despite this complication, we prefer to work in the comoving

frame as it generally leads to superior convergence of numerical simulations.

2.2 Calculating observables

The SBEs can be integrated numerically to calculate the time-dependent density matrix in
response to an exciting optical pulse. We can then calculate observables such as the band

occupations and the induced current, which are required to study the HHG spectrum.

"Note that [B, Vi| = 0 since k = eFis independent of k in the dipole approximation.
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2. Semiconductor Bloch equations

The macroscopic current is given by [30, 37, 48]

jt) = /dkTr ok, t)], (2.45)

where j is the current operator and the trace is over the full set of Bloch states. In atomic units
the current operator is j = ep, and the total current can be evaluated in terms of the momentum

matrix elements as
=% / (D, [pp(k, 1) B, )
=> / dkp i (K) pn (K, 1). (2.46)

Further, using the relation [51]

Pum(K) = igpm(k)dpm (k), (2.47)

between dipole and momentum matrix elements, we obtain

i) =>" / KD (K)prn (K, 1) +1 ) / AKE o (K) i oo (K, ). (2.48)

n#m

While this expression is correct, we can gain more physical insight by evaluating the current
using the position operator.

Noting that A~ = 1 and p = x in atomic units, we can write the current operator as
j=ex=—ie[x,H(t)| =e[D, H(t)], (2.49)
and the macroscopic current is thus

i) =e / JKTy {[D, H(1)] plk. 1)}

e / dKTr {[D™, H(1)] p(k, )} + ¢ / dKTr {[D, H()] p(k, )} . (2.50)

13



2. Semiconductor Bloch equations

Replacing H (t) in the first term with

H(t)=Hy—€eF(t)-x
= Hy —ieF(t) - D™ — ieF(t) - DY, (2.51)

we can separate the current into four distinct contributions,

J(t) = Jra(t) + Jjan(t) + jmix(t) + Jpor (1), (2.52)
where
jnlt) = ¢ [ AT (D" Hy] plk. 1)) @.530)
jan(t) = —ie? / dkTr {[D™ F(t) - D] p(k,t)} (2.53b)
juin(t) = —ie® [ kT (D™ F(0) - D plk. 1) 2.530)
ipa(t) = € / dKTr {[D, H(1)] p(k, 1)} . (2.53d)

and the significance of the subscripts will be clarified as we evaluate each commutator.

The intraband current is simply
jat) =Y / v (K) pon (K, ), (2.54)

where v, (k) = Vi FE, (k) is the band velocity. Eq. (2.53b) gives an additional band-diagonal

contribution, known as the anomalous current [36, 52]; given by

junlt) = —i / dKTr (D™, F (1) - D] p(k, 1)}
— iy / dk (D2, [F(t) - D] — [F(1) - D D5} ok, )
n,a,b

==Y [ D5 [P@) - D]~ [F(0) - D] D punlic

= —iZ/dk [(Vik —1A,) (F - Vi —iF - A,) = (F - Vi —iF - A,) (Vic = iA,)] pan(k, 1),

where we have suppressed explicit (k,¢) dependence of terms in the square brackets. Since

14



2. Semiconductor Bloch equations

OxF(t) = 0, there are only two non-vanishing terms
Jan(t) = — Z/dk [Vic (F(t) - An(k)) = (F(£) - Vie) An(K)] prn (K, 1)

-y / dk [F() x 0, (K)] pon (K. 1), (2.55)

where

2, (k) = Vic x A, (k) (2.56)

is the Berry curvature, which vanishes in centro-symmetric systems [52, 53]. Defining the matrix
element
VZ(k7 t) = F(t) ’ Qn(k)7 (2.57)

known as the anomalous velocity [52], the corresponding contribution to the current is
Jan(t Z / dkvy (K, 1) pn (K, ). (2.58)

The two remaining contributions to the total current; namely, jmix and j,o1, are interband

currents. We first consider the polarization current

() = / ATy (D [H (1), plk. )]}
:ie/dkTr (D 0p(k, t)]

= ie% /dkTr [D%p(k, t)], (2.59)

where we have used the cyclic invariance of the trace, as well as the equation of motion (2.24).
We thus have

Jpar(t ze— Z /defLm wPmn (K, 1)

n;ém
— L) (2.60)
- dtper ) .
where
Per(t) =€) / dkdym (K) prn (K, £) (2.61)
n#m

is the interband polarization [21]. For the remaining interband contribution j,,;,, the commutator
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2. Semiconductor Bloch equations

(D™ F(t) - D] mixes the inter and intraband components of the covariant derivative. This

interband “mixture” current [36] is evaluated as

Jmix(t) = —i/dkTr{[Dra, F(t) - D] p(k,t)}

— iy / dk [D™ F(£)- D], pon(k, 1)
==y / dk [D™, Q(k, )], pn (K, 1), (2.62)

where we recall that ,,,,,(k, t) = F(t) - d,,,,(k) is the Rabi frequency 2. Defining the matrix

element

an(k7 t) = [Dra7 Q<k7 t)]nm
= Dy (k, 1), (2.63)

which is known as the generalized derivative [37, 46] of the Rabi frequency, the mixture current
is

Juix() = =Y / AW 0 (K, 1) i (K, 1) (2.64)

The intraband current (2.54) and the interband polarization current (2.60) have been used
extensively in the study of HHG in solids [11-13, 16, 24, 30, 34, 54]. In contrast, the mixture
current (2.64) has only been explored recently in the context of HHG [36, 39], even though it
had been identified in prior work [37, 46]. In a sense, juix can be interpreted as the interband
counterpart of the anomalous intraband current, as both contributions arise from the coupling of
Bloch states with time-dependent crystal momentum driven by an external field [36]. In fact,
it is clear from Eqgs. (2.53b) and (2.53c¢) that the matrix elements v and W,,,,, vanish entirely
in the absence of a driving field; in contrast to v,, and d,,,,,, which enter the “non-anomalous”
currents. Further, since the mixture current is directly proportional to the field strength via the
Rabi frequency in Eq. (2.63), the overall magnitude of j.,.(¢) is likely to be smaller than the
polarization current, unless W,,,,, achieves very large values. However, high harmonics are
typically orders of magnitude weaker than the fundemental, and the influence of the mixture

current on the HHG spectrum is not as obvious. Finally, we note that W,,,,, is non-vanishing

ZNote that the Berry curvature £2,, = V. X A, is a vector field involving a single band, while the Rabi frequency
Qnm(k,t) = F(¢) - dnim (k) is a scalar field involving two band indices.
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2. Semiconductor Bloch equations

even in centrosymmetric crystals, in contrast to the anomalous velocity.

2.2.1 Observables in comoving frame
To obtain expressions for the total current in the comoving frame, we start from the microscopic

current

Tr [jo(t)] = > (Pralip(t)| Pnse). (2.65)

n

and insert the boost operator to get
Tr [jp(t)] = Bz<q)n,k|jp(t>|q)n,k>
=Y (@us| (BiB™) (Bp(t)B™) [@nxc,)

= Jum(Ke) pn (K. 1), (2.66)

m,n

where we have used the transformation (2.40). The macroscopic current is then given by
(0= | iR K. 1), 2.67)
— JBZ

where BZ denotes the Brillouin zone in the comoving frame. Clearly, the end result of boosting

to the comoving frame is to replace

/ dk — dK
BZ BZ

pk,t) = p(K,t),
while structural matrix elements are evaluated at the time-dependent momentum,; i.e.

Onm(k) = O (Ky).

17



2. Semiconductor Bloch equations

The contributions to the current in the comoving frame are thus

Jra(t) = ez / dK v, (K} prn (K, 1) (2.68a)
Jan(t) = =) /deZ(Kt,t)pm(K,t) (2.68b)
BZ
() = =) /dKan(Kt,t)pmn(K,t) (2.68¢)
BZ
, d
o () = e > /BZdenm(Kt)pmn(K, t). (2.68d)

2.3 U(1) gauge symmetry in a periodic solid

Quite generally, a gauge theory [40] is described by a gauge group G, and the property that
observables are invariant under gauge transformations vy — g1, for any g € G. Further, an
operator O is described as gauge covariant if it transforms as O — gOg~!. In a periodic solid,

observables are invariant under phase transformations of the Bloch states [31, 41, 49]
|Um,k> — ‘am,k> = eiixm(k)’um,k% (269)

where x,,(k) € R satisfies the lattice periodicity, and is referred to as a gauge function. This trans-
formation belongs to the gauge group U (1) of phase rotations, and the theory is termed “local”
in k-space since Vi x., (k) # 0. Although the transformation 2.69 is applied to the cell-periodic
functions, the transformation of Bloch functions is equivalent; i.e. |®,,,) = e~ X )|d, ).
Next we examine the transformation properties of the various quantities appearing in the SBEs
and the observables.

The band energies are clearly gauge invariant, since
<(i)n,k|HO|&)m,k> = En(k)eixnm(k) <(I)n,k‘q)m,k> = En(k)(;nmu (270)
where we have defined the difference of gauge functions

Xnm(K) = Xn(k) = xm(k). (2.71)

18



2. Semiconductor Bloch equations

In contrast, the density matrix elements are covariant since they transform as

ﬁnm(kv t) = <&)n,k‘p(t>’&)m7k>
— eanm(k)pnm(k’ t>7 (272)

and we remark that the diagonal elements (band occupations) are gauge invariant. The TDM

transforms as

anm(k) = (1 - 5nm)<an,k|ivk”&m,k>
= (1 = Gpn) X ® (w1 | iV e Wy )

= g (k), (2.73)

which is identical to the transformation of the density matrix. In contrast, the Berry connections

transform as

A, (K) = (T i Vie |l i)
= ean(k) (un,k ’Z'Vkeiixn(k) |un,k>

which is not covariant due to the gradient term. This result also shows that the Berry curvature
Q,(k) = Vi x A, (k) is gauge invariant, since the curl of a gradient is always zero.

It is also interesting to consider a gauge transformation of the covariant derivative,

eiXT'LDmmke_iX" = eXm (ViOmn — 1€&mn) e n
= X (Vi — A, Oy — id ] €77
= {[Vk — i (As + Vi) Xn) Omn — i€ d e}
— (vk - Mﬂxn> S — i
= ViOmn — ©€mn
= Dy, (2.75)

which is indeed a covariant transformation, as expected. Clearly the covariant derivative has
the same form in any gauge, which is ensured by the non-trivial transformation of the Berry
connections. That is, the Berry connection acts as a gauge field whose transformation (2.74)

cancels the gauge-dependence of the gradient operator; making the overall transformation
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2. Semiconductor Bloch equations

(2.75) covariant. This is directly analogous to the role of the vector potential in quantum
electrodynamics, which is a U(1) gauge theory in real space [40]. In that case, the covariant
derivative is D, = 0, — iA,(x,t), with A,(x,t) a component of the electromagnetic vector
potential. Even though the gauge fields .4,, and and A are not physical fields, their curls are
gauge invariant. Indeed, the Berry curvature in a periodic solid is analogous to the magnetic field
B =V x A[52,53].

In addition to simplifying derivations, formulating the SBEs in terms of the covariant
derivative also helps to clarify the gauge structure of the SBEs. To demonstrate that the SBEs

are gauge covariant, we simply transform both sides of Eq. (2.28) according to

[0 + ignm (k)] eixnpnm(kv t)e_ixm =eF(t) - e D, p(k, t)]nm e xm

:eF(t> ’ eixn Z [Dnﬂ,kpum(k: t) - pnu<k7 t)DMm,k] eiixm
o

B () - 3 [ D€ 0 (K, )

I

—eixnpw(k, t)e’ix“eiX“DHm’ke’iX’"] . (2.76)

Using the transformation (2.75) for the covariant derivative and (2.72) for the density matrix,

this simplifies to

0 + i€nn ()] frm (ks £) = eF (1) - Y [f), Ak, t)} . 2.77)

nm
I

This shows that the SBEs have the same form in the transformed gauge, with p,,,, and D,,,,
replaced by their respective transformations. A similar result was derived in Ref. [31] by explicitly
transforming the density matrix elements, TDM, and Berry connections appearing in Eq. (2.32).
Here we observe that the gauge symmetry can be derived more succintly when the SBEs are
formulated in terms of the covariant derivative. We emphasize that the gauge-dependent phases
do not cancel when the SBEs are transformed; rather, they are absorbed by the transformation
of the covariant quantities p and D. We interpret this result to mean the SBEs are themselves
gauge covariant, since both sides of Eqgs. (2.28) and (2.77) differ by a phase factor e’X»»(%)_ By
contrast, we will see that observable quantities such as the current are gauge invariant, since
gauge dependent phases cancel identically.

The intraband contributions to the current (2.54) and (2.58) involve only gauge invariant
quantities, so their transformations are trivial. The interband currents are more interesting since

they contain gauge dependent matrix elements. Using Eqgs. (2.72) and (2.73) in (2.48), we can
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2. Semiconductor Bloch equations

transform the total interband current

Jer(t) =1 / AKE () s (K) i (K, )

m#n
=i) / dKe i (K) [€% Ay (K)] [€27 pran (K, 1)]
m#n

= jer(t)a (2.78)

which is clearly gauge invariant since the phase factors cancel. Indeed, this result shows that the
gauge covariance of the TDM and density matrix ensure the gauge invariance of the total current.

The transformation of the polarization current (2.60) is similar; however, the interband
mixture current is more subtle. By inspection of Egs. (2.72) and (2.64), we can immediately
surmise that W ,,,, must be covariant in order to cancel the gauge dependence of the density
matrix; otherwise the mixture current would not be gauge invariant. However, it is worthwhile to
clarify the gauge dependence of the matrix elements W ,,,,, and therewith the gauge dependence

of the generalized derivative. Explicitly, for a gauge transformation (2.69) we calculate

DiOun (| [D', O] [B1,x)
_>€an <¢n7k| [Dl”a7 O] e—iXm |(I)m,k>

=X (B 1| D™ P 1) (P 1| O] Py e
A

— X0 (D 1 | O D s ) (D i D™ @y ) e X
A

— — ’ieixnm [ka + An —1 (Vka)] Onm
+ €2 O (A — VX)) (2.79)

where we have assumed [O,,,,(k), xm (k)] = 0; i.e. that O(k) does not contain derivatives, and

is thus covariant 3. The gradients of the gauge function cancel, leaving
DiOy (k) — XD O, (k), (2.80)

as expected. Not only does this general result verify the gauge invariance of the overall theory,

but it also instructs us how to perform gauge transformations of the matrix elements W,

3another approach for transforming the generalized derivative is to assume O(k) is covariant, and apply the
relevant transformations to \4,,,, (k) and O(k) in the RHS of DO, (k) = (Vi — i Apm)-
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2. Semiconductor Bloch equations

directly. This will be helpful when we consider gauge transformations of band structure, since
the transformation (2.80) makes it unnecessary to recalculate the generalized derivatives of the

TDM explicitly in the transformed gauge.

2.3.1 Gauge transformations in comoving frame

While gauge transformations are typically considered in the static momentum frame, it is
worthwhile to clarify the gauge dependence of matrix elements in the comoving frame. The
correct forms of the various gauge transformations might be intuitively obvious, but they can be
derived explicitly using the boost operator. For example, applying the boost operator to Eq. (2.72)

gives

_ B(t)eixnm(k)pnm(k, t)
— eanm(Kt)pnm(K’ t)’ (281)

while the Berry connection transforms as

A, (K,) = B(t)A,(k)
= B(t) [An(k) + Viexa(k)]
= A,.(K¢) + Viexn(k) |k, - (2.82)

Overall, we observe that in order to obtain the correct gauge transformation relations in the
comoving frame, one simply replaces k — K in all k-dependent quantities. One can also insert
these transformations into the SBEs to verify that they ensure gauge covariance of the SBEs in

the comoving frame.

2.4 Summary

In this chapter we have reviewed the derivation of the single particle SBEs used to model strong
field light-matter interactions in the length gauge. We have also discussed and clarified the
U(1) gauge structure of the SBEs, as well as the gauge transformation relations of the relevant
operators and matrix elements. An advantage of formulating the SBEs in terms of the covariant
derivative is that this approach elucidates the overall gauge covariance of the SBEs, in addition
to simplifying derivations. In the remaining chapters we use the SBEs to study HHG phenomena

in solids, and the gauge symmetry will be a recurring theme.
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Chapter 3
Gauge smoothing for gapped graphene

In order to study the mechanisms shaping HHG in solids, we seek a model system where all the
required matrix elements can be calculated in a smooth and periodic gauge. Tight-binding models
can be diagonalized analytically, which leads to closed form expressions for the matrix elements
with well-defined phases throughout the BZ. Gapped graphene has been used extensively to
model 2D materials [27, 34, 42], but analytic diagonalization generally leads to a gauge in which
the Berry connections are singular. Here we develop an analytic gauge transformation to obtain a
smooth and periodic gauge in gapped graphene. While the Berry connections have been derived
previously in the non-smooth gauge, we also obtain analytic expressions for the generalized
derivatives of the TDM components in gapped graphene. This allows the matrix elements (2.63)

to be calculated, which are essential for studying the mixture current.

3.1 Dipole matrix elements in tight-binding models

Before specializing to the case of gapped graphene, we consider a general tight-binding Hamilto-

nian with matrix elements

Heop(k) = (vax|Holvgx), 3.1

represented in a basis of orbital functions [55]

[Vate) = \/—Z e*lua ), (3.2)

where N is the number of lattice sites, |v, r) is an atomic-like orbital centered at lattice site R,
and the quantum number « labels the orbital character. Following the notation of Ref. [55] the
label «v also represents the position of the orbital within a unit cell, which we do not distinguish

explicitly. Eigenfunctions of this Hamiltonian are just the Bloch functions,

|umk ZUam |Uo¢k (33)
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3. Gauge smoothing for gapped graphene

where U is a unitary matrix of eigenvector coefficients, and UTHU is a diagonal matrix of band
energies.

Evaluating the dipole matrix elements between Bloch states, we have

Erum (k) = (tn k|1 Vi|um)
=i ) UL (1) (v k] ViU (k) |01)
of

=i ) Upa(&)ViUam (%) + ) Us () Ui (K) (v e Vi) - (3.4)
a af

Assuming the orbitals have been orthogonalized, the second term is

1

(Vo k| Vidvg) = > e R u, 5| Viee™ ™ [vg rr)

R.R/

1 < /
_ N Z Rlefzk-(RfR )6RR’(5QB

R,R/
Sus
= S\NTR
V2
=0, (3.5)

where the remaining sum vanishes since the summand has odd parity; i.e. for each lattice site R,
there is a corresponding lattice site —R. As a result, the dipole matrix elements in the Bloch

basis can be expressed solely in terms of the eigenvector coefficients

Eum(k) = 1) U2, (k) ViUam (k)

=i [UN(k)VU(K)] . (3.6)

m

This calculation requires the matrix of eigenvectors U (k) to be differentiable throughout the
BZ. If the Hamiltonian matrix is diagonalized numerically, the resulting eigenvector phases
will be ill-determined and a gauge-smoothing algorithm [33, 36, 41] must be used to eliminate
random phase jumps between neighbouring k-points. Alternatively, if the Hamiltonian can be
diagonalized analytically, it is possible to obtain closed-form expressions for the dipole matrix
elements.

The eigenvalue equation,
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3. Gauge smoothing for gapped graphene

H(k)|umk) = En(k)|tmx), (3.7)
for a system with NV, bands leads to the simultaneous equations

Ny

> [Hua(k) = 610 En(K)] U (k) = 0; n=1,..., N, (3.8)

a=1

for the eigenvector coefficients. The band energies £, (k) and their derivatives can be obtained
from numerical diagonalization. The eigenvector equations (3.8) can then be solved using
computer algebra software !, yielding expressions for the coefficients U,,, in terms of the
Hamiltonian matrix elements and the band energies £,,,. This avoids the need to evaluate the
band energies analytically, which can be difficult for a multiband system. Of course, there are
infinitely many possible solutions of Eq. (3.8) which differ by a k-dependent phase, and choosing
a specific solution will fix the Bloch gauge of the eigenvectors. Throughout this thesis we restrict
our attention to 2-band tight-binding models, where it is straightforward to obtain the eigenvalues

and eigenvectors analytically.

3.2 Tight-binding model for gapped graphene

The honeycomb lattice for gapped graphene can be described by two triangular sublattices [57],
with each sublattice comprised of a different atomic species. Including a single p.-orbital for
each atom and restricting the sum (3.2) to nearest neighbors, the Hamiltonian matrix for gapped
graphene is [27, 42]

A2 gk

g(k) —A/2 | 0

H(k) =

where A is the difference of on-site energies, g(k) = v f(k) with ~ the hopping parameter, and

f(k) =exp <za—j§> + 2exp (—22@5%) cos (%ky) , (3.10)

is the structure function resulting from the nearest-neighbor sum for the lattice orientation

shown in Fig. 3.1a. In our calculations we use numerical values of a = 5.97, v = —0.0184,
and A = 0.061 in atomic units, which are chosen to approximate the minimum bandgap and

bandwidth of monolayer MoS,. The primitive reciprocal lattice vectors for this geometry can be

IFor example, Wolfram Mathematica [56]
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Figure 3.1: (a) Geometry of the reciprocal lattice for gapped graphene. The blue hexagon depicts
the Brillouin zone, and black lines show the reciprocal lattice vectors. The discrete k-mesh in
the primitive cell is illustrated, along with the K (K”) points depicted by full (open) circles. (b)
Energy gap between conduction and valence band in the primitive basis, with K and K’ points
as indicated in (a).

written as a matrix of column vectors

B:[b1 bg]z%[%_lﬁl, G.11)

and an arbitrary k-point in the primitive basis is written as
k = k1by + kb, (3.12)

where k; and k, are known as fractional coordinates. Transformations between Cartesian and
primitive bases are described in App. E, and we note that

f(k) =exp (i2ﬂ3k+> + 2exp (—z%) cos (mk_), (3.13)

where we have defined k+ = k; &+ ko. The function f(k) vanishes at the K points, which
correspond to the vertices of the hexagonal BZ as shown in Fig. 3.1a. Only two of these points
are distinct; they are labeled K and K’ and their locations are inverted about the origin as shown

in Fig. 3.1. The remaining K and K’ points are equivalent under rotations of /3. Unless it is
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Figure 3.2: Phase factor ¢(k) = arg [f (k)] for the gapped graphene model.
necessary to distinguish the K and K’ points, we refer to them collectively as K points.

The Hamiltonian (3.9) can be diagonalized analytically, and the energy eigenvalues are
E,.(k) = sme(k)/2, where s, = —1 for the valence band and s. = 1 for the conduction band,

9 1/2
s(k):QI(%) +|g(k)|2] . (3.14)

The energy gap is plotted in Fig. 3.1b, which shows that ¢ is minimized at the /K points and

while the energy gap is

maximized at I' (k=0). By inspection of Eq.(3.14), the minimum bandgap is A, while the

maximum bandgap is 2 [(A/2)? + 972]1/ ? . The eigenvectors can be written as

1/2
1 [ (14 smA/E,) | G15)

|urTn],3k> = 5 —ig(k) 1/2
Sme (1—s,A/E,)

V2

where we have defined the phase ¢ (k) = arg [f(k)]. The eigenvectors (3.15) are calculated in a

particular Bloch gauge where the first component is chosen to be real, but we note that the phase
difference between eigenvector components is clearly ¢(k) in any gauge. We refer to the specific
eigenvectors in Eq. (3.15) as the tight-binding (TB) gauge. Fig. 3.2 shows the behaviour of ¢ (k)
throughout the BZ, and there is an obvious phase singularity at the K points. This ultimately
leads to non-smooth behaviour of the Berry connections in the TB gauge, which we will discuss

in the next section.

27



3. Gauge smoothing for gapped graphene

3.2.1 Berry connections and TDM in TB gauge

Using Eq. (3.15) for the Bloch eigenvectors, the Berry connections are given by

AP (k) = () liVicluy )

1 S\
=— |1 - 2= | Vko(k 3.16
where s, = —1 for the valence band and s, = 1 for the conduction band. Working in the
primitive basis, the individual components are
B a? ERYAN
AL = e 1- E, (cos 2mhky — cos 27k _)
a® Sp\
ANS = e (1 ~E, ) (cos2mk; — cos2mk_) . (3.17)

In this particular gauge the conduction band Berry connections are smooth and finite throughout
the BZ; however, the valence band Berry connections diverge at the /K points. This behaviour
is depicted in Figs. 3.3(a) and (b), which compare the components .,437]23 and .ACTQB of the Berry
connections. The divergent behaviour results from the phase singularity of ¢(k) shown in
Fig. 3.2, and further details are discussed in App. B.

The TDM is given by

d. (k) = —%W)(k) -~ z‘#‘k)vklmk)l, (3.18)

with components

TB ( ) _ a2|7|

G “Irelf] (sin 2mk_ + sin 2mwkq + 2sin 27k )

(cos2mk_ — cos2mky) — i

2 A
drP (k) = il (cos2mk_ — cos2mky) + 1 a (sin2mk_ — sin 27k — 2sin 27ky) |

2 el f

(3.19)

where we have suppressed explicit k-dependence in the prefactors. We remark that the two
components of the TDM have a close resemblance, and are in fact made identical by substituting
ki <> ks in either component. The real and imaginary parts of the TDM component d.,, » are
shown in Fig. 3.3, and we observe that the TDM is discontinuous about the K points. The
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Figure 3.3: (a) component A, 5 of the valence band Berry connection, with restricted color scale;
(b) component A, » of the conduction band Berry connection. Panels (c) and (d) show the real
and imaginary parts of the TDM component d, o.

component d,, » exhibits a similar discontinuity at the /& points, and this behaviour also results
from the phase singularity of ¢(k); as discussed in App. B.

The matrix elements (2.63) for the mixture current (2.64) are

W, (k, 1) = D0 (K, 1)
= Dy [F(t) - dew (k)]
= Zgzg t)Dicden (), (3.20)
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Figure 3.4: Magnitudes of the generalized derivative components (a) |D;d,, 2| and (b) |Dad., 2|
in the smooth gauge. Data are in atomic units, and circles indicate the /K points corresponding to
Fig.3.1

where g;; is the metric tensor (A.15). The components of these matrix elements are
Wevu(k,t) = gij Fi(t)Dypdey j(k), (3.21)
where
D,dcy j(k) = b, - Dyd,, ;(k) (3.22)

is a component of the generalized derivative, with b, a primitive vector of the reciprocal lattice.
We thus conclude that in order to evaluate the mixture current, we require generalized derivatives
of the TDM components. In practice, we only need to calculate the generalized derivative of one
TDM component, since it is found that D1 d., 2 = Dad,,, 1, While Dad,, o is obtained from D, d.,
by interchanging k; <+ k2. The calculations are straightforward but tedious, and expressions for
the required derivatives are provided in Sec. B.2.

One might be concerned that the mixture current involves the singular quantity LA_>, which
enters the expression for the generalized derivatives in the TB gauge. However, a careful
analysis shows that the singularity of the Berry connections at the K points arises from the
derivative of an inverse tangent function, and this behaviour is exactly canceled by the gradient
of the discontinuous TDM in the generalized derivative. The magnitudes of the generalized

derivatives are gauge invariant, and Fig. 3.4 shows the components |D;d., 2| and | Dad,, 2|, which
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are clearly smooth and finite throughout the BZ. While the magnitudes are finite near K, the
real and imaginary components of the generalized derivatives are actually discontinuous about
the K -points. This is similar to the behaviour of the TDM components, which is not surprising
since d.,, and W, have identical gauge transformation relations; i.e. they both pick up a phase
Xeo(K) as a result of a gauge transformation (2.69). Comparing Figs. 3.3 and 3.4, we see that
the matrix elements D;d., ; have similar magnitudes to the TDM components. This implies that
the linear interband response will be dominated by the polarization current, since the mixture
current (2.68c) scales directly with the field strength |F| < 1. However, for higher harmonics
the relative contributions are not as intuitive, and this will be explored numerically in Sec. 4.1.
The non-smooth behaviour of the matrix elements \A., and d., presents a challenge for
numerical integration of the SBEs. Although the singularities can be avoided by choosing a
k-mesh that excludes the K -points, the behaviour is still rapidly varying in a neighbourhood of
the K -points. Since this region of the BZ includes the minimum bandgap where we expect optical
excitations to be most significant, the TB gauge is quite inefficient for numerical integration.
Specifically, both the k-mesh and the integration time steps require small values in order to
achieve convergence. These difficulties can be circumvented by transforming to a gauge in which

the Berry connections are smooth and finite throughout the BZ.

3.3 Gauge smoothing transformation

To overcome the difficulty of non-smooth Berry connections in gapped graphene, we employ
an analytic gauge transformation which removes the singular behaviour from the valence band
Bloch functions. In appendix B it is shown that the gradient of arg|d,, 1 (k)] exactly cancels the
divergence of the valence band Berry connection. This means the TDM phase can be used as
a gauge transformation to achieve a smooth and periodic gauge throughout the BZ. Details of
the gauge smoothing function are provided in Sec. B.3, and for the remainder of this chapter we
assume to be working in the smoothed gauge,

i) = e~ Xy TB Y, (3.23)

where Y, is given by Eq. (B.21), while x. = 0 as the conduction band is already smooth in the
TB gauge. Although we have found that it is also possible to smooth the valence band using
the discrete version of the parallel transport gauge transformation [36, 41], this introduces an
undesirable finite difference error. Further, using a gauge function with a closed-form expression

preserves the overall analytic nature of the tight-binding model.
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Figure 3.5: Berry connections and dipole moments in the smooth gauge. Panel (a) shows differ-
ence of Berry connections A., 2 = A2 — A, 2; (b-d) show magnitude, real, and imaginary parts
of d., 2, respectively. All data are in atomic units. Circles indicate the K points corresponding to
Fig.3.1.
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Figure 3.6: Generalized derivatives of the TDM component d,, 2 in the smooth gauge. Panels
(a,b) show the real and imaginary parts of D;d,, 2; (b,d) show the real and imaginary parts of
Dyd,y 2. All data are in atomic units, and circles indicate the K points corresponding to Fig. 3.1.

The Berry connections contribute to the dynamics through the difference .A.,, which is
depicted in Fig. 3.5(a). We only show the second vector component, since the first component
ends up being a constant in this gauge; specifically, A.,; = a?/4n. Clearly, the smooth and
finite behaviour observed in Fig. 3.5 demonstrates the success of the gauge smoothing function.
Fig. 3.5(b) shows the magnitude |d,, 2|, while (c,d) show the real and imaginary parts of d., o.
We do not show d,,; since the two TDM components have very similar behaviour.

In order to evaluate the matrix elements (2.63) for the mixture current, we also require the
generalized derivatives of the TDM components D;d,, ;(k) in the smooth gauge. Since the
generalized derivative was shown to be gauge covariant (2.80), it is easiest to calculate these
matrix elements initially in the TB gauge, and then multiply by e ~X* to transform to the smooth
gauge. As discussed in the previous section, we only need to calculate the generalized derivative
of one TDM component, since the two components are equivalent under the substitution &y <> ks.
The real and imaginary parts of the components D;d,, » and Dsd,, » are shown in Fig. 3.6. The
generalized derivative components are strongly anisotropic about the K points, which suggests
that the mixture current could contribute to the orientation dependence of high harmonics. The

influence of the mixture current on the HHG spectrum will be discussed in chapter 4.
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3.4 Maximally localized Wannier gauge

We close this chapter by discussing a specific Bloch gauge. By Fourier transforming the Bloch
functions, one obtains a complete set of orbitals in real-space known as Wannier functions
[45, 49, 58]. While Bloch functions are defined at each k-point in the BZ, the Wannier functions

wr) = / dke R, ), (3.24)

are associated with translation vectors R between unit cells of the real-space lattice. The centers
of the Wannier functions are given by the average value of the Berry connections throughout the
BZ,

(xn) = / dkA, (k), (3.25)

and they are gauge invariant up to a lattice vector [41, 49]. In contrast, the spread of each Wannier

function with respect to its center, given by

) - ot = [ - | [ dkmmr + Y [ dkidn 0P 626

m#n

is strongly gauge-dependent [41, 45, 49]; although we note that the third term is actually gauge
invariant. The Bloch gauge corresponding to maximally localized Wannier functions (MLWFs)
is unique, and is referred to as the MLWF gauge. MLWFs have received considerable attention
in the condensed matter community [30, 45, 59, 60]. More recently, MLWFs have been used to
improve quasi-classical models of HHG in solids [17, 18], which help to develop understanding
and intuition of the physical processes shaping HHG in solids. In particular, the Wannier quasi-
classical (WQC) model of HHG [18] achieves quantitative agreement with numerical simulation
of the SBEs, but its success relies on strong localization of the Wannier functions. While
algorithms exist to obtain MLWFs in numerical band structure calculations [44] for general
crystals, this involves a highly technical optimization procedure. Here we develop a simpler
algorithm for fixing the MLWF gauge in systems with non-degenerate bands. This approach
avoids unnecessary complexity, and is well suited to analytic tight-binding models.

In the absence of degeneracies, it can be shown [49] that the MLWF gauge corresponds to

vanishing divergence of the Berry connections; i.e.

Vie- A (k) = 0, (3.27)
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Figure 3.7: MLWF gauge functions for the valence (a) and conduction (b) bands.

where we denote \A,, the Berry connection in the MLWF gauge. If the Berry connections are
given by A, in some initial gauge, we can find the gauge function y,, (k) that transforms to the
MLWEF gauge by requiring

Vic - A (k)
Vic - [Am(k) + VieXm (k)] . (3.28)

0

The MLWF gauge function is thus the solution to the Poisson equation

Vitm(k) = —Vi - Ap(k) = =1 (k), (3.29)

where we denote 7, the divergence of the Berry connection in the initial gauge. The solution is

readily obtained using the Wannier-Bloch Fourier transform [41]

1 ,
fk)=—=)» *Rf(R), (3.30)
N ;
where N is the number of unit cells. Clearly

ViXm(k me AR == " Xm(R)R?e™R, (3.31)
R

and thus

Xm(R) = (3.32)

35



3. Gauge smoothing for gapped graphene

@ 4
1

0.2
0.5

<0
0

-0.2
0.5

-0.4

04 02 0 02 04 04 02 0 02 04
ky ky

Figure 3.8: Panel (a) shows the difference of Berry connections Acv’g in the MLWF gauge; (b)
shows the change A., » — A, 2 With respect to the smooth gauge of Sec. 3.3.

is the solution in real space, which decays rapidly with |R|; provided the initial Bloch gauge

used to calculate 7,,(R) is smooth and periodic. Transforming back to k-space, we obtain the

desired MLWF gauge function

1 ei(k—k’)vR

Yom (k) = N Z Tnm(k')
Rk
1 (ilk—K)R
E— Z — Vi - A, (K). (3.33)
N i R?

It is important to note that the Fourier transform approach only works if the Berry connection
in the initial gauge is well-approximated by its Fourier series. Clearly this would not be the
case for the singular valence band Berry connections of gapped graphene in the TB gauge. In
contrast, the analytically smoothed gauge for gapped graphene provides an ideal starting point
for implementing the MLWF gauge transformation. Fig. 3.7 shows the gauge functions Y, and
X. that transform from the smooth gauge to the MLWF gauge of gapped graphene. Clearly
|Xv| > |X¢|, which means the difference Y., is dominated by the valence band gauge function.

While the real and imaginary parts of the TDM are slightly modified by the MLWF gauge
transformation, the behaviour of the Berry connections is more interesting. Fig. 3.8a shows the
component A, » of the difference of Berry connections that contributes to the SBE dynamics.
Comparing to Fig. 3.3a, the overall magnitude |.A_,| is significantly reduced in the MLWF gauge
compared to the TB gauge. Fig. 3.8b shows the difference A, 2 — A, » compared to the initial
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gauge, and the most significant change occurs near £ = 0. Overall, the Berry connections are
observed to vary more slowly throughout the BZ as a result of the MLWF gauge transformation.

Although the Berry connections are gauge-dependent, it is nevertheless interesting to consider
the relative contribution of A, to the dynamics in the MLWF gauge. The difference of Berry
connections A, is scaled by the electric field strength in the SBEs (2.44), which means €., >
F - A, for any realistic field strength; i.e. below the damage threshold. Since the bandgap is the
dominant structural quantity influencing the excitation of electron-hole pairs, it is not obvious
to what extent the Berry connections will contribute to the population dynamics. We can gain
insight by comparing simulations of the SBEs with and without the Berry connections included.
Fig. 3.9 shows the time-dependent behaviour of the conduction band population in response to a
75fs pulse with 3.5m wavelength, polarized along the I' — M direction. Fig. 3.9a shows the total
population n.(t) over the duration of the pulse, and we see that the intraband Berry connection
plays a noticeable role in the excitation process. Not only is the final population overestimated
when A, = 0, but the asymmetry of the dynamics between half-cycles is also affected. This
asymmetry is depicted more clearly in Fig. 3.9b, which shows the excitation rate n.(t) over two
optical cycles. In both cases there is strong asymmetry between half cycles, but the asymmetry
appears to flip when the Berry connection is excluded. The most important conclusion from
these results is that it is essential to include the full Berry connections when simulating strong

field processes in gapped graphene.

3.5 Summary

The tight-binding model for gapped graphene is a simple and useful prototype for studying light-
matter interactions in two-dimensional materials. Although this model has been used previously
to study time-dependent phenomena [11, 34, 43], the non-smooth dipole matrix elements in the
TB gauge create numerical difficulty; especially in the regime of HHG. In Ref. [34], HHG in
gapped graphene was simulated in the TB gauge including the complex dipole moments but
omitting the Berry connections. From the results of the previous section, it is clear that the Berry
connections play a significant role in the dynamics, and should not be excluded. The analytic
gauge smoothing transformation eliminates the numerical issues of the TB gauge, and makes
gapped graphene an ideal model for investigating HHG in 2D materials. This model will be
applied in the next chapter to study strong field physics in more detail.
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Figure 3.9: Time-dependent population dynamics in the MLWF gauge, highlighting the influence
of the Berry connections. Panel (a) shows the time-dependent population n.(t) over the full pulse
duration, while (b) shows the excitation rate 7n.(t) over two optical cycles. The two curves in each
panel correspond to simulations including (black) and excluding (red) the Berry connections.
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Chapter 4

Influence of mixture current for HHG in solids

Recall from chapter 2 that the interband current contains a term arising from non-adiabatic
couplings between Bloch states, known as the mixture current (2.68c). The influence of the
interband mixture current [36] has been mostly ignored by the HHG community, and has only
been considered recently in simulations of HHG for the linearized model of inversion-symmetric
graphene [39]. In order to study the influence of the mixture current more thoroughly, we desire
a model system for which we can calculate the relevant matrix elements (2.63). Although there
exist sum rules to calculate generalized derivatives from DFT [37, 46], obtaining a smooth Bloch
gauge suitable for numerical integration is still challenging [33, 36]. A tight-binding model is an
easier starting point, and gapped graphene has been used extensively to model 2D materials with
broken inversion symmetry [27, 42, 43]. The analytically smoothed gauge of gapped graphene
enables efficient numerical integration of the SBEs, and also provides analytic expression for the
required matrix elements. We focus on orientation dependence of HHG in order to reveal the
influence of the mixture current. The orientation dependence is sensitive to details of the band
structure, and provides valuable insight. Experimentally, the orientation dependence of HHG has

been measured in several systems [12, 28, 61-63].

4.1 SBE simulations
We investigate HHG in gapped graphene by simulating the SBEs (2.44) for a linearly polarized

optical pulse,
F(t) = Foe 7 cos(wot) (cos fe, + sin fe,), 4.1)

where 0 is the incident polarization angle with repsect to the z-axis in Fig. 3.1a, which corre-
sponds to the I'M symmetry axis. The optical frequency of the pulse is wy = A/5.3 = 0.061
a.u., and we use a Gaussian pulse envelope with 50 fs duration. Unless specified otherwise, we
use a dephasing time of one optical cycle, ty = 27/wy. We integrate the SBEs using a fourth
order Runge-Kutta method, using a £-mesh of 100 x 100 points.

The intensity of emitted harmonics is proportional to the spectrum of the current
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S(w) o [j(w)]?, 4.2)
where -
jw) = / dte ™“"j(t). (4.3)

Focusing on the interband current, we compare the harmonic spectrum calculated using the full
interband current j,(w) to the spectrum arising solely from the polarization current j,o(w).
Since jer = jpol + Jmix, any discrepancy between j., and j,, can be attributed to the mixture
current. We decompose the current into components parallel (j;) and perpendicular (j ) to the
incident polarization angle, so that the total harmonic yield arising from both vector components
is given by

S(w) = @) + @) = i) (44)

Fig. 4.1 compares the HHG spectra arising from the polarization current and the full interband
current for two different crystal orientations. In Fig. 4.1a the orientation angle € is aligned with
the I'M symmetry axis, and the induced current is entirely parallel to the driving laser. In
Fig.4.1b the orientation is along the I' K" direction, which is a mirror symmetry direction for
the hexagonal lattice [27]. As a result, the parallel component of the current contains only odd
harmonics, while the perpendicular current contains only even harmonics. For intermediate
orientations, both the parallel and perpendicular currents contain a mixture of even and odd
harmonics.

In Fig. 4.1 it is clear that higher harmonics beyond the cutoff are influenced more strongly
by the mixture current. As the harmonic order increases, the polarization current tends to
overestimates the harmonic yield. By contrast, in Fig. 4.1b we can see that harmonic 9 is slightly
enhanced by the mixture current for ¢ || 'K, although it is difficult to quantify on this scale.
What we can conclude is that the effect on harmonic 9 is different for the two orientations, and
this suggests that the effect of the mixture current is more complicated than a simple scale factor.
Clearly, it is difficult to compare the stronger harmonics based solely on the spectrum in Fig. 4.1a
due to the large dynamic range. Further, comparing the spectra for a single orientation provides
limited insight for the strong anisotropy of gapped graphene. We can develop a more complete

picture by studying the orientation dependence of the individual harmonic efficiencies.
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Figure 4.1: Influence of mixture current on HHG spectra for optical polarization oriented along
(a) 'M, and (b) I' K. Field strength Fiy = 0.0025 in both cases.

4.2 Orientation dependence of HHG

In order to study the orientation dependence of HHG, we calculate the integrated yield of the n'”

harmonic according to

nwo+ow nwo+ow

St = [ daS@) = [ () + 17 @5)
nwo—ow nwo—ow

where dw = wy/4 is the integration window, and we restrict our attention to interband HHG for

harmonics above the minimum bandgap. Fig. 4.2 shows the orientation dependence of harmonics

6-14, where the full interband harmonic yield (blue) is compared to the yield arising solely from

Jpol (red). In each case, the harmonic yield is normalized to the largest value of S, or S, over
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the angular range.

For harmonics (6,7,12-14) the polarization current overestimates the total harmonic yield,
and the effect of the mixture current is approximately isotropic. For harmonics (8,11) the effect
of the mixture current is also isotropic, but in this case it enhances the total harmonic yield. For
harmonic 10, S, and S;,.give very similar results, and the traces actually intersect for some
angles.

The most interesting case inf Fig. 4.2 is harmonic 9 (d). Overall the mixture current enhances
the harmonic yield, but the behaviour is noticeably anisotropic. The enhancement is most
significant for ¢ || I'K, while for 6 || I'M the efficiencies are nearly identical. Although this
behaviour was also observed in Fig. 4.1, the full orientation dependence provides more insight.
Specifically, the orientation dependence of S, is clearly maximized along I' X', whereas S, is
more uniform with primary maxima along I' M/ and secondary maxima along I'KX'. Although S,
and S}, have similar magnitudes on a logarithmic scale, we observe a qualitative change in the
orientation dependence arising from the mixture current.

We can uncover more significant effects of the mixture current by examining higher har-
monics. Fig. 4.3 shows the orientation dependence of harmonics 15-18, but in this case S, and
Spol are plotted separately since they differ by at least on order of magnitude. For harmonics
(15,16,18) the mixture current reverses the locations of the minima/maxima. For harmonics
(16,18) the mixture current also reduces the peak-to-peak magnitude of the orientation depen-
dence; i.e. Se, is more isotropic than S, for these harmonics. In contrast, S, and Sy, are
both strongly anisotropic for harmonic 15, with nearly perfect extinction between maxima.
Interestingly, the orientation dependenc of harmonic 17 is essentially unaffected by the mixture
current.

One inuitive mechanism shaping HHG is the ionization rate and its dependence on the
band structure. Clearly, a large ionization rate will generate a greater population of excited
electron-hole pairs, which can then recombine to emit high harmonics. From the Keldysh theory
of ionization [64-66], we expect the ionization rate to be inversely related to the effective mass.
Although the bandgap for gapped graphene shown in Fig. 3.1 is not strongly anistropic near the
K -points, there is still a variation of the effective mass depending on the orientation. The total
time-dependent conduction band population is given by n.(t) = [ dkp..(k,t), and Fig.4.4a
shows the excitation (ionization) rate n.(t) for two different orientations in gapped graphene.
The total excitation is clearly stronger along I'M compared to I'K; corresponding to 6 = 0
and 6 = 30°, respectively. Fig. 4.4b shows the maximum ionization rate during the pulse as a
function of polarization angle. The ionization rate has a simple 6-fold symmetric orientation

dependence, with maxima(minima) along ['M (I'K'). As a result, the orientation dependence of
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Figure 4.2: Orientation dependence of S.,(blue) and S, (red) for harmonics 6-14; each trace
is scaled by the maximum of S, or Sp,,. The field strength F{, = 0.0025 is the same used in
Fig.4.1.
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Figure 4.3: Normalized orientation dependence of S, (blue) and \S;,.;(red) for harmonics 15-18.
The field strength Fi = 0.0025 is the same used in Fig. 4.1.

the ionization rate would have the effect of enhancing HHG when 6 || I'M. Clearly, this cannot
be the dominant mechanism shaping the orientation dependence of harmonic yield, since we
have already observed several harmonics with orientation dependence bearing little resemblance
to Fig. 4.4b.

In Figs. 4.2 and 4.3 we identified several cases where the mixture current has a significant
effect on the orientation dependence of harmonic yield. Further, the behaviour is inconsistent
for different harmonic orders with no obvious trends. This suggests the overall orientation
dependence is determined by an interplay of different mechanisms. The matrix elements
influencing the interband HHG spectrum are the bandgap, Berry connections, TDM, and the
generalized derivative of the Rabi frequency. These matrix elements have distinct behaviour
throughout the BZ, and they also affect the HHG spectrum in different ways. Specifically, the
bandgap, Berry connections, and TDM influence the dynamics directly via the SBEs (2.44),
while the TDM and generalized derivatives enter the expressions for the interband current (2.53).
Further, excited carriers are accelerated through the BZ with time-dependent crystal momentum
K; = K — ¢A(t) before recombining to emit harmonics. As a result, the dynamics shaping
each harmonic are influenced by the band structure in different regions of the BZ. For example,
harmonic 6 is only slightly above the minimum bandgap, and it will be dominated by k-space
trajectories that recombine near the K -points. As the harmonic energy increases, so does the

excursion distance of electron-hole pairs between excitation and recombination. We observed
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Figure 4.4: Orientation dependence of ionization rate for Fy = 0.0025. Panel (a) compares n..(t)
for two orientations over 6 optical cycles; (b) shows the maximum ionization rate during the
entire pulse, as a function of orientation angle 6.

in chapter 3 that the matrix elements shaping HHG in gapped graphene vary substantially
throughout the BZ; especially the matrix elements influencing the mixture current. The main
conclusion we can draw is that harmonic yield is influenced by the non-trivial k-dependence of
the matrix elements, and this generally makes the orientation dependence non-intuitive. However,
since total k-space excursion distance is directly proportional the field strength, it is safe to

conclude that the orientation dependence will also depend on the field strength.

4.2.1 Influence of field strength

We remarked in Sec. 2.2 that the interplay of j,o and jnix is likely to vary with field strength,
due to the different scalings of the relevant matrix elements. Specifically, the matrix element
for jpor 1s just the TDM d.,; whereas the matrix element for j,ix is the generalized derivative of
F(t) - d.,, which is directly proportional to the field strength. However, based on the discussion
of the previous section, we also expect the field strength to influence the orientation dependence
via the k-space excursion distance.

Fig. 4.5 shows the orientation dependence of harmonics 6 and 9 for different applied field
strengths. For harmonic 6 (a-d), the harmonic yield is maximized along I' K for Fy = 0.002,
but as the field strength increases the maximum splits, and we end up with 12 distinct maxima
for F, = 0.003. As the field strength is increased further, the orientation dependence for
Fy = 0.0035 reverts to being maximized along I' K'; similar to the case for Fi, = 0.002. Although
the orientation dependence of harmonic 6 exhibits a non-trivial variation with field strength,
the mixture current clearly has a negligible effect since both S;,,; and S, evolve similarly with

Ey. In contrast, the orientation dependence of harmonic 9 (e-h) behaves quite differently. For
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Figure 4.5: Orientation dependence of harmonics 6 (a-d) and 9 (b-h) for different applied field
strengths. The full interband harmonic yield S, (blue) is compared to S, (red).

Fy = 0.002 both S, and S, are maximized along I'M, while for F{, = 0.0035 they are both
maximized along I' /. However, we can see that the orientation dependence of S;,; and Se,
evolve asynchronously for intermediate field strengths. At F, = 0.0025 the full interband
harmonic yield S, has already flipped the orientation of its maxima to I' /X', whereas S, is still
maximized along I' M. For both calculations the maximum orientation dependence of harmonic
9 moves from I'M to I'K as Fj increases; however, S, seems to lag behind S,.

We can develop a more complete picture by visualizing the harmonic yield as a function of
both polarization angle ¢ and field strength Fj. Fig.4.6 shows the combined orientation and
field strength dependence of harmonics 6 and 9, with a side-by-side comparison of S, and Spo1.
For weaker fields harmonic 6 is maximized along 'K, and we observe a gradual splitting of
the maximum as Fj increases. At higher field strengths the maxima recombine quite abruptly,
reverting to a single maximum along I' K. We also observe that the orientation dependence of
Ser(6wp) and Sy (6wy) evolve simultaneously with Fy. In contrast, harmonic 9 exhibits a single
maximum that shifts from I'M to I' K’ with increasing field strengths, and these transitions occur
at different field strengths for S, and Sp,o;.

From Fig.4.5 it was clear that the mixture current does not have a significant effect on
the orientation dependence of harmonic 6. In contrast, the influence of the mixture current on
harmonic 9 is clearly observable in Fig. 4.5, but it is difficult to characterize the nature of the

effect from this limited view. From the combined picture in Fig. 4.6, we observe that the mixture
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Figure 4.6: Combined orientation and field strength dependence of harmonics 6 and 9. Calcula-
tions using the full interband current S, (LHS) are compared to S,,,;(RHS), and in each case the
orientation dependence is normalized to the maximum value at each field strength.

current simply shifts the field strength dependence of harmonic 9. Importantly, the mixture
current does not fundamentally change the shape of the combined orientation and field strength
dependence for harmonic 9. Clearly this expanded view provides valuable insight, but we note
that overall scale differences between S, and S, cannot be discerned due to the normalization.

Fig. 4.7 shows the combined orientation and field strength for selected higher harmonics.
The mixture current has a negligible effect on harmonic 12, while for harmonic 11 the mixture
current induces a considerable shift of the field strength dependence. The mixture current has a
significant influence on harmonic 15, and the behaviour is distinct from the lower harmonics.
The polarization current is always maximized along I'M for harmonic 15; regardless of field
strength. However, the mixture current clearly dominates at lower field strengths, where the
orientation dependence is maximized along I'K. In contrast to the lower harmonics, there is
little resemblance between Figs. 4.7d-1 and d-2, and the mixture current does not simply shift

the field strength dependence.
4.2.2 Influence of dephasing time

We close this chapter by considering the influence of dephasing time on the orientation depen-

dence of HHG. We focus on harmonic 9, which has shown interesting orientation dependence in
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Figure 4.7: Combined orientation and field strength dependence of harmonics (10-12,15).

Calculations using the full interband current S, (LHS) are compared to S,,1(RHS), and in each
case the orientation dependence is normalized to the maximum value at each field strength.
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Figure 4.8: Influence of dephasing time on orientation dependence of harmonic 9. The full
interband harmonic yield Se, (blue) is compared to S, (red).

the preceding sections. Fig. 4.8 compares the orientation dependence of S, and S}, for different
combinations of field strengths and dephasing times. Clearly the dephasing time has a significant
effect on the orientation dependence at some field strengths, but for £y = 0.002 the effect
is negligible. At intermediate field strengths the orientation dependence of both S, and S
depend on the dephasing time, and their behaviours are distinct. Motivated by the analysis of the
previous section, we consider the combined orientation and field strength dependence in Fig. 4.9.
This reveals that changing the dephasing time simply shifts the field strength dependence, and
the shift is similar for both S, and S;;.

4.3 Summary

The smoothed gauge for gapped graphene allows effecient numerical integration of the SBEs.
The tight-binding model for gapped graphene is also an ideal system for investigating the mixture
current, since the matrix elements can be calculated analytically. We have shown that the mixture

current has a significant influence on the orientation dependence of HHG, and this contribution
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Figure 4.9: Influence of dephasing time on the combined orientation and field strength depen-
dence of harmonic 9.

to the current should not be ignored. Finally, we have shown that the combined orientation and
field strength dependence provides valuable insight for the processes influencing HHG. While
the dephasing time clearly influences the orientation dependence, we observe that the main effect
is simply to shift the field strength dependence of harmonic efficiencies. The results and analysis
of this chapter provide useful information for the possible effects that might be observed when
studying the orientation dependence of HHG in more complicated systems, which will be the
subject of future work. Further, the combined orientation and field strength dependence could be
an ideal candidate for comparison of simulated HHG spectra with experiment. Even if individual
traces of orientation dependence show poor agreement, a shift of the field strength dependence
is easy to identify and could possibly offer clues to any discrepancy between experiment and
simulation.

Finally, we mention that the ellipticity of the induced current can be calculated as

é(w) = —2Im [jy(w)5] (w)] /S(w), (4.6)
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and it is found that gapped graphene can generate significant ellipticity with a strong orientation
dependence. However, the mixture current is observed to have a negligible effect on ellipticity,
which is not relevant to the present discussion.
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Chapter 5

Semiconductor Bloch equations in the orbital basis

In this chapter we present an alternative approach for simulating the SBEs in an analytic tight-

binding model. We recall from Eq. (3.3) that the Hamiltonian matrix is represented in a basis

Vi) = fz e*Rlu,R), (5.1)

where |v, r) are atomic-like orbitals. We refer to the basis |v, ) used to construct the Hamilto-

nian as the orbital basis, which is related to the Bloch basis |u,, ) by the unitary transformation

|um k Z Uam |Uo¢ k (52)

where UUT = 1. We generalize the SBEs to simulate the dynamics directly in the orbital basis,
which avoids any numerical complications due to non-smooth dipole matrix elements in the
Bloch basis. This formulation of the SBEs is analogous to the approach developed in Ref. [30],
which used the basis corresponding to MLWEF orbitals resulting from DFT structural calculations.
The two approaches are complementary; the orbital basis applies to tight-binding models, while

the MLWEF basis is used for numerically calculated band structure.

5.1 Dynamics in an arbitrary basis

In the previous chapters we have assumed to be working in the basis of Bloch functions, which
are eigenstates of the crystal Hamiltonian. In this section we generalize the SBEs to consider a
more arbitrary basis, in which the off-diagonal Hamiltonian matrix elements are non-zero. It is
convenient to work with the k - p Hamiltonian [36, 48, 49]

k2

H(k) = e ®*Hye™ ™ = Hy+k-p + o (5.3)
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5. Semiconductor Bloch equations in the orbital basis

so that

<um7k‘H(k)|un,k> = <um k|€7ik.xH eik'x‘un,k>
< m k’HO|(I)n k>
= O Em (k). 5.4

The matrix elements of H (k) can be represented in any basis related to the Bloch functions by a

unitary transformation. To be specific, consider the change of basis
|G i) = Z k)|t (5.5)

with the inverse transformation

’umk Z Uzzm ’uzzk (56)

If the unitary matrices U (k) are diagonal, these transformations reduce to the phase transforma-
tions considered in Eq. (2.69). Throughout this chapter, w,, x refers to a basis of Bloch functions
that diagonalize the H (k), while 1, x is a non-diagonal basis related to u,, x by a unitary matrix.
The transformations (5.5) and (5.6) have been described as a “generalized” gauge transformation
in previous work [41, 45, 59, 60] concerning maximally localized Wannier functions.

In the Bloch basis we study the dynamics using the Ansatz

|,¢(t)> = Z am(kv t>|q)m,k>a (57)

m,k

where a,, (k, t) is the time-dependent probability amplitude for the Bloch state ®,,, ,. This leads
to the familiar SBEs introduced in chapter 2. Alternatively, one can formulate the dynamics in

the transformed basis using the Ansatz

- Z U (K)aim (k, 1) D) (5.8)
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5. Semiconductor Bloch equations in the orbital basis

Equating (5.7) and (5.8), we obtain the transformation between probability amplitudes

:Z U} (K)a,(k,t)

ZUW Jau(k, 1), (5.9)

while the density matrix elements transform according to

pum (K. ) Z kat)] Z Ul (k)a, (k, t)]
- Z w0 (&) Ui (K) P (K, 1), (5.10)
puv
and
pm (K, 1) = ZUmu aﬂkt] ZUW aykt]

= Z Uny (K k) pou(k, t). (5.11)

These transformations can be written more succinctly as

pam (k) = [U(K)p(k, )U (K)]
pum (k. t) = [UK)p(k, U (k)] (.12)

and it is also straightforward to verify that the Hamiltonian transforms according to
H(k) = U(k)H(k)U'(k). (5.13)

The transformation of the dipole matrix elements is more subtle due to the gradient term;
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5. Semiconductor Bloch equations in the orbital basis

specifically,

énm(k) = <an,k‘ivk’ﬂm,k>
= Z Uny (K) (1t 1| 1 ViU (K) [t1110)

= Z ()& (R) U (1) 4 iU (K) (e t1000) ViU f ()
= [U ERU(K)] +i [U) ViU (K)],,, (5.14)
from which we conclude
£(k) = Uk)EK)UT (k) + iU (k) ViU (k). (5.15)

The transformations (5.12) and (5.13) are covariant, but the dipole matrix is not covariant due to
the gradient term in (5.15) [30, 59]. It should be emphasized that there is no separation of intra-
and interband dipole matrix elements in an arbitrary basis, since energy bands are specific to the

basis which diagonalizes the Hamiltonian.

5.1.1 SBEs in comoving frame

Since the basis functions ®,,; are not eigenvectors of H(k), the SBEs need to be generalized
accordingly. This was demonstrated in Ref. [30] in the static momentum frame, but here
we present an analogous formulation in the comoving frame. Recalling the time-dependent
Hamiltonian H(t) = H, — eF(t) - x, the matrix elements of the density matrix equation

p(t) = —i[H(t), p(t)] are most generally given by

atﬁnm(kv t) =—1 [HOa p(k, t)}ﬁm —€ [F(t) : Dka p(k, t)] (516)

nm’

where we denote
@nm(k) = [O(k)}ﬁm = <c§n,k,0(k)‘&)m,k>v (5.17)

to indicate that matrix elements are evaluated in the non-diagonal basis. In the Bloch basis the
first term on the RHS of Eq. (5.16) simplifies to €,,,,(k)p.n(k, t), and we recover the regular

SBEs (2.32). To continue in a non-diagonal basis, we evaluate

[F(t) - D, p(k, )], = F(1) - Viepnm (K, 8) — 0 [F(2) - £(K), p(k, )] , (5.18)
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5. Semiconductor Bloch equations in the orbital basis

where we do not separate diagonal and off-diagonal components of the dipole matrix elements.

Defining the combined matrix elements
Gum(k, 1) = Hym(k) — eF(t) - &un(k), (5.19)

and transforming Eq. (5.16) to the comoving frame, we obtain the generalized SBEs

O (K, 1) = —i [G(Ky, 1), p(k, 1)) + 0iplD (K, 1), (5.20)

where we have added a phenomenological dephasing term.

The dephasing term is most easily propagated in the Bloch basis according to

(1 B 5nm)

Oupim (K1) = ——

P (K, 1). (5.21)

To transform the dephasing term to an arbitrary basis, we use the transformation (5.12) in the

comoving frame,

pun (K, 1) = [UN(K.)p(K, 1)U (K,)]
pun (K, 1) = [U(K,)p(K, 1)U (K)]

nm

(5.22)

nm’

which gives

79D (K, 1) ZUW (KU, (K)0ipl2) (K, t)

1
= —E (1 - 5py>Unl/(Kt>UZm<Kt>pVﬂ(K’ t)
w,v
1
== 2 (1= 0w U (K)UL, (KU, (K U (Ko pra (K1), (5.23)
w,v,a,b

The dephasing term involves a 4-dimensional sum, which becomes computationally expensive
to evaluate as the number of bands increases. Further, since the unitary matrix elements are
evaluated at the time-dependent momentum, they must be calculated independently for each
time step. This approach is well suited for tight-binding Hamiltonians that can be diagonalized
analytically, which results in closed-form expressions for U. In contrast, the static momentum
frame is better suited for Hamiltonians requiring numerical diagonalization, since the unitary
matrix is only required on a fixed momentum grid. Our approach is thus complementary to
that of Ref. [30], which employed the static frame to propagate the SBEs in the MLWF basis
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resulting from numerical band structure calculations.

5.1.2 Change of basis

The generalized SBEs (5.20) can also be derived by applying a covariant transformation to the
SBEs in the Bloch basis. We start by writing the coherent part of the SBEs in the Bloch basis as

prm (K 1) = =1 [G(Ky, 1), p(K, 1)) (5.24)

nm’

where p = 0,p, and hereafter we suppress explicit (k,t)-dependence to simplify notation; it
should also be understood that G(K;) and U(K;) are always evaluated at the time-dependent

momentum K in the comoving frame. We transform both sides of Eq. (5.24) according to

pvt],,, = —i{UlG. U}, |
= —i [UGpU" — UpGU'|
= —i [UGU'UpUT — UpUTUGUT]

= —i [UGU", p|

nm

nm

(5.25)

nm’

where we have identified the transformed density matrix using the Eq. (5.22). Now, the matrix

on the LHS can be written as

UpUt = 0y(UpU"Y — UpUT — UpU?
= 0,p— UUTUpUT — UpUTUU?
=0,p—UUp—pUUT, (5.26)

where we have used UTU = 1. Clearly 8,(UU") = 0, which implies UU' = —UU ,and thus
UpUt = 8,5 + [UUT, ,5] . (5.27)
In the comoving frame we have

UT(Kt) - Kt . VKtUT(Kt)
=eF(t) - Vg, UT(K,), (5.28)

and so
UpU' = 0yp + eF - [UVU', p] . (5.29)
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Inserting this result into Eq. (5.25) gives

Oipum = —i [UGU',p| —eF - [UVU',p] | (5.30)
or
Oy pnm (K, 1) = —i [G(Kt,t),p(K,t)]ﬁm, (5.31)
where we have identified the transformations
H(Kt) - U(Kt)H(Kt)UT(Kt)
€(K,) = UK)EK)UT(K,) + iU (K,) Vg, UT(K,), (5.32)

in the comoving frame. Although these transformations can also be obtained by applying the
boost operator to Egs. (5.13) and (5.15), this derivation highlights that the correct operator
transformations ensure covariance of the SBEs.

5.1.3 Inmitial condition and calculation of observables

In order to integrate the generalized SBEs, we must specify an initial condition for the density
matrix elements. The initial condition is most intuitive in the Bloch basis, where the off-diagonal
matrix elements are zero and the diagonal elements are the band occupations of an unperturbed
system. At zero temperature the valence bands are occupied and the conduction bands are empty,
while at non-zero temperature the band occupations can be specified by a thermal distribution

[21, 30]. In any case, for an initial condition p(K, t,) specified in the Bloch basis, we have
pnm K t(] Z Um/ )puu(K7 tO)

= Z Unp(K)UT (K pu (K, 1), (5.33)

where the unitary matrices are evaluated at the initial (field-free) k-space coordinates. At zero

temperature this simplifies to

an K tO Z Un,u )

<Ny

where NN, is the number of valence bands.

When the SBEs are propagated in an arbitrary basis, the band occupations can be obtained
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using the transformation
pun(K, 1) = U} (K) Uy (Ko ) (K, ). (5.34)

In principle the total current can be calculated by generalizing Eq. (2.49) according to

j(0) = [ aTe{ID, H (o) plt))
—Y / 0k (VA (k) — i [E00), AR} o)

- iZ/dk {Vi —i€(k),F(t)- [Vi —i€X)]},  prn(k,1). (5.35)

We note that only the first integral on the RHS was considered in Ref. [30], which simulated HHG
in the MLWEF basis. There are additional contributions to the current arising from the commutator
[x, F - x|, which does not vanish within the crystal momentum representation [36, 37, 46]. In
Sec. 2.2 we saw that this commutator yields the anomalous intraband and the interband mixture
currents in the Bloch basis; however, an arbitrary basis does not admit an intuitive decomposition
of the current. In fact, one cannot even separate intra and interband contributions in a non-
diagonal basis, since the band picture is exclusive to the Bloch basis which diagonalizes the
Hamiltonian.

It is preferable to calculate the current starting from Eq. (2.68) in the Bloch basis. We then

transform the density matrix elements using Eq. (5.22), resulting in

jut)=e> / dK v, (KU, (K Upn (Ky) (K 1) (5.36a)
n,u,v

Jan(t) = =) /B ] dKvE (Ke, ) U (KU (Ki)pp (K, ) (5.36b)
n,u,V

Jmin(H) == Y /B ] AKW (K, ) U} (Ko Uy (K i)y (K, ) (5.36¢)
nmul/

Jpol (1) Z /B ] dKd, (K UL, (K Uy (Ki) (K 1), (5.36d)

nmuu

This way, the contributions to the current can still be resolved in the Bloch basis, but using the
density matrix elements calculated in an arbitrary basis. In other words, the basis transformation
is used only for the propagation of the SBEs, and we transform the numerical results back to the

Bloch basis in order to evaluate the current.
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5.2 Tight-binding orbital basis

We now discuss the considerable advantage afforded by a non-diagonal basis when applied to
analytic tight-binding models. Recall from Sec. 3.1 that for a tight-binding Hamiltonian matrix
H (k) diagonalized by a unitary matrix U (k), the Bloch eigenvectors are given by

|umk Z Uam ”ank (537)

where |v, 1) is the basis in which the tight-binding Hamiltonian matrix H (k) is represented.

Since the k-dependent basis states |v, k) are related to the tight-binding orbitals via,

Vo) = \/_ZeszhjaR

we refer to this basis as the orbital basis. Naturally, we can use this unitary matrix to transform
the SBEs from the Bloch basis to the orbital basis. It was shown in Sec. 3.1 that the dipole matrix

elements between Bloch functions are simply

Enm (K fzz k) ViUam(k) = i [UT (k) ViU (k)] (5.38)

since the dipole matrix elements vanish in the orbital basis, by virtue of Eq. (3.5). As a result,

the SBEs in the orbital basis are simply
Orprm (K, 1) = —i [H(Ky), p(K, t)]  + 0,p\% (K, 1),

where H (k) is the tight-binding Hamiltonian matrix, and p is the density matrix in the orbital
basis. To see why it is always possible to obtain a basis with vanishing dipole matrix elements,

we set £(k) = 0 in the transformation (5.15) to get
ViU (k) = i€ (k)UT (k). (5.39)

The solution to this matrix differential equation provides a unitary transformation that eliminates
the dipole matrix elements. Comparing Eq. (5.38) to (5.15), it is clear that the matrix of

eigenvectors for a tight-binding Hamiltonian matrix is an example of such a solution.
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Eliminating the dipole matrix elements from the SBEs avoids any complications that might
arise from non-smooth behaviour. In Chapter 4 we saw that gapped graphene has singular Berry
connections and discontinuous TDMs in the Bloch gauge resulting from analytic diagonalization
of the Hamiltonian. We developed a gauge smoothing transformation to eliminate the singular
behaviour, and this facilitated efficient numerical integration of the SBEs. Although this ap-
proach was successful, deriving this gauge function was laborious even for the simple 2-band
Hamiltonian of the gapped graphene model. It is reasonable to assume that analytic gauge
smoothing of multi-band tight-binding models would be even more complicated; assuming it
is even possible. Numerical gauge-smoothing algorithms based on the parallel transport gauge
transformation [33, 36, 41] have been developed, but their implementation is quite technical
and they ultimately restrict the model to a discretized k-mesh. The tight-binding orbital basis
makes gauge smoothing unecessary, as we only need the Hamiltonian to propagate the SBE:s.
Not only are the Hamiltonian matrix elements smooth and periodic, but they are also slowly
varying compared to the dipole matrix elements; even in the analytically smoothed gauge for
gapped graphene. As a result, the orbital basis can significantly reduce the number of k-points
required to achieve convergence. Further, while non-smooth Berry connections and TDMs are
strongly detrimental to numerical integration of the SBEs, they do not affect the calculation of
the current using Eq. (5.36). Most importantly, integration of the SBEs using the orbital basis
is feasible even for systems with non-vanishing topological invariants, which do not admit a
smooth Bloch gauge throughout the BZ [41, 53, 67].

5.3 Results for gapped graphene

In this section we use the orbital basis to simulate HHG in gapped graphene discussed in Chapter
3, where the 2 x 2 Hamiltonian is represented in a basis of p, orbitals at each atomic position in
the lattice. Gapped graphene is a natural example to verify the orbital basis approach, since we
can compare to the results of Chapter 4 using the smoothed Bloch gauge. We calculate the total
harmonic efficiency arising from both the parallel and perpendicular components of the current;
ie.

S(w) = @) + i (@) (5.40)

and we consider incident optical polarization along two different orientations; I'M and ' K.
Fig. 5.1 compares HHG spectra calculated using the orbital and Bloch bases, and the results are
clearly equivalent over the full harmonic range. Although the noise floor is not discernible in
this plot, it is generally found that the orbital basis results in a lower noise floor. In terms of

numerical efficiency, the integration times are similar for the Bloch and orbital calculations in
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Figure 5.1: Comparison of Bloch and orbital basis calculations for HHG spectra in gapped
graphene for two different orientations; (a) ' — M, (b) [' — K.

this example. This is due to competing effects affecting performance. The gauge smoothing
function for the Bloch basis is costly to evaluate, whereas the dephasing term adds computation
time in the orbital basis. However, the full simulation takes longer for the orbital basis, since the
calculation of observables also involves the U matrix. While both calculations take longer in
models with a larger number of bands, the computation time in the orbital basis increases more
rapidly. Further, if the Bloch structure is evaluated using cubic spline interpolation rather than
evaluating the full analytic expressions in the smoothed gauge, the performance can be improved
significantly.

We can also calculated the integrated harmonic yield

nwo+ow
Sp = / dwS(w), (5.41)

wo—o0w
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Figure 5.2: Relative difference of harmonic yields calculating using orbital vs. Bloch basis.

and from this the relative difference

_ |Szrb _ SEIOCh‘

AS, o

(5.42)
between the two calculations. The difference AS is shown in Fig. 5.2, and we observe that
the discrepancy only becomes significant when the harmonics approach the noise floor. For all

practical purposes, we conclude that the Bloch and orbital calculations give identical results.

5.4 Results for QWZ model

An interesting application of the orbital basis is to study HHG in topological materials with
non-zero Chern number, which do not admit a smooth and periodic gauge in the Bloch basis
[41, 53]. As a simple example we consider the Qi-Wu-Zhang (QWZ) model for a topological
insulator [68, 69],

H(k) = a[sinak,o, + sinak,o, + (7 + cos ak, + cos aky) 0]

B v + cos ak, + cos ak, sin ak, + isin ak,

B sinak, 4+ isinak,  —vy — cosak, + cos ak,
A(k k

— *( ) a(k) : (5.43)
q(k) —Ak)

where « is a scale factor used to tune the energy scale, while the parameter v controls the

characteristics of the model. This tight-binding model does not correspond to a basis of atomic
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5. Semiconductor Bloch equations in the orbital basis

orbitals. Rather, the QWZ model describes a spin-1/2 particle with two internal spin states
hopping on a square lattice, and the energy bands result from the spin degree of freedom. The
QWZ model can be interpreted as a simple model for a paramagnetic semiconductor. Although
the real-space interpretation of the QWZ model is not inuitive [69], it is valuable as a simple 2D
model with tunable topological properties. The symmetry points of the BZ for the square lattice
are indicated in Fig. 5.3a.

The bandgap of the QWZ model is given by

e(k) = VA2(K) + [q*(k)

= a\/sin2 ak, + sin® ak, + (v + cos ak, + cos ak:y)Q, (5.44)

where s,, = —1(+1) for the valence (conduction) band. The energy gap closes when v =
—2,0,42; with Dirac cones [53, 69] located at different points in the BZ for each case. When
v = —2 there is a single Dirac point at I' (k = 0); for v = 0 there are 2 inequivalent Dirac points
at the midpoints (X) of each band edge; while for v = 2 the bandgap closes at the M points of
the BZ, which comprise a single Dirac point. The Chern number () also depends on the value of
~ according to [69]

v< =2, @=0
—2<y<0, @Q=-1
0<vy<2 Q=+1
v>2, Q=0. (5.45)

To simulate HHG spectra in the QWZ model we use a lattice constant @ = 7 a.u., and we

consider two different combinations of parameters,

I: a=0.0367,v=—-35
II: a=0.0735,v=—1.2, (5.46)

where 1 is a trivial phase, while II is a topological phase. Fig.5.3 shows the 2D bandgap
throughout the BZ for phases I and II. The parameters for each phase were chosen to give similar
maximum and minimum bandgaps. In both cases, the bandgap is minimized at I' and maximized
at M. We note that the 1D bandgap along I' — K is similar for phases I and II; whereas the
bandgap along I' — X is much flatter in phase II than phase .

Fig. 5.4 shows the z-component of the Berry connections for each phase. Although the Berry
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Figure 5.3: Bandgap of the QWZ for (a) phase I, and (b) phase II; as described by Eq. (5.46).
Symmetry points of the BZ are illustrated in (a).

connections do not enter the orbital basis SBEs, it is instructive to demonstrate the singular
behaviour of the QWZ model. In phase I the valence band Berry connection is finite, while the
conduction Berry connection diverges at the I'; X and M points. In phase II the valence band
Berry connection diverges at I', while the conduction band Berry connection is singular at the X
and M point. Although both phases have singular points, the locations (both in k-space and band
indices) are different for each phase. The y-component is not shown, since it can be obtained
from a 7/2 rotation of the z-component.
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Figure 5.4: Berry connections for the QWZ model. Panels (a,b) show A, , and A, , for phase I;
(c,d) show A, , and A, , for phase II
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Figure 5.5: TDM component d., , for the QWZ model. Panels (a) and (b) show the real and
imaginary parts of d., ., for phase I; panels (c) and (d) correspond to phase II.
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The xz-component of the TDM is shown in Fig. 5.5 for both phases. The maximum value of
the TDM for phase II is roughly two times larger than for phase I. For phase I the imaginary part
is localized near I', while for phase II the imaginary has a larger distribution throughout the BZ.
We also observe that for both phases the TDM is discontinuous at high symmetry points of the
BZ. This is similar to the non-smooth behaviour of gapped graphene in the TB gauge, where the
singular Berry connections at the /K points are accompanied by discontinuous TDMs.

To demonstrate the orbital basis approach in the QWZ model, HHG spectra were simulated
for a 3um optical pulse with 50fs duration. We consider input polarization along I' X, for
which the bandgaps are most similar for the two phases. The simulated harmonic spectra for
both phases are shown in Fig. 5.6a. Despite the non-smooth behaviour of the QWZ model, the
orbital basis SBEs succeed in calculating the HHG spectra to high precision. Although the HHG
spectra exhibit slight differences for the two phases, there is no obvious qualitative indicator
that distinguishes the topological phase. Indeed, the influence of topological phases on HHG
is generally not obvious based on inspection of HHG spectra [35, 67]. It is more interesting to
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Figure 5.6: (a) simulated HHG spectra for two phases of QWZ model with input polarization
along I' — M orientation; maximum bandgap indicated by dashed blue line. Panel (b) shows
simulated ellipticity of harmonics above the maximum bandgap.

examine the ellipticity of each harmonic order, given by the Stokes parameter
Ss(w) = —2Im [y (w)5] (w)] /So(w), (5.47)

where the normalization Sy(w) = S(w) = |jjj(w)|* + |j(w)|? is the Stokes parameter for the
harmonic intensity. The simulated ellipticity for the two phases of the QWZ model are shown
in Fig. 5.6b. Although the input polarization is linear, harmonics are generated with significant
ellipticity. Interestingly, the two phases generate low order harmonics with opposite ellipticity.
As the harmonic order increases, the overall magnitude of ellipticity varies in each phase.

The main goal of this section is to demonstrate the validity of the orbital basis SBEs, and
exploring the influence of the topological phase on the HHG spectrum will be the subject of
future work. Here we have only considered linear polarization, but the HHG spectrum resulting
from excitation by a circularly polarized pulse can be more sensitive to topological phase [67].
Time-frequency analysis of HHG emission can also provide insight for the role of topological
phase in HHG [35]. Finally, it will be particularly interesting to explore the role of the mixture

current in HHG for different material phases.
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Chapter 6

Gauge invariant semiconductor Bloch equations

In the previous chapters we have exploited gauge freedom to facilitate numerical integration of
the SBEs. In chapter 3 we used a specific gauge transformation to remove singular behaviour
from the tight-binding model of gapped graphene, while in chapter 5 we transformed the SBEs
to a non-diagonal basis. In this chapter we take a different approach, and derive a gauge invariant
formulation of the SBEs. Using a simple transformation of the density matrix, we obtain modified
SBEs containing only gauge invariant structural matrix elements. As we shall see, the TDM
phases and Berry connections are replaced by a gauge invariant quantity known as the shift
vector [35, 46, 47]. The transformation also removes gauge dependent phases from the interband
current, which means HHG in solids can be described using only gauge invariant structural
quantities. For completenes we present gauge invariant SBEs in both the static and comoving

momentum frames, although we perform numerical calculations only in the comoving frame.

6.1 Gauge invariant SBEs in the static frame

Starting from Eq. (2.32) in the static frame, we separate the SBEs into diagonal (intraband)

components

l

and off-diagonal (interband) components

Prm (K, 1) = — i [enm(k) = €F (1) - A (K)] prm (K, t) — €F () - Vipum(k, t)
+ 1€Qnm (K, 1) [pmm (K, 1) — pon(k, )]
+ie > [k, t)pim (K, t) = (K, t)pp(k, 1))

l#n,m

+ 0 (k, 1), (6.2)
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6. Gauge invariant semiconductor Bloch equations

where we recall that ¢,,,,, = E,, — F,, is the bandgap, A,.,, = A, — A, is the difference of
Berry connections, and €2,,,, = F - d,,,,, is the Rabi frequency. In Eq. 6.2 we have also added a

phenomenological dephasing term

Prm(l,1) = —W;}nm(k, ). (63)
2

It is convenient to write the Rabi frequency as

where the reduced Rabi frequency

Qum(k, 1) = 0(t) - dym(K), (6.5)

is simply the component of the TDM parallel to the polarization vector n(t) of the applied

electric field. Next, we decompose the reduced Rabi frequency according to
Qi (k, 1) = | Qi (K, )] 'O ), (6.6)

where
Onm(k, t) = arg [Qnm(k, t)} , 6.7)

is the phase of the TDM component parallel to the polarization vector. Note that the magnitude
of the Rabi frequency is a gauge invariant quantity, so the phase ¢,,,, represents the full gauge-

dependence of the Rabi frequency. Next we transform the density matrix according to
onm(k, t) = [5nm +(1— 5nm)€—z‘¢nm(k,t)] Pum (K, 1), (6.8)

where the off-diagonal components are transformed by the phase of the Rabi frequency, while the
diagonal elements are unchanged. Eq. (6.8) can be interpreted as a specific gauge transformation
that removes the parallel TDM phase from the Rabi frequency and the density matrix; both of
which are gauge covariant quantities.

Using the transformation (6.8), the SBE for the population becomes
Onn(K,t) = —€F(t) - Viconn(k, 1) = 2¢F (1) Y [Qu(k, t)| Im [0 (k, 1], (6.9)
!

where the only structural matrix elements on the RHS are the gauge invariant magnitudes of the
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6. Gauge invariant semiconductor Bloch equations

reduced Rabi frequency. For the off-diagonal components of the density matrix, we calculate

Onm (K, ) =e Ot g (K, t) + 60 (k, B), (6.10)
where the term
Qg;zl) <k7 t) = _(bnm(ku t)@nm(k; t); (61 1)

accounts for time-dependent polarization, since ¢y, (k, ) vanishes unless d;n(t) # 0. We will
revisit this term later in this section, but for now we focus on the first term of Eq. (6.10).
Using the RHS of Eq. (6.2) in (6.10), we have

énm - .55721) =—1 [anm - eF : Aﬂm] Onm — e_i¢nm (€F : Vk) Pnm
+ zeQnm (Qmm - an) e_i(bnm + e Z (inplm - lepnl) 6_i¢nm7 (612)

where we have suppressed explicit (k, t)-dependence for notational brevity. To evaluate the term

containing derivatives, we invert the transformation (6.8) to write

e mm (eF - Vi) ppm = €~ (eF - Vi) € 0,
= <€F : Vk) Onm + ZQnm (€F : vk¢nm) s

and inserting this into Eq. (6.12) gives

Q.nm - Qg;zl) =—1 [gnm - €F(t) : an] Onm — eF - Vanm

+ ZeQnm mmm - ﬁnn] e—i¢nm + e Z [inplm - lepnl] e_id)n'rn’ (613)
l#n,m

where we have identified the shift vector [46, 47]
Rim(k) = Apn (k) — Vidnm (k). (6.14)

Properties of the shift vector are discussed in App. E, where it is shown explicitly that R,,,, is
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6. Gauge invariant semiconductor Bloch equations

gauge invariant. Finally, using Eqgs. (6.6) and (6.8), we obtain

@nm - QT(SEI) =—1 [Enm - 6F<t> : an] Onm — GF(t) : ngnm + ZeF(t) ‘Qnm| (Qmm - an)

l#n,m

where we have defined the triple product of dipole phases
Tnlm(k) — ei¢nl(k) ei(z’lm (k)ez(bmn(k)’ (6. 16)

which is also gauge invariant; see App. F. We note that a similar triple product of dipole moments
was encountered in Ref. [70], where its gauge invariance was used to avoid random TDM phases
resulting from numerical band structure calculations. As a result of the transformation (6.8), the
roles of the Berry connections and dipole phases have been replaced by the shift vector, as well
as the circular product of dipole phases.

To see that the time-dependent polarization term in Eq. (6.10) is also gauge invariant, we

start from

Pol) = — [0y arg (Qum) ] 0nm

athm
= —Im [ o) ] Onm.- (6.17)

nm

Writing the vector components of the dipole moment as

€; - dnm = dnm,i - ‘dnm,i|€i¢nm’ia (618)
we have
hedo
-(pol.) __ I Zz Tilnm,i
[Zj njdmmj]

The term in square brackets on the RHS can be expressed as

Zj njdnm,j Zj n;j |dnm,j ‘ewnm’j Zj nj |dnm,j |€i(¢nm’j_¢nm’i) ’

(6.20)
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where the difference of phases is clearly a gauge invariant quantity. Together with Eq. (6.15),

this shows that the transformed SBEs only involve gauge invariant structural matrix elements.
Clearly the transformed density matrix ¢ can be propagated using only gauge invariant quan-

tities, but for a fully gauge invariant description of HHG we must also consider the calculation

of observables. The intraband current is
jra(t) =€) / Ak, (K) ppn (K, 1), (6.21)

where v, (k) is the band velocity, and p,,,, = 0., are the band occupations. Since the both the
band velocities and occupations are gauge invariant, it is obvious that the intraband current does

not involve any gauge dependent matrix elements. More interesting is the interband polarization

Per(t) =€) / dkd,y (K) pron (K, 1), (6.22)

m#n

in which both the TDM d,,,,, and the density matrix elements p,,, are gauge covariant. To
eliminate this gauge dependence, we consider a single vector component of the interband

polarization,

Perg(t) =€ > / K,y (K) prn (K, 1)

m#n

=e) / K|y (K)| 0 (K, )" Prmd () gidmn (k) (6.23)

m#n

where we have used Eqgs. (6.6) and (6.18). The phase difference is a gauge invariant quantity,
which means each vector component of the interband polarization can be calculated using only
gauge invariant structural matrix elements. We note in particular that the parallel component of

the polarization is simply
nopa(t) =y / dk[n - d,y, () |0 (K, 1), (6.24)
m#n

since the phase factors cancel for this component. We also note that the total interband current

can be written as

jort) =€ 3 [ k(100 ), (6.25)

m#n
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where the momentum matrix elements are

Clearly, the total current will involve the same gauge invariant combination of phases as the
interband polarization. We thus conclude that all observables relevant to HHG can be calculated

using only gauge invariant structural matrix elements.

6.2 Gauge invariant SBEs in the comoving frame

The gauge invariant SBEs can also be formulated in the comoving frame, starting from the
covariant SBEs (2.44). In this case the Rabi frequency is evaluated at the time-dependent
momentum,

Qum (K, t) = F(t) - dpin (Ky), (6.27)

and we recall that K; = K — eA(¢). To obtain gauge invariant SBEs in the comoving frame, we
perform the decomposition
Q(Ky) = |Qum (K, )| 0rm Ke), (6.28)

and transform the density matrix according to
0 (K, 1) =[S + (1 = Gy )e OB (K 1). (6.29)
The difference compared to the transformation (6.8) in the static frame is that the phase
Gnm (K, 1) = arg [n(?t) - dpn (Ky)] (6.30)

is now evaluated at the time-dependent momentum K. For the diagonal elements of the density

matrix, we have
O (K, 1) = = 2eF(£) Y [Q2(Ky)| Tm [0, (K., )] (6.31)
l
For the off-diagonal elements, we calculate

. d _;
Qnm<K7 t) :Ee ¢nm(Kt)pnm(K’ t)

:e—i(ﬁnm(Kt)p‘nm(K’ t) - 'Lgbnm(Kt)Qnm(K’ t)) (632)
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where

d
E(bnm(Kt) = at¢nm(Kt) + €F(t) ' [vk¢nm(k)]k:Kt
= 0 (Ky) + €F (t) - [Viedum (k) ]ie_x, - (6.33)

and we have recognized that the phase ¢,,,,,(K;) only has explicit time-dependence if n(t) # 0.

The rest of the derivation proceeds analogously to Sec. 6.1, with the result

Qnm<K t) [5nm<K ) - eF(t) : an(Kt)] Qnm(Kvt)
+ Z€F( ) ‘Q (K )} [Qmm<K t) an(Kat)]
+ ZBF Z Kt le(K t) |le(Kt)|in(K7 t)] Tnlm(Kt)a (6.34)

where we have assumed constant polarization. Similarly to the covariant SBEs discussed in
chapter 2, the frame transformation eliminates the gradient term and the resulting equations are
entirely decoupled for different K points.

To demonstrate that observables can also be calculated using gauge invariant quantities in

the comoving frame, we consider the interband polarization

pe?“j _6 Z /de”mJ(Kt)pm"(K t>

m#n

— Y / AK [y 5 (K| 0y (K, £) 9 0€0) i (€0 (6.35)

m#n

which is clearly analogous to Eq. (6.23), but with the structural matrix elements evaluated at
the time-dependent momentum coordinates. We conclude that in either the static or comoving
frame, the SBEs and observables can be calculated using only gauge invariant structural matrix

elements.

6.3 Two-band model

It is worthwhile to examine the simple case of a two-band model with a single valence (v) and

conduction (c¢) band. Working in the comoving frame, the covariant SBEs simplify to
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he(K, 1) = — 2eIm [Qu(Ky, £)p7, (K, 1)]
peo(K. 1) = — i [0y (Ky) — €F(2) - Ay (K))] peo( K, 1) + 60 (Kp, (K, 1), (6.36)

where n,,, = pmm 1S the band population, and w = n, — n. is the population difference. The

equations can be transformed using the Ansatz [16]

e (K 1) = 500, (K, 1), (6.37)
where .
(K 1) = / 0 [eu (Ky) — B (1)) - Auy (K )], (6.38)

is the classical action, and 7., is known as the interband coherence matrix. This leads to a new

system of differential equations

Tree(K, ) = —2elm [Q, (K, 1) B (K, )]
Too(K, 1) = —ieQey (K, t)e 5ty (K 1), (6.39)

in which the intraband matrix elements ., and A, only appear in the action, while the (inter-
band) Rabi frequency is pre-exponential. These two band equations are the starting point of the
strong field approximation (SFA) [16], which has been used extensively to study HHG in solids
[16, 18, 24, 31, 36].

At this point one might wonder if the phase of the Rabi frequency could be pulled inside
the action integral, and if this would result in gauge invariant dynamical equations. Specifically,
write

Qe (K, 1) B0 = F()| QK 1[50, (6.40)

where the total phase is
(K, t) =de (Ky) + Ser (K, 1). (6.41)

Using the fundemantal theorem of calculus, we can write
t

¢cv(Kt> = ¢cv(Kt:—oo> + / dtlécv(Kt/)a (642)

—00
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and we emphasize that the first term cannot be neglected, since the TDM phase evaluated at the
initial (static) crystal momentum coordinates is non-vanishing. Now, recalling Eq. (6.33) and
assuming time-independent polarization, we can write the total phase as

t

Q(Kta t) = Cbcv(K) + / dt/ [5cv(Kt’) - 6F<t/) : Rcv(Kt’)]

— 00

= G (K) + Su (K, 1), (6.43)

where S, is a modified action that is clearly gauge invariant, since it depends only on the

bandgap and the shift vector. The DEs for the coherence matrix can thus be written as

Tee(K, t) = —2elm [ch(Kt,t)eie(Kt’t)W:U(K, t)}
Treo(K, 1) = —ieQey (Ky, 1)e? Koty (K 1), (6.44)

Although the modified action is gauge invariant, the total phase 6 is gauge dependent due to the
first term in Eq. (6.43). Omitting the initial phase would violate the gauge symmetry of a periodic
crystal, so we conclude that this approach does not lead to gauge invariant dynamic equations.

A better approach for obtaining gauge invariant two-band equations with the action Ansatz
starts from Eqgs. (6.31) and (6.34), which simplify to

Occ (K, 1) = 2eF (1) |y (K) | T [0, (K, 1)] (6.45)
and
0c0(K, 1) = — i [een(Ky) — eF(t) - Reo (Ki)] 00 (K, 1) + i€ F () |Qey (Ky) | w(K, 1), (6.46)
in a two band system. We now consider the modified action Ansatz
Coo(K 1) = 5000, (K 1), (6.47)

which is similar to Eq. (6.37), except here S, is the gauge invariant action defined in Eq. (6.43).
Further, the RHS of Eq. (6.47) contains the transformed density matrix o.,, which means the

corresponding coherence matrix (., is analogous to (but distinct from) 7., defined in Eq. (6.37).
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The dynamic equations for this transformed coherence matrix are

fe(K, t) = —2eF(t)| Qe (K, ) [Im [ B0 (K, 1)]
Coo (K, 1) = —ieF ()| Qe (K, ) |5 D (K 1), (6.48)

which only contain gauge invariant structural matrix elements. Finally, the components of the

interband polarization are

Der,j (t) =e€ / decv,j(Kt)pyc(K, t) 4+ c.c.
=€ / dK‘dCU,j(Kt)|ei¢”*1(Kt)ei¢“ Ko or (K, t) + c.c.

—e / AK|d ey ; (K )| e/Perd K gitue(Ko) o (K 4)eiSer (KD 4 (6.49)

where the second line is simply Eq. (6.35) for two-band system, and in the third line we have
used Eq. (6.47). We thus conclude that the dynamic equations for the coherence matrix can also

be formulated in terms of gauge invariant structural matrix elements.

6.3.1 Strong field approximation
Next we discuss the strong field approximation (SFA) for HHG in solids, in which we neglect
depletion of valence band population [16]. We will show that formulating the SFA in terms of
the shift vector helps to clarify the gauge invariance of the SFA.
Approximating w(K, t) ~ 1, Eq. (6.39) for the interband coherence function can be integrated
directly to give t
Teo(K, 1) = —ie / dt'Qy (K, 1) 5 (K1), (6.50)

—0o0

The interband polarization is then

por(t) = ¢ / dKd.. (K)ot (K. 1)

_., / K, (K,) [ (K, t)e 52 B0]*

t
= / dKd.,(K,) / dt'Qr (K, ) e S &L (6.51)
where .
S(K,t',t) = / dr [e(K;) — eF(7) - A (K,)] (6.52)
Y
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is the gauge-dependent SFA action integral. A vector component of the polarization is

t

prst) =i [ dKdors (1K) [ a0, (K )00 e

—o0
t

B Z/dK |dcv,j (Kt)| ei¢c1),j e / dt’ |ch<Kt’7 t,)| 6_i¢cv(Kt,)eiS(K7t,’t) +c.c.,

—00

(6.53)

where we have extracted the TDM phases. The TDM phases are evaluated at different time-
dependent momenta, so this combination of phases is not gauge invariant. However, we can

write one of these TDM phases as

_¢cv(Kt/) - /t/ dTaTqbcv(KT) - qbcv(Kt)
= e/ dTF (1) - Vi, e (K;) — ¢e0 (Ky), (6.54)

and combining this integral with Eq. (6.52) gives the gauge invariant SFA action integral
t

SK,t't) = / dr [e(K;) — eF(7) - Reo(K,)] (6.55)

which involves the shift vector. The interband polarization is thus

t
Pery(t) = i / 0K |den s (K0)] / 0t Qs (K, )] 750D 4cc, (6:56)

where we have defined the total SFA phase

ﬁj (K7 t/7 t) = S(Ka tla t) + ¢cv,j (Kt) - ¢cv(Kt)a (657)

which is gauge invariant, since the TDM phases are evaluated at the same time-dependent
momenta. Clearly, the phase difference is zero for the component of the current parallel to the
input polarization, but for other components the phase difference cannot be neglected. Gauge
invariance of the SFA phase corresponding to the parallel current has been considered previously
[35, 67], but Eq.(6.57) is a more general result. The SFA phase is gauge invariant for all
components of the current, and we emphasize that this result does not rely on the gauge invariant
SBEs. In Eq. (6.51) we started from the gauge covariant SBEs, but we encounter the shift vector
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naturally when formulating the SFA. The gauge invariant SBEs are distinct from the gauge

invariant SFA, even though they both involve the shift vector.

6.3.2 Influence of shift vector on cycle symmetry

Finally, we investigate the influence of crystal inversion symmetry in a two band system. In
appendix E it is shown that the shift vector always has even inversion symmetry, R, (—k) =
R.,(k); but in centrosymmetric crystals the shift vector necessarily vanishes. As a result, we
expect the shift vector to play an important role in distinguishing the optical response of crystals
with broken inversion symmetry. Our goal is to compare the excitation rate n.(t) and the
interband polarization p.,(t) between half cycles. For simplicity, we work in the cw limit where
the applied field has odd parity between half cycles; i.e. F(t +t,/2) = —F(¢).

The total excitation rate is given by
ne(t) = /thC(K, t)
= —2eF(t) / dK Qe (Ky)|Im [ B0 ¢ (K, 1)] (6.58)
Shifting both sides by half of an optical cycle, we find
fe(t +to/2) = — 2eF(t +t9/2) / K [Qey (Ko 2)| Im [ BAH0/2) 0 (K ¢ 4 £0/2)]
=2eF(t) / dK Qe [K + eA(t)]| Im [eSer® /2 ex (Kt +1,/2)]
=2¢F(t) / dK [Qey(—Ky)| Im [ TR 02) 0 (K t449/2)],  (6.59)

where have have substituted K — —K, and note that the sign change of dK is canceled by the
change of integration limits. Clearly |Q2(—k)| = |Q2(k)|, and from here onwards we consider an

inversion symmetric system with vanishing shift vector. As a result, the action on the RHS of
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Eq. (6.59) is simply

t+to/2
Seo(—K, t +10/2) = dt'ee, [-K — eA(t')]
t

dTeey [—K — e A(T + to/2)]

t

3

dreq, [-K + eA(T)]
t

dreq(—K;)

Il
— — S —

—00

(K, 1), (6.60)

[
%

since €.,(—k) = (k). From this, we obtain the relation

fcv(—K, t+ty/2) = ieF(t)|QCU(Kt)|6i$cv(—K,t+to/2)
= (K1), (6.61)

and, since both the LHS and RHS evolve from the same initial condition, this implies
G (=K, E+10/2) = = (e (K 7). (6.62)
Returning to the excitation rate, we obtain the result
ne(t +to/2) = n(t), (6.63)

which shows that the excitation rates in the positive/negative half-cycles are identical in a
centrosymmetric crystal.

For the interband polarization, we have

t+t0/2 _ ) ,
Derj(t +t0/2) =i / dK|dj(Kyi2)] / dt' F(t')|Q(Ky ) [e Bt 0/2) 4 ¢,
t
:z’/dK]dj(KHtO/g)\/ dTF(T—|—t0/2)‘Q(KT_tO/Q)|6M9j(K,T+t0/2,t+to/2) L
t
— / dK|d,(K,)| / drF(r)[Q(K, )| Ko/ | o (6.64)

where have again substituted K — —K. Since the shift vector vanishes for an inversion
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symmetric system, the SFA phase satisfies

0 (=K, 7+ to/2,t +19/2) =S(—K, T + t0/2,t + t0/2) + ¢ev ;[ K — eA(T + 10/2)]
— G [~ K — eA(t + to/2)]
:S(Ka T, t) + ¢cv,j(_K7) - ¢cv<_Kt)' (6.65)

For the difference of dipole phases, we can use the inversion relation (E.8) for centro-symmetric

crystals to deduce

(bcv,j(_k) - ¢cv(_k> = arg {[ej ' dcv(_k)] [Il ’ d;;(_k)}}
=arg { [ej - dey(K) (_ez‘&(k))] [n -df, (k) (_ez’c'r(k))*i| }
=Pev,j (k) = Peo (k). (6.66)

The total SFA phase is thus symmetric between half cycles,
U (=K, 7+ t/2,t +t0/2) = V,;(K, 7,1), (6.67)
and this leads to the simple relation

per,j(t + t0/2) = _per,j (t)7 (668)

which shows that the interband polarization has negative parity between half-cycles. From this,

it is straightforward to show that the harmonic amplitudes in the cw-limit

to )
Jer.j(nwo) = inwy / dte_mwotpervj (1), (6.69)
0

are non-vanishing only for odd values of n. Although it is not a new observation that even
order interband harmonics vanish in an inversion symmetric system, it is interesting to observe
that: 1) this selection rule holds for all components of the current in multiple dimensions; and
2) the selection rule can be derived without any assumptions of the Bloch gauge, since all
gauge-dependent phases cancel. This analysis generalizes previous results which considered

only the parallel component [35], or relied on implicit assumptions about the Bloch gauge [27].
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6.4 Application of the gauge invariant SBEs

To demonstrate the validity of the gauge invariant SBEs in an example system, we use the 6-band
tight-binding model for ZnO developed in Ref. [28]. ZnO has a hexagonal crystal structure, and
this simplified tight-binding model approximates the band structure in the rectangular ' AL M
cross section of the BZ, as illustrated in Fig. 6.1. After diagonalizing the Hamiltonian analytically,
it is straightforward to obtain expressions for the Berry connections and shift vectors. The Berry
connections are calculated in a particular Bloch gauge used to diagonalize the tight-binding

Hamiltonian, and we refer to this as the TB gauge.

L
,,..‘A——."’//
re M

Figure 6.1: Brillouin zone of the hexagonal lattice for ZnO, indicating the cross section defined
by the symmetry points ' AL M.
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Figure 6.2: 1D band structure of ZnO along symmetry axes of BZ: panel (a) shows the bandgap;
(b) is the difference of Berry connections A., = A. — A,; (¢) is the TDM phase; and (d) shows
the shift vector R.,. The scale factor kg is the boundary of the BZ along each direction.

We simulate the dynamics using the SBEs formulated in the comoving frame, with the goal
of demonstrating the validity of the gauge invariant SBEs (GI-SBEs) by comparing the resulting
HHG spectra to calculations using the covariant SBEs in the TB gauge (TB-SBEs). Assuming
linear input polarization, we consider one-dimensional approximations of the band structure for
different polarization angles. Fig. 6.2 shows the relevant band structure along three symmetry
axes containing the minimum bandgap; namely I'M, 'L, and I'A. We note that there is a
reflection symmetry operation along the ['M direction, and the shift vector vanishes as a result.
The TDM phase and Berry connections also vanish along the symmetry direction; however, these
results depend on the specific TB gauge. One could transform to a different gauge in which the
TDM phase and Berry connections would be nonzero. The axes I'L and I'A have no special
symmetry operations, and the corresponding shift vectors shown in Fig. 6.2d are non-zero as a

result. In our calculations the system was excited by a 75fs pulse with 2.07um wavelength, and a
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Figure 6.3: HHG spectra along different symmetry directions of ZnO; (a) I'M, (b) I'L, (c) ' A.
In (b,c) the lines are calculated using the covariant SBEs, while the filled circles result from the
gauge invariant SBEs

phenomenological dephasing time of 0.5 optical cycles was used.

The simulated interband HHG spectra along the different orientations are shown in Fig. 6.3.
For the I'M direction with 1D inversion symmetry, Fig. 6.3a exhibits only odd-order harmonics,
as expected. For this orientation the TB-SBEs are identical to the GI-SBEs, since only the
bandgap and TDM magnitude are non-zero. It is more interesting to compare the simulations
results for the I'L and I" A directions, where the broken inversion symmetry gives rise to even
harmonics. Figs. 6.3b-c show that the TB-SBEs and GI-SBEs give equivalent results for the
HHG spectrum. A small discrepancy arises for harmonics approaching the noise floor of the
spectrum, which can be seen for the highest harmonics in Fig. 6.3b. This is simply a convergence
issue of the numerical integrator, and not a shortcoming of the gauge invariant formalism.

We can also observe in Fig. 6.3 that the even harmonics appear stronger along the I'A
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orientation compared to I'L. The shift vector provides an inuitive and gauge invariant explanation
for this observation. For these simulation parameters the dynamics fall within the SFA. As a
result, excited population is expected to be largest near the minimum bandgap at £ = 0, and
even order harmonics are necessarily generated by the shift vector. Since Fig. (6.2d) shows that
the shift vector near k£ = 0 is larger along I' A compared to I'L, we expect the overall influence
of the shift vector to be more significant along I"A. Although Fig. (6.2) also shows that A,
is larger for I'A, the behaviour of the TDM phase is less intuitive. More importantly, these
quantities are gauge-dependent, which makes interpretation somewhat ambiguous. Clearly, it is
preferable to study the behaviour of gauge invariant structure in relation to observables, and in
this example the shift vector provides an unambiguous connection between band structure and
HHG phenomena.

We can gain further insight for the role of the shift vector in HHG by comparing simulations
with R, = 0 and R, # 0. Specifically, we simulate the gauge invariant SBEs along the I' A
orientation, and we compare the results to a modified calculation in which the shift vector is
artificially set to zero. Fig. 6.4a shows time-dependent excitation rate n.(t) for two optical cycles.
When the shift vector is zero (black curve), the excitation rate is equivalent between half cycles;
in agreement with the analysis of Sec. 6.3.2. When R, # 0, the rate in the positive (negative)
half cycle is enhanced (suppressed) compared to the rate using R, = 0.

Fig. 6.4b compares the HHG spectra with and without the shift vector. As expected, the
shift vector must be non-zero in order for even harmonics to be generated. However, we also
observe the interesting result that the odd harmonics are mostly unaffected by the shift vector. In
Fig. 6.4b we see that harmonic 15 shows the most noticeable discrepancy when the shift vector is
set to zero, but most of the odd harmonics have negligible discrepancy. To study the discrepancy

more directly, we define the integrated efficiency for each integer harmonic order n,

nwo+ow
S(nwy) = / dwS(w), (6.70)

wo—o0w
where dw is an integration window. Further, we denote S°(w) harmonic efficiency resulting from
simulation with the shift vector set to zero, and the discrepancy between simulations with/without

the shift vector is quantified as

S-S0
S+ 59
Fig. 6.4c shows the discrepancy for the odd harmonic orders. The dashed black line indicates the

AS = (6.71)

semiclassical cutoff, which is the maximum harmonic energy beyond which the saddle point

equations for the SFA phase (6.57) have no solutions. A brief discussion of the saddle point
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Figure 6.4: Comparison of HHG simulations with and without the shift vector included; using
75fs pulse polarized along I" A, with field strength F; = 0.0023. Panel (a) shows the excitation
rate n.(t) for two optical cycles, where the shaded regions indicate the negative half-cycle.
Panel (b) compares the harmonic efficiency S(w) with (red) and without (black) the shift
vector included; while (c) shows the discepancy AS for the odd harmonics. In (b,c) we only
includeharmonics above the minimum bandgap, and the black dashed line in (c) indicates the
semiclassical cutoff.
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Figure 6.5: Discrepancy AS of odd harmonics as a function of applied field strength. The

red dashed line indicates the minumum bandgap, while the black dashed line indicates the
semiclassical cutoff.

equations is provided in appendix F for reference. In Fig. 6.4c we observe that the harmonic
discrepancy begins to increase approaching the cutoff, and is then maximized slightly above the
cutoff before it begins to decrease with harmonic order.

Since the cutoff depends on the applied field strength by virtue of Eq. (F.9), we might expect
discrepancy to vary with field strength as well. Fig. 6.5 shows the discrepancy AS as a function
of field strength for each odd harmonic order. Odd harmonics below the cutoff have very little
discrepancy, which indicates they are insensitive to the shift vector. As the field strength increases,
we observe that the harmonic order showing the largest discrepancy also increases. Overall, we
observe a trend that the discrepancy is maximized slighly above the cutoff, but away from this

region the odd harmonics are not influenced significantly by the shift vector.

6.5 Summary

We have derived a novel formulation of the 1-body SBEs which only involve gauge invariant
structural quantities. In the gauge invariant SBEs the TDM phase and Berry connections are
replaced by the gauge invariant shift vector. We also clarified the gauge invariance of the strong

field approximation for HHG in solids, in which the shift vector also plays an important role.
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The gauge invariant SBEs were successfully demonstrated for a simple 1D two-band system,

It should be mentioned that implementing the gauge invariant SBEs for more general systems
will present numerical challenges. For multiband systems the triple product of TDM phases
in Eq. 6.15 does not vanish, and must be included in the calculation. Although this quantity
1s gauge invariant, it may not be smooth throughout the BZ. Specifically, the phase of a TDM
component can exhibit a discontinuous jump at a zero-crossing. As a result, the product of TDM
phases can have a phase jump of 7 at k-points where the TDM magnitude vanishes. Clearly a
discontinuity is undesirable for numerical integration of the SBEs; however, the dynamics at such
points should be trivial since a vanishing TDM cannot excite electron-hole pairs. One possible
technique might be to suppress such points in the SBEs, since their contribution is expected to
be negligible.

Higher dimensions also require careful consideration due to the complicated behaviour of
the shift vector. Since the shift vector depends on the gradient of the TDM phase, the shift vector
can be singular where the TDM magnitude vanishes. Again, these points should not contribute
meaningfully to the dynamics, and developing a numerical technique to suppress these k-space
regions will be the focus of future work. The existing literature involving the shift vector has
focused primarily on the bulk photovoltaic effect [47, 71, 72], and only recently has the shift
vector been studied in the context of HHG [35]. The role of the shift vector in HHG deserves
further study; both from the perspective of the gauge invariant SBEs, as well as the SFA.

In theory, the gauge invariant SBEs eliminate the random phase issue for band structure
calculated from numerical diagonalization. Whereas the Berry connections can only be calculated
using finite differences in a smooth Bloch gauge, the shift vector should not be susceptible to this
issue since it is gauge invariant. Indeed, techniques have been developed to calculate the shift
vector directly from DFT [47, 60], without the need for gauge smoothing. Finally, the gauge
invariant SBEs also open up new possibilities for the prospect of reconstructing band structure
from HHG measurements. Reconstruction of the TDM is complicated due to its gauge dependent
phase, and any reconstruction algorithm must fix the gauge of the SBEs. Ref. [73] demonstrated
an approach for a 1D system using the parallel transport gauge, but the generalization to higher
dimensions is not trivial. In contrast, reconstruction of the shift vector is unambiguous since it is
gauge invariant. Further, we have shown that most of the odd harmonics are insensitive to the
shift vector. This suggests the possibility of an iterated approach to reconstruction where the
bandgap and TDM amplitudes are optimized to match the measured odd harmonics, while the

reconstruction of the shift vector is based on even harmonics.

89



Chapter 7

Concluding remarks

The semiconductor Bloch equations provide an efficient and insightful formalism for studying
light-matter interactions in solids. The SBEs in the single particle approximation are particularly
well-suited to model high harmonic generation in semiconductors, where the intense driving laser
is tuned below the bandgap. The U (1) gauge symmetry of a periodic solid plays an important
role when the SBEs are formulated in the length gauge. On one hand, this gauge freedom can
complicate numerical analysis of the SBESs, since the matrix elements of the position operator are
not uniquely defined. However, in this thesis we have shown that this gauge freedom can also be
beneficial, and we have exploited it to develop novel approaches for analyzing and formulating
the SBEs.

The smoothed gauge for gapped graphene provides a suitable test platform to investigate
the orientation dependence of HHG. In particular, we obtained explicit expressions for the
generalized derivatives of the TDM components, which facililated a thorough characterization of
the mixture current in gapped graphene. When gapped graphene is subject to a linearly polarized
optical pulse, the orientation dependence of harmonic efficiency exhibits 6-fold symmetry. The
orientation dependent patterns are complicated and non-intuitive, with significant variation for
different harmonic orders. Further, the orientation dependence of several harmonics exhibit rapid
transitions in response to modulation of the applied field strength. For example, in Fig. 3.6 we
observed that the efficiency of harmonic 9 is maximized along [' M/ and minimized along I' /X
at weak fields; but as the field strength increases, the maxima and minima flip. This behaviour
can be interpreted is a field-induced transition of the material response, and will be a significant
focus of future work.

Although the mixture current clearly influences the orientation dependence of some harmon-
ics, in most cases it simply shifts the field strength at which these transitions occur. Changing
the dephasing time has a similar effect, and does not modify the combined orientation and
field-strength dependence in a qualitative way. This suggests that the overall response of har-
monic efficiency to orientation and field strength is quite stable. It is an open question if these

observations are specific to the model of gapped graphene, or if they also manifest in more
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realistic materials. Future work will generalize this analysis of orientation dependence to band
structure calculated from DFT.

In Chapter 5 we discussed the orbital basis approach for simulating the HHG in analytic
tight-binding models. This is complementary to the MLWF basis used to obtain a smooth gauge
for DFT band structure. Although tight-binding models do not reproduce all the features of
DFT calculations, they can be easier to work with than numerical band structure. Further, a
tight-binding model that reproduces essential features of the band structure can be used as an
exploratory model to develop intuition and understanding. In future work we will apply the
orbital basis to more sophisticated tight-binding models, such as the 6-band model for transition
metal dichalcogenides developed in Ref. [74]. Since the orbital basis is not susceptible to the
numerical complications of singular Berry connections, this approach is particularly well-suited
for studying topological materials. This avoids the need for complex gauge-stitching procedures,
as used in Ref. [67] for simulating HHG in the Haldane model [75].

The gauge invariant SBEs provide a description of HHG in solids that involves only gauge
invariant structural quantities, and the shift vector plays a central role in this formalism. Since
the shift vector is gauge invariant, it can be obtained directly from numerical band structure
calculations [47]. This avoids the need for complicated gauge smoothing algorithms when
simulating the gauge covariant SBEs with numerical band structure. Although the shift vector
was identified over 20 years ago by Sipe et al [46], its relevance to HHG was only identified very
recently [35]. The shift vector has received more attention from the photovoltaic community
[47,71, 72], and further work is required to develop more familiarity with its behaviour.

By simulating the gauge invariant SBEs in a model system, we saw that the shift vector is
responsible for generating even harmonics in the absence of inversion symmetry. Since the shift
vector is gauge invariant, its prominent role in HHG raises new possibilities for tomographic
reconstruction of band structure. Previous studies have demonstrated reconstruction of other
gauge invariant structural quantities, such as the band energy [13, 63] and Berry curvature [14, 15].
Reconstruction of the TDM is significantly more complicated due to its gauge dependence.
Ref. [73] demonstrated an approach for extracting the TDM in a 1D system by fixing the gauge
of the SBEs to the parallel transport gauge [41]. Unfortunately, this gauge is particularly simple
in 1D since it corresponds to vanishing Berry connections, and the generalization to higher
dimensions is not obvious. One possibility could be to fix the SBEs to the MLWF gauge
using the approach of Sec. 3.4, which specifies a unique gauge in higher dimensions. However,
reconstruction of the shift vector would avoid these complications entirely since it is gauge
invariant. Further, we observed that the shift vector has a negligible influence on the majority

of the odd harmonics, which are determined primarily by the bandgap and the magnitude of
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the TDM. As a result, one could envision an iterative scheme for reconstructing band structure;
where the odd harmonics are used to reconstruct the bandgap and TDM magnitude, while the
shift vector is reconstructed from the even harmonics. Future work will apply the gauge invariant
SBEs to more realistic structural models, where tomographic reconstruction of the shift vector

will also be investigated in more detail.
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Appendix A

Analysis in primitive basis

This appendix provides background for working in the primitive basis, which is not necessarily

orthogonal. The primitive vectors of the reciprocal lattice are written as
b; = b; .e,, (A.1)
where e, e,, es are the Cartesian unit vectors, and we define the matrix of column vectors
B=|b; by bs|, (A.2)

with components B;; = b; ;. Writing a k-vector in the Cartesian basis as

k=k.e,, (A.3)
and a fractional k-vector as

k =k,b,, (A.4)
we have the relation

k = Bk, (A.5)

where k and k are interpreted as column vectors in their respective bases. In this appendix
we distinguish vectors in the Cartesian and fractional representations by k and k, respectively;
however, in the main text we assume the primitive basis is used throughout.

The covariant components of the metric tensor are
gij = bi . bj = BMiBMj7 (A6)

and thus
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A. Analysis in primitive basis

where BT denotes the transpose of B, and the dot product of two k-vectors is given by
k- =gk, (A7)
The contravariant (inverse) components of g are given by
g7 = (9= (BB,

which is used to evaluate the gradient.

To study calculus in reciprocal space, we denote partial derivatives in the Cartesian basis as

0

0; = — A.8
J 8]4/’] ’ ( )
while partial derivatives in the primitive basis are
- 0
0; = —. A9
=% (A.9)
Writing the components of the Jacobian matrix as
Ok;
Jij = — = B!, A.10
Ok; K ( )
we have
T 5 -n\T 3
0; = Jj0u = (B™), O (A.11)

Note that the Jacobian determinant is just the volume of the first Brillouin zone; i.e. |J| = |B| =
Vpz, which gives the transformation (1/Vpz) [dkf(k) = [ dkf(k); as expected, since the
fractional coordinates are by definition normalized with respect to the BZ.

The gradient is the vector field satisfying b; - V = 5]; that is, taking the dot product of V
with a basis vector gives the partial derivative along the corresponding basis direction. Writing
the gradient in the primitive basis as V = ¢, b,, we can determine the unknown components c,,
by requiring

O=b,-V=cb, b, =cgu.

Solving this linear system gives ¢, = g"d,, and thus

V = ¢"d,b,, (A.12)

102



A. Analysis in primitive basis

and we label a component of the gradient
V,=b, -V =g¢"0,. (A.13)

For the 2D hexagonal lattice geometry depicted in Fig. 3.1, the matrix of lattice vectors and

its inverse are

or | 1 1 L _a | V31
Y R

while the metric tensor and its inverse are

82| 2 -1 . a* |21
-1 7 . A.15
9= 3.2 [ 1 9 ] ; g ) [ ] (A.15)
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Appendix B

Matrix elements connections in gapped graphene

In this appendix we provide further details and background of the Berry connections, TDM, and
generalized derivatives discussed in Chapter 4. In Sec. B.1 we analyze the non-smooth behaviour
of the Berry connections in the TB gauge near the K points. Sec.B.2 provides expressions
for the generalized derivatives of the TDM components, and B.3 discusses the analytic gauge

smoothing function used to remove the singular behaviour from the valence band.

B.1 Behaviour of Berry connections and TDM at /K -points

To study the behaviour of the intraband Berry connections at the K point K = (1/3)(b; — ba),

we Taylor expand the structure function (3.13) according to
FK+a) = (i=v3) g+ (i+V3) g (B.1)

Defining ¢; = g cos ¢, and g2 = ¢ sin ¢, the magnitude is

f(K+aq)| =2m\/¢ + 6 — @102

= 27Tq\/1 — COS (Pg SIN (g, (B.2)

which goes to zero linearly at the /K points. Focusing on the first component of the Berry

connection in the TB gauge, we have

2 A 1 AK+q)
AEBKJFq:a—[ __On } ! , (B.3)
e ] Il
where we have defined A; (k) = cos 2wks — cos 2mk_. The bandgap is
27 2
6(K+q)2A+K|f(K—|—q)| (B.4)
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B. Matrix elements connections in gapped graphene

and so for the conduction band, we have

ATB(K + q) [27 | f( K+q |2 } A1(K+q)

[f(K+q)?
Al(K+q) (B.5)

4A2

which is clearly finite, since the term in square brackets cancels the 1/|f|?. In contrast, the

valence band Berry connection is

a? A1(K+Q)

TB K ~ v
AR D= K g

(B.6)

and there is no cancellation of the divergent 1/|f|? term. To gain more insight about the nature

of the divergence, we expand

ALK + q) = V3r(q1 — 2¢2) + O(¢?)
~ V/3mq(cos p, — 2sin @), (B.7)

which shows that A, ; diverges as 1/q. The leading order approximation near the K point is thus

V3a® g —2¢,
AT (K + : (B.8)
1K +a) = (4m)% ¢ + 63 — quae
while a similar analysis for the second vector component results in
3a2V3a?  2q —
ALK +q) = Via Vs E—. (B.9)

(4m)2 (47)2 ¢} + 45 — gz

Next we consider the behaviour of the TDM near the K point. Specifically, the phase of the
TDM component d., ; (k) is given by

—A (sin 2wk_ + sin 27wky + 2 sin 27ky )
arg [d,,; (k)] = arctan [ =(K) (cos 2k — con 2ky) : (B.10)
which is approximated by
3
arg [d}, (K + q)] ~ arctan [ Vi ] : (B.11)
22 — ¢2

near the K point. There is clearly a phase singularity about the K point, which also means the
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B. Matrix elements connections in gapped graphene

real and imaginary parts of the TDM are discontinuous. To calculate the gradient of the TDM

phase, we first note that

CL2

Vk:@K

281 -+ 82)1)1 + (81 + 282)b2] )

which results from the metric (3.13) for gapped graphene. To leading order, the gradient of the
dipole phase near the K points is found to be

\/§a2 22 — q1 b G2 — 2q1
1
(4m)% | ¢f + 6 — 12 G+ G — ae

Viarg [d2) (k)] \k:mq = by | . (B.12)

Comparing with Egs. (B.8) and (B.8), we see that to leading order
A, ;(K+q) = — Vjarg [diy (k)] \k:mq, (B.13)

which means the divergence of the valence band Berry connections arises from a phase singularity
at the K points. Further, this phase singularity is clearly just the negative of the TDM phase, and

Eq. (3.9) shows that the gradient of the TDM exactly cancels the singular Berry connection near

dTB

the K point. This suggests the possibility of using arg [ cv,l(k)] as a gauge function to remove

the singular behaviour from the valence band. We note that similar behaviour is observed for

dTB

cv.0» DUt we do not demonstrate this explicitly.

B.2 Generalized derivatives

In order to calculate the generalized derivative of the Rabi frequency, we need expressions for

partial derivatives of the dipole components. For the first component of the dipole, we have
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2
Re [a,d™ ] = — “ omn
e[l cv’l} 2] sin 27

@y (A PP+ e2)
283 f[?

X (sin 27k + sin27k_) (B.14)
a’|y|A
2¢%|f|

_ @A@Y +€?)

2e4(f[?

X (sin 2mky + sin 27k_) , (B.15)

(cos2mk_ — cos 27ks)

Im [(91dTB} =

cv,l

(cos2mk_ + 2 cos 2mky)

(sin2mk_ + sin 2wky + 2sin 27k;)

and

2
Re [02d}) ] _ahl (sin2mk_ + sin 27ky) +

=T
el (42%;‘;]5 +e) (cos2mk_ — cos27ky) (sin 27ky — sin27k_)  (B.16)
Im [0,d,,) ] :% (cos2mk_ — cos 2mks)
- “’hia (286‘3";’|§|2 +e) (sin 27k_ + sin 2mky + 2 sin 27ky)
X (sin 2mkq — sin 27wk_) . (B.17)

To obtain d,d_, %, one simply substitutes k; <> k in the RHS of the expression for d;d_,’,
TB T

TB gives the correct expression for 9;dB,.

expressions for all the partial derivatives, the components of the generalized derivatives are

B _
dC’U,j -

while applying the same substitution to Oxd Having

then obtained using D;
Eq. (A.15).
Although the 1/|f]? terms in the above expressions are divergent at the K points, the

(90, — i.ALD) dLE,, where the inverse metric tensor is given by

components of the generalized derivatives have finite magnitudes throughout the BZ. The dipole

d™B. are discontinuous at K, and the gradient exactly cancels the divergence of A..,

components d.,,’;

at the K points. Similarly to the analysis from the previous section, this cancellation can be

demonstrated using a straightforward but tedious Taylor expansion about the K points.
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B.3 Gauge smoothing

Here we develop the gauge function to remove non-smooth behaviour from the Berry connections

and TDMs. For a general gauge transformation
[t i) = € ), (B.18)
the Berry connections transform as
A (k) = An(k) + VieAn (k), (B.19)
while the TDM transforms as
dym (k) = eXrm®d,,,, (k), (B.20)

where X,m = Xn — Xm. Motivated by Eq. (B.13), we transform the valence band using the gauge

function
Xo(k) = arg [deyh (k)] + 7 [O©(k) + k1 —1/2], (B.21)
where the step function removes a discontinuity in arg [d;l;]?l} , the linear term restores periodicity

broken by the step function, while the constant term fixes the global phase so that d.,(—k) =
d’, (k). Note that the choice of linear phase term to restore periodicity is not unique; one could
add an additional linear term whese slope is a multiple of 27. This is an example of a radical
gauge transformation [41] since it is not strictly periodic, but a phase difference of 27 between
edges of the BZ does not break periodicity of the Berry connections or TDM. A linear phase
function corresponds to a constant shift of the intraband Berry connection, which also shifts the
Wannier centres. Here, the linear phase term is chosen to shift the Wannier centers to the home
unit cell closest to the origin, which results in optimally smooth dipole moments.

Although the TDM and generalized derivatives transform covariantly, we require expressions
for the gradient of the gauge function Yy, in order to transform the valence band Berry connections.
Noting that

—(A/Ey) (sin 2mk_ + sin 2wky + 2sin 27ky)
cos 2mk_ — cos 2wk,

dTB

arg [ cv’l] = arctan , (B.22)
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we define

a(k) = cos2mk_ — cos 2mks
B(k) = —(A/E,) (sin2wk_ + sin 27ky + 2sin 27k, ), (B.23)

as well as (2 = o + 3%, so that

Ouxv = Oy arctan(fB/a) — 6,1 [m — 6(ky)]
= (7 (0,8 — BOua) — Th 1, (B.24)

with
¢ = (cos 2mk_ — cos 2mk,)”

A 2
+ (E) (sin 27k_ + sin 27k, + 2sin 2mky)? . (B.25)
g

We have ignored the derivative of the step function in Y, as it is found that

lim 9y arg [d27 (k)] . (B.26)

cv,1 = key—0— cv,l

- TB
kllglg+ Oy arg [d}7 (k)]

The derivatives of the gauge function are thus

2T A
01Xy =— T — EWCQ (1 — cos2mky — cos2mk_ + 2 cos 2mhky — cos 27k,)
g
STyl A
- gZCZ sin 2wk _ + sin 2wky + 28in 27k ) (sin 27ky + sin 27k_)
g
X (cos2mk_ — cos2mks) , (B.27)
and
2 A
2 X :E—CQ [2 — 2 cos 2wk + cos 2wk + cos 2mky — cos 2wk, — cos 2m(2ky — ko)
9
82

e (sin2mk_ + sin 2mky + 2sin 27ky) (sin 2mky — sin 27k _)
g
X (cos 2mk_ — cos 2mks) . (B.28)

Using these results, the components of the transformed valence band Berry connections are then
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calculated as
»Av,,u — Av,u + g“’laIXU + guy282Xv' (B29)
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Appendix C
Wannier quasi-classical approach to high harmonic

generation

This appendix includes the publication [18] entititled “Wannier quasi-classical approach to high
harmonic generation in semiconductors”. This extends the work of Ref. [16], which developed
a quasi-classical approximation for HHG in solids based on a saddle point approximation in
the Bloch basis. In Wannier quasi-classical (WQC) analysis, the TDM is transformed to the
Wannier basis, which allows the full TDM to be included in the saddle point equations. The
HHG spectrum calculated using the WQC approximation agrees quantitatively with numerical
simulations of the SBEs; a result that had been elusive for quasi-classical analysis using only the
Bloch basis. The WQC calculation involves a 2D sum over lattice sites, and the convergence
depends strongly on the spread of the Wannier functions. As a result, WQC is only feasible
in the MLWF gauge. In Ref. [18] WQC was demonstrated for a 1D model, and implementing
WAQC higher dimensional systems is a potential application of the MLWF gauge fixing procedure
described in Sec. 3.4.
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An intuitive and complete understanding of the underlying processes in high harmonic generation (HHG) in solids will
enable the development and optimization of experimental techniques for attosecond measurement of dynamical and
structural properties of solids. Here we introduce the Wannier quasi-classical (WQC) theory, which allows the charac-
terization of HHG in terms of classical trajectories. The WQC approach completes the single-body picture for HHG in
semiconductors, as it is in quantitative agreement with quantum calculations. The importance of WQC theory extends
beyond HHG:; it enables modeling of dynamic processes in solids with classical trajectories, such as for coherent control
and transport processes, potentially providing better scalability and a more intuitive understanding. © 2020 Optical
Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.402393

1. INTRODUCTION

High harmonic generation (HHG) in solids was first examined
theoretically [1-5] and has since been demonstrated in a wide
range of materials [6—19]. This has laid the foundation for the
rapid advancement of attosecond science in condensed matter
[20-28], for which HHG is a fundamental process. HHG in solids
has also caught attention as a source for ultrashort XUV radiation
[10,28] and as a tool to measure ultrafast dynamics and structural
properties, such as band structure [12] and the Berry curvature
[16,17]. HHG in solids is driven by interband and intraband
currents [29,30]. While the interband current is more dominant
in wideband materials such as semiconductors [12], HHG in
narrow-band dielectrics is driven more by the intraband current
[10]. This work focuses on interband HHG in wideband materials.

Although some experimental features can be reasonably well
reproduced by numerical models [31-39], a thorough understand-
ing of all the components shaping harmonic spectra is still missing.
This inhibits progress in optimizing HHG as a radiation source
and in further developing HHG as a diagnostic tool.

The principal mechanism of interband HHG has been clari-
fied by generalizing the saddle-point approach for atomic HHG
[40,41] to integrate the interband current derived in the Bloch
basis [30,42—45]. Electron and hole are born at the same lattice
site in real space by tunnel ionization and quiver in the laser field.
When they recollide at some lattice site, a harmonic photon is
emitted. Its energy is equal to the bandgap at the crystal momen-
tum of the electron—hole pair at recollision. Despite its merits, the
Bloch quasi-classical model falls short of accounting for the lattice
structure; quantum mechanics allows recombination of electrons

2334-2536/20/121764-09 Journal © 2020 Optical Society of America

and holes at different lattice sites, as was clearly demonstrated in
recent work [15,43,46].

Here we develop a generalized quasi-classical approach that
accounts for the lattice structure; this is achieved by transforming
the interband current from Bloch to Wannier basis followed by
saddle-point integration. The basis change has a substantial effect.
The resulting Wannier quasi-classical (WQC) model is found
to be in quantitative agreement with quantum calculations. So
far, quasi-classical £-space analysis has been used to qualitatively
investigate strong field effects in gases and in the condensed matter
phase; quantitative agreement has not yet been demonstrated.
Whether quantitative agreement can be obtained in the Bloch
basis remains to be seen; however, the richer physics revealed by the
WQC picture indicates that this might not be the case. The more
refined WQC picture arises from the fact that the transition dipole
moment enters the classical action in the exponent, and therewith,
the saddle-point equations. Previously, the Wannier basis has
been used in the numerical analysis of HHG [46,47]; a maximally
localized Wannier basis [48] also has the advantage of providing a
smooth £-space gauge for calculating the transition dipole matrix
elements [47]. This is of particular importance for treating non-
centrosymmetric materials that exhibit complex transition dipoles
[36,44,49].

In this work, WQC and quantum calculations are compared
fora 1D delta function two-band model solid in the single particle
approximation (noninteracting electron—hole pair); parame-
ters are chosen such that the dipole moment and bandgap are
representative for semiconductors. The quantitative agreement
with quantum calculations suggests that the WQC approach
completes the single-body picture for HHG in semiconductors.
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An electron and hole can jonize and recombine at different lattice
sites with a probability determined by the tunneling exponent
and Wannier dipole moments; birth and recombination sites are
connected by classical trajectories; quantum effects are included
by a quadratic expansion of the classical action about the classical
trajectories. Beyond that, WQC analysis allows unprecedented
insight into the real-space aspects of tunnel ionization in solids; it
gives access to the tunnel ionized wave function in real space and
therewith, to the birth location of the electron-hole pair. While
Bloch quasi-classical analysis describes an electron—hole pair by a
single trajectory, WQC analysis describes it by a swarm of weighted
trajectories. The increased accuracy comes at the cost of higher
computational load.

With a complete understanding of the single electron picture of
HHG in two-band semiconductors, it is possible to begin looking
at more complex dynamics. On a fundamental level, the WQC
approach presents a novel platform from which alternative path-
ways can be developed for modeling noise and few electron—hole
dynamics in solids; classical stochastic equations are easier to
handle than quantum systems coupled to stochastic heat baths;
as propagation from initial to final Wannier wave packet is done
by classical trajectories, the space in between does not need to be
resolved, in contrast to a full quantum approach. Thus, WQC
analysis holds the promise to provide better scalability and a more
intuitive understanding of quantum dynamics in semiconduc-
tors. Finally, multiband dynamics can be introduced into WQC
analysis by adapting the approach developed in Ref. [18], which
also showed that higher conduction bands mostly dominate higher
plateaus, and to a lesser extent influence the first plateau of the
harmonic spectrum.

One of the ultimate goals of HHG spectroscopy of solids is
to extract structural and dynamic data from harmonic spectra.
This will be very difficult without simple models. WQC analysis
establishes the capacity to capture quantum dynamics in terms
of classical trajectories in a reasonably quantitative fashion; this
makes it suitable as a diagnostic tool for HHG spectra obtained
from experiments and numerical quantum analysis.

More generally, our analysis opens an avenue for modeling
quantum dynamics of wave packets by propagating classical
trajectories. This is potentially relevant for a wide spectrum of
applications, ranging from strong-field physics to transport
phenomena [50,51] and coherent control [52,53].

2. THEORY
A. Two-Band WQC Model

Our formalism is developed for a 3D, two-band model.
We first summarize the derivation of HHG in the Bloch
basis [30]; it starts from the time-dependent Hamiltonian
H(t) = Hy+x-F(¢); F(t) represents the laser field; Hy is
the unperturbed lattice Hamiltonian with Bloch eigenstates
®,,1 (%) = 1/8/ Vit 1(x) exp(ik - x) and with energies E,, (k)
in band 7 with crystal momentum k; the band index m =v, ¢
refers to the valence and the conduction band, respectively; u,,
is the periodic part of the Bloch function, (®,, k| P, k) =1, and
(0 k| #m ) = v. Finally, V' = Nu is the volume of the solid, with
N and v the number and volume of primitive unit cells. Hartree
atomic units are used, unless otherwise noted.

In the presence of the laser field the wave function becomes
time-dependent. In the length gauge it is represented as
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U=y / a,(k, )P, 1 (04 k, (1)
BZ

m=v,c

where a,,(k, t) are the probability amplitudes and integration is
over the first Brillouin zone (BZ). As initial conditions, we choose
an empty conduction band, 4, (k, = 0) = 0, and a filled valence
band, ,(k, t = 0) = 1/4/Vgz, where Vg is the BZ volume. The
ansatz (1) is substituted into the time-dependent Schrédinger
equation, and the interband polarization and current are found to

be [30]

po(t) =—i / dled (k) / deF() - d k(7 D] 5ED pec,
BZ —00

(2a)
Jo(@) =io / dte ™ p,(2), (2b)
with Sk, 7, 0)= [l ek(s, ))dt" —i(t— 1)/ T, T the

dephasing time, k(#', 1) =k + A(z) — A(¢'), with A(¢) the vector
potential satisfying F=—09,A, and ¢ = E. — E,. Here, we have
used the relation [54] (@, k|x| P,y 1) = 8(k — K)[8,, w Vi +
d,y (K], with d,,,,7 (k) = i (2, k| Vic|#t, k) the transition dipole
moment. For a two-band system, we denote

d(k) =d,c(k) = i {o,1 Vil 1), ©)

and we assume a centrosymmetric system for which the diagonal
elementsd,,,, (k) can be set to zero [44].

In the following, we will translate HHG, as described by the
interband current of Eq. (2), from % space to real space by using
Wannier functions. The Bloch and Wannier basis functions are
connected by a Fourier transform according to [55]

Unae®) =Y Wy, (x — x;)e RO, (4a)
j
1 ik (x—x;)
W, (X —Xj) = — Wk (X)e 7 dk. (4b)
U JBz
Here, w,, (x — x;) is the Wannier function of band 7 correspond-
ing to the primitive unit cell at position x;. By virtue of Eq. (4b),
the initial wave function,
V(x, 0) = / dk®, ()2, (k, £ = 0) = w,, (x), 5)
BZ
corresponds to the Wannier function at position x; = 0. HHG can
start from any other site x;. The initial Wannier function can be
shifted to x; by setting 2, (k, # = 0) = exp(—ik - x;). As all lattice
sites are identical, itis sufficient to investigate x ;=0.

In order to translate the interband current [Eq. (2)] into real
space, the Bloch functions in the transition dipole moment
[Eq. (3)] are replaced by the Wannier functions with the help of
relation (4a). This leads to

d(k) = Z
Jik

/ wy(x — xp) [x — x;Jw, (x — Xj)eik’(xfx”)dx

v

R

[ wy (x — (x; +x))[x — x;]w, (x — X,f)e’ik"’dx

v

= Z e / wy (x —x)xw, (x)dx = Z dje k™ 6)
/ v !
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where the second line was obtained by setting x; = x; +x; and by
replacing summation index 4 with / in the first line. Also, note that
performing Y _ . in the second line changes the integration volume
from a unit cell to the whole crystal volume. The Wannier dipole
moments are equivalent to the Fourier series expansion coefficients
of the Bloch dipole moment d(k). Interpreted in real space, the
Wannier dipole moment d; describes a transition where an elec-
tron is born / lattice cells away from the hole. Bloch and Wannier
dipole moments are not unique; @, — D, exp[ie(k)] is
also an eigenfunction for any real function o that is periodic in 4
space. Although the full equations, including the diagonal dipole
elements d,,,,, are gauge-invariant [44,54], it is computationally
advantageous to choose strongly confined Wannier basis functions
[56,57] in order to keep the number of relevant lattice sites small.
In the 1D examples discussed below we chose maximally localized
Wannier basis functions [56] for which d,,,,, = 0.
Inserting Eq. (6) into Eq. (2), the interband current follows as

Jo@) =" {djldr - Tu)] - &1 Ty}
il

=3[P - Pi-w)], (72)
jil

Ti(w)=w / dk / dr f dYE()eie ks rxix) - (7h)
BZ —o0 —o0

Here, ¢ =-S5, 7,1 —owr+k-(x—x;)+[A) —A)]-
x/; Pjy(@) represents the probability amplitude that the harmonic
w is generated by an electron—hole pair that is born with a rela-
tive distance |x;| between electron and hole and later recombines
with relative distance |x;|, and the propagator Tj describes the
evolution between d and d;.

B. Saddle-Point Integration

The integrals in Eq. (7b) are solved by saddle-point integration.
The saddle-point equations,

elk(, )] +F() -x, =0, (8a)
e(k) —FQ@) - [£(¢, 1) —x)]=e(k) + F(?) -x; =Fw, (8b)
£, 1) =% —x;, (8¢c)

result from ¢/ =0 with u =7/, ¢, k, respectively. The field
quiver motion between times ¢ and ¢ is given by the distance
Ek, v, )= f; v(k(¢”, t))dt”, where v(k) = Vye is the band
velocity. Note that the classical action depends on the difference
between conduction and valence band. As a result, the above
quantities represent the difference between electron and hole band
velocity and excursion distance. Finally, the I in Eq. (8b) accounts
for the complex conjugate term in Eq. (2b).

The set of Eq. (8) is solved for a linearly polarized laser field
F = Fx; further, A= Ax and £, = k. The solutions of the saddle-
point equations are denoted by ' = #, + 8, t =1,, k. For§ < 1,
Eq. (8a) can be solved analytically; it determines the saddle-point

momentumk, = (&, ky, k) = (A(#) — A(%), 0, 0),aswell as

s— 2(E, + F(tp)x1)
Bux(0)F2(53)

©)
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where we have approximated the bandgap as

1
el ~ Eg + 5 > kil B(0). (10)
ij

with7, j=x, y, z; (k) = 828/3,%,-8%]- the inverse mass tensor;
and E, the minimum bandgap. The positive sign in Eq. (9) is cho-
sen to obtain an exponentially decaying tunneling rate.

The two remaining saddle-point equations, (8b) and (8¢),
determine #, and #.. They have to be solved numerically for each
possible birth site x; and recombination site x; for instance, by
running through # and finding all % (#)s that fulfill Eq. (8¢).
From those, the pairs [#, 4 ](w) are selected that produce a
given harmonic w via Eq. (8b). The physical implications of the
saddle-point equations are discussed at the end of this subsection.

Next, the integrand of Eq. (7b) is evaluated at the saddle point,
where the small imaginary birth time determines the tunneling
exponent. Further, the phase ¢ is expanded to second order, which
gives the multivariate Gaussian integral,

/ dqexp((i/2)q" Hq) = 27)*/?//—ilH|,  (11)

where q= (7, ¢, k), and # is the Hessian Hiy= 82(p/3,-3]- with
7, j € q. The full expression for the determinant of the Hessian is
provided in Appendix A. Putting everything together, we obtain
the WQC propagator,

T, = Z gt + 19, t)e e IX T/ (107)
(2,51, x1.% )
2AE,+F 32
b = (s, + 9] Y 2LEe + LT (t”)ﬁ//]z )
[ﬁxx(O)Fz(tb)]
4
1= [ sta) - Awndeon +hox. 029
7
where g=wF(z + i8)2m)°?/JTH] and to leading

order the determinant from the Gaussian integral |H|~
v (k) f(2+ 18, £, k) [18]; see Appendix A. Further, it is
convenient to split the phase in Eq. (12c¢) into x = x1 + x2, where
X1 = ft: e[A(ty) — A(t)]dT + wt, contains the classical action
and the harmonic frequency Fourier term. The second term is the
Fourier term of the recombination dipole moment, x, =k - x;.
The total probability amplitude,

2

(2.6 (@ x1.x;)

Pj/ — /4 [g(tb + z'B)dfe*”ef"’“(”’"')djef’XZ(”’"”] ,

(13)
is governed by the prefactor g, the ionization amplitude dje ~*, the
quantum mechanical (QM) phase factor e /%! acquired along the
classical trajectory, and the recombination amplitude dje”xz. For
each possible birth site x; and recombination site x;; in the lattice,
the summation runs over all birth and recombination times ¢,, #,
that satisfy the saddle-point conditions for a particular harmonic
frequency w.

The propagator [Eq. (12)], together with the saddle point
[Eq. (8)], and the interband current [Eq. (7a)] represent the WQC
description of HHG in semiconductors. They reveal a complete
and detailed picture of the physical mechanisms driving HHG
in real and reciprocal space, summarized in Figs. 1(a) and 1(b),
respectively. The empty circles in Fig. 1(a) represent the centers
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Fig. 1.
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(b)

step 1

B0 kot

Schematic of the WQC picture of interband HHG. (a) Real space picture for a model 2D lattice; empty circles denote centers of atomic unit cells

at which Wannier basis functions are located. Distances shown refer to relative distance between each electron—hole pair. Classical and QM processes are
indicated. The dotted arrows point to the probability amplitudes of the individual processes. In addition, the phase x; picked up along the classical trajec-
tory is indicated. HHG takes place in three steps. (1) An electron initially at the valence Wannier site x, is born at x + x;, creating an electron-hole pair /
lattice sites apart (red arrow), with ionization amplitude o< df exp[—z]. (2) Then it propagates in the laser field along the classical trajectory & (#, £.); the
green shaded area indicates the quasi-classical contribution g(#;, #,) that comes from the Gaussian expansion of the propagator about the classical trajectory
&. (3) Electron and hole revisit each other and recombine j lattice sites apart with d; the recombination dipole (blue arrow). (b) k-space picture, full and
empty circles in valence band indicate filled states and empty states (holes), respectively; (1) electron—hole pairs are born at the I" point (k = 0); (2) the laser
field drives them in reciprocal space (green arrow); (3) they recombine at some different k; .

of the atomic unit cells x;, where / = (/, /,) in the 2D schematic.
A Wannier basis function is located at each center. Initially, all
Wannier sites of the valence band are filled. As all lattice sites are
identical, it is sufficient to investigate x; = 0; see Eq. (5) above.
Following the notation of our calculation, we chose indices /, j
to represent birth and recombination sites, respectively. HHG
proceeds in three steps:

Step 1—creation of electron—hole pair by ionization. At birth
time #,, a valence band electron localized at lattice site x( transitions
to the conduction band and is localized at lattice site xg + x;. The
tunneling probability is determined by the tunneling exponent #,
and by the Wannier dipole moment dJ; see Fig. 1(a). The potential
energy experienced by the created electron—hole dipole in the
laser field makes the effective ionization potential E, + F(#)x;
birth-site-dependent; see Eqs. (8a) and (12b). In reciprocal space,
the electron transitions from valence to conduction band at the
I"-pointat time #; see Fig. 1(b). Step 1 is of a QM nature.

Step 2—electron—hole evolution in laser field. The electron—
hole pair quivers in the laser field. In real space it follows the
classical trajectory &(#, #.) in Fig. 1(a) until electron and hole
revisit each other and are separated by [x;| at time #,; see Eq. (8¢).
The propagation step is dominantly classical; of QM nature are the
phase x1(#., ) picked up between birth and recombination time,
and the quasi-classical factor g coming from the quadratic expan-
sion of the classical action § about the classical trajectory. The
shaded green area about the classical trajectory in Fig. 1(a) indicates
the quantum correction up to the second order. In reciprocal space
in Fig. 1(b), the electron—hole pair evolves from initial crystal
momentum zero to saddle-point crystal momentum k; (%, £,.),
defined in Eq. (8) above.

Step 3-recombination. At time #, electron and hole recom-
bine with probability amplitude d;e™-")%; see Fig. 1(a).
The harmonic energy is given by the bandgap energy at k; (7, )
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[see Fig. 1(b)], plus the energy of the electron—hole dipole in the
field F(z,); see Eq. (8b). Due to the second term, harmonics with
energies somewhat larger than the maximum bandgap can be
generated.

3. RESULTS

For the remainder of the paper, the WQC approach and its
physical significance are explored within a 1D model system.
In this case the interband current, WQC propagator, and
probability amplitude reduce to scalars, namely, ]1,, Ty, and
Py. Specifically, we use a 1D delta function model potential,
Vi)=Y 0. 8lx —(n+1/2)a] with unit cell size «
and barrier penetration parameter €. This model solid rep-
resents inversion symmetric semiconductors, for which the
intraband dipole moment (Berry connection) is zero in a maxi-
mally localized Wannier basis. Details of the delta function model
are given in Appendix B. For the investigated parameters, the
bandgap is well approximated by the nearest neighbor dispersion
&(k) = E; + A[1 — cos(ka)], where E, is the minimum bandgap
and 2A represents the bandwidth. We chose 2 = 7 and considered
two values 2 = 0.5, 1.5 to model a weakly and tightly bound semi-
conductor, respectively. The corresponding bandgap parameters
are £, =0.141, 0.269 and A = 0.269, 0.17. Finally, for all runs
we use a dephasing time 7, = 75/2 so that only returns within a
single cycle are relevant.

In Fig. 2 the exact (QM) harmonic spectrum, as obtained from
numerical integration of Eq. (2), is compared with the Wannier
quasi-classical solution: Eqs. (72), (8), (9), and (12a). For the exact
approach, we use F(#) = Fy sin(wot) exp(—(#/7)?), where Fy is
the maximum field strength, and the pulse duration, v =407,
is long enough to approach the continuous wave (cw) limit; @y is
the laser center frequency, and 7y = 27 /w, denotes the optical
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Fig. 2. Harmonic yield |4,|> versus harmonic order n; 2 =7,

T,=1y/2 (a)—(b) Empty blue circles with lines (exact) and filled
blue circles (WQC) refer to 2=0.5, wy=0.01425 (A =3.2 um),
and £ =0.0025 in (a) and Fy = 0.0015 in (b); empty red squares con-
nected by lines (exact) and filled red squares (WQC) refer to Q2 = 1.5,
wy = 0.0285 (A =1.6 um), and Fy =0.008 in (a) and Fy =0.005 in
(b); lines are used to guide the eye.

cycle. For the highest field strength considered, an electron born at
the T point explores only ~60% of the BZ and does not reach the
next bandgap at the edge of the BZ to transition to the second con-
duction band; this justifies the approximation to include only two
bands. We plot the harmonic intensity |4,|? = f;}j d(uljg,(a))l2
integrated over the frequency interval oy = (2 % 1/2)wy.

For the WQC calculation, we assume the cw limit,
F(t) = Fysin(wpt), in order to facilitate interpretation of the
results. Equation (12a) has been derived for finite pulses employ-
ing the Fourier transform. For a transition to the cw limit, the
Fourier transform has to be replaced by a Fourier series; as a result,
® — nwy, prefactor g — g /(2w 1), where the 1/(27) comes
from the 1D nature of our model. The harmonic yield becomes
VRS |]~},,(na)0)|2 with 7 given by the WQC propagaror
[Eq. (12a)].

In Fig. 2, the blue empty circles (exact) and blue filled circles
(WQC) refer to results for the weakly bound model semicon-
ductor, with € =0.5, and @y =0.01425. Red empty squares
(exact) and red filled squares (WQC) refer to the tightly bound
semiconductor, with 2 = 1.5, and wy = 0.0285. Plots with the
same symbols in Figs. 2(a) and 2(b) correspond to the same values
of Q and wy, but differin F;.

The WQC results are only plotted above the minimum
bandgap, as the quasi-classical analysis is limited to processes
for which an electron is actually born in the conduction band.
Below the minimum bandgap, virtual processes dominate; in this
range, the intraband current can have a substantial contribution
thatis not shown here.

The WQC approach agrees well with the exact solution, with
most data points being off by less than a factor of 2. Even the first
1-2 cutoff harmonics are described fairly well, which demonstrates
that they are of quasi-classical origin. The good agreement allows
us to interpret semiconductor quantum dynamics such as ion-
ization, electron/hole transport, and HHG in terms of classical
trajectories. The quantum contributions to HHG are captured
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short

%107

1.5

[ (birth)

0.5

x107

J (recombination)

Fig. 3. Contribution of the long and short classical trajectories to
the probability amplitude | 7| for harmonic order 7 =15 in a wide-
band semiconductor; parameters 2 =7, =0.5, @ =0.01425, and
Fy=0.0025 corresponding to filled blue circles in Fig. 2(a). (a) depicts
the combinations of birth (/) and recombination () site indices for which
each trajectory exists and contributes to Pj; black regions indicate no
solution. (b) shows the contribution of the long trajectory to | P, while
(c) shows the contribution from the short trajectory. Note that the values
of the color scale differ by 2 orders of magnitude in (b) and (c).

by the tunneling exponent £, by the pre-exponential factor ¢ in
Eq. (12a), and by the Wannier dipole moments in Eq. (7).

A few points disagree by a larger factor of up to 6. In particular,
Fig. 2(a) shows that the WQC result for harmonic 7 = 15 exhibits
larger discrepancy for the weakly bound semiconductor (2 = 0.5)
compared to the more tightly bound semiconductor (2 = 1.5).
The reason for this behavior is identified in Fig. 3 and will be
discussed later.
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j (recombination)

Fig. 4.  Probability amplitude | 2| versus birth (/) and recombination
() site indices for harmonic order » =15 in a narrowband semicon-
ductor; parameters 2 =7, Q=1.5, ©=0.0285, and F,=0.008
corresponding to filled red circles in Fig. 2(a). Here we plot the total
probability amplitude | Py|, but note that the long trajectory is dominant;
the individual contributions are similar to the behavior depicted for the
wideband semiconductor in Fig. 3(b).

Numerical solution of the full saddle-point equations reveals
two distinct classical trajectories that contribute to the probabil-
ity amplitude Pj: one long trajectory and one short. Moreover,
each solution exists for only certain combinations of birth (/) and
recombination (j) lattice sites. Figure 3 shows the contributions
arising from the different classical trajectories for the 15th har-
monic (7 = 15) with = 0.5, F; = 0.0025, corresponding to the
filled blue circles in Fig. 2(a). Figure 3(a) depicts the regions in the
j — 1 plane, where each trajectory contributes to | Py(n = 15)|.
No solution exists for the dark region in the top-right, and the
probability amplitude here is zero. Figures 3(b) and 3(c) show
the individual contributions to the probability amplitude from
the long and short trajectories, respectively. The long trajectory is
dominant, as the electron—hole pair is born close to the field peak,
whereas the short trajectory is born closer to the nodal point. This
outweighs the effect of the short dephasing time, which favors the
short trajectory. As a result, the contribution of each data point
to the WQC propagator is dominantly determined by a factor
~ge ™" of asingle (long) trajectory. The full probability amplitude
| Pjf(n = 15)| is essentially identical to that of Fig. 3(b).

In Fig. 4, the total probability amplitude for the 15th harmonic
| Pyf(n = 15)| is plotted as a function of birth and recombination
site indices /, j for 2 =1.5, and Fy = 0.008, which corresponds
to the filled red squares in Fig. 2(a). For this system, the long trajec-
tory is also dominant, and analysis of the individual contributions
would reveal a picture qualitatively similar to Fig. 3.

In both Figs. 3 and 4, harmonic 7z = 15 has been selected, as the
WQC result for the weakly bound semiconductor exhibits a more
pronounced difference, while it agrees well for the tightly bound
semiconductor. For both systems, the maximum probability is
shifted towards negative birth-site indices; it is more likely for
electron and hole to be born apart than at the same site. Tunnel
ionization probability is determined by ¢™* and by birth dipole
moment 4;. The tunnel exponent £, depends on the ionization
potential £, + F (#3)x;; see Eq. (12a). Thus, for the positive field,
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the electron—hole pair gains energy when born at increasingly
negative distances, which reduces #.. When —x; = E,/ F(#), ¢,
vanishes; in other words, the valence and conduction band levels
separated by —/ sites align, and the electron hops from the valence
to the conduction band site. The penalty to be paid is a rapidly
dropping dipole moment 4j. As such, the birth-site index at which
ionization is maximum is determined by a trade-off between tun-
nel exponent and Wannier dipole moment. The dipole elements
for the parameters of Fig. 3(a) drop more slowly with increasing
|/] than for (b); see Appendix B. Therefore, the site of highest
ionization probability is shifted more strongly towards negative
/. Recombination is most probable for j =0 in Figs. 3(a) and
3(b), which is consistent with previous findings [46]. The drop in
probability for increasing j is due to 4, which is why | Pj| extends
to larger j in Fig. 3(b).

The results in Figs. 3 and 4 are displayed for birth times in the
positive field cycle 0 <7, < 75/2; the negative half-cycle would
show the same picture, but mirrored about the x— and y— axis
(G, = —j,-D.

Recall that exact and quasi-classical results do not agree well for
harmonic 7 =15 in Fig. 2(a) (2 =0.5). The reason is found in
Fig. 3(b); disagreement is due to the point (7, /) = (4, —2), which
exhibits unusually high probability. We find that at this point 4, is
approximately zero, and therewith ||~ 0. Since g o< 1//TH],
this leads to a large value of the prefactor g. This behavior indicates
that the quadratic saddle-point expansion is no longer sufficient,
and the next higher order term(s) must be included. The rules of
saddle-point integration require expanding the exponent up to
the first nonvanishing term. In contrast, agreement for harmonic
n =15 in Fig. 2(a) for @ = 1.5 is good. This is consistent with the
fact thatin Fig. 4, &£, & 0 does not occur in areas of high probability.

Finally, the WQC method hinges on saddle-point integration,
which works well when the exponent is rapidly oscillating. This is
fulfilled for wideband semiconductors with large bandwidth (A)
and in the long wavelength limit. When transitioning to smaller
A (dielectrics) and shorter wavelengths, saddle-point integration
is expected to fail at some point. This will be subject to further
research. Also, it is generally possible for transitions involving
higher conduction bands to contribute to the harmonic spectrum,
but this is beyond the scope of the two-band model considered
here.

4. CONCLUSION

In summary, we have shown that the full single-body quantum
dynamics driving HHG in wideband materials, such as semicon-
ductors, can be quantitatively explained in terms of quasi-classical
trajectory propagation. The physical insight offered by trajectory
analysis will prove useful for optimization and the design of strong
field and attosecond experiments and for the development of
novel diagnostic applications of HHG, such as reconstruction of
the dipole moment [58]. We believe that our approach presents a
versatile tool for investigating open issues in strong-field solid-state
physics, such as the role of noise and many-body effects in strong-
field processes. Beyond that, quantitatively accurate quasi-classical
analysis should be of interest for a wider range of topics in material
science.

While our work is limited here to centrosymmetric materials
and two-band model solids, we believe that the WQC method can
contribute to understanding HHG in more complex materials.
Multiband dynamics can be incorporated following the approach
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outlined in Ref. [18]. Noncentrosymmetric materials exhibit an 1
interband transition dipole phase as well as an intraband Berry D4 (x) = \/j 1 (%) exp(ikx)
phase, which lead to additional terms in the classical action. The “
anomalous velocity arising from the Berry phase will offset the sy (%) = A, () [ei(l(mfl’)x + ,mé,fi(Kerk)X] ,
electron-hole trajectory in the plane perpendicular to the laser '
polarization axis. The Bloch quasi-classical model requires the B ’
electron-hole pair to recombine at the same lattice site, thus miss- Ap (k) =1/ \/1 75+ 2 sin(Kya) [ (K ),
ing important trajectories where it could recombine from nearby .
lattice sites. (k) = M. (B2)
sin[(K,, + k)a /2]
APPENDIX A: HESSIAN .
From the wave function, the
Here we provide expressions for the determinant of the Hessian Bloch  dipole  moment is found to  be
H;;=0%p/d;0; appearing in Eq. (12). Evaluation of the second
derivatives yields
F() -v(k(, 1)) —F() -v(k(#, 1)) v, (k(7, 7)) v, (k(#, 1)) v, (k(#', 1))
+F()-x
—F() -v(k(, ) F(t)-v(k) — F(¢) x;— —v, (k)+ —v,()+ —v,(k)+
|H| = Fi(0) Dy(¢', 1) F(2) Fi()Dp(¢, 1) Fi(®)Dy(¢', 1)  Fi())Dp(¢', 1) |+ (A1)
vx(k(t/a t)) _vx(k) + E(t)Dxi(t/’ t) - xx(t/v t) - xy(t/, t) - xz(t/9 t)
Uy (k(t/a t)) —Uy (k) + Fi(t)Dyi(t/s t) _Dyx(t/9 t) _Dyy(t/s t) _D]z(t,7 t)
v (k(?, 1)) —v,(k) + F;()) Doi(¢', 1) — Dot 1) =Dy (¢, 1) =D (¥, 1)
where the determinant is evaluated at the saddle point defined by
tY'=1,+i8,t=1t,k=k,. Using linear dependence between
column 2 and columns 3, 4, and 5 (see the supplement of [18]), the
determinant can be simplified to
F(t) vk, ) + F(¢) -x; 0 v, (k(Z, 1)) v, (k(#, 1)) v (k(?, 1))
—F() - v(k(Z, 1)) —F0) x, -+ “u, (k) + —v,(k) +
- Fi()Dun(t', 1) Fi(0)Dy(t', ) F()Dp(r', 1)
= oo (', ) 000 =Dut.r)  —Dy(t.n)  —Du.n (*2)
Uy(k(t/s t)) _v]/(k) - yx(t/v t) - yy(t/v t) - yz(t/a t)
vz(k(t,v t)) _vz(k) _sz(t/5 t) _Dzy(t,v t) _Dzz(t/a t)
Here, i, j € {x, y, 2}, summation is implied when indices 7 or
j are repeated, Dj= f:, dtB;i(k(s", 1)), Bj=v;(k), and
F(t) = 9,F(¢). For completeness, |H| is given for a general
field F(#); for the case treated here, set F, = F, =0. To leading gl | | | | Liviilas
order |H| = v. WF(Y, t, k) + F(¢) -x;h (¢, ¢, k), where b, f are i (a)
minors of |H|. For completeness, we have included time derivatives < 07 B
of the laser field, which are, however, small in the long wavelength E 4 L
limit. Asaresult, the leading order term is |[H| = v, (K f(7, ¢, k). E 5 |
aﬁ
APPENDIX B: DELTA FUNCTION POTENTIAL _0'44 _0'3 _0'2 _0"1 (') Ofl 012 0f3 0f4
The WQC approach and its physical significance are explored crystal momentum (k)
by means of a 1D delta-function model potential, V(x)= E : : — T A » S b :
QZZOZ,OO 8[x — (n+ 1/2)a] with unit cell size 2 and barrier %‘0'1‘ oxxx o° Ooo X% x ®)
penetration parameter 2. For the investigated parameters, the = 1o e x % 0 o, Xk, .
bandgap is well approximated by the nearest neighbor approxi- ’f ooo ooo
mation, & = E, + A[1l — cos(ka)], where E, is the minimum £ 107 o° %% -
bandgap and 2A represents the bandwidth. E o° °
The binding energy is determined by 2E, = K2, where 107 TR T T ! T
m = v, c and K, is determined by 15 10 rSEIative lgttice sitz 10 15
Fig. 5.  (a) Bloch dipole transition elements Im[d* (k)] versus k;

Q.
cos(ka) = cos(K,,a) + T sin(K,,a). (B1)

m

The wave function is given by

(b) Wannier dipole transition elements &; versus j, which represents the
difference in lattice sites at which electron and hole are born. 1D model
parameters, 2 = 7; 2 = 0.5 (black); Q = 1.5 (red).
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« . 24:4,
de(k) = d* (k) = lﬁ

sin[(Ky + K)a/2]
(Ky+ K )a

(B3)

X {[(1(, — k). — (Ky + k)ry]

sin[(Ky — K, )a /2]

+ [(Ky — k) — (K + R)ryr.] (K, — K.)a

We chose 2 =7 and Q = 0.5, 1.5 to model a weakly and more
tightly bound semiconductor, respectively. The corresponding
bandgap parameters are £, = 0.141, 0.269 and A = 0.269, 0.17.
The Bloch dipole elements #(%#) and Wannier dipole elements
d; are plotted in Fig. 5. As expected, 4; drops faster for the more
tightly bound model. Finally, we have chosen the coordinate center
at the point of inversion symmetry that corresponds with choosing
a maximally localized Wannier basis [56]. For this choice, the
diagonal (intraband) dipole moments are zero, and the phase of the
interband dipole momentis constant.
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Appendix D

Circular products of dipole moments

Here we prove an interesting result concerning products of dipole moments. If we denote d(k)

the matrix of dipole moments, i.e.

d(k) =) [t ) (thn | i (K) (D.1)
with matrix elements
<un,k’d(k)|um,k> - dnm<k) - (]- - 5nm)<un,k’7;vk|um,k>a (DZ)

then product of dipole matrix elements appearing in

[d(k)™] (D.3)

nn

is gauge invariant for any m € Z*. Label an arbitrary set of Bloch states |u,, k), so that the

diagonal elements of the matrix product are

(dm)nn = Z dnal dmag ---dam_ln

{a}
m—2
- Z Ay H doja;1day,in (D.4)
{am} Jj=1

where {am} indicates that we sum over the set of all indices o, as, ..., —1. We want to show
that the product of dipole matrix elements
m—2
Tn,{am} - dna1 H dozjozj_Hdam,ln (DS)

J=1

1s gauge invariant.
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D. Circular products of dipole moments

Now consider gauge transformations of Bloch states
|tne) = |ting) = € [t ) (D.6)

so that

dnm = eanm dnm ) (D7)

where Xnm = Xn — Xm. Now, the product transforms as

m—2
Tn,{am} = dnog H dOéjOéj+1da7n—ln
j=1
m—2
= Th fam) H gXnar giXajegin Xam _1n
j=1
= T {0, (D.8)
and the total phase factor evaluates to
m—2
H{Xm} = Xnai T Xom—_1n T+ Z Xejo1
j=1
m—2
= (Xn = Xau )+ (onmﬂ - Xn) +Z(Xaj - Xaj+1)
j=1
m—2

= ~Xax + Xam—1 + (Xaj - Xaj-i-l)
j=1

=0, (D.9)

where only the first and last terms of the sum give non-vanishing contributions, but these cancel

the other two terms outside the sum. We thus obtain the desired result

Tn,{am} = Tn,{am}; (DIO)

which also implies
(@) =@, (D.11)

It is important to note that all vector components of the dipole transform the same ways; i.e.
e, Ay (k) = dpp (k) — e ®d, (k) (D.12)
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D. Circular products of dipole moments

regardless of the component e,,. As a corollary of the general result above, we mention that the

triple product

dlm,idmn,jdnl,k

is also gauge invariant, regardless of the vector components ¢, j, k. Another special case is

*
dnm,idmn,j = dnm,i nm,j>

which shows that the phase difference between two vector components of the dipole moment is

also a gauge invariant quantity.
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Appendix E

Symmetry properties of the shift vector

The shift vector corresponding to vector component e; of the dipole moment is given by
R, (k) = A (k) = Viehnn (k). (E-1)

where ¢, ;(k) = arg[e; - dp,(k)]. It should be emphasized that a shift vector is defined with
respect to a single vector component of the dipole moment; i.e. the phases of the different dipole
components lead to distinct shift vectors. In this work we consider the dipole phase parallel to

the input polarization, for which we define the parallel shift vector

with the phase given by
Pnm (k) = arg [n - dyp (k)] (E.3)

for input polarization vector n. We can also define the scalar field
Rum(k) =n- Ry, (k), (E.4)

which is just the component of the shift vector parallel to the input polarization.

Using the gauge transformation relations (2.73) and (2.74) for the TDM and Berry connec-
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E. Symmetry properties of the shift vector

tions, we calculate

Ry (k) = Ay, (k) Vit (k)
=A,.(k) — Viarg [n - dyn, }
:Aﬂm( ) + Vic [xn (k) = xm(K)]
— Vi arg [0 dyy (k)eXmm 0]
:Anm(k) + Vanm(k)
— Vic{arg [n - dpp (k)] — Xnm (k) }
R, (K), (E.5)

which confirms that the shift vector is indeed gauge invariant. Note that this result is true for any
shift vector R%, since all components of the dipole moment transform by the same phase under
gauge transformations.

We can also examine the spatial inversion properties of the shift vector. For a time-reversal
invariant system satisfying F,,(—k) = E,,(k), the k- p Eigenvalue equation for the cell-periodic
functions can be used to show that u,, i (x) and u;, , (x) are Bloch functions with the same

energy eigenvalue. This leads to the inversion relation

crm(k)u*

m,k(X)7 (E6)

U, —k(X) = el

where o0,,(k) is a gauge-dependent phase factor. From the perspective of linear algebra, the
phase o, accounts for the fact that rotating the phase of an eigenvector of a Hermitian matrix

does not affect its eigenvalue. As a consequence, the dipole matrix elements satisfy

€nm(_k) :<un,—k ’iv—k ’um,—k>

= — i(Up x| Vk|Um, —x)

= — i/dxu;_k(X)VkUm,—k(X)
= — je () /dXUn,k(X)Vkeigm(k)uzl,k<x)

_ ie—ia'nm(k) /dxun’k(x)vku:%k(x>

+ e—ionm (k) <um,k|un7k>VkO’m (k)
:e_wnm(k)ﬁzm(k) + 8 Viom (k),
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E. Symmetry properties of the shift vector

where o,,, = 0, — 0,,. This inversion relation might seem intuitive in a particular gauge where
on, = 0, = 0; this would imply Berry connections with even parity, and d,,,,(—k) = d;,, (k).
However, assuming a particular gauge lacks generality, and it is preferable to work with gauge
invariant quantities which have unambiguous symmetry properties. For the shift vector, we

calculate

R (k) =A,.(—k) — V_yxarg [n - d,,,(—k)]
=A;m(—k) + Vi [on(k) — 01 (K)]
+ Vi arg [n . dnm(k)e”"’”m(k)]
=A,n(—k) + Vikonm (k)
+ Vic{arg [ - dpn (k)] — o (k) }
=R, (k), (E.7)

where we observe that the gauge-dependent phases cancel. We thus conclude that the gauge
invariant shift vector has even k-space inversion symmetry, which is equivalent to the even
inversion symmetry of the band energies.

It is also interesting to consider the special case of an inversion symmetric crystal, for which
the lattice potential obeys V' (—x) = V(x). In this case, the k - p Eigenvalue equation leads to
the relation

Uy, —1c(x) = 7Oy (—x). (E.8)

Note that 0,, and 0, result from different inversion symmetries and are generally distinct. We
emphasize that the inversion relation (E.6) is general for any TR invariant crystal, while an
inversion symmetric system satisfies the additional relation (E.8). For the dipole matrix elements,

we have

Em(—k) = i/dxu;k(x)vkum,k(x)
= —z'e_i‘_’"(k)/dxu;k(—x)vkei‘_’m(k)umk(—X)

= —ie_io"L(k)/dxu;‘lvk(x)vkem"(k)umvk(x) (E.9)

where we have changed the integration variable x — —x, and we note that the sign change from
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E. Symmetry properties of the shift vector

—dx is canceled by the exchange of integration limits over the unit cell. We thus have

&um(—k) =— je~1onm(K) /dxu;k(x)vkumk(x)

+ B_i&"m(k) (um,klun,k>vkam (k)
=— e T E 1 (K) + G Vi (K), (E.10)

which shows that d,,,,,(—k) and d,,,,,(k) differ by a gauge dependent phase. Further, A,,(—k) =
—A,, (k) + Vi&,,(k), which means the Berry connection is purely gauge-dependent since it
vanishes if Vi7,, = Vio,, = 0. In other words, the Berry connection in an inversion-symmetric
system has no gauge invariant component, and we can safely conclude that the Berry curvature

must vanish as a result. Finally, the shift vector in an inversion symmetric system must satisfy

R, (k) =A,.(—k) — V_yarg [n - d,,,(—k)]
=—A,,(k) + Vionm(k)
+ Viarg [n - dnm(k)e”e’w”m(k)]
Ry (—K), E.11)

which implies odd inversion symmetry. Clearly, the shift vector must vanish in an inversion
symmetric system, since a non-trivial function cannot possess both even and odd parity. This
shows unambiguously that the dipole phase and Berry connections do not contribute to the
dynamics in an inversion symmetric system. This conclusion is consistent with previous findings
[27, 28, 48], but the present analysis using the shift vector has the advantage of being gauge-

independent; i.e. no assumptions regarding gauge-dependent phases are required.
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Appendix F
Saddle point equations for the strong field

approximation

In this appendix we derive the SFA saddle point equations for the component of the interband
current parallel to the applied field. The spectrum of the parallel current is

to t
n-jo(w) = —w/ dte_m/dK|dj(Kt)|/ dt'F(t)|Q(Ky)[eSEED ce.,  (R1)
0 —o0

where n is the polarization vector, and

SO0, = [ dr e + Pl R () F2)

is the gauge invariant action. The gradient of the action is

t

ViS = Vi / dr [(K,) + F(r) - Ro(K,)

t/

- / 7 (Vi=(K) 4 F(r) x [Vie % Ru(K))] + [F(7) - Vi Ru(K.)}, (B3)

t

where we have used the fact that F is independent of K. Further, since the curl of a gradient is

zero, we have

Vie X Ry (k) = Q.(k) — Q,(k) = Q(k), (F4)

where €2,,(k) = Vi x A,,(k) is the Berry curvature. Define the total interband velocity
vi(k) = Vie(k) + F(t) x ©(k), where the second term is known as the anomalous velocity.
The gradient of the action is then

VkS = /tlt dr [v;:(K;) — 0; R, (K, )]

= Ax(K,t,t) — Re(Ky) + Ruo(Ky), (ES5)

128



F. Saddle point equations for the strong field approximation

where Ax(K,t',t) is the electron-hole separation due to quiver motion between birth and

recombination. The saddle points equations are thus

VS = Ax(K, 1) — Ruo(Ky) + Reo(Kir) = 0 (F.6a)
—(9,5/8 = €<Kt/) + F(t/) : Rcv<Kt’) =0 (F6b)
8{/8 = €(Kt> + F(t) : Rcv(Kt) = Ww, (F6C)

which are clearly gauge invariant. Egs. (F.6) are consistent with Ref. [35], although we encounter
an additional term due to the anomalous velocity since our analysis is multi-dimensional.

We label the saddle point momentum K and consider electron hole pairs born at time ¢/,
which later recombine at ¢ = ¢, to emit a harmonic photon. The real part of Eq. (F.6b) equation
with t' = t, + id gives

K= —A(t). (E7)

Evaluating Eq. (F.6a) at the saddle point, we have

tr B B B
0= / v (K,) — Ru(Ky) + R (Ky,)

tp

= /tT drv. [K+A(7)] = Re [K+ A(t,)] + Rew [K+ A(t)]

ty

- / " dr. [A(T) — A(ty)] — Rew [A(t,) — A(ty)] + Ry (0), (E8)

tp

which we use to find combinations of ¢, and ¢, during an optical cycle. We can then identify

trajectories contributing to each harmonic using Eq. (F.6¢)

CA() — A)] + F(t) - R [A(t) — A(h)] = witt,). (F9)
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