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Polarization anomaly in high harmonics in the crossover region between perturbative
and extreme nonlinearity in GaAs
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We investigate the characteristics of high harmonics (HHs) unique to the nonperturbative nonlinear regime. We
show that the polarization state of HHs generated from GaAs changes drastically across the crossover from the
weak-field perturbative regime to the strong-field extreme nonlinear regime, while the linearly polarized infrared
excitation field (E.y) is fixed to a particular crystal direction. The dependence on the E.,.-field strength reveals
that multiple emission processes with different nonlinear orders and temporal phases contribute to each order HH,
and the interference among them plays a pivotal role. This interference manifests itself as a unique phenomenon:
a large HH ellipticity emerges in the course of crossover, despite the fact that GaAs hosts no magnetization
or linear birefringence. These results demonstrate that not only the material’s symmetry but also the ultrafast
nonlinear dynamics largely affects the HH polarization, and hence, HH polarization and its E.-field dependence
provide a useful experimental tool to probe ultrafast coherent dynamics in light-driven solid-state materials.

DOI: 10.1103/PhysRevB.106.1.241201

I. INTRODUCTION

Responses in the direction perpendicular to the applied
external field, which we refer to as “orthogonal responses
(ORs),” emerge in solids under low symmetric conditions.
In transport phenomena, the Hall effect appears under bro-
ken time-reversal symmetry. In optical phenomena, the
Faraday/Kerr effect and birefringence appear under broken
time-reversal and spatial-inversion symmetry, respectively.
Besides being of fundamental interest, these effects provide
useful tools to access material properties. In optics, OR af-
fects the polarization of the light, on which information
of the electronic and magnetic structure of the material is
imprinted [1].

Although the characteristics of OR in relation to symmetry
are established in the linear regime, they are highly nontrivial
in the nonlinear regime. Indeed, a recent report on the non-
linear Hall effect without breaking time-reversal symmetry
has attracted intense interest [2,3]. It is therefore promising
to explore novel optical phenomena in solids, even in stan-
dard semiconductor materials, by focusing on their nonlinear
OR [4]. Research on nonlinear optical phenomena in solids
has made significant progress owing to recent advances in
ultrafast laser technology that enables generation of intense
midinfrared or terahertz pulses with a tabletop setup [5-9]. A
paramount example is high harmonic generation (HHG) from
solids [10-14]. Under the excitations with such intense pulses,
carriers excited in a wide region in the Brillouin zone are
thought to contribute to HHG with reflecting the anisotropy
of the solid-state electronic structures [15,16]. Hence, HHG is
expected to be an alternative tool to access the band structures
[17-21], transition dipoles [22,23], valence electrons [15,24],
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Berry curvatures [25-27], and the coherent carrier dynamics
taking place therein.

An important property of HHs is the polarization state
[28,29], which reflects not only the amplitude but also the
temporal phase of nonlinear OR. Here, it should be noted that
nonlinear dynamics leading to HHG requires a picture beyond
the perturbative regime [11-14]. This is important because
in the course of transition from the weak-field perturbative
regime to the strong-field extreme nonlinear regime, the co-
herent carrier dynamics should change their characteristics,
which can largely modify the HH properties such as polariza-
tion states. However, the term “nonperturbative” is commonly
used to simply indicate that the excitation-field (Eex.-field)
dependence of the nth HH yield deviates from the E2", power
law. Other hallmarks of the nonperturbative regime reported
so far are limited to the dependence of HH yields on the HH
order or the Ex-field strength, i.e., the plateau structures in
the HH spectra [13,14,17,30,31] or oscillatory behavior in
the Ecx-field dependence [32,33]. In other words, it remains
elusive whether each HH obtains a unique property beyond
the conventional perturbative regime.

In this study, we investigate HHG by linearly polarized
E. . across the perturbative to extreme nonlinearity (PEN)
crossover in an archetypal direct-gap semiconductor GaAs.
GaAs has a cubic crystal structure under time-reversal sym-
metry, which hosts no magnetization or linear birefringence.
Nevertheless, a finitt HH component perpendicular to Ee,
I, , appears when E,, is applied in a direction of low crystal
symmetry. We found that the contribution from /; becomes
significant in the middle of the PEN crossover, inducing an
anomaly in the HH polarization with a large ellipticity.

II. EXPERIMENTAL METHOD

In the experiment, HHs were generated from the (100)
surface of bulk GaAs and measured with reflection geometry

©2022 American Physical Society
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FIG. 1. (a) Schematic image of the high harmonic (HH) gener-
ation from the (100)-surface GaAs by excitation electric field E.y.
0 and ¢ denote the angle of the [100] crystal axis and the detection
polarizer relative to E.,., respectively. (b) HH spectra generated by
the excitation of (upper panel) 0.83 eV, 4 MV /cm and (lower panel)
0.36 eV, 7 MV/cm. (¢), (d) 0 dependence of (c) 3rd HH yield and
(d) PL intensity, without resolving polarization. (e), (f) Polarization
state of the 3rd HH generated at () 6 = 0° and (f) & = 22.5°. Arrows
indicate the E,. direction. For (c)—(f), Eexe = 1.3MV/cm.

(see Supplemental Material [34]). For the excitation, we used
linearly polarized infrared pulses with a photon energy of
0.83 or 0.36 eV and with a pulse duration of around 100
fs. Figure 1(a) shows a schematic picture of a GaAs (100)
lattice with E¢. in the vertical direction. 6 is the angle be-
tween Eg and the crystal orientation, which was controlled
by rotating the crystal. Figure 1(b) shows representative HH
spectra obtained by the 0.83-eV and 0.36-eV excitation, where
odd-order HHs were observed up to 5th and 11th order, re-
spectively, lying above the photoluminescence (PL).

III. RESULTS

First, we discuss the HH properties generated by the
0.83-eV excitation, under a weak E. field of 1.3 MV /cm.
Figures 1(c) and 1(d) show the crystal-orientation anisotropy,
i.e., 6 dependence of the 3rd HH yield and PL intensity,
respectively, detected without polarization resolution. The
Eex-field strength lies in the perturbative region. Indeed,
Fig. 1(c) is consistent with the anisotropy expected from the
perturbative 3rd-harmonic generation [35]. Figure 1(d) is also
consistent with two-photon absorption [36], given that the PL
intensity of GaAs at room temperature is proportional to the
square of the photoinjected carrier density [34]. It is notewor-
thy that the 3rd HH is most efficiently generated at 6 = 0°,
i.e., Eexc is applied along the [100] direction in which the pho-
toinjected carrier density is at a minimum. This discrepancy
of anisotropy highlights the fact that HHG is an outcome of
coherent dynamics where virtual excitation processes play an
essential role [37].

Figures 1(e) and 1(f) show the polarization states of the
3rd HH. The polar plots represent the HH intensity measured
while rotating the polarizer before the detector. ¢ denotes

the angle between the polarizer transmission axis and FEexc.
When 6 = 0°, i.e., Eex is along the [100] direction, the HH
polarization is linear, identically to Eey.. This is because OR is
zero, since generation of a perpendicular polarization relative
to Ec is forbidden due to the high symmetry (see Supple-
mental Material [34]). In contrast, when E.. is in a direction
of low symmetry, e.g., 6 = 22.5°, a finite perpendicular po-
larization can be induced [Fig. 1(f)]. Thus, the HH intensity
has a finite perpendicular component /, , that induces different
HH polarizations from E¢y.. This symmetry argument holds
for any Ec-field strength. Figure 1(f) demonstrates that the
polarization of the 3rd HH is slightly tilted by ~ 6° from E¢c,
which is again consistent with the conventional perturbation
theory [35]. Note that in the linear response, GaAs shows
no birefringence because of the cubic crystal structure [34].
Thus, this result is a hallmark of OR emerging in the nonlinear
response. However, the observed impact on the HH polariza-
tion is limited, as the ratio of the perpendicular to parallel
component, R || = 1, /I, is only ~ 1%.

The HH property changes drastically when the E. field in-
creases and goes beyond the conventional perturbative regime.
In Fig. 2(a), we show the Ec-field dependence of [, and
I, for the 3rd and 5th HH. Here, 6 is fixed at 22.5° so that
finite I, is allowed. In the low Eexc—ﬁeld region, /| of the 3rd
HH follows perturbative scaling, E exc, until 2.5 MV /cm, and
it shows saturation behavior beyond that. However, as Eey.
further increases, the saturation stops and /), increases at a
rate even faster than EexC perturbative scaling. As a result, I,
shows a kink structure in the intermediate E..-field region.
Notably, above 3.5 MV /cm, I, of the 3rd HH follows a power
law of E[C, indicating that the 5Sth-order nonlinear process
contributes to the 3rd HH emission (see also Supplemental
Material [34]).

The anisotropy of the HH yields also indicates the involve-
ment of a higher-order process. Figure 2(e) shows the 6 depen-
dence of the HH yields at different E. fields. The anisotropy
of the 3rd HH yield shows a dramatic change when E.y. in-
creases across the kink structure of the E.-field dependence
around 3.5 MV /cm, with the most-efficient direction switch-
ing from 8 = 0° to § = 45°. After the switch, the 6 depen-
dence of the 3rd HH yield coincides with that of the 5th HH.

On the other hand, 7, of the 3rd HH behaves totally dif-
ferently from I, as shown in Fig. 2(a). This fact reveals
that /;; and /, are not expressible as simple projections of
the single HH emission source in each direction, implying
interplay of multiple emission sources. As a consequence of
these different curves, R} grows nonmonotonically as Ee
increases, showing a peak around 3.5 MV /cm in Fig. 2(b).

This peculiar structure of R | || is correlated to the HH polar-
ization. Figure 2(f) shows the polarization of the HHs at 6 =
22.5° and at different E. fields. The polarization of the 3rd
HH changes sharply around 3.5 MV /cm, with the major axis
of polarization crossing ¢ = 0°. Importantly, the polarization
state of the 3rd HH becomes elliptic around 3.5 MV /cm. We
checked that the deviation from linear polarization is not due
to the depolarization (see Supplemental Material [34]). The
E.-field dependence of the major-axis angle and ellipticity
are plotted in Figs. 2(c) and 2(d), which visualize the polar-
ization switching and finite ellipticity appearing around the
peak of R .
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FIG. 2. (a)—(d) Eex-field dependence of properties of 3rd and 5th HH generated by 0.83-eV excitation. (a) HH intensity /;; and /, . Black
dotted lines indicate perturbative scaling for each order. The blue dashed line in the 3rd HH figure indicates Sth-order scaling. (b) Intensity
ratio Ry, = I, /1. (c) Major-axis angle of HH polarization relative to Ee. (¢ = 0°). (d) HH ellipticity. (e), (f) (¢) 8 dependence of HH yields
and (f) HH polarizations generated at 0 = 22.5° at three different E, fields.

Generation of elliptic HH and its E.4.-field dependence can
be explained by the phase difference in nonlinear processes
contributing to HHG as follows; the above-mentioned 3rd-
and Sth-order nonlinear processes have different polarization
directions and temporal emission phases. In the perturbative
region, only the 3rd-order process contributes to the 3rd HH,
and hence, the HH polarization is almost linear. With increas-
ing E.., the contribution from the 5th-order nonlinear process
grows in the guise of the 3rd HH [38]. When it becomes
comparable to the original 3rd-order process, the two emission
processes interfere to produce the elliptically polarized 3rd
HH. In the even stronger E region of extreme nonlinear-
ity, the Sth-order nonlinear process dominates the emission
and the interference becomes less substantial, resulting in
the linear HH polarization. Taking this picture into account,
the [, and I, curves in Fig. 2(a) can be interpreted to be a
consequence of interference of two emission processes with
different nonlinearities, polarizations, and phases.

We should note that such an anomalous feature in the PEN
crossover cannot be observed in the PL, which only reflects
the density of photoinjected carriers. The E.-field depen-
dence of the PL intensity shows a simple monotonic saturation
(see Supplemental Material [34]). This stark contrast demon-
strates that HHG provides a window through which one can
observe complex coherent dynamics, that is difficult to even
recognize using other methods.

The results obtained so far by using the 0.83-eV excitation
revealed the emergence of a polarization anomaly in the 3rd
HH in the PEN crossover region. However, in this case, the
magnitude of R, remained modest (~20% at the peak);
hence, the degree of ellipticity remained modest. Then, a naive
question arises: Does a larger anomaly occur in HHs of higher
order?

In Fig. 2, the 5th HH stays within the perturbation
regime in the whole region, showing no anomaly. However,

photoinduced damage to the sample prevented any inves-
tigation at stronger FEg fields above 6.0 MV/cm. This
experimental problem can be circumvented by using an ex-
citation with a lower photon energy. In the following, we used
0.36-eV excitation pulses. This photoexcitation allowed us not
only to apply a stronger Ec, but also to observe higher-order
HHs within our spectral window.

Figure 3 shows the E-field dependence of the HH in-
tensity and polarization state from the Sth to 11th order. 6
was fixed to 22.5°. I of the 5th HH shows a multikink
structure after deviating from the perturbative scaling, which
corresponds to the kink structure in Fig. 2(a). However, in
contrast to the 0.83-eV excitation case, the switch of the
major contribution to higher-order nonlinear processes cannot
be clearly discerned in I}. Furthermore, the E..-field depen-
dences of R, the major-axis angle, and ellipticity of HH
polarization do not coincide perfectly, though they are loosely
correlated. The obscure switching of nonlinearity order can
be attributed to the longer excitation wavelength inducing a
larger ponderomotive energy, which undermines the validity
of the perturbative picture. Indeed, the Keldysh parameter
y [39,40], a criterion for the validity of the multiphoton
perturbative picture, is smaller than 1 in the region Eex. > 5.7
MYV /cm [34]. This particularly applies to higher-order HHG,
for which a higher E.. field is necessary.

Nevertheless, the anomaly in the HH polarization appears
in a similar manner: namely, (1) /;; and I, show different
curves resulting in a peak structure in Rj). Ry increases
above the perturbative region but starts to decrease after the
peak, showing a small value at the high extreme of Egc.
For simplicity, we continue using the term “PEN crossover”
to indicate this intermediate region where the peak of R,
appears, although for higher-order HHs /|, deviates from
perturbation even at the lowest E.. field. (2) Polarization
shows an anomaly around the peak of R, for each HH. The
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FIG. 3. E-field dependence of I, I,, R, = I, /I, major-axis angle, and ellipticity of polarization, of HHs generated by 0.36-eV

excitations.

ellipticity being prominent in a limited region of the PEN
crossover indicates that it is an outcome of the interference
of different nonlinear emission processes. In Fig. 3, the polar-
ization anomaly appears at a higher E, field for higher-order
HH. This is because a higher E. field is necessary for re-
alizing substantial contributions from higher-order nonlinear
processes.

In Fig. 3, a higher peak value of R appears for higher-
order HH, exceeding 140% in the case of 11th order. This
leads to exotic features of the HH polarization and anisotropy.
Figure 4(a) shows the HH polarization of each order, mea-
sured at the E. field giving the peak in R, (a complete
dataset can be found in [34]). Larger major-axis angle and
ellipticity of the HH polarization are realized at higher orders.
In particular, the 11th HH approaches a circularly polarized
state (ellipticity up to 0.75). This result demonstrates that
HH polarizations can be controlled by varying the E.-field
strength. While continuous control of the nonlinear phase has
previously been demonstrated utilizing metasurfaces [41,42]

0 5thHH 7thHH

MANAGA

(@) ¢

or elliptically polarized excitation pulses [29,43], in this ex-
periment, harmonic phase control was performed with a bulk
crystal by tuning the power of linearly polarized excitation.
Not only the polarization, but also the yield anisotropy shows
anomalous features. Figure 4(b) plots the 6 dependence of
total HH yield (I, 4-1,), together with I} and I, for each
order (a complete dataset can be found in [34]). In general,
I takes a maximum at § = 0° or 45°. On the other hand,
I, is zero under such high symmetric conditions, and takes
a maximum between them. Therefore, if R is large, the
total HH yield takes a maximum in a low symmetry direction
such as 6 = 22.5°, which is oriented along none of the bond
directions. This exotic anisotropy demonstrates that the large
OR in the PEN crossover affects significantly not only the
polarization but also the total yield of the HH. Note that this
large OR should be distinguished from the perpendicularly but
linearly polarized even-order HHG in materials with broken
inversion symmetry, originating from the Berry-curvature-
induced intraband current [25,26].

9th HH 11th HH

() (A

"N TS B S

5.8 MV/cm 6.7 MV/cm

8.2 MV/cm 9.4 MV/cm

FIG. 4. (a) Polarization state generated at @ = 22.5° and (b) 6 dependence of the HH yield shown with /; and /, . For each order HH, E¢y.

was set so that R | is at a maximum for each order HH.
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IV. DISCUSSION

Now let us discuss the important factors for achieving
a large R, and in turn a large HH ellipticity. As already
explained, photoinduced nonlinear dynamics is necessary to
obtain a finite OR in GaAs. This is because the contributions
from k points in the Brillouin zone are averaged on the
isoenergy plane, causing cancellation of OR in cubic
semiconductors in the linear-response regime, whereas a finite
OR survives in the nonlinear regime when Ey is applied in
a low symmetry direction. Furthermore, nonlinear dynamics
needs to host multiple emission channels with comparable
amplitudes and different phases, which is possible around the
PEN crossover.

Besides the nonlinear dynamics, the energy of the HH
emission is also crucial. Notably, in the 5th HHG by 0.36-eV
excitations, R is limited to a tiny value in the whole E¢y
region, leading to negligible polarization anomaly. This be-
havior should be compared with that of the 3rd HHG by 0.83-
eV excitations, which has a smaller HH order but shows larger
R and polarization anomaly. Thus, the small R value of
the 5th HH by 0.36-eV excitations can be ascribed to its emis-
sion energy, which lies close to the band gap of 1.42 eV. In
this experiment, all HHs had photon energies above the band
gap, indicating that the HH emissions were mainly caused
by the interband currents [13,19,20]. The band dispersions in
GaAs are almost isotropic near the band edge at the I' point;
hence, recombination in this region cannot produce a large
polarization perpendicular to Ec., even factoring in the non-
linear dynamics. In contrast, the peak R || value continuously
increases for higher-order HHs emitted at higher energies, as
shown in Fig. 3. This can be explained by the band structure
becoming anisotropic for k points away from the band edge,
with a winding energy landscape, giving a chance for a large
polarization perpendicular to Eex. [23,28,44]. In addition, for
larger k points, energy splitting of the valance bands, i.e.,
light-hole, heavy-hole, and the split-off band, becomes larger

[45]. This band split causes the recombination for the same
HH emission energy at different k points depending on the va-
lence bands, which results in multiple emission channels with
different dipole moments and phases that are ingredients for
the elliptic HHG. Therefore, the large HH ellipticity in GaAs
is generated by the nonlinear dynamics in the PEN crossover
under the condition that the emission processes occur away
from the band edge. Taking the above discussion into account,
the polarization anomaly will provide an alternative probe to
investigate band characteristics far away from the band edge.

V. SUMMARY

In conclusion, we investigated the HH polarization gen-
erated from GaAs across the PEN crossover. With a linearly
polarized Ecy. in the low symmetry crystal direction, nonlin-
ear OR induces perpendicularly polarized HH components.
These perpendicular components become prominent in the
PEN crossover, inducing an anomaly in the HH polarization
and yield anisotropy. In particular, the emergent ellipticity of
HHs indicates the contribution of multiple emission processes
with different nonlinearities and temporal phases. These re-
sults demonstrate that the HH polarization provides a sensitive
probe for the dramatic changes in the coherent nonlinear dy-
namics across the PEN crossover. An intriguing question for
the future is how material properties such as the band gaps,
dispersions, degeneracies, and Berry curvatures affect the HH
polarization anomaly. Further study of the microscopic mech-
anisms relevant to the HH polarization anomaly will provide
us with a compass to find a material for a polarization- and
wavelength-tunable ultrafast light source.
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