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In this experimental work a conception of the phonon spectra of the Hg1−xCdxTe�x=0.06–0.7� solid solution
is presented which explains the presence of additional lines in the region 100–115 cm−1. Data of the optical
reflectivity measurements obtained in far and middle infrared regions for eleven compositions of these alloys
in the temperature range from 20 to 293 K using the synchrotron radiation �DA�NE-LIGHT in LNF, Italy� as
source are analyzed. Analyses were performed on samples of different types �n and p type� of conductivity as
well as the temperature dependences of the line intensity under consideration in the region from 70 to
118 cm−1. The model of two valley potential of the mercury atom in the Hg1−xCdxTe lattice is used for
interpretation of the additional phonon modes.
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I. INTRODUCTION

It is well known that Hg1−xCdxTe �MCT� is a very impor-
tant material, not only for applications but also as a modeling
material for theoretical considerations because the energy
gap changes continuously from 0 eV �with x=0.16 at 4.2 K�
to 1.6 eV �with x=1� passing through the singularity point
where the inversion of the band structure occurs. The MCT is
still the main material for infrared devices, mainly for
8–12 �m wavelengths. Additionally, the Hg1−xCdxTe quan-
tum wells look promising for the high efficient infrared de-
tectors and microelectronic devices. The problems relating to
the electron structure of Hg1−xCdxTe is to stay sufficiently
clarified. It does not concern the phonon spectra. Recent
work1 concludes a series of a systematic re-examination of
the phonon mode behavior of leading zinc-blend semicon-
ductor alloys in the traditional virtual crystal approximation.
The percolation model of the “one-bond and two mode” con-
sideration developed for the long wave phonons in
Hg1−xCdxTe is presented.

The experimental investigation of the Hg1−xCdxTe phonon
spectra was undertaken by Kozyrev et al.2 The composition
dependence of the subtle structure of two subbands HgTe-
like and CdTe-like observed were analyzed in detail and an
interpretation in terms of based cells �tatrahadra� generating
eight phonon modes, named canonical phonon modes �CPM�
was presented. Nevertheless, the region below 118 cm−1 was
excluded from consideration in Ref. 2. However several ex-
periments indicated that in the range around 100–115 cm−1

additional lines3–10 are located. There are important guiding
principles that these lines are related to the defects.6–10 This
suggestion is presented too in another experimental work
dedicated to the HgCdTe phonon spectra �see Ref. 7�.

The MCT system is unique because the lattice mismatch
is practically zero: from the EXAFS measurements11 the

nearest-neighbor bond lengths in the Hg1−xCdxTe crystals are
found to be constant as a function of alloy compositions
within experimental uncertainties 0.01 Å. It means that sub-
stitution of Hg-cation by Cd-cation does not give rise to the
distinguished lattice deformations. On the other hand, the
weak Hg-Te bond �introducing Cd-atoms to the lattice
weaken this bond more in MCT �Ref. 12�� cause such self-
defects as Hg-vacancy which are thermodynamically stable
in the Hg-sublattice.13

It is known that far-infrared �FIR� spectra give direct in-
formation on phonon modes and impurity levels in the crys-
tal lattices. Infrared spectroscopy enables us also to obtain
information about their real crystalline microstructure and
interior interactions.14 If the intrinsic point defects or impu-
rity defects are present in the ideal tetrahedron structure, ad-
ditional frequencies, related to the specific properties of each
defect appear in the optical spectra. Indeed, all such defects
deform the ideal elemental tetrahedron described as a cation/
anion at the center of a tetrahedron with four anions/cations
at its vertexes. The size of the tetrahedron deformation de-
pends on the kind of defects. Actually, the tetrahedron defor-
mation modifies the electron charge distribution within the
tetrahedron and consequently affects the distribution of the
potential and of the field around all the constituents. The
perturbation of the force field is responsible for the change in
the vibrational spectra, with the appearance of new or modi-
fied frequencies due to local or resonant vibrational
modes.15–19 An additional mode caused by introducing the
hydrogen atoms into the tetrahedra in the crystal lattice of
CdTe was observed in the FIR-spectra, obtained using syn-
chrotron radiation as source.20 Therefore, FIR-spectra are
very sensitive to disturbances of the crystal fields. The tem-
perature dynamic of phonon spectra is exclusively important
for the Hg1−xCdxTe system because the role of vacancies is
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significant, as will be shown and the rise in temperature also
means an increase of the vacancy concentration. This fact
was noticed in Ref. 6 also where an influence of the tempera-
ture on the amplitudes and positions of lines were investi-
gated for two compositions with the narrow gap of HgCdTe.
In the case of the narrow gap when the phonon energy is
comparable with the energy gap Eg=�6−�8 the returnable
electron-phonon interaction can modify the phonon
spectra.21

The FIR research cycle dedicated to the MCT system was
performed in the wide temperature range for crystals of dif-
ferent types of conductivity �n and p type� and, as follows,
from them- of different concentrations of Hg-vacancies. We
used the synchrotron radiation as the light source which
gives significant advantages, particularly for better spectral
resolution. In an earlier short paper we showed10 that the
spectral lines at 100–115 cm−1 can be related to the Hg-
vacancies. This hypothesis should be verified by the tem-
perature dependences of the lines oscillator strengths dis-
cussed in the n- and p-type material. We will present in this
paper the whole of the above mentioned results including the
composition and temperature dependences as well as depen-
dence on the Hg-vacancies concentration. Therefore, the
temperature behavior of the phonon lines for some composi-
tions of the HgCdTe alloys with different concentrations of
Hg-vacancies will take a central place in this paper.

The paper consists of four sections. In the next section the
experimental method and results will be described. The in-
terpretation of experimental results obtained and a new hy-
pothesis which explain these results will be presented in the
third section and conclusions are formulated in the last sec-
tion.

II. EXPERIMENT

A. Samples

The FIR spectra of nine Hg1−xCdxTe samples �x
=0.06–0.7� were examined, produced by the liquid phase
epitaxy �LPE�. Special attention was given to samples of the
identical x=0.2 composition, but of the different types of
conductivity. In the case of the n-type sample the electron
concentration obtained from the Hall effect measurements
at the 77 K temperature is equal to 6.5�1013 cm−3 and in
the case of the p-type sample the hole concentration is equal
to 3.5�1015 cm−3. It should be emphasized that electron
mobility in the n-type sample was very high: �=2.3
�105 cm2 /Vs at 77 K.21

B. Experimental results

FIR reflectivity experiments were performed at the
DA�NE-light laboratory at Frascati �Italy� using the experi-
mental setup described in Ref. 22. We used a BRUKER
Equinox 55 FT-IR interferometer modified to collect spectra
in a vacuum. As IR sources we used both the synchrotron
radiation light emitted by the DA�NE storage ring as well as
a mercury lamp. The measurements were performed in the
temperature range of 20–300 K and in the frequency range of
50–600 cm−1 at the spectral resolution of 1 cm−1 �2 cm−1

in some cases� collecting typically 200 scans within 600 s of
acquisition time with a bolometer cooled down to 4.2 K. The
reflectivity was measured by using as a reference a gold film
evaporated onto the surface of the investigated samples. This
method enabled us to measure the reflectivity coefficient
with an accuracy of about 0.1%.10,20

We calculated, similarly to earlier experiments �Refs. 10
and 21� from reflectivity spectrum, the imaginary part of the
dielectric function Im���� ,T�� by means of the Kramers-
Kronig �KK� procedure with an estimated uncertainty of 5%
for all experimental data.

The infrared reflectance spectra of the Hg1−xCdxTe alloys
for compositions from x=0.06 to x=0.7 at the temperature
300 K and in the spectral range from 100 to 200 cm−1 are
shown in Fig. 1. Two bands which shift weakly with the
composition are observed: the first one around
118–130 cm−1 and the second around 140–160 cm−1. The
amplitude of the first band increases when the content of
HgTe increases and amplitude of the second band increases
when the CdTe content increases. The first band corresponds
to the HgTe-like band and the second- to the CdTe-like band.
This type of reflectance spectrum again shows, according to
previous experiments2,3,6 two-mode behavior of the optical
phonons in the Hg1−xCdxTe alloys. Nevertheless the subtle
structure at these two bands is clearly observed too, which
confirmed the existence of more than two phonon modes for
the MCT alloys, that were investigated in Ref. 2 and men-
tioned above as CPMs.

In Figs. 2 and 3 the reflectivity spectra for the n and p
type of Hg0.8Cd0.2Te, respectively, in the temperature range
30–300 K are presented. These spectra show that the reflec-
tive maxima for the n-type MCT are more pronounced than
for the p-type. For both types of samples, the peak maxima
corresponding to HgTe-like optical phonon modes are shifted
toward higher frequencies when the temperature rises, while
the peak maxima corresponding to CdTe-like modes falls to
lower frequencies as was found earlier.7 We may also see on
Figs. 2 and 3 additional lines on the lower frequency side.

The curves of the imaginary part of the dielectric function
Im���� ,T�� after Kramers-Kronig transformation of the re-
flectivity curves shown in Fig. 2 and 3, are presented in Figs.
4 and 5.

For n-type Hg0.8Cd0.2Te the amplitude of the main HgTe-
mode at 30 K is much higher and narrower than those for
p-type Hg0.8Cd0.2Te. In Fig. 5 we can see considerable asym-

FIG. 1. Reflectivity spectra Hg1−xCdxTe �x is changing from
0.06 to 0.7� obtained at 300 K.
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metry of HgTe-bands caused by additional lines in the range
of 90 cm−1–115 cm−1. These are the additional lines, the
origin of which has been discussed for the last three decades.
The line amplitudes of CPMs �HgTe-like at 118–130 cm−1

as well as CdTe-like at 140–160 cm−1� decrease when the
temperature increases for both samples. Conversely, the line
amplitudes of additional lines �we can call them additional
phonon modes �APM�� increase when the temperature in-
creases.

It is necessary to note from Figs. 4 and 5 that the shift of
the HgTe-like band toward the higher frequency side with
increase in temperature and the shift of the CdTe-like band to
the lower frequency side when the temperature increases, are
similar to results obtained in the work of Roth et al. �Ref. 7�.
The main TO-phonon mode frequency of HgTe-like band
increases from 118 cm−1 at 30 K to 122.8 cm−1 at 300 K for
the n type Hg0.8Cd0.2Te. In the case of the p-type sample a
hardening of the HgTe-like TO mode from 118 to 121 cm−1

with an increase in temperature from 30 to 300 K is shown.
We have inferred from the FIR-spectra that the signs of the
temperature induced shifts of the HgTe-like and CdTe-like
mode frequencies in the MCT alloy are opposite to each
other for the composition range x�0.3 which was noticed
earlier �see Ref. 7�. The CdTe-like mode frequency de-
creased from 153.7 to 151.5 cm−1 for n-type Hg0.8Cd0.2Te
and from 154.2 to 152 cm−1 for p-type Hg0.8Cd0.2Te with an
increase in temperature from 30 to 300 K. Simultaneously,
the intensity of the HgTe-like and CdTe-like TO mode in

both samples decreases and a higher background is observed
for the p-type Hg0.8Cd0.2Te in the spectral range
90–115 cm−1.

C. Spectral analysis of the phonon bands of Hg1−xCdxTe

The dispersion analysis of the main phonon bands
�CPMs� and APMs was performed by approximating the
Im���� ,T�� curves by the Lorentzian sum,

Im ���� = �
i=1

k
Si�i�

��TOi
2 − �2�2 + �2�i

2 , �1�

where Si, �TOi, and �i are the oscillator strength, fre-
quency and damping parameter of the i-phonon mode, re-
spectively. This procedure was applied in our previous ex-
periments concerning the phonon spectra of solid
solutions.10,20,21,23–25

The results of spectral analysis for n- and p-Hg0.8Cd0.2Te
are presented in Figs. 6�a�, 6�b�, 7�a�, and 7�b�.

Parameters of Lorentzian’s oscillators used for fitting the
Im���� ,T��-curves are shown in Tables I and II for the
sample n-type Hg0.8Cd0.2Te at the temperatures 30 K and
300 K and in Tables III and IV for the p-Hg0.8Cd0.2Te. In
Tables II and IV the oscillator strengths sum for APM are
shown separately as ��SHgTe�add.

It can be seen from Fig. 6�a� that the curve of the
Im���� ,T�� for n-Hg0.8Cd0.2Te at 30 K may be approximated
by the sum of the four Lorentzian’s oscillators only. When

FIG. 4. Imaginary part of the dielectric function Hg0.8Cd0.2Te
n-type in the temperature range 30 K–300 K.

FIG. 5. Imaginary part of the dielectric function Hg0.8Cd0.2Te
p-type in the temperature range 30 K–300 K.

FIG. 2. Reflectivity spectra of the n-type Hg0.8Cd0.2Te for the
range 30–300 K

FIG. 3. Reflectivity spectra of the p-type Hg0.8Cd0.2Te for the
temperature range 30–300 K
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the temperature increases to 300 K the two subbands of the
Im���� ,T�� curves observed are considerably wider �see Fig.
7�a�� and the number of the Lorentzians necessary for ap-
proximation at 300 K, increases to nine.

The analogous dissipation of the Im���� ,T�� curves on
the Lorentzians was carried out for the p-type Hg0.8Cd0.2Te
sample �see Fig. 6�b� and 7�b��. The parameters of these
oscillators are presented in Table III and IV.

There are eight well-resolved oscillators for p-type
Hg0.8Cd0.2Te at 30 K and eleven for this sample at 300 K.
The positions of main HgTe-lines for n- and p-type are the
same �118 cm−1� at 30 K while the oscillator strengths of

TABLE I. Parameters of Lorentzian’s oscillators used for fitting the Im���� ,T�� curves of the
n-Hg0.8Cd0.2Te for the temperatures 30 K and 300 K.

Temperature
�K� Number of line

S
�cm−2�

�
�cm−1�

�
�cm−1�

�SHgTe �SCdTe

CPM APM CPM APM

1 	500 107 6.4 	500

30 2 62500 118 1.35 62500

3 8400 151 7.7 19900

4 11500 153.7 8.4

1 500 103 5.0

2 3000 115 8.0 5100

3 1600 118.7 4.0

4 30800 122.6 2.8

300 5 3000 125 5.0 37300

6 3500 128.6 5.0

7 1600 135 7.0 1600

8 4000 147.3 4.7 9400

9 5400 151.5 6.3

FIG. 6. Spectral analysis of the phonon bands of Hg0.8Cd0.2Te
n-type �a� and p-type �b� in the temperature 30 K: �a� for n-type, L1
to L4 Lorentzians which parameters are described in Table I; �b� for
p-type L1-L8 Lorentzians which parameters are described in
Table III.

FIG. 7. Spectral analysis of the phonon bands obtained at the
temperature 300 K, for n-type and p-type Hg0.8Cd0.2Te; the L1-L11
are the Lorentzians used for interpretation whose parameters are
presented in Table I: �a� The spectra for n-type Hg0.8Cd0.2Te; �b�
The spectra for p-type Hg0.8Cd0.2Te.
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these two lines are drastically different: 62 500 cm−1 for
n-type and 48 000 cm−1 for p-type, respectively. The damp-
ing factor is nearly twice as large for p-type Hg0.8Cd0.2Te
because the line shape is more asymmetrical and wider in
comparison to the n-type Hg0.8Cd0.2Te.

Additionally, the level of the background for the p-type
Hg0.8Cd0.2Te on the left side is essentially higher than for the
n-type Hg0.8Cd0.2Te. When the temperature increases to 300
K the differences between n- and p-type Hg0.8Cd0.2Te dimin-
ishes: the oscillator strengths of the main lines are
30 800 cm−2 and 21 100 cm−2, respectively and the number
of the Lorentzins increases to nine and eleven for n- and
p-type HgTe-like subbands, respectively. We observed sev-
eral additional lines in the range 90 to 115 cm−1 for both n-
and p-type Hg0.8Cd0.2Te at 300 K.

It is interesting to consider in detail the temperature be-
havior of the phonon modes observed for both n- and p-type
Hg0.8Cd0.2Te. In Figs. 8 and 9 the temperature dependences
of frequencies are shown for the phonon lines observed of
the HgTe-like and CdTe-like subbands �CPMs� of n- and
p-type samples. It can be seen that only one HgTe-like mode

is observed at 30 K and two CdTe-like modes for
n-Hg0.8Cd0.2Te �see Fig. 8�. When the temperature is higher
than 100 K the splitting on the two HgTe-like modes takes
place and finally at 300 K the three HgTe-like CPMs are
displayed in the case of the n-type sample. Whereas in the
region 90–115 cm−1, one weak line is observed at 108 cm−1

whose amplitude increases with increase of temperature and
after 230 K this line is split into three in the range
106–118 cm−1.

The temperature dependencies of the phonon mode fre-
quencies for p-Hg0.8Cd0.2Te are presented in Fig. 9. We can
see a considerably larger number of lines here in comparison
with the n-type sample but the temperature shift of the pho-
non mode frequencies is similar.

These results obtained for the n- and p-Hg0.8Cd0.2Te at 30
K agree generally with data presented in Refs. 2 and 7 but in
these experiments a comparison for n- and p-type samples
was not performed. Moreover, in previous experiments such
a drastic difference between the phonon spectra of the n- and
p-Hg0.8Cd0.2Te was not shown. In the book by Dohrnhaus
et al.26 the reflectivity curves for n-Hg0.8Cd0.2Te obtained at

TABLE II. The specific oscillator’s strength sums of the CPM
and APM for n-Hg0.8Cd0.2Te at 30 and 300 K.

Temperature
�K� sHgTe

i =
SHgTe

i

�2 �� jsHgTe
j �add

30 4.49 0.043

300 2.45 0.37

TABLE III. Parameters of Lorentzian’s oscillators used for fitting the Im���� ,T�� curves of the
p-Hg0.8Cd0.2Te for the temperatures 30 and 300 K.

Temperature
�K� Number of line

S
�cm−2�

�
�cm−1�

�
�cm−1�

�SHgTe �SCdTe

CPM APM CPM APM

1 600 91 5

2 1500 107 4 6800

3 4700 112.4 4

4 48000 118 3.5 48000

30 5 500 135 7 500

6 1300 148 5

7 5800 151 5 15800

8 8700 154.2 6.2

1 4200 103.7 8.6

2 4200 110 8.1 14500

3 6100 115 7.7

4 21100 121.3 7.7

300 5 830 125 7 23930

6 1000 127 7

7 1000 130 7

8 1200 135 7 1200

9 1300 146.1 8.9

10 3500 148.3 7 9690

11 4890 152 7.4

TABLE IV. The oscillator’s sums of the CPM and APM for
p-Hg0.8Cd0.2Te at 30 and 300 K.

Temperature
�K� sHgTe

i =
SHgTe

i

�2 �� jsHgTe
j �add

30 3.44 0.5

300 1.54 1.19
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30 and 300 K are presented. We transformed these reflectiv-
ity curves by the KK-procedure and the resulting Im���� ,T��
curves are shown in Fig. 10. The resulting dispersion analy-
ses are shown in Tables V and VI. It is clearly seen that these
results are similar to our data obtained for p-Hg0.8Cd0.2Te at
30 K �Fig. 9 and Tables III and IV�. It means that the sample
n-Hg0.8Cd0.2Te for which reflectivity was measured pre-
sented in the book26 contain a great number of the Hg-
vacancies �conversion from p-type to n-type took place at
high level of the Hg-vacancies�. It is necessary to note that
our sample of n-Hg0.8Cd0.2Te was unique: very high electron
mobility ��=2.3�105 cm2 /Vs� and the resonance interac-
tion of electrons with two phonons simultaneously was ob-
served: the magnetophonon resonance on the difference of
phonon frequencies.27 This means a low level of the Hg-
vacancy concentration at which a conversion from p to n
type in the case of our n-type Hg0.8Cd0.2Te occurred.

The analogous dispersion analyses were performed for all
samples investigated of the Hg1−xCdxTe alloys, namely: with
x=0.06 �p type�, x=0.28 �n and p type�, x=0.40 �p type�,
x=0.70 �p type�. The aim of such research is to obtain the
composition dependencies of the phonon mode frequencies
including APMs.

The composition frequency dependencies for all phonon
modes observed in the p-type MCT-system at the tempera-

ture of 300 K is presented in Fig. 11. It is seen that these
dependencies are similar to those obtained in Ref. 2 but the
APMs observed in the spectral region 104–116 cm−1 are
presented here also. The amplitudes of these lines decrease
with an increase of the CdTe-content.

These are the same lines for which temperature behavior
was described above for the n and p type Hg0.8Cd0.2Te.
Without doubt these lines are related to the HgTe-pairs os-
cillations. It is possible to state that the APMs reproduce the
CPM of HgTe-like band but are shifted to lower frequencies.

III. DISCUSSION

A. General notes

The differences between the phonon spectra of the n- and
p-Hg0.8Cd0.2Te at 30 K �see Figs. 6�a� and 6�b�� are so large
it seems that these two spectra belong to different materials.
The dispersion analyses only �see Table I and III� show the
same phonon frequencies for the main phonon modes �HgTe-
like and CdTe-like� which means they are the same materi-
als. The question requiring an answer is, what causes such
great differences in the phonon spectra between materials of
n and p type in the case of Hg0.8Cd0.2Te.

We would like to emphasize once more that the material
n-Hg0.8Cd0.2Te investigated is characterized by very high
electron mobility. It should mean a low concentration of
compensated acceptor centers—the Hg-vacancies. It could
be a derived conclusion that it is necessary to distinguish the
phonon modes of the low defect n-Hg1−xCdxTe from other
Hg1−xCdxTe solid solutions because the latter include a great

FIG. 8. The temperature dependencies of the phonon mode fre-
quencies for n-Hg0.8Cd0.2Te shown in Fig. 6�a� and Table I. T0, T1,
and T2 are tetrahedra generated the corresponding CPM modes. Tn

A

are tetrahedra generated the corresponding APM modes.

FIG. 9. The temperature dependencies of the phonon mode fre-
quencies for the p-type Hg0.8Cd0.2Te, shown in Figs. 6�b� and 7�b�
as well as in Table III. T0, T1, and T2 are tetrahedra generated the
corresponding CPM modes. Tn

A are tetrahedra generated by the cor-
responding APM modes.

FIG. 10. Data on the phonon spectra of the n-type Hg0.8Cd0.2Te
from Ref. 26: �a� Reflectivity versus frequency, �b� Imaginary part
of dielectric function obtained on base of the reflectivity spectra
shown in Fig. 10�a�.
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number of Hg-vacancies �the Hg-vacancies concentration�.
It is possible to assume that the percolation theory pre-

sented in Ref. 1 is correct for close to the ideal solid solution.
As was mentioned in the paper of Pages et al. �Ref. 1� “On
the practical side, the percolation picture might renew inter-
est in some zinc-blende mixed crystals, as multimode behav-
ior in the Raman/infrared spectra is usually considered as
abnormal, the result of rather poor crystalline quality or of
nonrandom atomic substitution.” Paradoxically, the percola-
tion theory is confirmed �particularly at low temperature� for
a more perfect n-type Hg0.8Cd0.2Te crystal: at 30 K only one
HgTe-like mode and two CdTe-like modes are observed
�when temperature rises above 100 K we observed two or
more HgTe-like modes�. It is a necessary reminder that the
lattice constants in HgTe and CdTe are practically the same
�6.46 and 6.45 Å, respectively� therefore the crystals of
these compounds mixed could be perfect �contains a low
defect concentration�.

The fact that there is frequency degeneracy of the four
HgTe-like CPMs observed in the pure n-type Hg0.8Cd0.2Te
could be explained by this circumstance.

However the Hg-vacancies are always present in the
Hg1−xCdxTe solid solutions with x	0.7 because they are

thermodynamically stable in the lattice.13 The question is
whether the quantity of these vacancies is sufficient to attain
such intensity of the phonon line which is observed in the
experimental spectra �see Figs. 4–7� in the range of
104–116 cm−1.

B. Temperature dependencies of the specific oscillator strength
sum

As mentioned in the Introduction, there are important
guiding principles that the lines in the region 104–116 cm−1

are related to the Hg-vacancies. This hypothesis can be veri-
fied by temperature dependences of the specific oscillator
strength sum �SOSS� of the lines observed in this region.
These temperature dependences are presented in Fig. 12 for
p-Hg0.8Cd0.2Te and in Fig. 13 for n-Hg0.8Cd0.2Te.

It is shown in Fig. 12 that temperature dependency of the
SOSS of APMs for p-type Hg0.8Cd0.2Te, have the exponen-
tial character described by the function,

TABLE VI. The oscillator’s sums of the CPM and APM for
n-Hg0.8Cd0.2T 26 At 4.2 and 300 K.

Temperature
�K� sHgTe

i =
SHgTe

i

�2 �� jsHgTe
j �add

4.2 3.54 0.45

353 2.13 0.85 FIG. 11. The composition dependencies of the phonon mode
frequencies for p-Hg1−xCdx Te, at temperature 300 K.

TABLE V. Parameters of Lorentzian’s oscillators used for fitting curves of the Imaginary part of dielectric
function for the n-Hg0.8Cd0.2T �Ref. 26� �see Fig. 10�b��.

Temperature
�K� Number of line

S
�cm2�

�
�cm−1�

�
�cm−1�

�SHgTe �SCdTe

CPM APM CPM APM

1 500 110 4 500

2 610 117.5 4

3 44000 121.4 2.5 53510

4.2 4 8900 125.4 5

5 2000 135 4 2000

6 3000 151 4 7000

7 4000 155 6

1 710 112 6 1110

2 400 115.5 7

3 330 123 4

4 300 121.4 7 48630

353 5 33000 125.6 5.1

6 15000 130 6

7 8100 135 8 8100

8 7300 144 9

9 3000 149 5 16000

10 5700 153 8
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� sHgTe
add = 0.5 + 12 exp�− 0.075/kT� �2�

with activation energy equal to 75 meV. It is too small an
energy in comparison to the Hg-vacancy activation energy to
be equal to about 1 eV.13

Figure 13 presents the temperature dependence of the
SOSS of the same lines for n-type Hg0.8Cd0.2Te. This depen-
dence is described by an exponential function similar to Eq.
�2�,

� sHgTe
add = 0.04 + 12 exp�− 0.09/kT� �3�

with activation energy equal to 90 meV, which is larger
than for the p type but too small to be an activation energy
for Hg-vacancies.

It is clear that the temperature dependencies of the SOSS
of the lines observed in the region of 104–116 cm−1 do not
confirm the hypothesis that these lines are related to the Hg-
vacancies. There are other doubtful circumstances, namely:
in the case of n-type Hg0.8Cd0.2Te the single very weak line
at 107 cm−1 is observed also at 30 K. If we assume that this
line is caused by Hg-vacancies it is necessary to agree that
the vacancy density must be not less than 1018 cm−3. It is an
absurdly great number of defects for a crystal with the elec-
tron mobility equal to 2.3�105 cm2 /Vs.

While the data of the positron annihilation for n-type
HgCdTe �Ref. 28� shows values of the Hg-vacancy concen-
tration rather closer to 1015 cm−3, it is necessary to note that
the positron annihilation seems to be a direct method of the
vacancy concentration measurement.

However in the case of HgCdTe, this is incorrect because
this method uses the Hall-effect to identify the hole concen-
tration to the concentration of Hg-vacancies �p=CV

Hg for the
model p-type HgCdTe �Ref. 28��. In HgCdTe there is always
a background of electrically native compensated Hg-
vacancies and the real level of Hg-vacancies is naturally
higher than the hole concentration. Nevertheless, the Hg-
vacancy density over 1018 cm−3 in the n-Hg0.8Cd0.2Te of
high quality �very high electron mobility� is absolutely im-
possible.

In the case of p-type Hg0.8Cd0.2Te the Hg-vacancy density
is higher by two or three in the order of magnitude but it is
difficult to assume that it can achieve the value of 1021 cm−3

�about a few molar percent which means that the density of
Hg-vacancies should be the same as the density of the matrix
atoms� as it results from the spectra shown in Figs. 6�b� and
7�b�. This is also impossible.

Therefore, it is necessary to find a credible hypothesis
which could explain the presence of lines in the range
104–116 cm−1 for HgTe and HgCdTe.

The temperature dependences of the SOSS for the lines
discussed lead us to the activation energy of the process to be
equal to 75–90 meV which could be a substantial argument
for applying the model of two potential wells for Hg-atoms
in the lattice of HgCdTe�.29,30

C. Model of the two well potential for Hg-atoms in the lattice

Sussman29 proposed this model for the binary com-
pounds. According to this theory a cation in the crystal lattice
could have two positions: the first stable position energeti-
cally deeper, the second is a metastable state with higher
energy and suitably with a longer bond. This model related to
HgTe and HgCdTe means that the Hg atoms can be shifted
from the vertex position in a tetrahedra �stable position� to a
noncentered position �metastable position�. According to
Sussman’s theory29 such transition from stable to metastable
state, means that the Hg-Te bonds become longer. The prob-
ability for such transition is described by

W = w exp�− 
E/kT� , �4�

where 
E is the energy difference between the two
states—stable and metastable �see Fig. 14� and w is the as-
sumed probability at absolute zero.

The temperature dependences of SOSS for APM shown in
Figs. 12 and 13 and described by the relationship �2� and �3�
enable us to determine 
E. Therefore, in the case of p-type
Hg0.8Cd0.2Te the energy transition from the stable position of
the Hg atoms to the metastable position is 75 and 90 meV for
the n type. This difference can be explained by the fact that
for p-type material where a considerable part of the crystal
lattice is nonrelaxed, the density of the metastable state is
larger than in the n-type which could change the depth of the
energy minimum �value E2 see Fig. 14� for the stable posi-

FIG. 12. The temperature dependence of the sum of the addi-
tional modes oscillator strengths for the p-type Hg0.8Cd0.2Te,
B-experimental points, C is approximated curve calculated accord-
ing the equation s=0.5+12 exp�−0.075 /kT�.

FIG. 13. The temperature dependence of the sum of the addi-
tional modes oscillator strengths for the n-type Hg0.8Cd0.2Te,
C-experimental points, B is approximated curve calculated accord-
ing the Equation s=0.04+12 exp�−0.09 /kT�.
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tion. The ratio of the SOSSs of additional lines
�104–116 cm−1� for p- and n-type materials is about one
order. Therefore, the density of the metastable and stable
states should differ by the same value. Simultaneously, the
length of the Hg-Te bonds is longer for the metastable states
in comparison with the stable one. This difference can be
noticed in x-ray analyses.

D. X-ray structural analysis

The x-ray diffraction spectra performed for the same n-
and p-type Hg0.8Cd0.2Te sample investigated in the far-
infrared region are presented in Fig. 15�a� and 15�b�. It is
seen that they demonstrate essential differences in both po-
sition and form of the diffraction maxima.

The diffraction maximum corresponding to �111� face
�Fig. 15�a�� have different positions for n- and p-type mate-
rials, namely: 2�=23.811° and 2�=23.275°, respectively.

This maximum is broad for the p type and sharp for the
n-type material. The lattice constants derived from the dif-
fraction maximum positions are: 6.4604 and 6.4648 Å, for n
and p type, respectively.

The data concerning these two samples of Hg0.8Cd0.2Te
are collected in Table VII. We can see that in the high quality
n-Hg0.8Cd0.2Te crystal the lattice constant is less than in the
p-type. It means that the crystal lattice for the p-Hg0.8Cd0.2Te
is more swollen. A considerable number of Hg-atoms were
introduced in the lattice of the n-type material at the anneal-
ing process in the Hg-vapor atmosphere. While in the case of
the p-type material �as grown� there are a great number of
the Hg-vacancies which result in lattice strain and favor the
metastable positions of the Hg-atoms in the lattice with
longer bond length. In the n-type lattice the strains are re-
laxed during the long annealing process and the overwhelm-
ing majority of the Hg-atoms occupy the stable positions
with shorter bond length.

Therefore, the x-ray structural analyses confirmed our hy-
pothesis that in the case of n-type material the majority of the
Hg-atoms occupy the stable position in the lattice. It is not
obvious for all n-Hg0.8Cd0.2Te samples.

In Figs. 10�a� and 10�b� and Table V data for
n-Hg0.8Cd0.2Te taken from Ref. 26 are presented, where no
great differences in comparison with p-type material were
observed. This fact means that the donor concentration ob-
tained by these authors are in excess at the high level of the
Hg-vacancy concentration—considerably higher than in our
n-type Hg0.8Cd0.2Te and that the lattice in this “weak” n-type
Hg0.8Cd0.2Te is not relaxed and the phonon spectrum is
closer to the p-type material. This same one concern is in the
work of Amirtharaj et al.6

In Fig. 15�b� the x-ray diffraction maximum for the plane
�311� is shown which indicates the degree of the lattice or-
dering. In the case of n-type Hg0.8Cd0.2Te this maximum is
many times sharper and higher than for p-type Hg0.8Cd0.2Te.
It confirms the assumption about the comparably high qual-
ity and stable crystal lattice for our n-Hg0.8Cd0.2Te.

E. General description of the phonon spectra
in the HgCdTe alloys

The general description of the phonon spectra is based on
three figures: Figs. 9–11. These figures present the tempera-
ture dependences of the HgTe-like and CdTe-like mode fre-
quencies for n- and p-type Hg0.8Cd0.2Te �Fig. 9 and 10� as
well as the composition dependences of the same modes at
room temperature �Fig. 11�. If temperature increases, the
number of Hg-atoms occupying the metastable positions
�HgII� increases also and the deformation of crystal lattice
rises. The last factor should cause the removal of degeneracy
of the HgTe-like CPMs in n-Hg0.8Cd0.2Te when the tempera-
ture increases to over 100 K �see Fig. 9�; the APMs appear
simultaneously, too. Indeed, the APM at 112 cm−1 �as well
as very weak APM starting at 30 K at 108 cm−1� takes place
above 100 K in the n-type Hg0.8Cd0.2Te and over 200 K
additionally another APM at 104–116 cm−1 appears. The
presence of HgII in a tetrahedron leads to the stretching of
bonds which in turn causes the shift of the Hg-Te oscillation

r
� r’

E1

E2

�E

E
(m

e
V

)

r ( )Å

FIG. 14. Model of the two wells potential for Hg-atoms

FIG. 15. Diffraction x-ray spectra Hg0.8Cd0.2Te at 300 K, �a�
comparison �111� peaks for n and p-type Hg0.8Cd0.2Te, �b� compari-
son �311� peaks for n and p-type Hg0.8Cd0.2Te.
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frequency toward smaller frequencies. This effect can occur
in three kinds of tetrahedra: �1� containing three Hg-atoms in
the stable position �HgI� and one HgII; �2� containing two
HgI, one Cd-atom and one HgII; �3� containing one HgI, two
Cd-atoms and one HgII. The frequencies of Hg-Te oscilla-
tions in these three type of tetrahedra should be arranged in
the following sequence: the lowest frequency corresponds to
the Hg-Te oscillations in the tetrahedron of the first type and
the highest corresponds to the oscillations in the tetrahedron
of the third type.

The lines in the range of 135–137 cm−1 are generated as
could be assumed, by the oscillation of the Cd-Te pair in the
tetrahedra containing two HgI, one Cd-atom and one HgII.

Therefore, Figs. 9–11 enable us to assume that the phonon
spectra in the MCT are reproduced in two versions: the first
one is realized in the lattice consisting only from the
HgI-atoms �that are CPM� and the second one occurs in the
lattice including the HgII-atoms �that are APM�.

The theory of the quasiquaternary alloys containing the
two kinds of Hg-atom positions developed in Ref. 10 enable
us to determine the HgII concentration on the basis of phonon
spectra. The details of this consideration are presented in the
Appendix. Arising from Eqs. �A1�–�A5� the sum of the spe-
cific oscillator strengths of APM in the range 104–116 cm−1

is equal to

Sn,HgII
HgTe �y� = fHgTey . �5�

This simple expression enables us to determine experi-
mentally �using the phonon spectra� the y-molar part of the
HgII atoms, assuming that: �i� the lines corresponding to the
APM generated by the tetrahedra bearing HgII are identified
correctly, �ii� the specific oscillator strength of the HgII-Te
oscillations in the tetrahedra with HgII atoms are the same as
for the Hg-Te oscillators. We assume that these conditions
are fulfilled in the case of the materials measured of n- and
p-type Hg0.8Cd0.2Te. The calculated values of the molar frac-
tion y of the HgII-Te obtained from the phonon spectra �sum
of the specific oscillator strength� are presented in Table VIII
for 30 and 300 K.

It is necessary to note that such a large concentration of
HgII in the case of p-type Hg0.8Cd0.2Te conducts a consider-
able deformation of the lattice, which completely removes
the CPM frequency degeneration and above 200 K we ob-
served four HgTe-like canonical modes �Fig. 9�. On the other
hand, the considerable deformations of the lattice appear in
the x-ray diffraction of p-Hg0.8Cd0.2Te as was observed, see
Figs. 15�a� and 15�b� and lead to an increase of the lattice
constant and blur the �311� diffraction maximum.

IV. CONCLUSION

The phonon spectra of Hg1−xCdxTe in the wide tempera-
ture range �30–300 K�, the composition �from x=0.06 to x
=0.7� and Hg-vacancy concentration has been studied. The
temperature dependencies of the phonon frequencies and the
sum of the oscillators strengths of various kinds of phonon
modes �HgTe-like and CdTe-like� for p- and n-type
Hg0.8Cd0.2Te crystals have considerable differences. This
could be shown by the significant contribution of the Hg-
vacancies in the phonon spectra because the main difference
between p and n type of Hg1−xCdxTe lattices is the huge
number the Hg-vacancies in the p-type material, as men-
tioned in our previous work.10 However the assumption that
such strong intensity of the APM-lines discussed is caused
by the tetrahedra with the mercury vacancies cannot be ac-
cepted.

It seems that the two valley model of the potential for the
mercury atom in the HgCdTe lattice is the more realistic
hypothesis.29,30 The temperature dependences of the sums of
the oscillator strengths for AVP in the range 104–116 cm−1

for n- and p-type HgCdTe shows the activation energy 90
and 75 meV, respectively, which corresponds to the transition
energy of the mercury atoms from the deeper minimum
�stable� to second minimum �metastable�.

It is necessary to assume that the density of the Hg-
metastable states in a lattice is about 10% of the whole num-
ber of Hg-atoms in the p-Hg1−xCdxTe. The long-time anneal-
ing of HgCdTe at 220 °C �inversion to the n type� leads to
the relaxation of the lattice and reversion of Hg atoms to the
stable state. The data of x-ray structure analyses confirms
this hypothesis.

With this assumption, we can affirm that in the case of the
p-type crystals the HgCdTe-lattice consists of two coexisting
and penetrating sublattices: one sublattice contains the atoms
of mercury in the stable state with the shorter length bonds of
Hg-Te; the second sublattice contains the Hg atoms in the
metastable state with the longer bond of Hg-Te.

TABLE VII. The parameters of the Hg0.8Cd0.2Te crystals.

Type of
conductivity Carrier mobility �77� �m2 /Vs�


E-the activation energy
of the SOS-temperature

dependence, meV

Position of the
diffraction maximum

�111�-2�, degree Lattice constant�Å�

n-type 2.3�105—electrons 90 23.811 6.4604

p-type 3.5�103—holes 75 23.275 6.4648

TABLE VIII. Molar fraction of the HgII-atoms determine from
phonon spectra.

Material

Sum of the specific
oscillator strength for APM y, mol. %

30 K 300 K 30 K 300 K

n-type Hg0.8Cd0.2Te 	0.043 0.37 	0.7 6.3

p-type Hg0.8Cd0.2Te 0.50 1.1987 9.7 20.67
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The phonon spectra of MCT are reproduced for each sub-
lattices mentioned. Increase in temperature leads to the
growth of the Hg-atom number in the metastable state and
simultaneously to the enlargement of the Hg-Te bonds �ten-
sions in the lattice� which leads to the frequency splitting of
the HgTe-like CPMs in the n-type material. Due to this the
differences between the phonon spectra of the n- and p-type
HgCdTe disappear at room temperature.

Increase of the content of CdTe in the HgCdTe crystal
leads to the same effect as an increase in temperature: i.e.,
results in the increase of the number of the CPMs �to the
frequency splitting for both HgTe-like and CdTe-like
modes�. This takes place because the content of the mercury
atoms in the metastable state increases and due to the en-
largement of the Hg-Te bonds �increase tensions in the crys-
talline lattice� the degeneracy of the CPMs is removed.

One can affirm that at temperature 30 K the degeneracy of
CPMs takes place in the n-type Hg0.8Cd0.2Te and HgTe-like
mode as well as two CdTe-like modes. This would be con-
firmation of the percolation theory of Pages.1

APPENDIX

As discussed in the introduction, the Hg1−xCdxTe crystals
are characterized by the basic tetrahedra, each with a central
ion surrounded in the first coordination shell by its four near-
est neighbors �NN� at the vertices. Verleur and Barker,31

studying the GaAsyP1−y system, explained the vibrational
spectra of a ternary solid solution in terms of five basic el-
emental tetrahedra. In the AxB1−xZ ternary tetrahedral struc-
tures several tetrahedron configurations Tn �n is the number
of B atoms in the tetrahedron� coexist simultaneously: 2
strictly-binary corresponding to the AZ and the BZ com-
pounds whose lattices are characterized by the tedrahedral
units T0 and T4 �configurations� respectively, and 3 strictly-
ternary, i.e., characterized by the configurations T1, T2, and
T3. In an ideal crystal lattice they all together generate at
least �2�1�+ �3�2�=2+6=8 optically active phonon
modes. Thus, eight different lines could be observed in the
experimental phonon spectra as a subtle structure of two
bands, AZ-like and BZ-like. These are the CPMs some of
which, as was mentioned above, appeared as fine structures
of two bands lying in the ranges 118–135 cm−1 �HgTe-like
CPMs� and 140–160 cm−1 �as CdTe-like CPMs�.

In the crystalline ternary alloys Hg1−xCdxTe as was shown
in subchapter III.5 two positions of Hg-atoms are possible in
the crystalline lattice: a thermodynamically stable �HgI� and
metastable �HgII�. These crystals containing two positions of
the Hg-atoms cannot be described as an ideal ternary alloy
AxB1−xZ �x is the molar fraction of A atoms� because the
essential properties will not be included in this consideration.
It is useful to apply a model of quasiquaternary alloy
�AxB1−x−y

I By
II�Z,10 where y is the fraction of the BII atoms

�abnormal position in lattice� while the fraction of BI atoms
�normal position in lattice� will be 1−x−y where x is the
fraction of A atoms. Consequently, an additional configura-
tion TnHgII now appears in the lattice �here we ignore the
possibility of having two HgII simultaneously in a tetrahe-
dron because an eventual contribution due to multiple meta-

stable positions per tetrahedron is below the sensitivity of
our method�. Actually, there are three of these “strictly qua-
ternary” configurations: T3HgII ,T2HgII and T1HgII including re-
spectively, 3, 2, and 1 A atoms �Cd cations� and respectively
0, 1, and 2 BI atoms �HgI� contributing, together with three
additional HgTe-like modes and two additional AZ-like
�CdTe-like� modes to the phonon spectrum. We must assume
that the frequencies of Hg-Te oscillations in the HgII-bearing
tetrahedra and in the HgII free tetrahedra are different. Ac-
cording to the Bernoulli distribution the populations of each
of the “strictly quaternaries” or HgII-bearing tetrahedra are
proportional to the probability of identifying the correspond-
ing Tn,m configuration in the lattice. The probability of find-
ing an HgII-atom in the Tn,m configuration in the lattice is32

Pnm
HgII

�x,y� =
m

4
� m

4−n

��n
4

�xnym�1 − x − y�1−n−m, �A1�

where m is the number of the HgII-atoms in a tetrahedron
�m=1 in our case� and n is the number of Cd-atoms in the
Tn,m configuration. The latter is also identified as TnHgII. The
oscillator strength of the vibrational mode generated by a
HgII-Te-dipole in the configuration is �Ref. 2�

Sn,HgII
Hg−Te�x,y� = fHg−TeNPn,HgII

HgII
�x,y� , �A2�

where the oscillator strength of the single dipole Hg-Te-
pair fHg-Te is equal to 5.8 at 77 K,26 and N is the total number
of cations �or inion pairs� in the alloy per unit value.

In this analysis we do not include the factor relating to the
site-occupation preferences of atoms �SOP� in the tetrahedra
which leads to a nonrandom distribution of basic cells in the
lattice.33 The influence of SOP as well as other effects, such
as the electron-phonon interaction or relativistic effects, im-
portant for this class of materials, will be considered in the
next paper dedicated to low-defected crystals.

For HgCdTe ideal lattices four HgTe-like CPMs and four
CdTe-like CPMs contribute to the sum in the Eq. �1� �Sec. II
and III�. Within this approximation the experimental
Im���� ,T��-curves allow one to find the si values. If the role
of defects is negligible, the oscillator sum rule

�
n

Sn
HgTe�x� = �

n

fHgTeNPn
Hg�x�

= fHgTeN�
n

Pn
Hg�x�

= fHgTe�1 − x� �A3�

has to be satisfied. Therefore the sum of the oscillator
strengths of the AZ or BZ mode has to be proportional to the
molar fraction of the AZ or BZ components. In Ref. 2
Kozyrev et al. showed that this rule is not fulfilled in
HgCdTe alloys and additional contributions have to be taken
into account. The modes generated by HgII-bearing tetrahe-
dra described by the oscillator strength of Eq. �A2� should be
included in the sum of Lorentzians in Eq. �1�. The additional
terms should improve the agreement with the experimental
data for the Im���� ,T�� and restore the correct oscillator
strength sum of a quasiquaternary alloys
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� Sn,m
HgTe = fHgTe�1 − x − y� + fHgTe�y� � fHgTe�1 − x� ,

�A4�

At the same time the sum in Eq. �A4� consists of two
terms

� Sn,m
HgTe = � Sn

HgTe�1 − x − y� + � Sn,HgII
HgTe �y� , �A5�

where the first term describes the HgTe-like subband in
the range of 118–135 cm−1 due to CPMs and the second
one, the HgTe-like subband in the range 104–116 cm−1 con-
taining the APM associated with HgII. The Eq. �A5� enables
us to describe quantitatively the subbands observed experi-
mentally in the FIR spectra of HgCdTe solid solutions and to
calculate the y-molar fraction of the HgII atoms.
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