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We compare the spectral amplitude of terahertz pulses generated using difference-frequency mixing, via the second-order
nonlinear process in CdTe and ZnTe, with numerical model calculations using the nonlinear Maxwell equation. We have
found that the spectral details of the generated terahertz pulses from CdTe are well explained by considering the effects of
optical and terahertz absorptions, diffraction, and the frequency dependence of nonlinear coefficients. This method allows us
to design tailored compound materials with improved versatility for generating specific terahertz pulse shapes.
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Recent developments in terahertz (THz) science and
technology have enabled many potential applications in
communications,1–4) material characterization,5,6) biological
and medical imaging,7,8) and rotational and vibrational
molecular dynamics.9,10) Of particular importance has been
the development of terahertz time-domain spectroscopy
(THz-TDS), allowing robust measurement of the electric
field amplitude and phase in a gated fashion obviating the
need for bolometric detection. In addition, two-dimensional
THz-TDS has resulted in the imaging of biological samples
with a view towards simultaneous chemical identification.
As a final example, the coherent manipulation of carrier
dynamics in semiconductor nanostructures,11) quantum
systems such as Rydberg atoms,12) and Cooper pairing in
superconducters13) can be investigated using THz pulses. For
many of these new applications, the ability to generate THz
radiation with a variety of temporal and spectral shapes is
required.

Our motivation in this work is to obtain an improved
understanding of THz generation process when femtosecond
optical pulses impinge on electrooptic crystals. Our emphasis
is on determining which factors most strongly affect the
resulting spectral amplitude and temporal shape of the
generated THz pulses. More specifically, using difference-
frequency mixing via the nonresonant second-order nonlinear
process in tailored compound materials, it may be possible to
improve their versatility for generating specific THz pulse
shapes. While the spectral features of THz pulses generated
from ZnTe have been widely studied,14–16,18) similar studies
for CdTe have been rare.17) Recently, ternary Zn1�xCdxTe
crystals with various composition ratios x, were studied
for the generation of THz pulses using a near-IR optical
beam.19,20) The generation of THz waves from those crystals
was experimentally observed and the optimal composition of
x ¼ 0:05 for h110i-oriented Zn1�xCdxTe was reported.

In this study, we discuss the various factors involved in
the generation process of THz beams from CdTe and ZnTe
by comparing their spectral amplitudes with results from
numerical model calculations. The temporal response and
spectral amplitude of THz pulses generated by a difference-
frequency mixing process within an ultrafast IR pulse are
mainly governed by the momentum mismatch condition
between the optical and THz pulses in the nonlinear

medium. The momentum mismatch �k influences the
inverse of the coherence length lc of the optical rectification
process for a material with dispersion at optical frequencies.
The coherence length lc, which depends on the efficiency of
THz wave generation, is given by

lcð�; �optÞ ¼
�

�k
¼

�c

�jNeffð�optÞ � nTHzð�Þj
; ð1Þ

where Neffð�optÞ is the effective refractive index for an
optical pump beam with a wavelength of �opt,

21)

Neffð�optÞ ¼ noptð�optÞ � �opt
dnoptð�Þ

d�

����
�opt

; ð2Þ

and nTHzð�Þ is the index of refraction for the generated THz
waves with a frequency of �.

If we consider an electric field of ultrafast IR pulses with
laser bandwidths of more than 2 or 3 THz, a terahertz
wave can be generated as a result of difference-frequency
generation among all the pairs of the frequency components
within each pump pulse in a second-order nonlinear medium.
The amplitude of each spectral component of the local THz
field ETHzð�; zÞ is computed by solving the nonlinear
Maxwell equation in the spatiotemporal Fourier domain:22)

@2

@z2
ETHzð�; zÞ þ "ð�Þ

�2

c2
ETHzð�; zÞ ð3Þ

¼ �
4��2

c2
Pð�; zÞ; ð4Þ

where the polarization Pð�; zÞ is the product of the second-
order nonlinear susceptibility �ð2Þð�Þ and the Fourier
components of the intensity of the pump laser pulse:

Pð�; zÞ ¼ �ð2Þð�ÞIð�Þ exp
i�z

vg

� �
: ð5Þ

Here, vg is the group velocity of the optical pulse, and if the
pump laser pulse is assumed to be Gaussian with width �opt,
the Fourier component of the intensity of the pump laser
pulse may be expressed as Ið�Þ ¼ I0 exp½�ð�opt�Þ2=2�.

The solution for this nonlinear Maxwell equation is
obtained at each point in the crystal as18)

ETHzð�; zÞ / �2�ð2Þð�ÞIð�Þz sinc
�kz

2

� �
: ð6Þ

The frequency dependence of the second-order nonlinear
coefficient, �ð2Þð�Þ, in the THz frequency region is applied�E-mail address: jwahn@kaist.ac.kr
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using the phenomenological Miller’s relation.23) The dom-
inant change of �ð2Þð�Þ is due to the frequency dependence
of the index of refraction in the THz frequency region,
which is obtained from refs. 24 and 25. The effects of
optical and THz absorption

IðzÞ ¼ I0 expð��optzÞ; ð7Þ

and

ETHz / exp½��THzðl� zÞ=2�; ð8Þ

can be substituted into eq. (6). In our experimental setup, the
beam size of the generated THz wave is comparable to the
wavelength at a THz frequency, and we need to consider the
effect of diffraction. As a function of the diffraction angle of
the THz wave, the electric field amplitude becomes26)

Eð�Þ /
J1ðkTHza sin �Þ
kTHza sin �

; ð9Þ

where a is the spot size and kTHz is the momentum at the
THz frequency. We note that the phase-matching term in
eq. (6) needs to be slightly modified as well, but in our
experiment the change turns out to be negligible.

The experiments for generating and detecting THz
radiation are carried out using �90 fs near-IR pulses from
a mode-locked Ti:sapphire laser with an 82MHz repetition
rate generating an average power of 750mW. The temporal
shape of the laser is assumed to be Gaussian, with a pulse
width of 90 fs. The laser was modulated at 2 kHz using a
mechanical chopper to enable lock-in detection. The pump
beam was polarized at 55� to the z-axis of the h110i
zincblende crystals in order to maximize the THz radia-
tion.27) The THz transient field generated via optical
rectification in the zincblende crystals was collimated and
then focused onto a photoconductive switch by two off-axis
parabolic mirrors. The spectral amplitude of the THz field
generated in 2-mm-thick ZnTe for various center wave-
lengths (760, 800, and 850 nm) is displayed in Fig. 1(b).

The optical and far-IR refractive indexes of ZnTe may
be obtained from the Sellmeier equation28) and the phonon
oscillation model,24) respectively. The results of these
calculations for 2-mm-thick ZnTe are displayed in Figs. 1(a)
and 1(c). Below the pump wavelength of 780 nm, for the 2-
mm-thick crystal, two different regions of the THz spectrum
satisfy the phase-matching condition, resulting in the
bifurcation of the generated THz spectrum. The phase-
matched region of the THz spectra generated from a given
crystal thickness of ZnTe bifurcates into two parts, and the
location of spectral split depends on the center wavelength
of the near-IR femtosecond pump beam used for optical
rectification, as shown in Fig. 1(a). When the pump laser
pulse is tuned below 760 nm, some of the low-frequency
parts of the THz pulse are phase matched below the crystal
thickness; thus, these low-frequency components do not
pass through the 2-mm-thick emitter crystal. As the center
wavelength of the pump laser pulse increases, the relative
spectral amplitude of the lower THz frequencies increases
and the spectral width of the generated THz pulse expands.
As expected, the THz spectral width becomes broader when
the excitation pulse is around 800 nm. The reason for this
is that in the vicinity of 800 nm, the optical and far-IR
refractive indices result in optimal phase matching. How-

ever, for center wavelengths longer than 800 nm, the spectral
width of the generated THz field narrows and the peak
response of the THz radiation is red-shifted to lower
frequencies. The results are comparable to the experimen-
tally measured spectral amplitudes generated with pulses
having similar center wavelengths.

By changing the crystal thickness at a fixed pump laser
wavelength for the process of THz generation, another
spectral bifurcation can be found. Figure 2 shows the
calculated spectral amplitude of the THz radiation as a
function of the crystal thickness. The wavelength of the pump
laser is assumed to be tuned in such a way that the THz
spectral bifurcation appears between the thicknesses of the
two given ZnTe crystals. As the crystal thickness increases,
the frequencies from 1.0–2.0 THz are reduced in amplitude
compared with the lower and higher frequencies. This is
consistent with the experimental results presented in Fig. 2(c)
and can be accounted for by the above discussion of Fig. 1.

The computed THz spectra of CdTe are compared with
measured results in Fig. 3. The amplitudes of the measured
THz spectrums in h110i CdTe crystals with two different
crystal thicknesses of 200 and 400 mm are shown in
Fig. 3(b). The pump laser was tuned at 780 nm. The
refractive indexes of CdTe may be obtained from refs. 25
and 28. The experiment was performed above the energy
band gap, where our experimental sample thicknesses, 200
and 400 mm, become appropriate for the measured total
absorption length of 181 mm of our sample. Although the
absorption length of CdTe at the pump laser frequency is
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Fig. 1. (a) Spectral bifurcation of generated terahertz waves from a 2-mm-

thick ZnTe crystal, shown as a function of the pump laser wavelength. The

calculation was performed using a nonlinear Maxwell equation for the

difference-frequency mixing process with the additional optical effects

described in the text. (b) Measured terahertz spectrums for three different

pump laser wavelengths: 760, 800, and 850 nm. For comparison, the

model calculations under similar experimental conditions are shown in (c).
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significant, because the laser used in the experiment has a
large bandwidth, a significant spectral portion of the optical
pulse travels the entire crystal thickness. The coherence
length for phase matching between a 0.5 THz wave and
an optical pulse is 213 mm; therefore, phase matching is
satisfied for our 200 mm sample but not for the 400 mm
sample. As the optical absorption gradually plays a larger
role in determining the spectrum, the phase-matching
condition is shown as a gentle frequency shift as a function
of thickness, as shown in Fig. 3(a), and the result is
consistent with the measured results in Fig. 3(b).

In summary, we have investigated the spectral amplitude
of THz pulses generated from h110i ZnTe and CdTe
zincblende crystals. When the generated THz pulses travel
through the crystals, spectral shaping is primarily governed
by the coherence length of the crystal. We have also found
that the effects of optical and THz absorptions, diffraction,
and the frequency dependence of nonlinear coefficients
become important for fully discussing spectral details. The
numerical analysis used for model calculations may be
extended to the consideration of other bi- and ternary
zincblende crystals such as ZnS, GaP, ZnSexTe1�x, Zn1�x-
CdxSe, and Zn1�xMgxTe when the frequency component of
the pump laser pulse and the crystal properties are varied.
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2005-205-C00024 from the Korea Research Foundation.
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Fig. 2. (a) Spectral shift and distortion due to the rapid change of the

phase-matching condition presented as a function of the crystal thickness.

(b) Measured spectra of generated terahertz waves from 1- and 2-mm-

thick crystals pumped by a laser tuned at 760 nm. (c) Model calculations

for similar experiments.
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Fig. 3. (a) Model calculation of terahertz spectrum from a CdTe emitter

with varied thickness, illuminated by a pump laser at the wavelength of

780 nm. (b) Measured and (c) calculated spectra for the two different

crystal thickness of 200 and 400 mm.
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