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We theoretically investigate a relation between the crystalline symmetry and the transient modu-
lation of optical properties of crystalline dielectrics in pump-probe measurements using intense pump
and attosecond probe fields. When the photon energy of the pump field is much below the bandgap
energy, the modulation of the optical conductivity is caused by the intraband electronic motion,
that is, the dynamical Franz-Keldysh effect. We analytically investigate symmetry properties of the
modulated optical conductivity utilizing the Houston function, and derive a formula that relates the
temporal oscillation in the absorption with the transformation properties of the modulated optical
conductivity. To verify the validity of the formula, we perform real-time first-principles calculations
based on the time-dependent density functional theory for a pump-probe process taking 4H-SiC

crystal as an example.

I. INTRODUCTION

Recent progress in attosecond metrology has made it
possible to investigate electron motion in solids in a time-
scale less than a cycle of an optical pulse'. To explore
the ultrafast electron motion, the attosecond transient
absorption spectroscopy (ATAS) method has been often
utilized? *. In the ATAS measurements, a strong pump
pulse of visible or infrared frequency and a weak attosec-
ond probe pulse irradiate on a thin film with a certain
time delay. The modulation of the optical absorption of
the probe pulse is used to explore the ultrafast change of
optical properties of the thin film. In a number of mea-
surements in dielectric materials, field-driven oscillations
of the absorption change as a function of the pump-probe
delay time have been observed® 0.

Depending on the choices of parameters of applied
laser pulses and materials, several mechanisms that con-
tribute to modulations in ATAS have been proposed.
Among them, the intraband motion of electrons induced
by the strong pump electric field that causes the dynami-
cal Franz-Keldysh effect (DFKE) is considered to be one
of the primary mechanisms. The Franz-Keldysh effect
(FKE) is a modulation of the absorption properties of
dielectrics at around the bandgap energy under a static
electric field and has been extensively investigated since
it was first discussed more than half a century ago'' '8,
The DFKE is the modulation under an alternating elec-
tric field and has also been investigated in a number of
literatures'® 2°.

In Ref. 26, it has been analytically shown that the
frequency of ATAS modulation is twice the pump fre-
quency ) in an isotropic two-band model. It was also
confirmed numerically by the first-principles calculations
conducted for a crystalline diamond. There are some
cases where oscillations different from 22 frequency: an
oscillation with frequency €2 was theoretically described
in two-dimensional material??, while an oscillation with
3Q has been reported in GaN". Although a relation
between the crystalline symmetry and the static FKE

has been discussed!”2%:2?_ such analysis has not been re-
ported for the time-resolved DFKE. We note that, for the
high harmonic generation in solids, dynamical symme-
tries that involve temporal as well as spatial invariances
have been extensively studied?? 43,

In the present paper, we first theoretically investi-
gate a relation between symmetry properties of a di-
electric crystal and its DFKE response using an ana-
lytical framework extending that introduced in Ref. 26.
We will show that the oscillation property of the time-
resolved DFKE response is determined from the trans-
formation properties of the pump-modulated conductiv-
ity tensor under the point group symmetry operation of
the crystal. We next numerically verify this statement
by performing first-principles calculations employing the
time-dependent density functional theory (TDDFT)*
for hexagonal silicon carbide (4H-SiC) crystal. We solve
the time-dependent Kohn-Sham (TDKS) equation in the
time domain and directly simulate ATAS in the crystal.
We show that the calculated results under several polar-
ization conditions confirm the validity of our analytical
results.

This paper is organized as follows: In Sec. II, a gen-
eral description of the ATAS is considered introducing a
frequency-resolved absorbance function. Section III de-
scribes analytical considerations for DFKE and its sym-
metry dependence. In Sec. IV, we present a formalism
and results of real-time first-principles calculations. In
Sec. V, a conclusion is presented.

II. TRANSIENT ABSORPTION IN A UNIT
CELL OF SOLIDS

We first provide a theoretical description of ATAS
extending and clarifying the description presented in
Ref. 26. We introduce a transient conductivity that de-
pends both on the time and frequency. In the derivation,
we put emphasis on the relation between the frequency-
dependent absorption spectrum of the probe pulse and



the transient conductivity under the intense pump field.

A. Frequency-dependent modulation of probe
absorption

We consider a unit cell of dielectrics under irradiation
of intense pump and weak probe fields. In ATAS, the fre-
quency of the probe pulse is much higher than that of the
pump pulse. We assume that there is no overlap between
two pulses in the frequency domain. Assuming that both
wavelengths of the pump and the probe pulses are suffi-
ciently longer than the size of the unit cell, we employ a
dipole approximation treating electric fields of the pump
and the probe pulses as spatially-uniform fields. This as-
sumption will be justified for attosecond probe fields up
to, at least, a few tens of eV.

We express the electric field applied to the unit cell as
E(t) . It induces electron dynamics and charge current in
the unit cell. We express the macroscopic charge-current
density as I(t) that is obtained as a spatial average of
the microscopic current density in the unit cell. The
optical absorption can be evaluated from the work done
by the electric field E(t) to electrons in the unit cell. It
is expressed as

WI[E] = /dtI[E](t) CE(t). (1)

In the above expression, we write the work as W[E] and
the macroscopic current density as I[E](t) to stress that
they are defined for the electric field E(t).

To discuss frequency-resolved signals, we rewrite the
work as the integral over frequency,

WE = 1/0"°d il (@)

T Y
where the frequency-resolved work is defined by

% = Re [1[E](w) B ()] . (3)

Here we introduce time-frequency Fourier transforma-
tions, for example, by

E(w) = / h dte™ E(t). (4)

— 00

We consider three cases, pump only, probe only, and
pump plus probe. Expressing the pump field as EP"™P(t)
and the probe field as EP™P¢(t), we have

dWPump

e :Re{f[Epump](w)-Ep“mp*(w)}, (5)

dwprobe

—— =Re{I[B"™|() - B ()}, (6)

dwpumerprobc
dw
Re {j[Epumerprobc] (w) . Epumerprobc* (w)} , (7)

where EPYPHPrObe(()) is given by EPYMP(w)+ EPTOPe ().
The modulation in the ATAS is then given as the differ-
ence between dW/PUmPTProbe /g, and diwrrobe /dy.

In the following development, we will consider a quan-
tity A(w) defined below instead of dJy/PumpFprobe /d,,

A(w) = Re [5f(w) L Eprobes ()] | (8)

where we introduce a modulated current density of the
probe pulse,

51(w) = T(EP™HPobe] () — FEP™P|(w).  (9)

We note that A(w) accurately describes the absorption
in the frequency region of the probe pulse,

dwpumerprobc

Aw) ~ e (WP < w < wh™?), (10)

i’;;be is the lower /upper bound of the frequency

spectrum of the probe pulse. To understand it, we note
that EPWP(w) in EPumPHerobe(y)) of Eq. (7) does not
contribute in the probe frequency region, since we assume
that there is no overlap between pump and probe fields in
the frequency domain. A term containing I[EP"™P](w)
of Eq. (9) in A(w) does not contribute in the probe fre-
quency region, since we assume that frequencies of the
pump and the probe pulses are well separated. In prac-
tice, I[EP"™P](w) has a small contribution in the spectral
region of the probe pulse through nonlinear effects such
as high harmonic generation. However, the contribution
will be extremely small since it is related with high order
nonlinear processes. In the following, we will call A(w)
the frequency-resolved absorbance. We note that A(w)
was treated as a central quantity to discuss the modula-
tion of the dielectric property in the literatures®26.

where w

B. Conductivity under a strong pump field

We consider the current difference introduced in
Eq. (9) in time domain,
SI(t) = I[EP"™PFProbey(t) — T[EP™™P)(t). (11)

Since we assume that the probe pulse is a weak pertur-
bation, we may introduce a linear constitutive relation,

SIo(t) = / dt'oap(t, t)ES(t), (12)
B

where o and 3 denote the Cartesian components, «, f =
x,y,z. Here we introduced a conductivity o.s(t,t") un-
der the strong pump field, EP"™P(¢). It depends on t



and t’ separately, since the pump field breaks the trans-
lational invariance in time.

We may express the constitutive relation in the fre-
quency representation as

0la(w) =" / dw'Gop(w,w') EFP (W), (13)
B

where the frequency-dependent conductivity is defined
by

dtdt’ . .o
G, 0) = / B ot ool t). (14)
T
This conductivity is related to the ordinary conductivity
in the absence of the pump pulse, which we denote as

&gﬁ(o‘))v by
Gop[EP"™ = 0)(w,w') = 6(w — w')505(w). (15)

Using the conductivity thus defined, the frequency-
resolved absorbance defined by Eq. (8) is expressed as

Alw) = ReZ/dw'Egmbe* (W)Fap (w,w’)EErObe(w').
aff

(16)

C. Periodic pump field

We next assume that the pump field is periodic in time
with a frequency 2,

EPP (4 Ty) = EPUP (1), (17)

where Ty = 27/Q is the period of the pump field. We
assume that the conductivity has the same periodicity.

Oap (t-i—TQ,tl—l—TQ) ZUQB(t,tI). (18)

This assumption may be justified for systems without
resonant absorption, for example, a wide-gap dielectric
under a pump pulse whose photon energy is much below
the bandgap energy. Hence, our discussion is restricted
to the ATAS signal caused by the DFKE, which is a non-
resonant process. We leave an extension to resonant pro-
cesses where signal grows non-adiabatically in time as a
future task.

To proceed, we write the two-time conductivity
oap(t,t') as oua(t + s,t), and recognize it as a function
of t and s. Then, it is a periodic function of ¢ with the
period Tq, and we may introduce a Fourier decomposi-
tion,

o0

ap(t +s,1) = Z emmaé%)(s), (19)

n=—oo

(n) 1 To —in§t
Top (8) = o ), dte oag(t+s,t).  (20)

Using this property, we may express d,3(w,w’) defined
by Eq. (14) as

Gap(w, o) =D 6w —w' +n02)5(} (W), (21)
6((;;) (w) = /dseiwso((;g)(s). (22)

Therefore, the conductivity das(w,w’) contributes only
when w — W’ is equal to integer multiples of the pump
frequency (2. The frequency-resolved absorbance now be-
comes

A(w) =Re > B2 (W) EF(w + nQ)515 (w). (23)

affn

D. Transient absorption using impulsive probe
pulse

To proceed, we next specify the pulse shape of the
probe pulse. We first consider an impulsive field as an
extreme case,

EL(t) = Fad(t = T), (24)
where T specifies the time when the impulsive field is
applied and F, is a parameter that specifies the strength

of the field in « direction. For this impulsive field, the
induced current is given by

SIL(t) =Y oap(t, T)Fp. (25)
B

Taking Fourier transformation of the both sides, we have

5124(“) = Z&(Ixﬁ(Tv W) Né}(w)v (26)
B

where the conductivity &},4(7,w) that depends on both
time T and frequency w is introduced as

Ghs(T,w) = / dte“ g 5(t,T)

=350 (w). (27)

Using this conductivity, the frequency-resolved ab-
sorbance of Eq. (8) is expressed as

A(w) =Re Y FoFsi0,4(T,w). (28)
af

In this way, we can introduce the conductivity &7, 5(T,w)
with mixed indices, the time T that specifies when the
impulsive field is applied and the frequency w that spec-
ifies the frequency of the absorption of the probe pulse.



E. Transient absorption using general probe pulse

We next consider a more general case with a finite
duration of the probe pulse. For a probe pulse applied
at time ¢t = T, we express the time profile of the probe
pulse by

ER™P(t) = falt = T), (29)

where the function f,(¢) has a maximum at ¢ = 0. The
Fourier transform of the probe pulse is given by

Bprobe(w) = 7 [, (w) (30)

The phase of the function f, (w) may not depend much on
the frequency. For example, if f,(t) is an even function
of t, fo(w) is a real function. If f,(t) is an odd function
of t, fo(w) is a pure imaginary function. In both cases,

the phase part of fa (w) shows no frequency dependence.
The frequency-resolved absorbance of Eq. (8) is calcu-

lated as
=Re > falw

afin

fﬁ (w + Qe inQT ~ (n)( ). (31)

This result indicates again that the modulation in the
absorption depends on the time T" through the frequency
Q and its multiples.

In the ATAS, an extremely short attosecond pulse is
used for the probe pulse. For such pulses, we may ap-
proximate fg(w +nQ) ~ fz(w), Then Equation (31) can
be expressed as,

ap(Tyw). (32)

w) = Re 3 Fr(w) fs(w)a!
af

We thus find that the frequency-resolved modulation in
the absorption of the probe pulse can be described us-
ing the impulsive time-resolved conductivity, 7,4 (7,w),
if the probe pulse is sufficiently short. In the next section,
we focus on the symmetry properties of this conductivity.

IIT. ANALYTIC CONSIDERATION
A. Conductivity using Houston function

To investigate symmetry properties of the conductiv-
ity in the presence of a strong pump field, we utilize a
model description in which the electronic system in a unit
cell of the crystal is described by a single-electron Bloch
equation. We first consider a static problem,

Hyung(r) = %(p +E)?2 V)| Unk(r) = nptink(r),

(33)
where Hy and u, are the effective single-electron Hamil-
tonian and the Bloch orbital in the ground state, re-
spectively. We next consider electron dynamics under a

spatially-uniform electric field which is described by the
vector potential A(t). The Bloch orbital that describes
electron dynamics under the electric field, v, (r,t), fol-
lows the time-dependent Schrédinger equation,

iﬁvnk(r,t)

8t = Hk'-l-%A(t) Unk ('f’, t) (34)

Here we assume that the same periodic potential V' (r) is
used in Eqgs. (33) and (34). The electric current density
averaged over the unit cell is given by

1 .
I(t) __V%;fnk/ dr vy,

cell

x (p+ k + @) Unie (7, 1), (35)

(r,1)

where V and f, are the volume of the unit cell and the
occupation rate, respectively.

We will derive an explicit expression for the con-
ductivity oas(t,¢') defined by Eq. (12) in this model.
We express the vector potential for the pump pulse as
APUP(¢) and for the probe pulse as AP™P¢(t). They
are related to the electric field by EPWP-Probe(y) —
—(1/c)(d/dt) APump:probe (1) The Hamiltonian with both
pump and probe fields is given by,

Hlpc)ump-l—probe(t)
1 1 g
=5 [Pkt {APTR(8) + AP () 4+ V(r)
= Hip) + AV (t) + O((APP%)?), (36)

where we have defined K (t) = k + AP"™P(¢)/c and the
perturbation potential AV (¢) = 1 (p + K(t)) - APPe(t )
We express the current density defined by Eq. (35) a:
Jrumptprobe(y — ppump(y) 4 51(t), where §I(t) is the
current density defined by Eq. (11). Using the standard
procedure of the time-dependent perturbation theory, we
obtain a formula for the conductivity defined by Eq. (12)
as,

Uaﬁ(t,t/) :neisag@(t—t) V@(t—t) /t dt"”

k n#n’

where we have introduced the averaged electron number
density, ne = >, . fur/V, and the matrix element of the
momentum operator,

Rﬂ@:/dm%mmmmmw (38)
cell

Here wpk (7, t) is the Bloch orbital in the presence of the
pump field only, which satisfies

igwnk(r,t) =

B HK(t)wnk (’P, t). (39)



To proceed further, we approximate the time-
dependent Bloch orbital wyk(r,t) using the Houston
function!'®45,

t

Ui (T, 1) = UK (1) (T) €xp {—Z/

— 00

dr EnK(T):| . (40)
Then, Eq. (38) is given by

t
(p)ﬁl(,t) exp { / dr w;’;(f)} , (41)

where we have defined (p)k,, = [ | drul, puyk and
26

wk = éeuk — wk. Using this matrix element, we have
oap(t,t') =

2
ne(salge(t—t)-i-ve (t—t /dt”Zank

k n#n’

1" t
<Im [(pa>m<f> (p) 54 exp </ dwfﬁf’ﬂ 42)
t

1"

Substituting Eq. (42) into Eq. (27), we have the following
expression for the impulsive time-resolved conductivity,

~1 _ Z?’Le iws ? "
Gop(Tyw) = daB + — v Z Z fnk/ dse /0 dt

k n#n’
xIm (pa)ff,f,”s) (pﬁ)fff(zTH”)exp (z/ dwa;(,T”)) .
t//
(43)

Below, we will investigate the symmetry properties of
the transient conductivity using this expression. For this
purpose, we introduce a quantity Fy [K (t)] that is re-
garded as a functional of K(t) = k + AP"™P(t)/c,

S =3 fu | " ds o / g

<o o5 e i [ arwS0).
t//

Using this quantity, we can rewrite the impulsive time-
resolved conductivity as

ST ) = T hu VZ(

—F;;[k+A%ump<t>/c1*), (5)

[+ AL (1) /]

where we have introduced a time-shifted vector potential,
ATP(t) = APY™P(T + t). Hereafter, we will often use
a notation 6%,[AF""P(t)] instead of &},,5(T,w) to stress
that this conductivity is the functional of A} (¢).

B. Symmetry properties of the time-resolved
conductivity

Let us consider a point group symmetry operation of
the crystal. We consider a 3 x 3 orthogonal matrix cor-
responding to the symmetry operation, S = (Suz), such

that the crystalline potential satisfies V (S7) = V(r). For
this symmetry operation, we have
(Pa)ik = Sap(ps) ks (46)
B
€n,Sk = Enk, (47)

where we have used the well-known relation for Bloch
orbital, w, sk (r) = Unk(S1r). Therefore, the functional
@ = (Fy5) satisfies the following relation

F*[SK] = SF*[K]ST, (48)

where we have used the matrix notation for tensors of
rank 2. Summing up this relation over the Brillouin zone,

we get
=PI

= ZFW k + SA%ump/C],

Z SF[k + AP"™ /¢ ST S(k+ A" /e)]

(49)

where we have used the symmetry of the the Brillouin
zone: 3 (- )sk = 2g-1p( -k = 2p(- -+ )k Finally,
we obtain the symmetry relation of the time-resolved con-
ductivity as follows:
S5[ARTPIST = 59 [S ARTP. (50)

This is the central result of this paper.

Let us consider a periodic pump field which satisfies the
following relation for certain sets of symmetry operation
S and period Tg,

Apump(t + TS) — SAp“mp(t). (51)
Combining it with Eq. (50), we obtain dynamical sym-
metry properties of the time-resolved conductivity,

Se'(T,w)ST = 6Y(T + Ts, w). (52)
This relation is a direct consequence of the dynamical
symmetry of the Hamiltonian,

Hk+%APumP(t+Ts) = USHSTkJr%APumP(t)U;u (53)

where Ug is the unitary operator representing S. With
this operator, the position and the momentum operators
satisty U;rUS = Sr and U;pUS = Sp, respectively.
Here we mention a few special cases. If the pump field
does not exist, Eq. (50) is equal to the usual transforma-
tion law for rank 2 tensors. If we set the pump field as a
static electric field, AP"™P(¢) = —cEt + (const.), we get
SG[E|(w)ST = 5[SE)(w), (54)
where we express the conductivity in the presence of a
static electric field E as d,p[E](w). This is a transfor-
mation law for the static FKE.



We note that the use of the Houston function [Eq. (41)]
is not the only route to derive Eq. (50). In the ap-
pendix, we discuss the perturbation expansion of the
time-resolved conductivity with respect to the pump field
to reach Eq. (50) without the Houston function approxi-
mation.

In the following, we investigate the dynamical symme-
tries of the time-resolved conductivity for each case of
crystalline symmetry.

1. Dielectrics with inversion symmetry

We first consider dielectrics with inversion symmetry,

-1 0 0
S=(0 -1 0
0 0 -1

; (55)

exposed to a periodic electric field APWP(Z) =
Re Age ™. From Eq. (50), the time-resolved conduc-
tivity satisfies the following relation,

GaglAR ] = 55— AR (56)

Namely, we get
_ . To

Therefore the transient conductivity &}, 5(T',w) shows an
oscillatory behavior with an even multiple of the fre-
quency of the field (29 oscillation). This is consis-
tent with previous works reporting the 22 oscillation
in the transient optical response for inversion symmet-
ric dielectrics®26,

2. Dielectrics with reflection symmetry under a linearly
polarized field

We next consider dielectrics with reflection symmetry.
We consider a system that has reflection symmetry with
respect to the xy plane,

0
0

1
s=1{o : (58)
0

o = O

-1

and a linearly-polarized periodic field along the z direc-
tion:

APYP (1) = (0,0, Ag cost). (59)

Similarly to Eq. (57), for o, = z,y or « = 8 = 2
components, we obtain

- - To

and therefore these components have a feature of the 22
oscillation.

For a = z,y and § = 2z (or « = z and 8 = x,y), we
obtain

T,
5L s(T,w) = —5, <T + %w) . (61)

These components show oscillation with a period of 2.
Namely, the transient absorption shows no more symme-
try than that of the applied field.

In Ref. 27, it has been reported that there appears 22
oscillation originating from the reflection symmetry and
Q oscillation for a system without any symmetry.

3. Dielectrics with N-fold proper/improper rotational
symmetry under a circularly-polarized field

We consider dielectrics with N-fold rotational symme-
try around the z axis and a circularly-polarized periodic
field,

APYIP () = (Ag cosQUt, Ag sinft, 0). (62)

In this case, it is convenient to use a complex-valued
function in the xy plane,
ke + Arp(t)/e, Ap(t) = Ay T+, (63)

where k. is given by k. = k; + ik,. Using the N-fold
rotation operation around the z axis,

S ke — kee?™/N (64)
and Eq. (50), we obtain

52, [Ar] = 6%, [Ar 27N

=02 [Ary L1y ] (65)
Namely, we obtain
T
Lrw =k (T+30e), (60)

and therefore this component has the N oscillation.

For the case of dielectrics with an improper rotational
symmetry, we may consider a product of Eq. (58) and
Eq. (64). Since the reflection Eq. (58) does not change
Eq. (62), the same discussion as given above holds.
Therefore we get Eq. (66) again.

IV. FIRST-PRINCIPLES PUMP-PROBE
CALCULATIONS

A. Formalism

In order to verify the symmetry properties of the
transient absorption spectroscopy, we perform real-time



TDDFT calculations. Since we have made several as-
sumptions and approximations in developing the analyt-
ical consideration, numerical calculations will be useful
to confirm their validity.

The details of the computational methods have already
been reported elsewhere?6:46-48  We solve TDKS equa-
tion for the pump-probe process,

0
i—vff,f(r, t) =

1 1 g
ot 2 [p Tk (AT + A"“’be“)}}

+VH(”“7 t) + V;(C(’l“, t) + V;on(r) ’Ur}flf(rv t)v (67)

where Vi (7, t), Vic(r,t), and Vio,(r) are the electron-
electron Hartree, the exchange-correlation, and the
electron-ion potential, respectively. If we ignore the
time dependence of Vy(r,t) and Vi.(r,t), the Hamil-
tonian of Eq. (67) coincides with Eq. (36). In most
dielectric materials, differences of the Hartree and the
exchange-correlation potentials from those in the ground
state are small and are not significant®*°. We em-
ploy the norm-conserving pseudopotential®® for Vi, (r)
and the adiabatic local-density approximation®' for
Vie(r,t). For simplicity of implementation, we ignore
the exchange-correlation term of the vector potential,
Ay (t), which should be included for a rigorous treat-
ment of the exchange-correlation effects of infinite peri-
odic systems®?. Because of the pseudopotential approx-
imation, our calculations do not take into account core
electron dynamics.However, we note that our symmetry
consideration is valid even when core electrons are in-
volved as long as the process is non-resonant.

For the time profile of the pump and the probe pulses,
we employ the following form:

pump
_cEy 5 Tt

AP () = in Ot
(t) q cos Toums sin Qt,
(_Tpump/2 <t< Tpump/2)= (68)
Eprobe t—T
AProbe(r) — SR o2 m( ) sin [wprobe(t — 1)1,
Wprobe Tprobc

(—Tpmbe/2 <t-T< Tprobe/Q), (69)

where Thump and Tprobe are the full duration of the pump
and probe pulses, respectively. Here wprobe stands for
the average frequency of the probe pulse. Again, T is
the central time of the probe pulse and now corresponds
to the delay time between the pump and probe pulses.
In the calculations below, we will use a sufficiently large
value for Tphump so that the pump field AP"™P(¢) can be
regarded as periodic as given in Eq. (17).

Using the TDKS orbital vX5(r, ) instead of v,k(r,t)
in Eq. (35), we can obtain the spatially averaged cur-
rent density corresponding to the pump-probe process.
We include a term originating from the nonlocality of
the pseudopotential as well*”. We calculate the energy
transfer, or work, from the probe pulse to electron in the
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FIG. 1. Energy transfer [Eq. (70)] as a function of the delay
time 7" with the pump and the probe pulses of the x polariza-
tion (lower panel). Upper panel: time-profile of pump electric
field for comparison.
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FIG. 2. The same as in Fig. 1, but for the z polarization.

unit cell of dielectrics,
SW = / dt 51(t) - EP°(¢), (70)

where 0I(t) is defined by Eq. (11). If we make a
frequency-resolved analysis, we obtain A(w) defined in
Eq. (8). To confirm the symmetry property, however, it
is sufficient to examine without frequency resolution.

B. Results

We present results for 4H-SiC crystal, which has Cg,
point group symmetry. We employ the pump pulse of
h§) = 1.55 eV and the probe pulse of hwprope = 40 €V.
We set Thump and Tprone to 20 fs and 1 fs, respectively.
The field strength of the pump and probe pulses are set to
EP"™ — 6.1 x 1071 V/A and EP™ = 2.7 x 1072 V/A,
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FIG. 3. The same as in Fig. 1, but for the circular polarized
pump field in the xy plane and the z polarized probe field.

respectively, where the latter value is small enough to
justify the perturbative treatment for the probe process.

We performed the calculations by using the open-
source software SALMON (Scalable Ab-initio Light-
Matter simulator for Optics and Nanoscience)® which
has been developed in our group and is available from
the website, Ref. 54. The code solves Eq. (67) in the
time domain with the real-space finite-difference method
in the 3D Cartesian coordinate. We employ a real-space
grid of 20 x 32 x 64 for the rectangular unit cell of 16
atoms and a k-space grid of 20 x 12 x 6 for the Brillouin
zone sampling. The Taylor expansion method is used for
the time evolution with a time step of dt = 0.02 in atomic
units. The number of time steps is typically 42 000.

Figure 1 shows the energy transfer as a function of the
delay time T using the pump and probe pulses of the
linear polarization along the = axis. The energy transfer
shows an oscillation with the frequency of twice the pump
frequency 2. This 22 oscillation is due to the reflection
symmetry of the hexagonal structure with respect to the
x axis [see Eq. (60)].

Figure 2 shows the energy transfer for the pump and
probe pulses with the z polarization. Since the hexagonal
crystal structure has no symmetry along the z axis, the
energy transfer indicates the 2 oscillation.

Figure 3 shows the energy transfer for the circularly-
polarized pump field in the zy plane and the linearly-
polarized probe field in the z direction. The energy
transfer shows the 6€) oscillation. This is expected from
Eq. (66) and the 6-fold rotational symmetry of the crystal
structure.

We thus find that the oscillatory structures of the en-
ergy transfer seen in our calculations are all consistent
with our analytical investigation for three cases of differ-
ent symmetry properties. The difference in the magni-
tude of the modulation seen in Fig. 1-3 can be understood
from perturbation orders with respect to the pump field
(see Appendix). Eq. (A7) suggests that the nQ) oscilla-

tion of the time-resolved conductivity starts to appear
in the (n+ 1)th order nonlinear response. Therefore, the
magnitude of the 62 oscillation (Fig. 3) is 5-order smaller
than that of the Q oscillation (Fig. 2), and so on.

In Ref. 55, it was reported that an oscillation of the
DFKE response in diamond crystal almost disappears
for circularly polarized light from TDDFT calculation.
It could be understood from the order of the perturba-
tion: 4 oscillation signal is expected from the 4-fold ro-
tational symmetry of the diamond structure. However,
the magnitude is 2-order smaller than the 22 oscillation
signal seen in the linearly-polarized probe field. Because
of the difference of two-orders in the perturbation, the
signal in the circularly-polarized pulse looks extremely
small.

V. CONCLUSION

We have discussed the relation between crystalline
symmetry and the signal of attosecond transient ab-
sorption spectroscopy caused by the dynamical Franz-
Keldysh effect. We found that an oscillation property
of a transient conductivity in a laser-exposed crystal
is determined by a transformation low of the transient
conductivity tensor under a crystalline symmetry oper-
ation. We obtained selection rules for the frequency of
the laser-driven oscillation of the probe response in the
pump-probe time domain. First-principles calculations
based on the time-dependent density functional theory
confirmed validity of these selection rules for several crys-
talline symmetries. This work paves the way for under-
standing the physics of attosecond transient absorption
spectroscopy in crystalline solids.
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Appendix A: Perturbation expansion

In this Appendix, we develop a perturbation theory
for the modulation of the conductivity in which the per-
turbation expansion is carried out with respect to the
pump field of the form, AP™P(t) = 37 A(Q,)e **".
The Hamiltonian of Eq. (34) can be rewritten as

HK(t) = Hy + AVpump(t) + Ck(t), (Al)



where AVpump(t) = p- APY™P(¢)/c and ck(t) are the per-
turbation potential and the remaining c-number term,
respectively. The time-dependent Bloch orbital wi (r, t)
is expanded as

(A2)

|wnc(t)

)= > i (1),
N=0

where the subscript “(IV)” stands for the Nth perturba-
tion order. Nth order orbital is expressed as

N —i€n
i () = e 7= S i) Y
m P1"PN
—iN )
x Cfgmj\rfl)k(ﬂplv T 7QPN)e Lz it (A?’)

Here the coefficient CN';J\QI{ is determined from C’fgzlk =
dmn and a recursion formula,

S 1o (P - A(Qyy)

C(N) QU"'vQN _ ml PN

m"k( ! ! ) Z Zivzl Qpi — Wy,
><Clnk 1)(QP1’ e ’QPN—I)' (A4)

Up to here the procedure is mostly the same as that
of the ordinary time-dependent perturbation theory for
nonlinear optical susceptibility®®

Hereafter we will deal with monochromatic light:
APUP (1) = Re Ag e =¥, Namely we set the frequency as
Q, = pQ, (p = +) and the coefficients as A (Q) = Ag/2,

A(Q_) = A%/2. Then we rewrite the matrix element of
Eq. (38) as
PX (1) = e™nn't > e Pk (v),  (Ab)

where

Z Z Z 5V7—Zpi+z qi

N,N'=0p1-PN q1-qN’

ZCT(TLJ\:Lk p1y " 7QPN)
X( ) C;Nn)'k(qu"' 7QqN/)' (AG)

Using Eq. (37) and Eq. (27), we get

Ty 23 Y

k n#n’
[pzn, )] [Pln()] | et

. {wt = W+ )} (wt — v+ wk )
+(w— —w)", (A7)

&gcﬁ (tv w)

where wt = w + 0.

From Eq. (A3) and Eq. (A4), the ¢ dependence of
Eq. (A7) can be absorbed in the vector potential of
the pump field by redefinition, Ag = A o = Ay et
Here A, ¢ is equal to the coefficient of the time-shifted
vector potential AP"™P(z) = AP"P(¢ 4+ z). Further-
more, Eq. (50) is valid in this situation because the

coefficient C( e is unchanged under a transformation
Sk — Sk, ApumlD — SAP"™P Therefore we can re-
peat the argument described below Eq. (50). We note
that for the case of AP"™P(¢) = 0, Eq. (A7) agrees with
the well-known Kubo-Greenwood formula of the conduc-
tivity since v = v/ = 0 and PX ,(v) = (p)¥

nn'’*
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