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The impact of transient electric currents on the transverse optical (TO) phonon resonance is studied after
excitation by two femtosecond near-infrared pulses via the fourth-order nonlinear terahertz emission.
Nonlinear signals due to interband shift currents and heavy-hole–light-hole polarizations are separated
from Raman-induced TO phonon coherences. The latter display a frequency upshift by some 100 GHz
upon interband excitation of an electron-hole plasma. The frequency shift is caused by transverse electronic
shift currents, which modify the dielectric function. A local-field model based on microscopic current
densities reproduces the observed frequency upshift.
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The frequency of lattice vibrations or phonons in crystals
is determined by the electronic structure of the periodic
solid. The adiabatic approximation for isolated oscillators
has frequently been applied to describe phononic properties
in the electronic ground state, where the valence electron
structure defines the relevant potential energy surface [1].
The picture of isolated oscillators breaks down in polar
crystalline materials, where local electric fields modify
both the vibrational and dielectric response [2]. Particular
molecular vibrations [3] and transverse optical (TO) pho-
nons [4,5] couple to the electronic system. The so-called
soft modes at terahertz (THz) frequencies are shifted to
higher frequencies upon resonant vibrational excitation, a
behavior which is due to a breakup of electronic correla-
tions induced by the vibrational excitation.
In a local-field picture [2,6,7], a vibrational transition

dipole experiences the average macroscopic electric field E
in the sample and its own macroscopic polarization con-
tribution P according to Eloc ¼ Eþ P=ð3ε0Þ (ε0 is the
vacuum permittivity). Both nuclear motions of polar groups
and relocations of electronic charge, i.e., time-integrated
currents, contribute to the frequency-dependent polariza-
tion term, as has recently been shown in ultrafast THz and
x-ray experiments on the molecular crystal aspirin [3,8,9].
From a theoretical point of view, the microscopic current
densities within the unit cell represent the sources of
polarization [10,11].
Electronic excitation induces a change of the electronic

charge distribution and local electric polarization and, thus,
should affect the vibrational properties of the crystal lattice.

For polar III–V semiconductors such as GaAs, the coupling
of transverse electronic currents and TO phonons should
induce a phonon frequency shift via the dielectric function
of the coupled system and/or via changes of the vibrational
potential. While TO phonon frequencies of GaAs have
been studied as a function of external hydrostatic pressure
[12,13], the impact of transient electric polarizations and
ultrafast electric currents has not been considered.
Moreover, it has been neglected in standard treatments
of the dielectric function [14]. It is important to note that the
coupling considered here is fundamentally different from
the interaction of longitudinal optical phonons with plas-
mons [15,16].
Optical excitation across the fundamental band gap of

GaAs is connected with a change of the electronic charge
distribution within the unit cell, generating a nonlinear
electric shift current [17–20]. This interband current is
due to a shift of electronic charge from the covalent bonds
betweenGa andAs atoms onto theGa sites [Figs. 1(a)–1(c)].
Femtosecond interband excitation of a (111)-oriented GaAs
sample generates a short-lived transverse shift current with a
time structure following the second derivative of the pulse
envelope and giving rise to THz emission [21]. The trans-
verse character of this current allows for exploring its impact
on TO phonons.
In this Letter, we demonstrate, for the first time, the

impact of transverse electronic currents on TO phonons
in bulk GaAs, exploiting a highly sensitive scheme of
two-dimensional (2D) spectroscopy. A sequence of two
femtosecond near-infrared pulses generates an interband
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excitation and coherent TO phonons. Phase-resolved detec-
tion of the THz emission from the excited sample allows
for mapping the impact of the electronic current on the TO
phonon frequency. We observe a transient frequency
upshift by some 100 GHz, which originates from a
modification of the dielectric function by the local electric
polarization. A theoretical local-field picture reproduces the
magnitude of the frequency change.
In our experiments, a pair of phase-locked collinearly

propagating near-infrared pulses A and B excites a (111)
oriented bulk GaAs sample of 250 nm thickness mounted on
a glass substrate [21]. The delay time τ between the two
pulses is measured relative to pulse B. For negative delay
times (τ < 0), pulse A interacts with the sample before pulse
B. Both pulses have a linear polarization along the ½11̄0�
direction of the sample. The THz field emitted by the sample
with a linear polarization along the ½112̄� direction is detected
in a phase-resolvedway by electro-optic (EO) sampling with
a weak near-infrared sampling pulse. There are two inde-
pendent time variables in this scheme, the delay time τ
between the two excitation pulses and the real time t of the
phase-resolved THz detection. The nonlinear THz emission
signal is given by ENLðt; τÞ ¼ EABðt; τÞ − EAðt; τÞ − EBðtÞ,
where EABðt; τÞ is the THz electric field emitted after
interaction with both near-infrared pulses and EAðt; τÞ and
EBðtÞ the THz emission after interaction with near-infrared
pulses A or B, respectively. A 2D Fourier transform of this
differential signal along τ and t generates 2D spectra
jENLðντ; νtÞj of the THz emission as a function of the
excitation frequency ντ and detection frequency νt [22,23].

Femtosecond near-infrared pulses were generated at a
1 MHz repetition rate in an optical parametric amplifier
(OPA; Opera-F, Light Conversion) pumped by an Yb-based
laser system (Monaco, Coherent). The OPA output at a
center frequency of ν0 ¼ 350 THz (850 nm) was com-
pressed to a pulse duration of 25 fs and split into the two
excitation pulses A and B and a third component, which
serves as the probe pulse in the EO sampling setup. The
near-infrared excitation pulses have pulse energies of
0.23 (A) and 0.18 μJ (B). The two Gaussian beams have
a diameter of 3 mm on the GaAs sample. From the
fluences of pulses A and B and the optical thickness of
the GaAs sample, one estimates an excitation density of
1.0 − 3.0 × 1017 electron-hole pairs=cm3, corresponding to
less than 2 × 10−4=a3 (a3: volume of the GaAs unit cell
with a ¼ 0.565 nm). A 10 μm-thick (110)-oriented ZnTe
layer attached to a thick inactive (100)-oriented ZnTe
substrate is used for electrooptic sampling with a detection
bandwidth of approximately 18 THz. All measurements are
performed in a nitrogen atmosphere at ambient temperature
(T ¼ 300 K).
The nonlinear THz emission of GaAs induced by

interaction with the single near-infrared pulse B consists
of the three components shown in Fig. 1(d). As has been
discussed in detail in Ref. [21], the interband shift current
(SC) gives rise to the emission between 0 and 3 THz, the
peak around 8 THz is due to coherent TO phonon (TO)
excitations, and the component above 10 THz to coherent
heavy-hole–light-hole (hh ↔ lh) polarizations. The under-
lying generation processes are of second order in the
electric field of pulse B: The shift current is generated
via two resonant interactions with the pump field, promot-
ing electrons from the valence to the conduction band,
while the TO phonon and hh ↔ lh polarizations are created
via second-order Raman processes within the bandwidth of
the near-infrared pulse. They radiate via their (THz active)
transition dipole.
The experiments with two near-infrared pulses A and B

go beyond the second-order regime and give new insight
into the GaAs response at higher nonlinear orders. In
Fig. 2(a), the THz field ENLðt; τÞ generated by interaction
of both pulses A and B with the GaAs sample is plotted as a
function of the real time t (abscissa) and the delay time τ
(ordinate). The corresponding 2D spectrum jENLðνt; ντÞj
shown in panel (b) covers a frequency range of ντ ¼ �18
and νt ¼ �18 THz [24]. The 2D spectrum displays pro-
nounced peaks at ðνt; ντÞ ¼ ð2; 0Þ, (8,0), (12,0), ð2;−2Þ,
ð8;−8Þ, and ð12;−12Þ THz. Applying a Gaussian 2D
frequency filter on the individual spots and performing
a 2D Fourier back transform of the peaks at (8,0) and
ð8;−8Þ THz, we derive the time dependent 2D signals
shown in Figs. 2(c) and 2(d).
The ðνt; ντÞ frequency range plotted in Fig. 2(b) is well

below the carrier frequency of the near-infrared pulses A
and B of 350 THz. The generation of nonlinear THz signals

(a)

(d)

(b) (c)

FIG. 1. (a) Unit cell of GaAs. Electronic charge density in the
(11̄0) plane [shaded plane in (a)] for the highest valence band (b)
and the lowest conduction band (c). (d) Measured THz spectrum
induced by the single near-infrared pulse B, consisting of a shift-
current component around 2 THz, a TO-phonon component at
8 THz, and a component emitted by coherent hh ↔ lh inter-
valence-band polarizations above 10 THz [21].
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below 20 THz requires an even number of interactions with
the electric field of pulse A and B [25], i.e., at least four
interactions for the 2D experiment with two near-infrared
pulses. The second-order interaction with the first pulse
prepares the sample for another second-order interaction
with the second pulse and, thus, the total nonlinear signal
ENL shown in Figs. 2(a)–2(d) is at least of fourth order in
the near-infrared electric field. The χð4Þ signals in Fig. 2(b)
are due to SC, TO, and hh ↔ lh emissions generated with
A-B or B-A pulse sequences. The signal components
discussed in the following are marked by arrows.

The SC signals originate from the nonlinear saturation of
interband absorption. The first pulse excites an electron-
hole plasma, which shifts the onset of interband absorption
to higher frequencies via Pauli blocking of valence and
conduction band states. As a consequence, the second near-
infrared pulse displays a weaker interaction with the excited
sample and, thus, induces THz emission with an electric
field amplitude smaller than for interaction with an
unpumped sample. In Fig. 2(e), the SC signal generated
with pulse B alone (black curve) is shown as a function of
real time t, together with the Fourier back transform of the
2D THz signal at ðνt; ντÞ ¼ ð2; 0Þ THz for a delay time
τ ¼ −0.7 ps, where pulse A interacts with the sample first
and saturates the interband absorption. This nonlinear
signal ENLðt;−0.7 psÞ shows a phase opposite to the
single-pulse SC emission, a clear signature of nonlinear
saturation.
The Raman processes generating the hh ↔ lh and TO

phonon coherences are resonantly enhanced by the inter-
band transition dipole at the GaAs band gap. Upon excita-
tion of an electron-hole plasma, the blueshift of the
absorption edge leads to a reduction of resonance enhance-
ment and a concomitant decrease of the coherent amplitudes.
This mechanism generates the nonlinear hh ↔ lh signals at
νt ¼ 12 THz [Fig. 2(b)]. As the recombination time of the
photogenerated electron-hole plasma is much longer than
the time range of the 2D experiments, the nonlinear response
caused by interband absorption saturation persists for pico-
second delay times τ [cf. Fig. 2(a), [26] ].
We now focus on the nonlinear TO phonon emission 2D

signals represented by the peaks at ðνt; ντÞ ¼ ð8; 0Þ and
ð8;−8Þ THz. Their Fourier back-transforms display the
nonlinear TO phonon emission induced by pulse B
[Fig. 2(c)] and by pulse A [Fig. 2(d)]. In Fig. 2(d), the
signal at negative delay times (pulse A interacts first) is due
to the reduced Raman excitation efficiency by pulse B in
the excited compared to an unexcited sample. At positive
delay times, pulse B interacts first and generates a phonon
coherence, which is perturbed by interaction with the
second pulse A. The perturbation of the TO phonon free
induction decay by pulse A is illustrated in Fig. 3, which
shows the quantity ETOðtÞ ¼ ETO

NLðt; τÞ þ ETO
B ðtÞ, i.e., the

sum of the 2D signal along t for two positive delay times τ
and the TO phonon field emitted after interaction with
pulse B only. The overall decay of the coherent phonon
emission on a timescale of several picoseconds is caused by
decoherence processes. Most interesting is the increase of
the TO emission frequency after interaction with pulse A.
Numerical fits of the high-precision time-domain data
reveal a frequency upshift on the order of 100 GHz, i.e.,
1% of the initial TO emission frequency. The Fourier
spectra jETOðνtÞj plotted in Fig. 2(f) exhibit the TO
frequency upshift for τ > 0 (dots) due to the stronger
near-infrared pulse A and for τ < 0 (triangles) due to the
weaker pulse B. In the latter case, the upshift is smaller. It is

(a)

(c) (d)

(b)

(e) (f)

FIG. 2. (a) Contour plot of the nonlinearly emitted electric field
ENLðt; τÞ as a function of real time t and delay time τ. (b) Contour
plot of the 2D Fourier transform of the measured nonlinear
signal in panel (a) as a function of the excitation frequency ντ and
the detection frequency νt. Frequency positions of the shift
current (SC), TO phonons, and hh ↔ lh intervalence-band polar-
izations are indicated by arrows. Fourier back transforms of the
TO-phonon signals at ðνt; ντÞ ¼ ð8; 0Þ THz (c) and at ðνt; ντÞ ¼
ð8;−8Þ THz (d). (e) Black: shift-current contribution generated
by pulse B alone. Red: corresponding nonlinear signal at
τ ¼ −0.7 ps. (f) Symbols: Amplitudes of the Fourier transforms
of EBðtÞ (black diamonds) and of EBðtÞ þ ENLðt; τÞ (cyan dots
and magenta triangles) for two delay times [see dashed lines in
(c)]. Solid lines: Gaussian fits to the data.
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important to note that the 2D technique applied here
provides both the original and the slightly upshifted TO
phonon frequency with high precision in a single meas-
urement, a major advantage compared to much less
sensitive pump-probe schemes with a single near-infrared
excitation pulse.
There are two physical mechanisms that affect the TO

phonon frequency observed in the THz emission from the
excited GaAs crystal. First, interband excitation of carriers
is connected with a local change of electronic charge
density in the unit cell [Figs. 1(a)–1(c)]. This redistribution
of charge affects the chemical bond strengths and modifies
the vibrational potential of the TO phonons [28,29]. Upon
interband excitation, charge is transferred from the covalent
bonds between Ga and As atoms onto the Ga atoms, i.e., the

bonds get weaker. The bond softening is a local effect and
should result in a smaller force constant of the TO phonons
and, thus, a redshift of the TO phonon frequency, in
contrast to the experimental results. Apart from the wrong
sign, the absolute values are way too low. When 2 × 10−4

electrons per unit cell are excited, one estimates a frequency
shift of 80 MHz [29], 1000 times less than what is
observed. A theoretical calculation of vibrational potentials
in the excited GaAs sample is highly demanding and
beyond the scope of the present experimental study.
Second, the photogenerated shift current is the source of

a transient polarization, which modifies the long-range
electric field in the sample and, thus, the frequency-
dependent dielectric function. The change of the dielectric
function shifts the observed TO phonon resonance and,
thus, the frequency of the related THz emission. We assign
the observed upshift of the TO phonon frequency, which is
observed here for the first time, to this mechanism. This
conclusion is supported by the theoretical estimate pre-
sented next.
The expected TO-phonon frequency upshift can be

calculated with the help of the theoretical concepts of
Refs. [6,7,10,11] and the experimental data of Ref. [14].
Without the electron-hole plasma the phonon contribution
(including the background dielectric constant ε∞) to the
dielectric function is given by

εpðνÞ ¼ ε∞ þ ðεst − ε∞Þν2TO
ν2TO − ν2 − iνγ

: ð1Þ

To account for the impact of the photogenerated shift
current, one needs to consider the related changes of
polarization and dielectric function. Such issues have been
analyzed in detail in Refs. [10,11], where the related
modification of the dielectric function has been calculated.
The modified dielectric function is given by

εðνÞ − 1

εðνÞ þ 2
¼ εpðνÞ − 1

εpðνÞ þ 2
þ εeðνÞ − 1

εeðνÞ þ 2
; ð2Þ

with εeðνÞ ¼ 1 −
Nehe2

ε0m04π
2ν2

: ð3Þ

Here εst is the static dielectric constant, νTO the TO phonon
frequency, γ the phonon damping, Neh the volume density
of the electron-hole plasma, and m0 the free-electron mass.
Equation (3) contains the free-electron mass and not the
effective mass because the electron motion leading to the
shift current [cf. Figs. 1(b) and 1(c)] occurs over a small
distance within the unit cell.
From Eq. (2), one derives an almost linear frequency

upshift of the TO phonon resonance as a function of
electron-hole density. For Neh ¼ 1017 cm−3, the frequency
shift has a value of ΔνTO ¼ 100 GHz [30], in good agree-
ment with our experimental observation. The agreement

(a)

(b)

FIG. 3. (a) Measured THz transients ETO
B ðtÞ þ ETO

NLðt; τÞ emit-
ted by TO phonons for two values of τ. In both cases the phonon
coherence is induced by pulse B at t ¼ 0. For the black curve
(τ ¼ 3.5 ps) the pump pulse A arrives after the end of the time
window shown. For the red curve (τ ¼ 2.5 ps) the pump pulse A
(arrow) changes the THz emission frequency for later times.
(b) Same experimental data in a stretched time window (t ¼ 2.2
to 3.4 ps). Black solid line: fit of an exponentially decaying sine
wave to the data for τ ¼ 3.5 ps (black dots). The data for τ ¼
2.5 ps (red diamonds) lie on the black curve before the pump
pulse, but afterwards their frequency is upshifted (red solid line)
by ΔνTO ≈ 100 GHz.
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with experiment supports the conclusion that changes of TO
phonon frequency due to a modification of the vibrational
potential are substantially smaller.
In conclusion, two-dimensional nonlinear spectroscopy

provides the first direct evidence for the impact of electronic
shift currents on the TO phonon resonance in the prototype
semiconductor GaAs. Highly accurate time-domain data
reveal a frequency upshift of the TO phonon emission by
100GHz,which is due to the change of thedielectric function
originating from a transient interband shift current. Our
results show that theTOphonon emission frequency ofGaAs
is a most sensitive probe of subtle changes in the electronic
charge distribution and Coulomb correlations among car-
riers. The observed behavior is expected to occur in a wide
range of semiconductors and insulators, in particular in
materials with a high polarity of the crystal lattice such as
ferroelectrics and polar quantum materials.
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