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Abstract.  The influence of a short intense (with an electric field 
strength up to 250 kV cm–1) terahertz (THz) pulse on the genera-
tion of second harmonic (SH) of Ti : sapphire laser radiation in 
crystals of zinc blende type (InAs and GaAs), characterised by non-
zero bulk quadratic susceptibility, is investigated. It is experimen-
tally shown for InAs(100) that, in the case of s-polarised first and 
second harmonics, an application of s-polarised THz field changes 
significantly the SH signal. The THz field-induced azimuthal dep
endence of the SH signal is in good agreement with the results of 
theoretical calculation within a phenomenological approach. The 
dependence of the SH signal on the delay time between the optical 
and THz pulses is investigated. This dependence for the GaAs crys-
tal repeats the envelope of the THz pulse intensity, whereas in the 
case of InAs crystal there is a significant discrepancy, caused by the 
nonlinear dynamics of strong THz field in InAs.

Keywords: second harmonic, femtosecond laser pulses, THz field, 
zinc blende.

1. Introduction

Second-harmonic generation (SHG) is one of the first demon-
strated effects of nonlinear optics [1]. In zinc-blende-type 
GaAs and InAs crystals (point symmetry group 43mr ) SHG is 
allowed (in the electric dipole approximation) in bulk [2]; 
however, since these crystals have a relatively narrow band 
gap, the second harmonic (SH) radiation in the visible and 
near-IR ranges undergoes strong absorption, as a result of 
which efficient SHG in their bulk is impossible. At the same 
time, these crystals are actively used to design metastructures, 
in particular, semiconductor lasers [3], waveguides [4], and 
various nanostructures [5, 6]. In view of the relatively small 
SH penetration depth into the crystal bulk, the SH cha
racteristics are generally measured in backscattered geome-
try, where the surface contribution to the SHG may be com-
parable with that of the bulk source [7]; due to this, one can 
study surface effects.

One of the ways to develop the SHG method is to apply 
an external dc field to a sample under study. In this case an 
additional SH source is the cubic nonlinearity of the material, 
which makes it possible, in particular, to analyze the SHG in 

centrally symmetric media, where it is forbidden in bulk in the 
electric dipole approximation in view of the symmetry prop-
erties [8 – 10]. However, the use of dc fields for solving SHG 
problems has evident limitations. First, a system of electrodes 
must be designed to apply a dc field. The electric field distri-
bution in the near-electrode regions may be fairly compli-
cated. In addition, when studying crystalline samples, the pos
ition of deposited electrodes is rigidly fixed, for example, with 
respect to the crystallographic axes; this is an additional limi-
tation on variation in parameters when carrying out experi-
ments.

We propose to use intense ultrashort terahertz (THz) pul
ses to expand the potential of SHG method when studying 
various materials. A femtosecond laser is used as an optical 
radiation source, which provides sufficiently high intensities 
in material to implement efficient SHG. Due to the higher 
freedom (as compared with a dc field) in orienting the polari-
sation of electromagnetic THz field, one can increase the num
ber of combinations of different polarisations (optical pump-
ing – THz radiation – SH), characterising the nonlinear prop-
erties of the sample, and thus make experimental data more 
informative. In addition, the short (picosecond) duration of 
THz pulses makes it possible to investigate samples in strong 
electric fields (with a strength on the order 1 MV cm–1 or more), 
which cannot be done in the case of dc fields because of mate-
rial breakdown. Such high strengths of THz pulse field (up to 
100 MV cm–1) were demonstrated previously [11]. Another 
important feature of the proposed approach is the possibility 
of studying SHG by changing the time delay between the 
optical and THz pulses. This means that the dynamics of the 
medium nonlinear response directly affecting SHG (phonon 
excitation, generation of free carriers, etc.) can be studied with 
a subpicosecond temporal resolution, determined by the THz 
pulse duration.

Note that the combining of optical pumping, second har-
monic, and THz radiation was previously used in some works 
to diagnose THz fields [12, 13] and study the dynamics of mol
ecular motion in liquids [14] or the lattice dynamics in inor-
ganic ferroelectrics [15].

In this paper, we report the results of studying the influ-
ence of short-pulse THz radiation with an electric field stre
ngth up to 250 kV cm–1 on the generation of second optical 
harmonic of femtosecond laser radiation in crystals with a 
zinc-blende-type structure: InAs(100) and GaAs(100). Azimu
thal dependences of the SH signal, caused by the components 
of both quadratic and cubic nonlinear susceptibility in crys-
tals, are calculated within a phenomenological approach and 
confirmed experimentally. The dependence of SH signal on 
the delay time between optical and THz pulses is measured.
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2. Calculation of azimuthal dependences

When studying crystalline samples, one of the main SHG cha
racteristics is the azimuthal dependence of the SH signal on 
the sample rotation angle q relative to the normal to the sam-
ple surface (Fig. 1). In this case the angle of incidence of light 
remains invariable, and the SH signal is determined by the 
dependence of the components of the induced nonlinear pol
arisation vector P , ,

( )
x y z
2w  on the angle q in the laboratory coordi-

nate system. Within the phenomenological approach, the non
linear SH polarisation induced in a material by optical and 
THz fields E (w) and E T, respectively, can be presented in the 
electric dipole approximation [16] as

P ( )
i
2w  = E E( ) ( ) ( )

ijk j k
2c w w  + E E E( ) ( ) ( ) T

ijkl j k l
3c w w ,	 (1)

where the subscripts i, j, k and l take values x, h and z, corre-
sponding to the crystallographic axes. The first term on the 
right-hand side of (1) describes the contribution of quadratic 
nonlinearity and corresponds to the SHG induced by only the 
optical field. The second term, determined by cubic nonlin-
earity, corresponds to the SHG in the presence of additional 
(THz in our case) field. It follows from the symmetry of the 
zinc-blende-type lattice that the quadratic nonlinear suscepti-
bility tensor ( )

ijk
2c  in the crystallographic coordinate system has 

six identical nonzero components,

( )2cxhz  = ( )2cxzh  = ( )2chzx  = ( )2chxz  = ( )2czxh  = ( )2czhx  º ( )
0
2c ,	 (2)

and the cubic nonlinear susceptibility tensor ( )
ijkl
3c  has 21 non-

zero components [2, pp 47, 53]:

( )3cxxxx  = ( )3chhhh  = ( )3czzzz  º ( )
1
3c ,

( )3cxxhh  = ( )3chhxx  = ( )3cxxzz  = ( )3czzxx  = ( )3czzhh  = ( )3chhzz  º ( )
2
3c ,

( )3cxhxh  = ( )3chxhx  = ( )3cxzxz  = ( )3czxzx  = ( )3czhzh  = ( )3chzhz  º ( )
2
3c ,	

(3)

( )3cxhhx  = ( )3chxxh  = ( )3cxzzx  = ( )3czxxz  = ( )3czhhz  = ( )3chzzh  º ( )
3
3c .

The result of recalculating the nonlinear polarisation in 
the laboratory coordinate system depends strongly on the cry
stal surface orientation. Having multiplied the tensors ( )

ijk
2c  and 

( )
ijkl
3c  by the transition matrix from crystallographic to labora-

tory coordinate system, with allowance for the rotation by 
angle q, we obtained analytical expressions for the nonlinear 
polarisation components P , ,

( )
x y z
2w (q) for the (100) orientation of 

zinc-blende-type lattice. Below we report the corresponding 
expressions for only those nonlinear polarisation components 
that were experimentally investigated:

s – s: P ( )
y
2w  = 0,	 (4)

s – s – s: P ( )
y
2w  = ( ) [ (4 )]cosE E ( ) ( )T

y y
2

1
3c c c qD D- +w ,	 (5)

p – s: P ( )
y
2w  = 2 ( )cosE E 2( ) ( ) ( )

x z0
2c qw w ,	 (6)

p – s – s: P ( )
y
2w  = 2 ( )cosE E 2( ) ( ) ( )

x z0
2c qw w

	 + { [( ) ( ) ]E E E( ) ( ) ( )T
y x z1

3 2 2c +w w

	 + ( ) [ ( )]}cosE 1 4( )
x

2c qD -w .	 (7)

Abbreviated designations of the polarisations of fields 
involved in interaction (Fig. 1) are indicated on the left of the 
formulas. The electric field vector of p-polarised wave lies in 
the plane of incidence, whereas in the case of s-polarised wave 
the field vector is perpendicular to this plane. The first and 
last letters correspond to the polarisations of the first and sec-
ond optical harmonics, respectively, while the letter in the mid-
dle (when there is one) corresponds to the THz field polarisa-
tion. In the s – s case, SHG is absent in the absence of THz 
field. An application of a THz field (the s – s – s case) gives rise 
to nonlinear polarisation, whose azimuthal dependence con-
tains isotropic (independent of angle) component ( )

1
3c  – D c, 

where D c = ( ( )
1
3c  – 2 ( )

2
3c  – ( )

3
3c )/4, and an anisotropic compo-

nent, proportional to D ccos(4q). For the p – s case, as well as 
for the other (s  – p and p – p) cases, SH generation in zinc-
blende-type crystals with the (100) orientation is allowed in 
the electric dipole approximation. An application of THz field 
leads to additional contribution to the nonlinear polarisation, 
having both isotropic and anisotropic components. The value 
of this contribution depends linearly on the THz field strength 
and is determined by the nonlinear susceptibility tensor of hig
her (third) order.

3. Schematic of the experiment

The experimental setup for studying the SHG in semiconduc-
tor samples is shown in Fig. 2. The light source was a Ti : sap-
phire laser (Spitfire, Spectra-Physics), generating femtosecond 
pulses with a centre wavelength of 795 nm, an energy of 
0.4  mJ, a pulse duration of 70 fs, and a repetition rate of 
600  Hz. Most of the laser beam energy was used to generate 
THz pulses by the method of tilted intensity front in a nonlin-
ear LiNbO3 crystal [17]. The generated THz radiation was 
collected and focused tightly on the sample using a system of 
parabolic mirrors PM1, PM2, and PM3. The first two mir-
rors, PM1 and PM2, with effective focal lengths of 2.5 and 
19  cm, respectively, were arranged confocally; they served to 
increase the THz beam transverse size. The third mirror, 
PM3, with an effective focal length of 5 cm and a diameter of 
5 cm, focused THz pulses on the sample. The maximum THz 
field strength at the focal point was 250 kV cm–1. The trans-
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Figure 1.  Geometry of the problem for calculating the azimuthal de-
pendence.
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verse size of the THz beam on the sample was about 500 mm at 
the half maximum of field amplitude. Two thin-film THz 
polarisers, P1 and P2 (Tydex), were used to change the THz 
field amplitude and polarisation.

A smaller (in energy) part of laser radiation (probe pulse) 
was used for SHG. The pulse energy and polarisation were 
varied using a l/2 plate and an optical polariser. The probe 
optical beam was focused by lens L3 on the sample and ali
gned (after passing through a hole in mirror PM3) with the 
THz beam. A filter was installed before PM3 to cut off the 
spurious frequency-doubled radiation from the optical chan-
nel. The sample was fixed on a translation stage (rotating rel
ative to the normal to the sample surface) and oriented at an 
angle of 45° with respect to the incident optical and THz 
beams. The SH signal was detected using a Hamamatsu 
R4220 photoelectron multiplier, with filters (cutting off for-
eign radiation) and a Glan prism at its input. A relative time 
delay between the optical probe pulse and THz pulse was 
implemented using a motorised delay line.

4. Experimental results and discussion

The SHG experiments were performed on samples of undoped 
InAs(100) and lightly doped GaAs(100) with a conductivity 
of 1 kW cm. The dependences of the SH signal on the energy 
of optical and THz pulses and the sample rotation angle q at 
different relationships between the polarisations of the THz 
field and the first and second harmonics of light were investi-
gated. We also analysed how a change in the delay between 
the THz and optical pulses affects the time dependence of the 
SH signal.

As was noted above, in view of the absence of central sym-
metry in the crystals studied, the SH is efficiently generated in 
the sample bulk for most relationships between the polarisa-
tions of the first and second harmonics. The influence of the 
THz field turned out to be insignificant for these combina-
tions of polarisations and SH radiation. Figure 3 shows an 
angular dependence of the SH signal from an InAs crystal for 
the p – s case (the THz field was absent). Four maxima in the 
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Figure 2.  Schematic of the experimental setup: ( L1, L2, L3 ) lenses; ( PM1, PM2, PM3 ) parabolic mirrors; ( GP ) Glan prism; ( KS19, BG39 ) optical fil-
ters; ( NBF ) narrowband filter ( 400 ± 40 nm ); ( P1, P2 ) THz polarisers; ( P3 ) optical polariser; ( PMT ) photomultiplier tube. The inset shows the 
THz-field temporal profile.
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Figure 3.  ( Colour online ) Azimuthal dependences of the SH signal 
generated in an InAs(100) crystal: the p – s ( blue circles ) and s – s – s 
( black rhombs ) polarisation combinations.
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angular dependence, which were previously experimentally 
observed in [8], are described well within the pheno
menological model taking into account the crystal symmetry 
(see formula (7) and [8]). An application of s-polarised THz 
field (the p – s – s case in our designations) changes only slig
htly the SH signal.

As follows from the phenomenological theory for a crystal 
with the (100) orientation and zinc blende-type lattice, SHG 
should be absent for the s – s combination of polarisations of 
the first and second harmonics [see formula (4)]. However, an 
experimental study of this combination revealed a nonzero 
second-harmonic signal Sbg(q), which depended on the azi-
muthal angle q. This background (spurious) signal is most lik
ely due to the error in orientating the sample crystallograp
hic axes. Nevertheless, an application of s-polarised THz field 
(s – s – s combination) led to a significant increase and change 
in the azimuthal dependence. The thus obtained dependence 
S(q) contained both the background signal Sbg(q) and the 
THz-field induced informative signal STHz(q). To select the 
signal STHz(q), it was assumed that the phase of the sources of 
background and THz signals are shifted relative to each other 
by some constant value j, which is independent of the azi-
muthal angle q. Then, in the absence and in the presence of THz 
field, the SH signals from the sample surface can be presented, 
respectively, as |Abg(q)|2 and |Abg(q) + ATHz(q)exp(ij)|2, where 
Abg(q) is the background source amplitude and ATHz(q) is the 
amplitude of the THz-field induced source (both amplitudes 
are considered to be real). Under the assumption that the 
dependence ATHz(q) is described by (5), we compared the func-
tion |Abg(q) + ATHz(q)exp(ij)|2 with the experimental depen-
dence S(q), taking into account that |Abg(q)|2 µ Sbg(q). As a 
result, we found the unknown value j and selected the infor-
mative signal STHz(q) µ |ATHz(q)|2, which is shown in Fig. 4. 
It can be seen that the azimuthal dependence STHz(q) obtained 
from experimental data is described adequately by the func-
tion (P ( )

y
2w (q))2, where P ( )

y
2w (q) is determined by theoretical 

formula (5).

Figure 5 shows a dependence of the SH signal from InAs 
crystal on the squared THz field amplitude for the s – s – s com
bination of polarisations (the azimuthal angle q was chosen 
such as to make the background signal Sbg(q) negligible). The 
measurements were performed at a delay between the optical 
and THz pulses corresponding to the maximum THz field 
ETHz. The approximation of experimental data turned out to 
be close to linear, which is in agreement with theory [S(q) µ 
(P ( )

y
2w )2 µ ETHz

2 ].
The dependence of the SH signal on the squared laser pul

se energy Wopt
2  is presented in Fig. 6. It can be seen that exper-
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Figure 4.  Azimuthal dependence of the SH signal induced by THz field 
in an InAs(100) crystal for the s – s – s polarisation combination (rho
mbs). The solid curve is an approximation of experimental data by the 
dependence of squared modulus of expression (5).
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Figure 5.  Dependence of the SH signal on the squared THz field, mea-
sured in an InAs(100) crystal for the s – s – s polarisation combination 
( rhombs ). The solid line is a linear approximation of experimental data.
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Figure 6.  Dependence of the SH signal on the squared light pulse ener-
gy in an InAs(100) crystal for the s – s – s polarisation combination.
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imental points fit well a straight line; i. e., the SHG under con-
sideration is a nonlinear second-order process.

As was noted above, the joint use of femtosecond optical 
and short THz pulses allows one to investigate the SHG tem-
poral dynamics by changing the time delay between the pul
ses. Figure 7 shows normalised time dependences of the SH 
signal for InAs(100) and GaAs(100) crystals in the case of the 
s – s – s polarisation combination, as well as the temporal sha
pe of squared THz field strength, reconstructed from the exp
eriments. For GaAs, as it was expected in correspondence with 
(1), the shape of SH signal mainly repeats the temporal profile 
of squared THz field (Fig. 7a). The difference of the measured 
SH signal from zero in the range of minima of squared THz 
field strength (at delay times of – 0.25 and 0.2 ps) is explained 
by the finite optical pulse duration.

The situation is radically different for the InAs crystal 
(Fig. 7b). In the vicinity of the left lateral maximum (at nega-
tive delays) the SH signal is much higher than the squared 
THz field amplitude normalised to maximum, whereas in the 
vicinity of the right lateral maximum (at positive delays) it is 
much lower. In our opinion, this fact can be explained by the 
distortion of the time dependence of THz pulse field in the 
InAs crystal, which is due to the influence of strong THz field 
on the electrodynamic properties of InAs. Indeed, even in the 
first lateral maximum the THz field strength exceeds 30 kV cm–1. 
Such fields in InAs may cause impact ionisation and increase 
significantly the carrier concentration in the conduction band 
[18]. While the carrier concentration increases, the trailing part 
of the THz pulse becomes screened, and, correspondingly, the 
SH signal decreases, which manifests itself in the asymmetric 
temporal shape of SH signal. Gallium arsenide, which is char-
acterised by a much wider band gap, does not exhibit any 
such anomalies in the SH temporal behaviour.

5. Conclusions

The influence of intense short THz pulses (with a field strength 
up to 250 kV cm–1) on the generation of reflected SH of 
Ti:sapphire laser femtosecond radiation in zinc-blende-type 
InAs(100) and GaAs(100) crystals was investigated. The dep
endences of the SH signal on the azimuthal rotation angle of 
sample, THz field strength, and optical radiation energy were 
measured. It was shown that an s-polarised THz field changes 
significantly the SH signal when the first and second harmon-
ics are also s-polarised; the reason is that the SH signal is zero 
in the absence of the THz field (within the dipole approxima-
tion). In this case, the measured azimuthal dependence of the 
SH signal is in good agreement with the theoretical phenom-
enological model. For other combinations of polarisations of 
the first and second harmonics the THz field barely affects the 
SH signal, which is due to a small contribution of the nonlin-
ear polarisation induced by this field to the quadratic response 
of the medium (because of the nonzero quadratic susceptibil-
ity of the crystals studied). It was found that the dependence 
of the SH signal on the delay time between the optical and 
THz pulses in InAs crystals does not reproduce the theoreti-
cally predicted shape, corresponding to the time dependence 
of the squared THz field. In our opinion, this discrepancy is 
due to the nonlinear dynamics of the THz field (because of the 
influence of its high strength on the concentration and dynam-
ics of carriers in InAs crystals).
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