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The structural and electronic properties of liquid CdTe under pressure are studied by ab initio molecular
dynamics simulations. It is shown that the pressure dependence of the static structure factor observed by the
recent x-ray-diffraction experiments is successfully reproduced by our simulations for a wide range of pressure
up to about 20 GPa. The population analysis, as well as the electronic density of states, reveals that the
covalent-bonding interaction between Cd and Te atoms is retained in the liquid state below 4 GPa. It is found
that short-range correlations between like atoms become important at higher pressures accompanying metalli-
zation, i.e., Cd-Cd and Te-Te correlations appear in the first-coordination shell around each Cd and Te above
about 4 and 8 GPa, respectively.
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I. INTRODUCTION

It is known that the crystalline phases of III-V and II-VI
compounds have a tetrahedrally coordinated structure �zinc
blende or wurtzite� at ambient pressure.1 They have partially
covalent and partially ionic bonding between atoms. The se-
quence of pressure-induced structural transformations in
crystals depends on such nature of atomic bonding. When
crystalline III-V compounds, such as GaSb, InSb, and InAs,
are compressed, the tetrahedrally coordinated structure trans-
forms into an intermediate structure ��-tin� before the ap-
pearance of the sixfold coordinated structure �rocksalt�. On
the other hand, crystalline II-VI compounds, such as CdTe
and ZnSe, change their structures from the tetrahedrally co-
ordinated structure to the sixfold coordinated structure di-
rectly under pressure. This difference in the pressure depen-
dence of the crystal structure is considered to come from the
fact that the ionicity of II-VI compounds is larger than that of
III-V compounds.

It is natural to expect that a similar sequence of structural
changes will occur in the liquid phase under pressure. Using
the synchrotron x-ray-diffraction technique, Hattori et al.
have investigated the pressure dependence of the structural
properties of liquid III-V compounds, such as liquid GaSb,2

liquid InAs,3 and liquid InSb.4 They found that, although
these liquid compounds show apparently different contrac-
tion behaviors from each other, the structural change occurs
gradually with increasing pressure. Recently, they have car-
ried out x-ray-diffraction measurements of liquid CdTe, one
of the liquid II-VI compounds, under pressure up to about
20 GPa.5,6 It was found that the structure of liquid CdTe
exhibits drastic changes in two pressure regions, 1.8–3.0 and
7.0–9.0 GPa, which means that there exist at least three
stable liquid forms. This pressure dependence is different
from that in liquid III-V compounds. They explained that the
lowest- and intermediate-pressure forms have a similar local
structure to the crystalline counterparts, while the highest-
pressure form has a different local structure.

Since it is difficult to obtain the partial structures experi-
mentally, computer simulations based on a first-principles
theory would be useful to investigate the pressure-induced

structural changes in more detail. So far, the structure of
liquid CdTe at ambient pressure has been studied by first-
principles calculations.7,8 However, we are unaware of theo-
retical studies on the pressure dependence. In this paper, we
investigate the structural and electronic properties of liquid
CdTe under pressure in detail by ab initio molecular dynam-
ics �MD� simulations. The purposes of our study are to com-
pare the calculated structure with the experiments and to
clarify the detailed mechanism of compression of the liquid
under pressure.

II. METHOD OF CALCULATION

The electronic states were calculated using the projector-
augmented-wave �PAW� method9,10 within the framework of
the density functional theory �DFT� in which the generalized
gradient approximation11 �GGA� was used for the exchange-
correlation energy. The plane-wave cutoff energies are 180
and 1220 eV for the electronic pseudo-wave-functions and
the pseudo-charge-density, respectively. The energy func-
tional was minimized using an iterative scheme.12,13 The �
point was used for Brillouin zone sampling. As the valence
electrons, we included the 4d, 5s, and 5p electrons of Cd and
5s, 5p, and 5d electrons of Te. Other electrons in the lower-
energy electronic states of each atom were treated with the
frozen-core approximation.

We used a system of 192 �96Cd+96Te� atoms in a cubic
supercell under periodic boundary conditions. Using the
Nosé–Hoover thermostat technique,14,15 the equations of mo-
tion were solved via an explicit reversible integrator16 with a
time step of �t=3.6 fs. To obtain a liquid state, we began by
carrying out an ab initio MD simulation for 3.6 ps at a tem-
perature of 2500 K starting from the zinc-blende structure
with a number density of 0.0259 Å−3. Since the temperature
is relatively high compared with the melting temperature
�1400 K� at ambient pressure, the system reached a com-
pletely disordered state without the effects of the initial con-
figuration. Then, we decreased the temperature of the system
gradually with MD simulations for 7.2 ps at 2000 K, 10.8 ps
at 1700 K, and 14.4 ps at 1450 K. The calculated
pressure17,18 was 0.5 GPa at 1450 K, which was estimated
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by taking the time average. Starting from this state, several
MD simulations were carried out with different number den-
sities to investigate the pressure dependence. The tempera-
ture was set about 50 K above the observed melting
temperature6 at each pressure. The number densities and
temperatures used in our simulations as well as the calcu-
lated pressures are listed in Table I. The quantities of interest
were obtained by averaging over 12.6 ps after the initial
equilibration taking at least 1.8 ps. The simulation time for
averaging is long enough to achieve good statistics for the
static quantities obtained in this study. When we extended
MD simulations up to 21.6 ps of total simulation time,
changes in the time-averaged quantities were within 5%
�typically less than 1%�. We may need longer simulations
when dynamic quantities, such as the van Hove correlation
function, are investigated.

III. RESULTS

A. Structure factors

Figure 1 shows the pressure dependence of the structure
factor S�k� of liquid CdTe. The calculated S�k� �solid lines�
are compared with the experimental S�k� �open circles� ob-
tained from the recent x-ray-diffraction measurements.6 We
obtained S�k� from partial structure factors S���k�, shown in
Figs. 2 and 3, with x-ray form factors. It is seen from Fig. 1
that the calculated results are in good agreement with the
experiments in a wide range of pressure. Below 2.4 GPa,
there is a plateau between k=1.9 and 2.8 Å−1 in the profile of
S�k�. When the pressure is increased, the plateau changes
into a peak around k=2.3 Å−1. It should be emphasized that
the profiles of S�k� above 4.6 GPa are qualitatively different
from those below 2.4 GPa, and S�k� at 3.1 GPa has an inter-
mediate profile between them. Moreover, it is found that the
profile of S�k� changes between 5.9 and 9.7 GPa, i.e., the
first peak shifts to larger k and becomes sharp. Above
9.7 GPa, S�k� has only weak pressure dependence. These
observations clearly suggest that liquid CdTe under pressure

is contracted nonuniformly and has some different forms in
the liquid state.

The change in the profile of S�k� is well understood from
the pressure dependence of the partial S���k� shown in Figs.
2 and 3. Although STeTe�k� has a sharp peak at about k
=1.9 Å−1 below 2.4 GPa, there exists only a shoulder around
the same wave number in S�k� because of the cancellation
due to the existence of a negative dip in SCdTe�k�. Also, we

TABLE I. Number densities � �Å−3� and temperatures T �K�
used in MD simulations. The calculated pressures P �GPa� are also
listed.

�
�Å−3�

T
�K�

P
�GPa�

0.0259 1450 0.5

0.0280 1450 1.2

0.0303 1700 2.4

0.0316 1450 3.1

0.0329 1700 4.6

0.0343 1700 5.9

0.0358 1700 7.6

0.0374 1700 9.7

0.0391 1750 12.3

0.0409 1750 15.5

0.0427 1800 19.5

0
0

0
1
2
3

0

0 2 4 6 8

k (Å
-1

)

0

S(
k)

0
0

0

0

0

0

19.5 (18.7)

12.3 (12.1)

9.7 (9.0)

5.9 (6.0)

4.6 (3.8)

3.1 (3.0)

1.2 (1.2)

0.5 (0.5)

15.5 (12.1)

7.6 (6.0)

2.4 (1.2)

P (GPa)

FIG. 1. Pressure dependence of the structure factor S�k� of liq-
uid CdTe. The solid lines and open circles show the calculated and
experimental �Ref. 6� results, respectively. The numerals in the pa-
rentheses are the pressure observed in the experiments.

0 2 4 6
0

S αα
(k

)

0 2 4 6 8

k (Å
-1

)

0

0

0
1
2
3

0
0
0
0
0
0

0

1.2

4.6

12.2

19.5

0.5

2.4

3.1

5.9

7.6

9.7

15.5

(a) Cd (b) TeP (GPa)

FIG. 2. Pressure dependence of the Ashcroft–Langreth partial
structure factors S���k� of liquid CdTe for �= �a� Cd and �b� Te.
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see that the plateau in S�k� between k=1.9 and 2.8 Å−1 con-
sists mainly of a broad peak of SCdTe�k�. Above 4.6 GPa, a
peak grows at k=2.3 Å−1 in SCdCd�k�, and, in STeTe�k�, the
peak at k=1.9 Å−1 becomes broad and the first minimum at
k=2.1 Å−1 disappears. These changes in the like-ion correla-
tions result in the appearance of the peak at k=2.3 Å−1 in
S�k� above 4.6 GPa. It is seen that the Te-Te correlation
changes largely between 5.9 and 9.7 GPa, while SCdCd�k� and
SCdTe�k� are almost unchanged. In STeTe�k�, the peak that ex-
ists at k=1.9 Å−1 below 5.9 GPa becomes weak with in-
creasing pressure and almost disappears at 9.7 GPa. Instead,
a peak appears at about k=2.3 Å−1 above 9.7 GPa. We see
that the shift and sharpening of the first peak of S�k� between
5.9 and 9.7 GPa come mainly from these changes in STeTe�k�.
It is concluded from the observations in S�k� and S���k� that
liquid CdTe at higher pressures �P�8 GPa� has a liquid
form which is different from that at lower pressures �P
�4 GPa�, and there exists another liquid form at intermedi-
ate pressures �4� P�8 GPa�. It is obvious that these struc-
tural changes are related mainly to the changes in the like-
ion correlations.

B. Pair distribution functions

In Fig. 4, the total pair distribution function g�r� is shown
as a function of the pressure. The solid lines and open circles
show the calculated and experimental6 results, respectively.
Although there are some discrepancies between them at
lower pressures, the overall agreement on the pressure de-
pendence is satisfactory. The pressure-induced changes ob-
served in both the experimental and theoretical g�r� are as
follows. At 0.5 GPa, the first minimum and the second peak
exist clearly, and the broad third peak can be seen around r
=7 Å. With increasing pressure, the second peak shifts to

smaller r, and the first minimum becomes shallower. Even-
tually, the minimum disappears, and the second peak be-
comes a shoulder of the first peak. At higher pressures
�19.5 GPa, there are no evidences of the first minimum and
second peak that were observed at 0.5 GPa. The broad third
peak around r=7 Å at 0.5 GPa also shifts to smaller r with
increasing pressure. It grows with pressure and becomes a
clear peak at about r=5.8 Å at 19.5 GPa.

The pressure dependence of the first-peak position r1 and
the coordination number N is shown in Fig. 5. The open and
solid circles in Fig. 5�b� show the coordination numbers cal-
culated as
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FIG. 3. Pressure dependence of the Ashcroft-Langreth partial
structure factor SCdTe�k� of liquid CdTe.
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FIG. 4. Pressure dependence of the total pair distribution func-
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N = 2��
0

r1

4	r2g�r�dr �1�

and

N = ��
0

R

4	r2g�r�dr , �2�

respectively, where � is the atomic number density. In the
second definition, we used R=3.4 Å which was determined
with reference to the first-minimum position at lower pres-
sures. From Fig. 5, we see that the pressure changes of r1 and
N are not monotonic. Below 3.1 GPa, r1 has weak pressure
dependence. It increases abruptly at 4.6 GPa and decreases
gradually above 10 GPa. Both N obtained by the two defini-
tions increase with increasing pressure, and the increasing
rate becomes low at higher pressures. The pressure variations
of the two N are very similar to each other. Note that there
are three pressure regions in the pressure dependence of r1
and N corresponding to the three liquid forms observed in
S�k�.

We should make some comments on the comparison with
the experimental results. The coordination number N ob-
served by the x-ray-diffraction measurements6 shows abrupt
increases at about 3 and 8 GPa with increasing pressure,
while the calculated results do not show such sudden
changes, as shown in Fig. 5�b�. This difference would come
from inadequacies of the approximations in the calculation
method. We used two major approximations: the frozen-core
approximation in the PAW method and the GGA in the DFT.
We consider that the former is sufficient for our purposes
because there are few mixed states related to the 4d states of
Cd and 5s states of Te in the range of pressure we examined,
as will be shown later. This indicates that the electrons in the
electronic states of atoms, which have energies lower than
the energies of those states, can be treated as the frozen
cores. On the other hand, it is uncertain whether the latter
approximation is sufficient or not, and the discrepancies be-
tween the experimental and theoretical results are likely to be
caused by this approximation. However, we cannot discuss
the quality of the calculations rigorously based only on the
comparison of the coordination number because there are
some ambiguities in the Fourier transform to obtain the real-
space correlation from the experimental structure factor S�k�
with limited wave numbers. The direct comparison of S�k�
would be more reliable, as was shown in Fig. 1. Although
not perfect, the agreement between the experimental and cal-
culated results for the pressure dependence of S�k� is rather
good. Therefore, we believe that the qualitative features of
pressure changes in partial quantities are correctly repro-
duced by our calculations.

The pressure dependence of the partial pair distribution
functions g���r� is displayed in Fig. 6. We see that, at
0.5 GPa, the first and second peaks of g�r� consist mainly of
the peaks of gCdTe�r� and gTeTe�r�, respectively. It is clearly
seen that the peak of gTeTe�r� at about r=4.7 Å shifts to
smaller r with increasing pressure, which results in the shift
of the second peak of g�r�. At lower pressures �0.5 GPa, the
broad third peak of g�r� at about 7 Å is mainly formed by

gCdTe�r�, and, at higher pressures �19.5 GPa, the three cor-
relations form the peak of g�r� at about r=5.8 Å. Around r
=3 Å, where the large first peak exists in gCdTe�r�, gCdCd�r�
and gTeTe�r� have no clear peaks at 0.5 GPa, though they
have finite values. The small shoulder at about r=2.8 Å in
gTeTe�r� would come from the covalent bonds between Te
atoms as in the chain structure of pure liquid Te. Below
3.1 GPa, no remarkable changes in gCdCd�r� and gTeTe�r� are
found. At 3.1–4.6 GPa, there appears a peak in gCdCd�r�, and
it becomes higher with increasing pressure. At 7.6–9.7 GPa,
gTeTe�r� forms a broad peak around r=3.5 Å and becomes
sharper at higher pressures. In this way, the correlations be-
tween like atoms around the first-coordination shell become
more important with increasing pressure. To see this more
clearly, we show the pressure dependence of the partial co-
ordination numbers N�� in Fig. 7. Since there are no clear
first peaks in gCdCd�r� and gTeTe�r� at lower pressures, the
second definition Eq. �2�, is used to calculate NCdCd and
NTeTe, which are shown in Figs. 7�a� and 7�b�, respectively.
NCdTe is calculated by both the definitions and is displayed in
Fig. 7�c�. It is clearly seen from Fig. 7�a� that NCdCd increases
largely up to about 4 GPa, and its pressure dependence be-
comes weak above 4 GPa. On the other hand, we see that the
increasing rate of NTeTe changes around 8 GPa, as shown in
Fig. 7�b�. Both NCdCd and NTeTe increase by about 2 when the
pressure is increased from 0 to 20 GPa, while NCdTe in-
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MIYATA, SHIMOJO, AND ANIYA PHYSICAL REVIEW B 77, 125217 �2008�

125217-4



creases by only 1. These facts imply that the like-atom cor-
relations are more important in the structural properties in
liquid CdTe under pressure. We can say that the three forms
observed in S�k� are related to the appearance of the short-
range correlations between like atoms. In the first form be-
low 4 GPa, all three partial correlations have a weak pressure
dependence, as shown in Fig. 6, and the coordination num-
bers increase, accompanying the volume reduction, as shown
in Fig. 7. In the second form between 4 and 8 GPa, the
Cd-Cd correlation becomes significant in the first-
coordination shell as gCdCd�r� has a clear peak at about r
=3 Å. In the third form above 8 GPa, the Te-Te correlation
at shorter distances becomes important, as gTeTe�r� intrudes
the first-coordination shell with a peak at about r
=3.2–3.5 Å. Upon further compression, all the three partial
correlations would become more similar to each other.

C. Electronic densities of states

Figure 8 shows the pressure dependence of the total elec-
tronic density of states �DOS� D�E�. Below 4 GPa, there is a
dip at the Fermi level, which would correspond to the semi-
conducting properties of the liquid. The dip becomes shal-
lower under further compression, and there is no structure at
the Fermi level above 10 GPa. The energy range of the elec-
tronic states above E=−6 eV at 0.5 GPa spreads toward
lower energies with increasing pressure. The position of the
large peak at about E=−9 eV has almost no pressure depen-
dence, while its width becomes wider at higher pressures.
The peak around E=−11 eV shifts to lower energies, and its
energy range spreads with compression.

The angular-momentum-dependent partial DOS D�
l �E� is

calculated from the weight of the angular momentum l for
each electronic state,19 which can be obtained from the popu-
lation analysis described briefly in the next subsection. Fig-
ure 9 shows the pressure dependence of the partial DOS
D�

l �E�. It is seen that, at 0.5 GPa, the electronic states above
E=−6 eV consist of the 5s and 5p states of Cd and the 5p
states of Te. As shown by the dashed lines in Fig. 9�b�,

DTe
5p�E� has a large peak at about E=−1.5 eV and a shoulder

around E=−4 eV, which correspond to mixed states with the
5p and 5s states of Cd, respectively. While these features are
retained below 4 GPa, the peak of DTe

5p�E� at about E=
−1.5 eV becomes lower, and the peak height becomes com-
parable to the shoulder around E=−4 eV under further com-
pression. The peaks of DCd

5s �E� and DCd
5p�E�, shown by the thin

solid and thin dashed lines in Fig. 9�a�, respectively, become
broader with increasing pressure. We see that DTe

5d�E� in-
creases above E=−5 eV with increasing pressure �the bold
solid lines in Fig. 9�b��. It is also seen that the electronic
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states around E=−9 and −11 eV originate from the 4d states
of Cd and the 5s states of Te, respectively.

D. Bonding properties

In this section, the bonding properties of liquid CdTe un-
der pressure are discussed on the basis of the results of the
population analysis.20 By expanding the electronic wave
functions in an atomic-orbital basis set,19,21,22 we calculated
the gross population of electrons Zi

l in the electronic state
associated with the angular momentum l around the ith atom
and the bond-overlap population Oij between the ith and jth
atoms.20 Since the atomic-orbital basis used in the expansion
of the wave functions is not unique, a different set of atomic-
orbital bases would give different values for Zi

l and Oij.
22

Therefore, we are unable to obtain the exact values of those
quantities. However, their relative magnitudes can be dis-
cussed meaningfully because the trends are the same for any
choice of atomic-orbital basis set. For the basis used in our
calculations, the charge spillage21 defining the error in the
expansion is less than 0.2%.

Figure 10 shows the pressure dependence of the gross
populations Z�

l which were obtained by averaging Zi��
l for

�=Cd and Te. We see that ZCd
4d and ZTe

5 s depend weakly on
pressure because these atomic electronic states are energeti-
cally isolated and do not form mixed states with other elec-
tronic states, as shown in Fig. 9. It is found that, with in-
creasing pressure, ZCd

5 s and ZTe
5p decrease, and ZCd

5p and ZTe
5d

increase, which means that the electronic transitions of the
5s→5p and 5p→5d atomic electronic states occur around
Cd and Te, respectively. Corresponding to the structural
changes, the slope of the pressure variation of Z�

l changes
between 4 and 8 GPa except for the 4d states of Cd and the
5s states of Te.

Figure 11 shows the pressure dependence of the time-

averaged distributions p���Ō� of the overlap populations

Oi��,j��. Note that p���Ō� is normalized so that the integra-

tion of p���Ō�, �Omin


 p���Ō�dŌ, gives the average number of
�-type atoms that have overlap populations greater than Omin

around one �-type atom. There are large peaks at Ō=0.0 in

the distributions of p���Ō� because we calculated Oij for
pairs of atoms with a large cutoff distance ��8 Å�. While
finite values of Oij are obtained for atomic pairs within the
first-coordination shells, Oij obtained for pairs with farther

atomic distances are nearly zero and give the peaks at Ō
=0.0.

As shown by the solid lines in Fig. 11, below 4 GPa,

PCdTe�Ō� has a peak at about Ō=0.4 with a clear minimum at

about Ō=0.2, while PCdCd�Ō� and PTeTe�Ō� have no peaks at

finite Ō. The existence of the peak in PCdTe�Ō� indicates that
there is a covalent-bonding interaction between Cd and Te
atoms even in the liquid state, which is consistent with the
presence of the gap in the DOS below 4 GPa �Fig. 8�. At

higher pressures above 4 GPa, the peak in PCdTe�Ō� shifts to

smaller Ō, and the minimum becomes shallower, indicating
that the covalent-bonding interaction weakens due to the
metallization. Corresponding to the appearance of the corre-
lations between like atoms in the first-coordination shell at

higher pressures, PCdCd�Ō� and PTeTe�Ō� at larger Ō increase
with increasing pressure.

E. Negative-slope melting curve

Here, we discuss the melting curve of CdTe under pres-
sure based on our calculated results. It is known that the
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melting temperature of CdTe decreases with increasing pres-
sure up to about 2 GPa.23 According to the Clausius–
Clapeyron equation, the negative slope of the melting curve
indicates that the liquid has a higher density compared to the
solid.

The melting curve of group-IV elements, such as Si and
Ge, also has a negative slope.24 The crystalline phase of
these elements has the fourfold coordinated diamond struc-
ture. Upon melting, the coordination number increases to
about 6 with volume reduction. While the solid state has
semiconducting properties, the liquid state is metallic. In this
way, large differences exist in the structural and bonding
properties between the solid and liquid states of group-IV
elements. It is certain that the negative slope of the melting
curve is closely related to these differences. In particular, the
crucial origin of the negative-slope melting curve is consid-
ered to be the fact that the diamond structure has a suffi-
ciently large open space that the liquid phase can be denser
than the solid.25

It is seen from our calculations �Fig. 5�b�� as well as the
x-ray-diffraction measurements6 that the coordination num-
ber in liquid CdTe at pressures below 2 GPa is only about 4,
which is similar to the value in the crystalline phase �zinc-
blende structure�. Also, we have seen that the covalent-
bonding interaction between Cd and Te atoms is preserved in
the liquid state below 4 GPa. From these observations, we
conclude that, unlike liquid group-IV elements, the local
properties of liquid CdTe at relatively lower pressures are
similar to those of the solid state, which is consistent with
the results of previous studies.7,8 To consider the mechanism
of the negative-slope melting curve of CdTe, we should no-
tice that the octahedral space in the zinc-blende structure is
sufficiently large as in the diamond structure. Since such
large space is collapsed in the liquid state especially under
pressure, the liquid is more closely packed than the solid,
and the melting curve has a negative slope, even though each
atom retains a nearly fourfold coordination.

Above 2 GPa, the crystalline phase transforms into a
denser structure without such large space as the octahedral
space in the zinc-blende structure, which gives the melting
curve with a positive slope.23

IV. SUMMARY

The pressure dependence of the structural and electronic
properties of liquid CdTe has been investigated by ab initio
molecular dynamics simulations. The calculated structure
factor S�k� is in good agreement with the recent x-ray-
diffraction measurements in a wide range of pressure. It has
been confirmed that there are at least three forms in liquid
CdTe under pressure up to 20 GPa, as observed experimen-
tally. In the liquid form below 4 GPa, almost no short-range
correlations exist between like atoms, and the liquid has
semiconducting properties with the covalent-bonding inter-
action between Cd and Te atoms. Our simulations suggest
that the high-pressure liquid forms are related to the appear-
ance of like-atom correlations in the first-coordination shell,
i.e., Cd-Cd and Te-Te correlations appear above 4 and
8 GPa, respectively, accompanying the metallization. The
bonding properties have been examined by the population
analysis, and it has been shown that the pressure dependence
of Mulliken charges and bond-overlap populations corre-
spond very well to that of the structure.
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