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Abstract—Physical mechanisms of formation of radiation losses in the terahertz range in ZnGeP, crystals
have been experimentally studied in the wave number range of 5—350 cm~! at temperatures of 10—300 K. The
dominant contribution of two-phonon difference processes to the loss formation in the given frequency range

has been shown.
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1. INTRODUCTION

The use of the terahertz (THz) frequency range
(10''—10"3 Hz) necessitates the quantitative descrip-
tion of electrodynamic characteristics of advanced
materials used in the development of active and passive
elements for this range. Materials used for develop-
ment of THz radiation sources are of special interest.
One of the methods for generation of THz radiation is
the generation at a difference frequency upon pump-
ing of nonlinear optical crystals by two-frequency laser
radiation [1—4]. Another method is the excitation of
broadband THz radiation by femtosecond laser pulses
[5-7].

A promising crystal in which both the methods for
generation of THz radiation are realized is zinc ger-
manium diphosphide ZnGeP,. It has high nonlinear
susceptibility and birefringence coefficients, sufficient
for satisfying the conditions for the phase matching in
wide spectral ranges [8]. The practical value of this
crystal is also determined by its high optical break-
down threshold, good thermal conductivity, tempera-
ture, angular, and spectral synchronism widths,
mechanical strength, and resistance to increased
humidity and aggressive media [9].

The terahertz range is the region of the dispersion
of various types of dipole absorption determining the
losses of radiation generated in the nonlinear optical
crystal itself. In [10], by submillimeter and infrared
spectroscopy, absorption additional to phonon
absorption was found in single crystal ZnGeP,. It was
shown that, at room temperature, this absorption has
a diffuse character, i.e., is distributed in a wide fre-

quency range without well-defined resonances. As a
result, it was supposed that the determining role in the
formation of dielectric losses in the THz range is
played by free carriers.

Single crystal ZnGeP, is an indirect-band-gap
semiconductor. In the literature, it is characterized by
three band gaps determined by the structure of the
valence band: A', B', and C'. The minimum band gap is
1.99 eV at room temperature [11, 12]. Due to the
structural defects and vacancies in the band gap of
these crystals, deep and shallow levels are formed. The
presence of shallow levels, whose activation energy is
about 0.6 eV, results in the enrichment of the spectrum
in the mid-infrared region with additional absorption
bands.

Free carriers in the conduction band, which are
activated by two-photon absorption under the action
of laser pulse [13], can also cause additional losses.

The aim of the present work is to reveal mecha-
nisms forming the absorption in the submillimeter—
THz spectral range in ZnGeP, and determine the
parameters of this absorption.

2. EXPERIMENTAL TECHNIQUE, RESULTS,
AND DISCUSSION

A ZnGeP, single crystal was grown by the technol-
ogy presented in [14—16]. From the boule obtained,
an oriented parallel-sided plate with a thickness of
0.405 mm was cut. The crystallographic axes a and ¢
were located in the plane of the plate. The spectral
measurements were performed in the frequency range
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from 5 to 700 cm™! at temperatures of 10—300 K for
two polarizations: E || ¢ and E L ¢. The transmission
spectra were measured by a submillimeter backward
wave oscillator (BWO) spectrometer “Epsilon” (5—
32 c¢cm™") [17] and a Bruker IFS-113v IR spectrometer
(25—-350 cm™"). The IR spectrometer was also used for
measuring the reflectance spectra in the range of 30—
700 cm~!. The polarizer was a metallic grid applied
onto a 60-um-thick polyethylene film. The parame-
ters of IR-vibrations were determined in the Drude—
Lorentz model with three fitting parameters: v; is the
oscillator eigenfrequencys; g; is the dielectric contribu-
tion to the static permittivity, y; is the damping of the
ith oscillator, and €, is the high-frequency permittivity.
In this case, the frequency dependence of the complex

2
s (vy—

eF(v) =
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permittivity is expressed in the form of a sum of har-
monic oscillators:

Asv

g, + Z (1)
i 1v -V + zvy,

The calculated spectrum was fitted to the experimen-

tal data by minimizing the root-mean-square devia-

tion of the model spectrum from the experimental one

by varying the parameters of the dispersion model for

calculating the reflectance spectrum‘

A€ *(v)—l
JeF(v)+1

When calculating the asymmetric strongly broadened
bands, we used the model of interacting oscillators [18]:

e*(v) =

R(v) = ()

v+ ivy,) + sz(vf v+ ivy)) —2./s8,(a+ivd)

2 2. 2
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v2+ivy2)—(oc+iv8)2 ’ 3)

2
= Ag,v;,

where a is the real part of the coupling constant, which
determines the renormalization of the frequencies v;;
0 is the imaginary part, which determines the defor-
mation of the contours of absorption of interacting
modes; and s; is the oscillator strength (i = 1, 2).

Single crystal ZnGeP, belongs to the group of

A“B‘VC;/ -type triple semiconductors. It has the struc-

Table 1. Parameters of dispersion modeling of transmis-
sion—reflection spectrain THz and IR ranges of single crys-

ture of chalcopyrite (space group D;fi = [42d) with the

lattice parameters a = 5.465 A and ¢ = 10.708 A; the
center of symmetry of the lattice is absent [19]. The
elementary cell of ZnGeP, contains eight atoms,
which corresponds to two formula units Z = 2. Factor
group analysis admits the existence of 24 phonon
branches. Long-wavelength normal vibrations are dis-
tributed over three types of symmetry: A, + 24, +
3B, +4B,+ 7F. Inthe IR spectra, the modes B,(z) and
E(x, y) are active [20, 21].

Figure 1 shows the reflectance spectra measured at
room temperature. We can distinguish with certainty

tal ZnGeP,. T =300 K, E || ¢, and &, = 10.2 (IR-active . . .
phonons arze emphasized by i|‘|ualic font) ( two (Fig. 1a, E || ¢) and four (Fig. 1b, E L ¢) IR-active
Oscillator Ag v, cm™! Y, cm~! | §, cm™!
Table 2. Parameters of dispersion modeling of transmis-
1.1 0.001 39 15 17 sion—reflection spectra in THz and IR ranges of single crys-
1.2 0.02 97 62 tal ZnGeP,. T =300 K, E L ¢, and ¢, = 9.7 (IR-active
phonons are emphasized by italic font)
2.1 0.006 120 19 —-9.5
22 0.002 131 13 Oscillator Ag v,em™ !y, em™!| §,cm™!
3.1 0.006 191 29 2.6 1.1 0.0009 39 15 |60
3.2 0.008 209 38 1.2 0.021 97 62
4.1 0.003 225 15 0.21 2.1 0.007 136 17 —1.94824
4.2 0.005 237 20 22 0.003 141 2
5 0.002 254 11 0.004 142.5 2
6 0.006 266 24 4 0.3 201 3.4
7 0.01 288 15 5 0.5 327 5.9
8.1 1.3 342 35 | —-15 6 1.0 365 3
82 0.3 400 2.7 7 0.3 384 13
ZA&phonon = 1.6 2A&phonon = 2.1
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Fig. 1. Reflectance spectra (R) of single crystal ZnGeP,

(points—experiment, lines—calculation) obtained for
(@) E|lcand (b) E Lec.

modes in the corresponding polarizations. We can see
the deviation between the calculated and experimental
spectra at the low-frequency edge of the range. It is
explained by instrumental limitations of the IR Fou-
rier spectrometer, which do not provide the sufficient
accuracy of detecting the multi-beam interference in
the transparency region of the sample. The interfer-
ence was detected in the transmission spectra mea-
sured in the low-frequency part of the range.

The experimental transmission spectra in the cor-
responding polarizations are shown in Fig. 2. The res-
onance lines near 120 cm™' for E || ¢ (Fig. 2a) and
140 cm~! for E L ¢ (Fig. 2b) correspond to IR-active
phonons, which were not detected in the reflectance
spectra due to the smallness of their dielectric contri-
butions. It was found that the band in the vicinity of
140 cm™! for the E L ¢ polarization consists of two
closely placed resonance lines.

Tables 1 and 2 present the parameters of the disper-
sion modeling of the experimental reflectance and
transmission spectra measured at room temperature in
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Fig. 2. Transmission spectra of single crystal ZnGeP,

(points—experiment, lines—calculation) for polariza-
tions (a) E||cand (b) E L c.

two polarizations. As is evident from the tables, the
electron contribution €, into the dielectric permittiv-
ity exceeds approximately five-fold the total dielectric
contribution XAg,0,0, Of IR-active phonons. The
anomalously high dielectric permittivity €, ~ 10 is also
caused by the contribution of electron transitions from
impurity levels in the band gap [19]. The small phonon
contribution suggests a dominantly covalent character
of chemical bonds in the ZnGeP, crystal with a rela-
tively small fraction of ionic character.

From the parameters of dispersion modeling, the
transmission spectra (E || ¢) in the THz frequency
range (Fig. 3) for two temperatures: 300 K (Fig. 3a)
and 10 K (Fig. 3b) were calculated. We can see that the
difference between the experimentally measured
transmission spectrum and the spectrum calculated
from the parameters of IR-active phonons is pro-
nounced better at room temperature (Fig. 3a). Upon
cooling the sample to 10 K, the deviation becomes
minimal. At these temperatures, the spectra of dielec-
tric losses €"(v) have been calculated (Fig. 4). The
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Fig. 3. Transmission spectra of single crystal ZnGeP, (E ||
c¢)at T=(a) 10 K and (b) 300 K. Points are the experimen-
tal data. Line / is transmission spectrum calculated from
parameters of optical phonons, and line 2 is the transmis-
sion spectrum calculated from parameters of optical
phonons with allowance for additional absorption.

comparison of the spectra shows that, at low tempera-
tures, the residual contribution of the additional losses
into the THz regions persists and the total loss in this
case is reduced by an order of magnitude.

The increase in the transparency of the sample in
the THz range upon cooling may be interpreted as a
reduction in its conductivity [10]. The presence of a
pronounced dispersion in the dielectric response spec-
trum in a limited frequency range does not agree with
the classical Drude model of conduction

GH(V) = —2

4

1 -i2nevt’

where G, is the static conductivity and 7 is the average
time between successive collisions. Since the activa-
tion energy of the known interlevel transition corre-
spond to the IR spectral region, the Drude model
excludes noticeable dispersion of conductivity, caused
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Fig. 4. Spectrum of the imaginary part of dielectric permit-
tivity €" of single crystal ZnGeP, for E || ¢. Line / is the

spectrum ¢" calculated from parameters of optical
phonons at 7= 10 K, line 2 is the spectrum &" calculated
from parameters of optical phonons with allowance for
additional absorption at 7= 10 K, and line 3 is the spec-
trum ¢" calculated from parameters of optical phonons
with allowance for additional absorption at 7= 300 K.

by the presence of free carriers in semiconductors in
the THz range [22].

The typical values of the static resistivity of
ZnGeP, at room temperature are ~10°—107 Q cm.
Substituting the value of the static conductivity into
the Drude model and determining the transmission
coefficient in the submillimeter-wave range have
shown that the contribution of the conductivity on the
level of 10 does not allow one to describe the exper-
imentally observed absorption. Figure 5 shows the
dynamic conductivity spectrum calculated from the
parameters of dispersion modeling. The data pre-
sented imply that the role of conductivity in the for-
mation of losses in the THz range is insignificant. The
phonon contribution to the dynamic conductivity
exceeds it by 2—3 orders of magnitude. Additional
absorption mechanisms in the THz range increase this
difference at least by an order.

Figure 6 shows the spectrum of dielectric loss £"(v)
of single crystal ZnGeP, in the E || ¢ polarization at
room temperature. The dashed region under the total
spectrum, denoted by 2, shows the contribution addi-
tional to the phonon contribution, denoted by line /.

The additional losses are described in the model by
a set of interacting oscillators (3). The calculation of
the spectra by the Drude—Lorentz model (1) has
shown that, upon cooling the sample, the oscillator
eigenfrequencies in the THz range remain practically
unchanged. In this case, the additional losses
decrease. For IR-active phonons, we observe the ordi-
nary narrowing of contours, caused by the reduction in
the damping. The temperature evolution of the trans-
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Fig. 5. Dynamic conductivity spectra of single crystal
ZnGeP,. Line [ is the total conductivity spectrum
obtained by simulation of the transmission and reflection
spectra, line 2 is the phonon contribution to conductivity,
and line 3 is the contribution to static conductivity.

Ag, 1073
10 . . . . .

[ Exp. error

Fig. 7. Temperature dependences of the dielectric contribu-
tions Ag; of single crystal ZnGeP, for different frequencies.

mission spectra in the THz range is described by the
reduction in the dielectric contributions of model
oscillators (Fig. 7).

As was noticed above, such a temperature depen-
dence of the electrodynamic parameters in the THz
range cannot be interpreted in the framework of the
Drude model and excludes the phonon nature of the
additional absorption because of the violation of the
f-sum rule. The additional losses are interpreted in
the framework of the model of multiphonon differ-
ence transitions in [23, 24], where the temperature
dependence of absorption spectra, determined by the
difference between the population of the optical and
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Fig. 6. Spectra of the imaginary part of dielectric permit-
tivity of single crystal ZnGeP, (E || ¢) at 7= 300 K. Line /
is the spectrum &" calculated from parameters of optical
phonons, and line 2 is the spectrum €" calculated from
parameters of optical phonons with allowance for addi-
tional absorption.
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Fig. 8. Temperature dependences of the absorption coeffi-
cient a; of single crystal ZnGeP, for different frequencies.

acoustical branches, is analyzed. In the approxima-
tion of a small temperature dependence of the popu-
lation of the optical branch, we may assume that the
intensity of transitions is determined by the occupa-
tion of the acoustic branch on the boundary of the
Brillouin zone. The absorption in the region of differ-
ence two-phonon transitions is described by the linear
temperature dependence [23] according to the Bose—
Einstein law:

_ 1
P (mw/keT 7
e —

1

(&)
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where #; is the number of particles in the ith state, g; is

the energy of the ith state, p is the chemical potential
of the system, and kp is the Boltzmann constant.

The obtained temperature dependence of the
absorption coefficient at the frequencies correspond-
ing to the difference multiphonon processes is shown
in Fig. 8. The typical values of the model dielectric
contributions describing these absorption processes do
not exceed 102 [25].

Unlike simple two-atom ionic crystals considered
in the cited works [23—25], single crystal ZnGeP, has
more complex structure of the phonon branches in the
Brillouin zone. The double folding of the Brillouin
zone leads to an increase in the phonon state density
and formation of residual THz absorption at low tem-
peratures [26].

3. CONCLUSIONS

The experimental studies of single crystal ZnGeP,
by THz and IR spectroscopy have revealed additional
phonon absorption at the frequencies of 50—300 cm™!
with a pronounced temperature dependence. Asym-
metric contours of this absorption have been described
in the framework of the model of interacting oscilla-
tors. It has been established that the temperature
dependence of model dielectric contributions and the
frequency range of additional absorption dispersion
suggest a dominant character of difference two-
phonon processes, which, in addition to the one-
phonon contribution and the increase in the phonon
density of states due to the double folding of the Bril-
louin zone, form the dielectric losses in this crystal in
the THz frequency range.
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