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We report on the experimental observation of extreme laser spectral broadening and a change in

optical transmission in gallium phosphite induced by 25 MV=cm terahertz (THz) single-cycle internal field.

Such intense THz radiation leads to twofold transient modifications of the optical properties in the electro-

optical crystal. First, the electric field provokes extensive cross-phase modulation via the χð2Þ and χð3Þ

nonlinearities on a copropagating 50 fs near infrared laser pulse which turns into 500% spectral broadening.

Second, we observe an instantaneous change of the optical transmission occurring at the THz field which is

alleged to interband Zener tunneling and charge carrier densitymodification by impact ionization turning the

semiconductor in ametal-like transient state. The presented scheme displays a pathway to coherently control

the optical properties of semiconductors on an ultrafast time scale by a strong THz field.
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Covering the energy range from a fraction of an meV to

about 40 meV (0.1–10 THz), terahertz (THz) radiation

directly probes charged quasiparticles, free carriers, polar-

ons, excitons, phonon resonances, and intraband transitions

in low-dimensional systems. The pump-probe scheme

enables us, in addition, to visualize the off-equilibrium

evolution of these excitations at a subpicosecond time scale

[1–10]. The very recent advent of ultrastrong THz fields

up to 83 MV=cm and 28 Tesla [9,10] is considered the

forthcoming mean to precisely control electronic and

magnetic ultrafast dynamics, to drive novel highly non-

linear processes in condensed matter, to accelerate electron

to relativistic energy [11–19], and to prepare quasista-

tionary states in solids. So far, a THz-driven nonlinear χð2Þ

process has been demonstrated in ZnTe to induce cross-

phase modulation (XPM) and spectral broadening on a

laser pulse. However, the low THz field available at that

time resulted in a minor spectral broadening and modifi-

cations only [20,21].

In this Letter, we report on a nonlinear optical response

in an electro-optical (EO) active medium which is intro-

duced by a single-cycle THz with internal field strength up

to 25 MV=cm. Exploring for the first time this ultrastrong

field regime, we show that the optical spectrum of the

femtosecond laser probe is changed spectacularly as the

optical properties of the EO material become a function of

the THz field amplitude and phase. The THz electric field

drives nonlinear XPM via the Pockels and the Kerr effects.

In addition, we report that the THz field leads to a prompt

distortion of the electronic band structure which results in a

subcycle time scale modification of the optical transmission

and electric conductivity. As a model for the present study,

we chose undoped gallium phosphite (GaP). GaP is a

crystal with a cubic orientation which is widely used for

THz metrology based on its linear EO response at a weak

field (≪10 kV=cm). At the ultrastrong field regime

(> 10 MV=cm), however, the EO response turns highly

nonlinear, which manifests itself with the strong modifi-

cation of the optical properties of the GaP.
The experimental outline is depicted in Fig. 1. A single-

cycle ultrastrong THz and a laser probe are focused on a
50 μm thin (110) GaP crystal. In the present configuration,
the THz field period is long (250 fs) compared to the near
infrared laser pulse (50 fs) and provides thus a quasistatic
modification of the optical properties over the duration of
the probe. The THz and the optical beam are linearly
polarized along the axis for maximum EO response. The
THz pulses of maximum energy of 50 μJ and spectral
content in the frequency between 0.1 and 5 THz are
produced by optical rectification in Diethylaminosulfur
trifluoride (DAST) [3,9,10]. The radiation is focused at its

FIG. 1. Experimental setup: the 50 fs, 800 nm laser copro-
pagates with a strong single-cycle THz of 40 MV=cm in a
50 μm thin GaP crystal (110). The crystal is an electro-optical
active semiconductor with a 2.33 eV band gap, larger than the
probe (1.55 eV) and THz (0.4–20 meV) photon energy. The
optical properties of the GaP are modified by the THz electric
field. This turns into spectral broadening of the probe and a
change of optical transmission. The temporal evolutions of
these phenomena are visualized as a function of the delay of the
optical probe.
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physical limit to a lambda cubic volume for the realization

of the maximum field strength [9]. The linear χ2 electro-
optical effect (Pockels) is typically used for THz field
reconstruction by electro-optical sampling (EOS) [22,23].
At a low amplitude, the THz electric field ETHzðtÞ simply
induces a linear, time-dependent, change of the refractive
index which is probed by a delayed short laser pulse.
The phase retardation ΔφðtÞ experienced by the probe
and integrated over the electro-optical crystal length L is
proportional to ETHzðtÞ and can be expressed as Δφ

ðtÞ ¼ πLETHzðtÞ=Vλ=2, where the half wave voltage Vλ=2

depends on the characteristics of the electro-optical
medium.
The linear relation between ΔφðtÞ and ETHzðtÞ is used in

the experiment for the THz field reconstruction, as shown
in Fig. 2(a). ETHzðtÞ has a single-cycle shape and peak field
amplitude up to a record-high value of 24 MV=cm. This is
the effective internal field propagating in GaP including the
Fresnel losses at the crystal surface. The field strength is
calibrated against the third-order optical birefringence in a
air and diamond sample as reported in Ref. [24].
As THz fields exceed several MV=cm, the electro-

optical properties of the GaP undergoes an instantaneous
and spectacular modification. This behavior is manifested
in the probe beam, which experiences a huge and prompt

spectral broadening with the main driver being the cross-
phase modulation. Shown in Fig. 2(b) is the evolution of
the laser spectrum caused by the THz field. XPM is the
optical phase change experienced by the probe beam in
GaP and induced by the strong copropagating THz beam.
From our measurements, it turns out that the spectral
modifications are directly related to the THz field oscil-
lations shown in Fig. 2(a). When the probe overlaps with
the THz, a strong spectral broadening occurs as a function
of the delay Δτ. At the maximum THz field (Δτ ≈ 50 fs),
the laser spectrum is broadened by more than a factor of 5,
to a maximum width of 190 nm (−10 dB level). This
extreme spectral modification and broadening originates
from the nonlinear change of the refractive index by
giant THz-induced XPM. At delays Δτ earlier than the
THz pulse (Δτ < −0.25 ps), the natural laser spectrum is
preserved, indicating the absence of self-induced spectral
distortions and self-phase modulation. It is worth noting
that the instantaneous spectral broadening takes place on a
subcycle time scale of ETHzðtÞ and supports the formation
of sub-10-fs pulses. For Δτ > 750 fs, after the THz pulse
the XPM process breaks down. Consequently, the probe
spectrum resumes the initial narrow laser spectrum.

In the present experiment, we show that XPM is

mediated via χð2Þ (Pockels) and χð3Þ (Kerr) corresponding

to phase retardation proportional to the field and the

intensity of the THz pulse. This is different from recent

studies where THz-driven XPM was demonstrated through

second-order coupling only and at low fields [20,21]. For

physical insights, it is useful to write the index of refraction

as n ¼ n1 þ n2 þ n3, where the second term accounting for

the Pockels effect is Δn2 ¼ χð2Þ ETHzðtÞ=n1 and the third-

order Kerr term depends on the THz intensity as Δn3 ¼

3χð3Þ jETHzðtÞ
2j=2n1. The phase retardation accumulated in

the EO crystal can be decomposed in the Taylor expansion

[20]: ΔφðtÞ¼φ0þdφ0
0
ðt− t0Þþdφ00

0
ðt− t0Þ

2þ…. Here φ0

represents the phase retardation proportional to ETHzðtÞ and
is measured in conventional EOS. The second term of the

series corresponds to the wavelength shift, while the third

one induces spectral broadening. For the Pockels effect

only, the spectral modifications depend directly on ETHzðtÞ
resulting in a frequency shift at the zero crossing (when the

second term of the above expansion is maximum) and

broadening due to quadratic phase modulation at the crest

and the troughs of the ETHzðtÞ. At the maximum fields

employed in the present experiment, the refractive index

varies in a complex way, as the third-order term in the

Taylor expansion becomes important. Because of the

simultaneous occurrence of the Pockels and Kerr effects,

the phase retardation depends on the field and intensity of

the THz stimulus. Therefore, the spectral modifications

become much more pronounced.
According to the above time-shift model, the spectral

broadening presented in Fig. 2(b) is caused by quadratic
phase modulation and occurs at the crest and the troughs of

FIG. 2. (a) THz electric field reconstructed by electro-optical
sampling. (b) Giant THz-induced XPM gives rise to strong
spectral modification of a laser pulse. The spectrum of the probe
pulse is shown as a function of the delay between the optical and
THz field.
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the electric field, while the wavelength shift is proportional
to the first derivative of ETHzðtÞ. Even though the simulta-
neous occurrence of the Kerr and Pockels effects makes the
relation between the spectral modification and the THz
waveform more complex, it is possible to correlate the
spectral broadening and spectral centroid shift induced by
the XPM with ETHzðtÞ and d=dt ETHzðtÞ, respectively. The
results are reported in Fig. 3. In excellent agreement with
the time-shift model, there is a clear correlation between the
wavelength centroid (black curve) and the first derivative
of the THz field [Fig. 3(a), blue curve]. The centroid shifts
predominantly towards the short wavelengths. As shown in
Fig. 3(b), the spectral broadening occurs over the time scale
of ETHzðtÞ (blue curve) and gives rise to a maximum
spectral width at −10 dB (black curve) of 500% at the peak
of the field. We note that after the interaction the spectral
parameters (centroid and bandwidth) instantly follow the
initial laser characteristics.
In Fig. 4, the spectral modifications of the probe are

presented in dependence of the THz peak field at maximum
amplitude Emax. For this measurement, the THz intensity is
controlled by means of a polarizer and analyzer which
allowed an extinction of the field down to a fraction of a
few percent. This attenuation scheme was cross-calibrated
with respect to the EOS signal. The initial laser spectrum

shown in Fig. 4(a) is not significantly modified by XPM
up to a THz field of 5 MV=cm [Fig. 4(b)]. However,
when the field exceeds 9 MV=cm [Figs. 4(c)–4(e)], the
spectral width rapidly increases. Finally, for a field above
20 MV=cm [Figs. 4(e) and 4(f)], the spectral modifications
reach the maximum. Shown in Fig. 4(g) (black curve) is the
−10 dB spectral width as a function of the peak THz field.
A noticeable blueshift of the laser spectrum is observable as
a function of the field strength, [blue curve in Fig. 4(g)].
The prevalence of spectral shift towards shorter wave-
lengths is associated to a multiplication of carriers in the
conduction band, and its physical origin is discussed later.
Similar to plasma-related spectral blueshifting observed in
gas, the delocalized conduction band electrons are expected
to contribute to a spectral broadening towards higher
frequencies. Such a strong blueshift is observed both in
Fig. 3(a) and in Fig. 4(g).

In order to disentangle the contributions of the Pockels

and the Kerr effects, we study the XPM as a function of

the GaP crystal orientation. In these measurements, the

THz field and the probe laser carry linear and parallel

polarizations. Because of symmetry considerations, the

second-order susceptibility varies with the azimuthal

FIG. 3. Laser spectral centroid and −10 dB width are well
approximated by the derivative and the amplitude of the THz
waveform. (a) The central wavelength of the probe is blue-
shifted by more than 40 nm, while (b) the spectral width is
broadened by almost a factor of 5 when overlapping with the
maximum THz field.

FIG. 4. (a) The original laser spectrum recorded at the THz
peak field amplitude is progressively broadened (b)–(f) by XPM
for increasing THz field strengths. (g) The −10 dB spectral width
(black curve) and centroid (blue curve) are shown as a function of
the THz peak field.

PRL 118, 083901 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

24 FEBRUARY 2017

083901-3



crystal angle. As reported in Ref. [25], the χð2Þ-related

electro-optical signal periodically vanishes for a sequence

of crystal orientations showing three positive and negative

maxima for a full 360° crystal turn. A similar angular

dependence on the probe is thus expected for spectral

modifications driven by χð2Þ-only processes, while χð3Þ-

only broadening processes do not depend on the crystal

orientation. For further insights, we recorded the −10 dB

spectral width at the peak of ETHzðtÞ as a function of

the GaP angle for three different field strengths (Fig. 5).

The black curve shows that without the XPM driven by the

THz field the spectral width is independent of the

orientation of the crystal. The maximum electro-optical

effect is expected at 0°, whereas the EO effect should

vanish at 60° (crystallographic axis [0,0,1]).

Correspondingly, the XPM caused by χð2Þ is expected
to vanish at this angle, while, as shown in the graph, the
broadening is increasing as the THz field becomes larger.

Moreover, for 180° inversion, χð2Þ changes sign while χð3Þ

does not. This is consistent with the results at a low field
indicating that the combination of Pockels and Kerr effects is
constructive for angles (0°, 120°, and240°) anddestructive for
the opposite directions. At the maximum field of 24 MV=cm
(green curve), moreover, the spectral broadening becomes
insensitive to the crystal angle due to the predominance of the

χð3Þ, which is invariant to the crystal orientation.
We point out that negligible changes in divergence and

reduced polarization rotation (a few percent) were observed
for the spectrally broadened laser beam.
Under the influence of the THz field, not only the

refractive index of the GaP is rapidly modified but also its
conductivity. The strong THz transient provokes, an
instantaneous change of the material properties from semi-
conductorlike towards metal-like. Consequently, the trans-
mission of the below-band-gap laser probe (photon energy
of 1.55 eVand band gap of 2.23 eV) is reduced on the THz

subcycle time scale with an increase of the reflectivity
[Figs. 6(a) and 6(b)]. At the THz maximum internal field of
24 MV=cm, the near infrared transmission is reduced by
73%. In the presence of an intense electromagnetic field,
multiphoton or tunneling ionization may occur depending
on the driving frequency and strength. The Keldysh
parameter γk [26] is a quantitative indicator of the ioniza-
tion regime: γk ≫ 1 indicates a multiphoton and γk ≪ 1

a tunnel. The THz-driven increase of conductivity is
attributed to a substantial modification of the GaP band
structure and Zener electron tunneling. Multiphoton ion-
ization by a THz field is excluded by the very low Keldysh
parameter calculated for the experimental parameters

(γk ∼ 2.6 × 10−2). Moreover, the ponderomotive energy
exchange between the THz field and the free carriers gives
rise to multiple impact ionization events with consequent
large carrier multiplication. Tunneling and carrier multi-
plication have been reported for a direct semiconductor
patterned with a gold metamaterial to enhance the THz field
beyond 10 MV=cm [27]. The change of transmission
observed in the strong-field interaction regime studied here
is orders of magnitude larger than previous work on bare
semiconductors [28]. It is worth noting that the presented
scheme offers an important advantage over previously
used field enhancement structures which are characterized
by a resonant temporal response [27]. Being free of
resonances, our approach provides thus a direct access

FIG. 5. Maximum spectral width at −10 dB recorded as a
function of the GaP orientations. The different curves refer to
different THz field strengths.

FIG. 6. Change in the optical transmission in 50 μm GaP in a
strong THz field regime. (a) and (b) show the temporal evolution
of the transmission on a long and fast time scale induced by the
single-cycle THz field peaked at zero delay.

PRL 118, 083901 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

24 FEBRUARY 2017

083901-4



to the time-resolved electronic and optical dynamics driven
by the THz stimulus. We point out that losses due to
absorption are negligible for an 800 nm pulse (Fig. 6,
black curve).
The measurements indicate the coexistence of fast and

retarded carrier dynamics. The fast one occurs on a
temporal scale comparable to the driving THz field inten-
sity. In the ultrastrong field regime, the quick reduction of
the optical transmissivity at the THz peak is followed by a
slow recovery. This double behavior can be qualitatively
explained by the interplay of electronic tunneling, carrier
multiplication, and thermal effects. The fast dynamics is
alleged to Zener tunneling and successive impact ionization
while the slow dynamics to subsequent thermalization of
the semiconductor, similar to Ref. [29]. The indirect band
structure of the GaP does not allow the quick recombina-
tion of the electron-hole pairs. It is worth noting that the
recovery of the GaP transmission takes place over a time
scale longer than the delay range accessible in the experi-
ment. A closer look at the transmission before the main
pulse indicates that for fields >15 MV=cm the trans-
mission is not fully recovered after 10 ms, corresponding
to the 100 Hz repetition rate of the laser.
In conclusion, we demonstrate that the THz-induced

nonlinear XPM in GaP is a powerful means to control the
spectral properties of ultrashort laser pulses at the sub-THz
cycle. The cross-phase modulation is established through
the combination of the Pockels and the Kerr effects. The
magnitude of the effects presented in this study overcomes
by far previous works and makes the THz-driven XPM
attractive for ultrafast spectral shaping of laser pulses. In
the nonperturbative regime, the electro-optical properties
are accompanied by an ultrafast nonlinear transient modi-
fication of the optical conductivity induced by extreme high
THz fields. The effect of the THz field on the electronic
properties of semiconductors in the strong-field regime is of
great interest to foster fundamental knowledge and to open
new applications towards high-speed electronics.
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