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The transient dynamics of anisotropic properties of GaAs was systematically studied by polarization-dependent ul-
trafast time-resolved transient absorption. Our findings revealed that the anisotropy of reflectivity was enhanced in both
pump-induced and probe-induced processes, suggesting an extraordinary resonance absorption of photon–phonon coupling
(PPC) with intrinsic anisotropic characteristic in carrier relaxation, regardless of the concrete crystallinity and orientation of
GaAs sample. The results, delivering in-depth cognition about the polarization-dependent ultrafast carrier dynamics, also
proved the paramount importance of interaction between polarized laser and semiconductor.
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1. Introduction
The developing and reforming of ultrashort pulse in phys-

ical phenomena and real-world applications have attracted
more and more research work recently. Microscopic inter-
action between light and matter was generally studied and
discussed.[1–3] It is significantly affected by the polarization
of photons when photons interact with quasi-particles such as
electrons, phonons, and polariton.[4,5] The polarization of pho-
tons is closely related to the anisotropic crystals with periodic
structure and long-range order, delivering variable properties
responding to the light with different vibration direction.[6,7]

The optical anisotropy of carrier transitions and relaxation pro-
cesses in the crystals is essentially the result of the anisotropy
of the interaction between the quasi-particles and the electro-
magnetic field of incident light. Recently, the development of
ultrafast time-resolved technology provides an effective tool
for investigating the microscopic interaction of light and mat-
ter on critical timescales, which can reflect a lot of significant
information for the effect of incident light with different po-
larization on the matter.[8–10] Therefore, it is meaningful for
the manifestation of microscopic optical anisotropy in vari-
ous ultrafast processes such as interband excitation, thermal-
ization, energy relaxation, and carrier migration, which cannot
be realized through traditional anisotropy measurement meth-
ods such as Raman spectroscopy[11–13] and x-ray diffraction
(XRD),[14–16] etc.

As a prototype of the second generation semiconductor

after silicon and germanium, gallium arsenide (GaAs) pos-
sesses the higher light absorption coefficient and direct band-
gap characteristics.[17–20] These fascinating properties make
GaAs highly promising for applications in the field of micro-
electronics and optoelectronics such as photodetectors,[21,22]

infrared light-emitting diodes (LED),[23] laser diodes[24] and
solar cells.[25–27] In addition, Smith et al. studied the biex-
citons of GaAs quantum wells by pump-probe in 1994. It
was found the strong influence of the biexciton state on the
nonlinear response.[28] Alexandrou et al. investigated the evo-
lution of a non-equilibrium photoinjected electron population
independent of the hole population in intrinsic GaAs by us-
ing the femtosecond pump-probe spectroscopy in 1995.[29]

Quochi et al. studied Coulomb and carrier dynamics in self-
assembled InAs/GaAs quantum dots at room temperature by
two-color tunable pump-probe transmission experiments in
2003.[30] Hebling et al. observed the recovery of the free-
carrier in GaAs by time-resolved THz pump-THz probe mea-
surements in 2010.[31] Nie et al. studied transient metal-
insulator transition (MIT) of GaAs by ultrafast time-resolved
reflectivity and found that the transition temperature was as
high as ∼230 K and ∼180 K respectively in 2018.[19] These
works fully imply that GaAs play a vital role in the nonlinear
optical study of the interaction between ultrashort pulse lasers
and semiconductors.

However, the scattered light after the polarized light in-
teracting with the target will contain the polarization infor-
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mation determined by the target’s own characteristics. And
the kind of polarization information is different from the spec-
trum, light intensity, and phase information we usually detect.
Based on the polarization information, we can accurately ob-
tain the properties of the measured sample. For example, the
surface roughness and internal structure of the tested object
can be obtained according to the polarization characteristics of
the reflected and transmitted light. Moreover, the easy-to-tune
optoelectronic characteristics of GaAs make it a quite appro-
priate platform for exploring the interaction between light and
matter. Despite its unique conditions in optoelectronics, there
are few studies on the dynamical anisotropic response of GaAs
in the ultrafast processes.

In this paper, we performed ultrafast polarization-
resolved pump-probe reflectivity to explore the carrier dynam-
ical response of GaAs under photoexcitation. We confirmed
that the polarization modulation of the pump light is of equal
importance with probe light for the carrier dynamics process
in GaAs. In a constant photoexcited non-equilibrium state,
a special oscillation behavior characterized as a “dip” feature
during the carrier relaxation process attracts our attention sug-
gesting excited-state absorption (ESA) initial signals in GaAs.
Through analysis, the photon–phonon coupling (PPC) based
on resonance absorption plays an important role in this carrier
dynamic process, exhibiting intrinsic anisotropy under differ-
ent polarized probe pulse appeared both in single crystals and
polycrystalline thin films. Our findings reveal the new mecha-
nism of the microscopic interaction between laser with differ-
ent polarization and GaAs semiconductor in ultrafast process.

2. Method

Ultrafast polarization-resolved pump-probe transient ab-
sorption measurements were performed to elucidate the hot
carrier dynamics of n-type bulk single crystal and polycrys-
talline thin film GaAs using a two-beams pump-probe setup,
in which infrared pulses were generated by a mode-locked Ti:
sapphire regenerative amplifier system working at 1 kHz repe-
tition rate, centered at 800 nm. Both the pump and probe beam
can be deflected by the 1/4λ wave plate and polarizer to focus
on the surface of the materials, with spot sizes at ∼ 400 µm
(pump) and ∼ 200 µm (probe) in diameter. The transient re-
flected probe signal was collected by a Si-based detector and
a lock-in amplifier with a sensitivity on the order of 10−6. The
time delay between pump and probe pulses was realized by
using a motorized delay line. The samples are mounted verti-
cally on the substrate and placed at ambient temperature. In all
cases, we maintained a constant and quasi-saturated pumping
fluence to ensure that the samples can be excited stably.

3. Results and discussion
3.1. Pump light polarization modulation in GaAs single

crystal

The GaAs single crystal with high quality used in this
work is an n-type (100) wafer, with a size of 10 mm× 10 mm
×1 mm. As shown in Fig. 1(a), the GaAs belong to the face-
centered cubic zinc-blende crystal structure with a lattice con-
stant of 5.65 Å. The difference in the ability to attract elec-
trons of arsenic and gallium atoms makes the covalent Ga–As
bond with certain ionic characteristics, which is between the
covalent semiconductor silicon and the ionic semiconductor
cadmium sulfide, thus leading to unique properties. Further-
more, GaAs is a typical direct bandgap semiconductor with
a band-gap width of 1.424 eV at room temperature. Here, a
800 nm (1.55 eV) laser beam slightly higher than the bandgap
of GaAs was employed for the pump light, varying the polar-
ization angle from 0∘ to 360∘ in a 45∘ step. Figure 1(b) shows
a schematic diagram of the polarization-dependent pump light
acting on the GaAs (100) surface. The reflection system is
excited by a pump pulse beam to non-equilibrium state and
tracked by a subsequent probe pulse beam. We use the tran-
sient reflectivity of probe light to monitor the transient carrier
dynamic changes of the system. The differential reflection sig-
nal ∆R/R0 with a specific delay time was collected, defined as

∆R/R0 = (R−R0)/R0, (1)

where R and R0 are the probe reflectivity of the sample mod-
ulated with and without the presence of the pump pulse beam,
respectively. It is worth mentioning that the probe light is so
weak that the excitation of the sample is negligible, charac-
terizing an intrinsic dynamic change of hot carriers. Thus the
interband excitation of the sample is dominated by the pump
light.

As demonstrated in Fig. 1(d), we can see the polarization-
resolved pump-probe differential reflection signal ∆R/R0

changes widely with the polarization angle from 0∘ to 360∘

in a whole range in carrier relaxation. The absorption to pump
photons of GaAs generates a large number of hot free carriers
(at T1 time, see Fig. 1(c)), which includes free electrons in the
conduction band (CB) and holes in the valence band (VB) at
non-equilibrium state,[32] and making the transient reflectiv-
ity rise sharply.[33,34] In fact, the sharp ∆R/R0 rising edge is
an initial signal of the ground state of bleaching (GSB).[35,36]

Once the sample in the ground state is injected and excited by
the pump photons to the higher excited state, accordingly, the
absorption of the probe light is sharply reduced, i.e., the tran-
sient reflection signal of probe light received by the detector is
significantly higher than the initial value (∆R/R0 > 0). Then
all the curves with the different polarization angles would
reach the maximum value at T2 time (see Fig. 1(d)), due to the
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thermalization process such as electron–electron (e-e) scatter-
ing and electron–phonon (e-ph) scattering shown in Fig. 1(c).

It is worth noting that there was an oscillation behavior
indicated as the ∆R/R0 signal between the time T1 and T2, of
which a new “dip” feature appeared on the characteristic line
at 0.7 ps and the signal strength changes periodically with the
polarization direction of the pump light, as shown in the il-
lustration in Fig. 1(d). Not only that, the curve signals corre-
sponding to the polarization angles such as 45∘, 225∘, 90∘ and
270∘ even reached negative values. The intensity of the exci-
tation light used in the experiment is constant and the carrier
can be regarded as quasi-saturated absorption to the photons,
so it is reasonable to speculate that the new “dip” feature is the
ESA initial signal in the transient absorption spectra.[35] The
main basis for this speculation includes the follows. (i) It ap-
pears after the initial signal of GSB and is closely connected,
and (ii) the time scale of 700 fs corresponds to the electron–
electron interaction, at this time the hot electrons in the excited
state can be reabsorbed by the probe light.
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Fig. 1. Polarization-dependent of pump light ultrafast time-resolved
transient absorption results. (a) Crystal structure of GaAs. (b)
schematic diagram of the polarization-dependent pump light acting on
the GaAs(100) surface. (c) Photoexcitation and relaxation processes of
pump light at different polarization angle θ . The initial photoexcitation
time is denoted as T1, and the bottom of the low CB (BCB) buildup
time is marked as T2. Hot electrons from the high CB (T1) lose energy
and accumulate to the bottom of the low CB (T2) via e-e scattering and
e-ph scattering. (d) Transient absorption reflectivity changes as a func-
tion of pump-probe delay at different pump polarization directions. The
zero time delay is determined by the vertical dotted line, which is the
cross-correlation of the pump and probe beams, with FWHM of 120 fs.
The inset is an enlarged view of the main polarization affected area after
precise scanning (see below).

To verify the conjecture, we accurately scanned the oscil-
lation region of the transient reflectivity ∆R/R0 between the
time T1 and T2. As shown in Fig. 2(a), the time-scale ranges

from −1 ps to 3 ps, and the polarization angle changes from
45∘ to 135∘. Considering the initial stage of the interaction
between laser and material (∆R/R0 > 0, the differential ab-
sorption ∆A < 0), the peak feature in the upper left corner is
regarded as the GSB initial signal. The peak differential reflec-
tion signals at around 0.4 ps have a special periodic change,
which decreases monotonically from 45∘ to 90∘, and then in-
creases from 90∘ to 135∘, exhibiting the GSB initial signals of
GaAs single crystal is anisotropic, as shown in Figs. 2(a) and
2(c). Since the peak differential reflection ∆R/R0 signals are
linearly proportional to the differential carrier concentration
∆n/n0,[37] the polar plots of ∆R/R0 signals at all polarizations
(see Fig. 2(c)) could illustrate the polarization dependence of
the injected carrier density. Apparently, the injected carrier
density reaches the maximum when the pump polarization di-
rection is along 45∘, 135∘, 225∘ and 315∘, respectively, indi-
cating the absorption rate at these polarization angles is max-
imum, i.e., there are relatively more electrons in the VB with
the direction of motion at these polarization angles paralleling
to the direction of the electromagnetic field of laser, which is
dependent on the polarization direction of laser with the cor-
responding electric vibration vector 𝐸 of photons. Thus it has
an enhanced effect on the transient absorption of photons at a
certain polarization direction, resulting in increased height and
density of the free electrons in the CB. As shown in Fig. 1(b),
the pump light is irradiated vertically on the (100) surface of
GaAs. Due to its face-centered cubic structure, the vertical and
parallel polarization directions of the excitation light acting on
the (100) surface have the same effect. This phenomenon of
pumped polarization-dependent GSB initial signals is of im-
portant guidance for laser modulation in various GaAs opto-
electronic devices.

Then, a “dip” feature appears in the transient reflectivity
for the delay time at around 0.7 ps, and inconceivably, it even
shows a negative value (∆R/R0 < 0) with the polarization di-
rection from 90∘ to 45∘. In addition, the “dip” values gradually
decrease with the polarization angle from 135∘ to 45∘, whose
periodic change is obviously different from the GSB initial
signals. Because it is not simply the excitation behavior of the
pump pulse beam and a certain crystal plane. To better reflect
the anisotropy of the “dip” values, we have also drawn a polar
plot, as shown in Fig. 2(d). The phenomenon of signal reversal
after pump light excitation (0.7 ps) suggests that hot carriers
have reabsorbed the probe light, i.e., ∆A > 0. The presence
of ∆A > 0 in the probe light in the transient absorption spec-
tra will be considered as the ESA or photoinduced absorption
(PIA, ∆R/R0 < 0) initial signal.[35] Moreover, the pump pulse
polarization direction is excited along 45∘ and 225∘ (vertical)
with the maximum absorption strength. It is worth mentioning
that the GSB and ESA signals defined in this work are not the
entire ultrafast process of GSB and ESA, but refer to the ini-
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tial signals at the beginning of these two processes. Although
the mechanism of the pump polarization-dependent ESA ini-

tial signals still remains not clear, the significance for the anal-
ysis of the ESA process cannot be ignored.
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Fig. 2. Polarization-dependent transient absorption results. (a) The time-resolved reflectivity of the polarization dependence of the pump pulse
in the oscillating area, with a polarization angle of 45∘ to 135∘. The insets are enlarged views of GSB and ESA initial signals, respectively.
Polar plot of peak (c) and dip (d) differential reflection signals of polarization dependence of pump pulse. (b) BCB buildup dynamics between
T1 and T2. The red and orange dashed lines are single exponential results for decay channels via e-e (fast) scattering and e-ph (slow) scattering.
The black dashed line denotes the kink position.

The hot carriers in the higher CB will rapidly return to
the bottom of the low CB (BCB) through the thermalization
and cooling process after the “dip” feature. A deeper inspec-
tion for the dynamic process of the formation BCB is shown in
Fig. 2(b), which is zoomed in on the rising edges of Fig. 1(d).
As discussed above, the wide rising edges between the time T1

and T2 refer to the immediate hot carrier redistribution through
the e-e and e-ph scattering channels after the pump beam off.
As described in the literature,[38] a universal kink feature in
terms of a slope change is clearly observed at a time constant
TKink ≈ 2.5 ps, dividing into two time scales: thermalization
process τfast for e-e scattering and cooling process τslow for
e-ph scattering, respectively. We also fit the ∆R/R0 curves
from the time corresponding to “dip” feature to T2, using a
two-component exponential function convolved with a tempo-
ral resolution[38]

∆R
R0

(t) =

[
Amax −Afast exp

(
−t
τfast

)
−Aslow exp

(
−t

τslow

)]
R(δ t), (2)

where Afast (τfast) and Aslow (τslow) represent the amplitude (re-
laxation time) of fast and slow relaxation, respectively. Amax

describes much far slower equilibration processes out of the

period of the measurement, such as heat diffusion and Auger
recombination. R(δ t) is a Gaussian curve with FWHM ob-
tained from the cross-correlation measurement. The results
show that the thermalization and cooling processes of GaAs
are isotropic, of which the relaxation time and intensity are ba-
sically unchanged under the different polarized pump pulse ex-
citation (Afast ≈ 1.1×10−3, τfast ≈ 0.78 ps, Aslow ≈ 8.2×10−5,
and τslow ≈ 8 ps), differing from pump polarization-dependent
GSB and ESA initial signals with a prominent anisotropic re-
sponse.

3.2. Probe light polarization modulation in GaAs single
crystal

As mentioned above, we utilize ultrafast time-resolved
transient absorption technology to prove that the GSB and
ESA initial signals generated by pump light excitation at dif-
ferent polarization direction exhibit anisotropic behavior, of
which the cycle time of the GSB initial signals depended on
polarization angle is half of the ESA initial signals. To ex-
plore the influence of the polarization of the probe light on the
hot carrier of the ultrafast process, we modulated the polariza-
tion direction of the pump light to 45∘ (the optimal excitation
effect), and then gradually adjusted the polarization direction
of the probe light to re-measure. Interestingly, the transient

067102-4



Chin. Phys. B 31, 067102 (2022)

reflectivity ∆R/R0 curves in the large-scale pump-probe de-
lay time (−5 ps to 100 ps) are similar to the curves changed
by polarization direction of pump pulse as before, as shown
in Fig. 3(a). The signal intensity of the “dip” feature in the
illustration is also affected by the polarization of the probe
light. To research the specific polarization-dependent effect,
we accurately scanned the transient reflectivity ∆R/R0 oscil-
lation region as before. As shown in Fig. 3(b), the values of
the “dip” feature signal almost decreases monotonically within
the polarization angle changed from 105∘ to 15∘, and negative
values also appear at 15∘ and 30∘. Moreover, the transient
reflectance signals of the “dip” feature at the whole polariza-
tion angle by 15∘ step are plotted into polar plots in Fig. 3(c),
showing obvious polarization dependence of probe pulse.
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a polarization angle of 15∘ to 105∘. (c) Polar plot of dip values of po-
larization dependence of probe light.

In general, the probe light is used to characterize the dy-
namic changes of hot carriers, and the effect on the inter-band
excitation of the material is usually negligible. Surprisingly,
the “dip” feature still appears when only the polarization of
the probe light is changed, indicating that GaAs in carrier re-
laxation do absorb a lot of probe light. The reason lies in two
facets: the one is that the free electrons in the excited state
will absorb the photon to reach a higher energy excited state
under appropriate conditions; the other stronger reason is that
the probe light energy may also be resonantly absorbed by po-
lar optical phonons, i.e., PPC as shown in Fig. 4. The coupling
behavior occurs when the frequency ω and wave vector 𝑘 of
the photons are exactly the same as the optical phonons by pe-
riodic lattice vibrations. Moreover, a directional electric field

generated by the lattice vibration will affect the absorption of
photons with different electric vibration vector 𝐸. That is,
when the polarization direction of the probe light is consis-
tent with the direction of the electric field, it will enhance the
absorption of photons (see Fig. 4), thus the anisotropy of PPC
initial signals essentially determines the anisotropy of the ESA
initial signals in response to the probe light with the different
polarization direction. Furthermore, we call the phenomenon
of simultaneous absorption of photons by hot electrons and
phonons as three-wave mixing (TWM), as shown in Fig. 3(b).
Therefore, the anisotropy of TWM leads to the ESA and the
anisotropy responses to the probe light with different polariza-
tion.

Fig. 4. Schematic diagram of the polarization dependence of the inter-
action between probe light and optical phonons.

3.3. Probe light polarization modulation in GaAs poly-
crystal

Considering that the anisotropic behavior of PPC orig-
inates from the selective absorption of photons by the di-
rectional built-in electric field generated by lattice vibration,
phonons play an important role in the anisotropic response of
the ESA. Phonons come from the vibration of long-range or-
dered lattice in crystal, so whether the crystallinity and crystal
orientation of crystal will affect the direction of built-in elec-
tric field and the anisotropic behavior of PPC deserve further
study.

As mentioned above, we selected high quality GaAs sin-
gle crystals with high orientation and high crystallinity. For
comparison, we prepared GaAs thin films with disorderly ori-
entation and poor crystallinity for verification under the same
experimental conditions. The thickness of GaAs thin films is
700 nm (> skin depth). The transient reflectivity of GaAs thin
films modulated with the polarization angles of the probe pulse
from 360∘ to 180∘ is shown in Fig. 5(a). Compared with GaAs
single crystal, there are several differences in the carrier dy-
namics of polycrystalline thin films: the residence time of hot
carriers on the conduction band is significantly shorter, the ex-
citon lifetime is reduced by nearly an order of magnitude and
there is no obvious “dip” feature at the entire measurements.
This is mainly due to the fact that the single crystal with strong
interatomic binding force and high lattice energy is the most
stable state in thermodynamics, thus the hot carriers and exci-
tons in the excited state can stay for a long time. However, the
disorder of the atomic arrangement in the polycrystalline thin
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films makes GaAs in an unstable state. The hot carriers will
quickly reach the bottom of the conduction band through ther-
mal relaxation, and then return to the valence band through in-
terband recombination transition. The disordered arrangement
of atoms in the polycrystalline thin films makes the phonon ef-
fect significantly enhanced, so the PPC plays an important role
in the carrier dynamic process at non-equilibrium state.
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Fig. 5. (a) Polarization-dependent of probe light ultrafast time-resolved
transient absorption results of GaAs polycrystalline. (b) Polar plot of
peak values of polarization dependence of probe light.

The transient reflectivity still has a certain periodicity
when the polarization angle of the probe pulse changes from
360∘ to 180∘, as shown in Fig. 5(a). And the corresponding
curves peak intensity change is shown in polar coordinates in
Fig. 5(b), of which the periodic variation and curve shape are
extremely similar to that of GaAs single crystal in Fig. 3(c).
Although the transient reflectivity ∆R/R0 of GaAs polycrys-
talline thin films did not show exactly the same curve as be-
fore, there is indeed a phenomenon of polarization dependence
of the probe beam due to PPC. Consequently, it can be con-
cluded that the anisotropy of PPC based on resonance absorp-
tion is an intrinsic property regardless of the crystallinity and
orientation of GaAs, even in the polycrystalline thin films that
are infinitely close to isotropy.

Then we need to introduce some theoretical models to
support our point of view. Simply put the law of con-
servation of energy and quasi-momentum in a periodic lat-
tice imposes strict restrictions on the coupling between pho-
tons and phonons.[4] This is because the wavelength of pho-
tons is usually much larger than the distance interatomic.
And only phonons with wave vectors in a small area close
to the center of the Brillouin zone k ≃ 0 can participate
in single-phonon scattering. Long-wavelength photons and
short-wavelength phonons may still be coupled in the pres-
ence of spatial inhomogeneities such as impurities[39] or in
disordered materials.[40] Our research object GaAs belongs to
a semi-infinite zinc blende polar crystal (z > 0). When electro-
magnetic waves are incident on its (100) surface (z = 0) from
a vacuum (z < 0), the electric field of the incident wave has the
following form:[41]

𝐸i = E0(cosφ ,sinφ ,0)e iqzz−iωt , (3)

where ω is the frequency and φ is the angle between the polar-
ization plane and x-axis which orient along the [100] direction.
The electric field of the reflected wave can be expressed as[41]

𝐸r =
(
Er

x,E
r
y,0
)

e−iqzz−iωt . (4)

In the harmonic approximation, the equations of motions
for the atoms can be written as[4]

−mα ω
2𝑢iα = eα𝐸

T (𝑅iα)+
′

∑
jβ
𝑈iα jβ

(
𝑢 jβ −𝑢iα

)
. (5)

Here, mα and 𝑢iα are the mass and the displacement from
equilibrium position 𝑅iα of the atom α in the ith primitive
cell of the crystal. While

𝑈iα jβ =𝐾iα jβ + eα𝑇iα jβ eβ/ε∞ (6)

is the total interaction matrix between atoms iα and jβ . It con-
tains a short-range mechanical term 𝐾iα jβ and a long-range
term proportional to the dipolar tensor

𝑇iα jβ = ∇iα ∇iα
∣∣𝑅iα −𝑅 jβ

∣∣−1
. (7)

Here, eα is effective charge, eβ ≡±e*, and ε∞ is the contribu-
tion of the valence electrons to the dielectric function.

The first term in Eq. (5) describes the interaction with the
retarded transverse field 𝐸T produced by the vibration of the
atoms. And this field obeys the wave equation

∇
2𝐸T(𝑟)+ ε∞q2𝐸T(𝑟)

= −4πq2𝒫T
∑
jβ

eβ𝑢 jβ δ
(
𝑟−𝑅 jβ

)
, (8)

where 𝒫T is the transverse projector, δ (r) is the Dirac delta
function and q = ω/c.

Within the bulk of our sample, the equations of motion
have Bloch-type solutions[42] 𝑢iα = ψ𝑘α e i𝑘·𝑅iα for which
Eq. (5) becomes

∑
β

[(
mα ω

2 −∑
γ

𝑈αγ(0)
)

δαβ +𝑈αβ (𝑘)

+𝑈R
αβ

(𝑘)

]
ψ𝑘β = 0. (9)

Here
𝑈αβ (𝑘)≡ ∑

j
𝑈iα jβ e−i𝑘·(𝑅iα−𝑅 jβ ) (10)

is the nonretarded interaction tensor of the Fourier transform,
and

𝑈R
αβ

(𝑘) =
4πq2n

k2 −q2ε∞

eα eβ (1− 𝑘̂𝑘̂) (11)

is the interaction between sublattices α and β via the radiation
field when q ≪ 1/a, a is the lattice constant and n is the lat-
tice site density. Assuming that the crystal occupies the z > 0
region, in this case, Eq. (9) has many solutions: (i) a long-
wavelength polariton mode; (ii) some short-wavelength prop-
agating bulk phonons; and (iii) many complex kz’s which cor-
respond to evanescent phonons.[4] For a semi-infinite crystal
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with a bulk-truncated, the solution of Eq. (5) can be written as
a superposition[43–45] 𝑢iα = ∑kz η𝑘ψ𝑘α e i𝑘·𝑅iα . It completely
satisfies the equations of motion for all planes except the N
planes closer to the semi-infinite one. Therefore, the infinite
system of equations for 𝑢iα in Eq. (5) can be simplified to a
finite system[4]

∑
kz

[
U

∑
jβ
𝑈iα jβ

(
ψ𝑘α e i𝑘·𝑅iα −ψ𝑘β e i𝑘·𝑅 jβ

)]
η𝑘

=
U

∑
jβ
𝑈iα jβ

(
𝑢iα −𝑢 jβ

)
= 0. (12)

Equation (12) has a direct explanation: the real semi-infinite
crystal can be expanded into an artificial infinite crystal by
adding imaginary atoms. In addition, in this superposition,
the fictitious atoms will not exert any (unretarded) force on
the real atoms. The transverse field at the surface[4]

𝐸T(0) = ∑
kzα

η𝑘
4πnq2

k2 −q2ε∞

eα𝒫T
ψ𝑘α =𝐸i +𝐸r (13)

is a superposition of the incident field 𝐸i and all atoms radi-
ated field[4]

𝐸r =
∫

d2r′𝐺
(
0,𝑟′

)
q2eα𝒫T

∑
iα
𝑢iα δ

(
𝑟′−𝑅iα

)
. (14)

Here, 𝐺(0,𝑟′) is the electromagnetic Green’s function. In the
end, both η𝑘 and 𝐸r can be calculated and combined with
the contribution of the immersed ion to the reflection ampli-
tude ri ≡ Er/E i, the reflectivity R = |(r∞ + ri)/(1+ r∞ri)|2 is
obtained from the valence electron polarization contribution
r∞. It can be seen that the electron polarization caused by
atomic vibration will affect the resonant absorption of photons
(anisotropic transient reflectivity) regardless of single crys-
tal or polycrystalline. Therefore, the coupling between op-
tical phonons and photons is anisotropic. Obviously, this is
also a necessary condition to be able to detect polarization-
dependent Raman signals.[11]

4. Conclusion
In summary, we studied the anisotropy of hot carrier

dynamics in GaAs by polarization-dependent ultrafast time-
resolved transient absorption in the presence of photoexcita-
tion. The results provided clear evidence that the initial sig-
nal of ground-state bleaching and excited-state absorption are
all polarization-dependent with anisotropic response to pump
pulse. Further analysis of the crystallinity and orientation of
GaAs suggested that resonance absorption of photon–phonon
coupling leads to a probe polarization-dependent absorption in
carrier relaxation whether in anisotropic single crystals with
high crystallinity or in isotropic polycrystalline thin films with

the disordered arrangement. The selective absorption of pho-
tons by the directional built-in electric field generated by pe-
riodic lattice vibration makes photon–phonon coupling and
the three-wave mixing with substantial anisotropic behavior.
This work reveals insights into the unique carrier dynamics
with anisotropic response in GaAs semiconductor, on the other
hand, also provides attractive potential application of building
high-field and angle-sensitive optoelectronic devices.
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