
PHYSICAL REVIEW' B VOLUME 51, NUMBER 22

Phase transitions in CdTe to 28 GPa
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Angle-dispersive powder-diffraction techniques utilizing an image-plate area detector and synchrotron
radiation have been used to study the phase transitions in CdTe above 8 GPa. The well-known phase
transition at 10 GPa is not to the P-tin structure as has previously been reported, but to an orthorhombic
structure with space group Cmcm. This is the same structure as recently reported for ZnTe-III, and is
characterized by a fivefold coordination of close nearest neighbors. The Cmcm phase is stable to at least
28 GPa, and the pressure dependence of the structure has been determined over this range. The continu-
ous nature of the NaCl —+Cmcm transition, coupled with the limited resolution and lower sensitivity of
previous studies, accounts for the earlier reports of a P-tin phase, aud of a transition at 12 Cxpa from the
supposed P-tin phase to an orthorhombic phase with space group Pmm2.

INTRQDUCTIQN

The generally accepted transition sequence yielded by
experimental and theoretical studies of II-VI semiconduc-
tors is zincblende (or wurtzite)~NaCI~P-tin with in-
creasing pressure. ' And the more ionic III-V systems,
like InAs, have been found to behave the same way.
The main exceptions are that the NaC1 phase is preceded
by a cinnabar phase in the HgX compounds,

' and that
the high-pressure phases of Zn Te appear to be more com-
plex. In the case of CdTe, the basic sequence has
been well documented for some 30 years, with the zinc-
blende (CdTe-I)~NaC1 (CdTe-II) transition occurring at
3.5 CsPa, and the NaCI~P-tin (CdTe-III) transition
at —10 GPa. ' A further transition, to an orthorhombic
structure with space group Pmm2 (CdTe-IV), has been
reported at —12 GPa.

There is now growing evidence that this picture is in-
complete, and in some respects incorrect. Using angle-
dispersive diffraction techniques and synchrotron radia-
tion, we have shown' '" that in fact CdTe has two closely
spaced transitions near 3.5 GPa: first zincblende to cin-
nabar and then cinnabar to NaC1. A cinnabar phase has
also been found in ZnTe at high pressure (ZnTe-II).
And our preliminary studies of HgTe-IV, CdTe-IV, and
ZnTe-III at —18 GPa have shown' that the diffraction
patterns from all three materials are incompatible with
their previously reported structures (P-tin, Pmm2, and
monoclinic, respectively). The patterns did, however,
possess many similarities, and could all be indexed on a
C-face-centered-orthorhombic unit cell. Subsequent de-
tailed diffraction studies of ZnTe-III have shown' the
structure to be a strong distortion of the NaC1 structure,
with space group Cmcm.

In order to investigate the structural phase transitions
in CdTe above 5 GPa, and to determine the structural re-
lationship, if any, of CdTe-III and CdTe-IV with ZnTe-
III, we have performed detailed angle-dispersive diffrac-
tion measurements on CdTe to 28 GPa. We find that at
10 GPa the NaC1 phase of CdTe transforms continuously
into a Cmcm structure that is stable to at least 28 GPa.

Neither the P-tin nor Pmm2 phases are found to exist.
The observation of a Cmcm structure in ZnTe and CdTe
marks the emergence of new structural systematics in the
II-VI semiconductors.

KXPERIMKNTAL DETAILS

DifFraction data were collected on station 9.1 at the
Synchrotron Radiation Source, Daresbury, using angle-
dispersive diffraction techniques and an image-plate area
detector. In order to enhance the difference in scattering
power between the Cd (Z =48) and Te (Z =52) atoms,
we used an incident wavelength of 0.4652(1) A, 59 eV
from the measured position of the Cd K-absorption edge.
The incident monochromatic beam was collimated by a
platinum pinhole to a diameter of 75 pm. Great care was
taken to minimize contaminant and background scatter-
ing. The two-dimensional Debye-Scherrer patterns were
collected on Kodak image plates and read on a Molecular
Dynamics 400A PhosphorImager, using a pixel size of
88 X 86 pm, and then integrated to give conventional
one-dimensional diffraction profiles. Details of our exper-
imental setup, alignment procedure, and pattern integra-
tion software have been reported previously. ' '

The progressive discovery of the nature of the high-
pressure behavior led to a large number of data points be-
ing obtained through the range up to 18 GPa, with data
collected from five difFerent CdTe samples. All the sam-
ples were prepared from the same starting material of
& 99.99%%uo purity provided by the Aldrich Chemical
Company. For studies to 14 GPa, we employed Merrill-
Bassett diamond-anvil pressure cells (DAC's) with dia-
mond culet diameters of 600 pm. These DAC's permit
the pressure to be increased in very small increments of
0. 1 —0.2 GPa, which was essential in the study of the
small and gradual peak splittings observed immediately
above 10 GPa. For studies to 28 GPa, we employed a
Diacell-DXR4 DAC (Ref. 16) with diamond culet diam-
eters of 300 pm. Both types of DAC have full conical
apertures of ~40. In all cases the samples were loaded
into 150—200 pm holes in tungsten gaskets with a 4:1
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mixture of methanol:ethanol as a pressure-trans-
mitting fluid. The pressure was measured before and
after each exposure using the ruby fluorescence tech-
nique. '

The structural results were obtained in almost all cases
by full Rietveld refinement' of the integrated profiles us-
ing the program MPRQF. However, no stable solution
was possible using Rietveld techniques for the high-
pressure phase just above 10 GPa —where the extra lines
are very weak —and lattice parameters were obtained in-
stead by least-squares analysis of measured d spacings.
Since full refinements could not be carried out, values of
the atomic coordinates were not obtained at these pres-
sures (10.3 and 10.7 GPa).

RESULTS AND DISCUSSIGN

On pressure increase, the NaC1 structure of CdTe was
observed from 3.8 to 10 GPa. Very weak extra
rejections began to appear in the diffraction profiles at
10.1 GPa, and grew in intensity as the pressure was in-
creased. Figure 1 shows the integrated profile obtained at
11.7 GPa, and A and B mark the strongest of the new
rejections. As shown in the inset, five further new
rejections are discernible, but only A and B have been
observed in the three previous studies of CdTe above 10
GPa. In each case the authors indexed them as the
(101) and (211) refiections, respectively, from a p-tin
structure. The (200) and (220) reflections from the p-tin
phase —which have intensities comparable with (101)and
(211), respectively, and should thus also be clearly
visible —were assumed to be overlapped by the (200) and
(220) refiections of the NaCl phase in a mixed-phase
NaCl/P-tin sample. If the 11.7 CxPa profile is analyzed
this way —using the measured d spacings of the NaC1
(111), (200), (220), and (222), and the p-tin (101)
and (211) refiections —the refined lattice parameters are

a =5.761(2) A, and a =5.761(2) A and c =2.911(2) A
for the NaC1 and P-tin phases, respectively. However, a
NaCl/p-tin mixed-phase profile accounts for only three
of the seven newly observed reflections; the four that are
not accounted for are indicated by asterisks in inset (i) of
Fig. 1.

Close examination of the profile collected at 11.7 GPa
reveals that the peak at 28=9.3 [the (200) refiection in
the NaCl phase] is clearly asymmetric, as illustrated in
inset (ii) in Fig. 1. Further increases in pressure resulted
first in increased asymmetry and then in a splitting of this
reflection, with a new peak shifting to smaller 20 angles
(longer d spacing). This is illustrated in Fig. 2 which
shows a sequence of profiles obtained at pressures be-
tween 11.2 and 13.6 GPa. The peak at 28=13' can also
be seen to split over this pressure range. The splitting of
the reAection at 20=9.3, and the shift of the new
reflection to longer d spacing, was observed previously by
Hu, who interpreted it as evidence of a transition from
the p-tin phase to the orthorhombic Pmm2 phase at
12.18 GPa. However, analysis of profiles collected be-
tween 10 and 12 GPa, reveals that the asymmetry is evi-
dent at pressures as low as 10.9 GPa, indicating that the
asymmetry accompanies the development of the non-
NaC1 reQections indicated in Fig. 1. The present data
strongly suggest, therefore, that the phases previously re-
ported as p-tin and Pmm 2 are, in fact, one and the same,
and that this phase does not have the p-tin structure.

The sample pressure was increased further to 18.6
GPa, and the profile shown in Fig. 3 was collected. In
this pressure range the CdTe pattern is very similar to
that found in ZnTe-III and HgTe-IV, as previously not-
ed. ' From the profile in Fig. 3, it was possible to deter-
mine the d spacings of 12 lines unambiguously. Autoin-
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FIG. 1. Integrated profile of CdTe at 11.7 GPa. A and B
mark the strongest of the non-NaCl reflections, while five weak-
er non-NaCl reflections are indicated by arrows in inset (i).
Four of these latter reflections —indicated by asterisks —cannot
be accounted for by a NaC1/P-tin mixed-phase profile. Inset (ii)
shows an enlargement of the asymmetric peak in the main
profile at 20-9.3 .
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FIG. 2. The sequence of integrated profiles obtained from
CdTe at pressures between 11.2 and 13.6 GPa. A and B mark
the same two non-NaCl reflections as in Fig. 1.
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FIG. 3. Integrated profile of CdTe at 18.6 CzPa. The inset
shows an enlargement of the region of the profile close to the
position of the (110) reAection recorded at 26.175 keV, far (f)
from the Cd E edge, and at 26.656 keV, near (n) the Cd I( edge
(at 26.715 keV). The two profiles in the inset are on a common
intensity scale.

dexing of these d spacings using the program DIcvoL
(Ref. 20) gave an excellent fit to the observed data with an
orthorhombic unit cell having a =5.58 A, b =5.97 A,
and c =5.28 A. Indexing of the whole profile revealed
that reflections with h +k =odd in all (hkl) and l =odd
in (h0!) are systematically absent. The symmetry of the
lattice is thus C-face centered, with a four-atom basis re-
quired to give a physically reasonable density.

As in the case of ZnTe-III, ' solving the structure of
CdTe is greatly facilitated by establishing the nature of
the atomic ordering. The inset to Fig. 3 shows, on a com-
mon intensity scale, the region of the difFraction pattern
close to the position of the (110) refiection recorded at in-
cident wavelengths near to (n) and far from (f) the Cd K
edge. Near the edge, the (110) reflection is almost absent,
but it becomes clearly visible (although still very weak)
away from the edge. There is also a change in the inten-
sity of the (111) reflection which, by contrast, becomes
weaker away from the edge. These clear intensity
changes show the structure to be site ordered. The sys-
tematic absence conditions restrict the possible space-
groups to Cmcm, C2cm, and Cmc2& for atoms on general
positions, but these three groups all have 8- and 16-fold
general positions and the site ordering further restricts
possible structures to ones with fourfold special positions.
Only the 4(c) sites of Cmcm, the 4(b) sites of C2cm and
the 4(a) sites of Cmc2, are consistent with the observed
absences. [The absences are also consistent with the 4(b)
special position of C222i, but this is not distinguishable
from 4(c) of Cmcm and therefore will not be considered
further. ]

The strong similarities with ZnTe-III suggest that ini-
tial structural refinements can be based on the ZnTe-III
structure —that is, spacegroup Cmcm with Cd at
—(0,0.7,0.25) and Te at -(0,0.2,0.25). Trial refine-
ments confirmed this as a plausible structure, but the
(002) reflection is not observed in the profile although it
has a calculated intensity similar to that of the nearby
(021) refiection (see Fig. 3). This disagreement in intensi-

ties also results in a general misfit to the positions of oth-
er ~eaker peaks, because the refinement adjusts the lat-
tice parameters so as to overlap the (002) and (021)
rejections and thus minimize the overall disagreement
between observed and calculated profiles. In our earlier
study of ZnTe-III we found' that the intensity of the
(002) refiection could be strongly affected by preferred
orientation (PO) effects, although in the case of ZnTe the
(002) was still clearly visible in the integrated profiles.
Analysis of the 2-d images of CdTe obtained above 13
GPa revealed that the PO was much stronger than in
ZnTe. Furthermore, strong intensity variations around
the Debye-Scherrer rings revealed that the PO distribu-
tion was not coaxial with the pressure-cell axis.

In order to check whether the apparent absence of the
(002) reflection was indeed due to the strong PO effects,
profiles were collected with the axis of the pressure cell at
various inclinations to the incident x-ray beam. X)etec-
tion of (002) was facilitated by making these measure-
ments at a pressure of 14 GPa, where the best estimates
of the lattice parameters showed (002) to be well separat-
ed from both the (200) and the (021) reflections. Figure 4
shows profiles obtained from the same sample at inclina-
tion angles of 0' and 30. It can be seen that not only
does the (002) reflection become clearly visible when the
DAC is inclined at 30, but also the intensities of the
(020), (021), and —less evidently from this figure —(200)
reAections are significantly reduced. It is also evident
that the (200) reflection is considerably sharper than the
other reflections, and the same is true for (400). Such
efFects can arise as a consequence of the shape of the sam-

(zoo)

io 2a (deg)

FICx. 4. Integrated profiles from the same CdTe sample at
14.0 GPa, obtained at sample-inclination angles of 0 and 30'.
The arrow indicates the calculated position of the (002)
reAection.
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pie crystallites, with the sharp (h00) refiections sugges-
tive of needlelike crystallites with their long axis parallel
to [100].

Despite many attempts, it has not proved possible to
obtain a sample in which the (002) refiection is visible in a
noninclined DAC. This suggests that the strong PO
effects arise as a consequence of the phase transition from
the NaCl phase rather than sample preparation or the
rate of pressure increase. Attempts to determine a pre-
ferred orientation correction that will reduce the calcu-
lated intensity of the (002) refiection to zero have also
proved unsuccessful. This is not surprising: such ex-
treme effects are outside the range over which the stan-
dard one-parameter March-Dollase ' model used in the
structure refinements with MPRoF (Ref. 19) can give an
accurate correction. However, trial refinements at
several pressures show that there is little or no effect on
the refined atomic coordinates if the (002) refiection is
simply omitted from the refinement, and so this was done
in all cases. Removing the (002) also has the benefit of
improving the overall fit to the observed profile by elim-
inating the distortion of the unit cell that results from
trying to overlap the (002) and (021) refiections, as dis-
cussed above.

The variables in the structure refinement were a scale
factor, the a, b, and c lattice parameters, the two variable
atomic coordinates y(Cd) and y(Te), two isotropic
thermal-motion parameters, four peak-shape parameters,
and the preferred orientation parameter. Trial refine-
ments were also carried out in C2cm and Cmc 2„and
these gave small additional displacements of -0.003 in x
and -0.05 in z, respectively. However, as found in
ZnTe-III, these small displacements result in calculated
intensities for the very weak (110) and (112) refiections
that are clearly larger than those observed. %"e conclude,
therefore, that there is no evidence for symmetry lower
than Cmcm.

The best Cmcm fit to the profile at 18.6 Gpa is shown
in Fig. 5. The refined lattice parameters are a =5.573(1)
A, b =5.960(2) A, and c =5.284(4) A, and the re-
fined atomic coordinates are y(Cd)=0. 650(3) and y(Te)
=0.180(3). The separation of the atoms along y, by, is
thus 0.470(4), which is closer to 0.5 than the value of
0.450(1) found in ZnTe-III. ' To test the significance of
the difference from 0.5, refinements were carried out with
Ay held at 0.5. This gave clearly poorer fits, with the cal-
culated intensity of (131) reduced nearly to zero and the
intensity of (111)halved. In the best-fitting structure, the
nearest-neighbor to the Te atom at (0, 0.180, 0.25) is the
Cd atom at (0, 0.350, 0.75). As in ZnTe-III, another pos-
sible solution to the structure must be considered in
which the nearest neighbors are like atoms. ' This dis-
tinct structure, which has quite difFerent coordination,
was found to give a stable refinement, and a fit that was
not clearly unacceptable apart from the (131) reflection
which was calculated much weaker than observed. If the
atomic coordinates were constrained to give the (131) in-
tensity as observed then larger discrepancies were ob-
tained for other rejections. This alternative is thus ex-
cluded in favor of the structure shown in Fig. 6 which is
also strongly indicated by the continuous nature of the
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FIG. 5. Fit to the CdTe profile collected at 18.6 GPa. The
tick marks show the positions of all the rejections allowed by
symmetry, except the omitted (002) reQection (see text). The
difference between the observed and calculated profiles is
displayed below the tick marks. Apart from (110), very weak
rejections have not been indexed.
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FIG. 6. The Cmcm structure of CdTe at 18.6 GPa. (a) shows
a view along the x axis and (b) shows the AB plane in (a) viewed
along the z axis. The dashed lines mark the nearest-neighbor
contacts around the Cd atom at (0,0.650,—'}and the Te atom at
{0,0.180,4 ). The letters label the six different nearest- and next-
nearest-neighbor distances. The short-dashed rectangle in (a)
outlines a Pmm 2-like pseudocell.

transition, as discussed below. This best-fitting structure
still gives some residual misfits (Fig. 5) which are almost
certainly attributable to the inability of a simple, one-
parameter model to account completely for the (pro-
nounced) nonaxial preferred orientation.

Figure 6 shows the refined structure at 18.6 GPa pro-
jected down (a) the x axis and (b) the z axis. The dashed
lines indicate the nearest-neighbor contacts around the
Cd atom at (0, 0.650, 0.25) and the Te atom at (0, 0.180,
0.25). The letters label the six different nearest- and
next-nearest-neighbor distances which are 2.792(1),
2.801(4), 2.829(2), 3.158(4), 3.190(3), and 3.403(2) A, in
the sequence of a to f. As in ZnTe-III, the structure can
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be considered as a distortion of NaCl, with alternate (001)
NaC1-like planes of atoms [as in Fig. 6(b)] displaced ap-
proximately +0.08 along the y axis. Each Cd and Te
atom is surrounded by five almost equidistant unlike
nearest neighbors at -2.8 A (two a, one b, and two c
contacts), with the nearest of them being those in the
buckled chains along the x axis [see a in Fig. 6(b)]. Be-
cause by%0. 5, the sixth unlike neighbors (the d contacts)
are at a significantly greater distance of 3.158 A. For the
Cd atom, this distance is only slightly less than that (e) to
the nearest like neighbors (3.190 A), but it is considerably
smaller than the shortest Te-Te distance of 3.403 A (f).
The difFerence between these Cd-Cd and Te-Te distances
arises, again, because hy%0. 5.

Comparison of the Cmcm structure with the ortho-
rhombic Pmm 2 structure proposed previously by Hu re-
veals that the unit cells are related by a, =2a,
b, =2c, c, =b, where the subscripts c and p refer to the
C-face-centered and primitive orthorhombic cells, respec-
tively. Hu showed that the Pmm 2 structure gave
reasonable agreement with observed reAection intensities,
with atoms at (0,0,0) and (0,—,', li= —') referred to the
Pmm2 cell. This is because the spatial arrangement of
atoms in the structure is broadly similar to that of the
Cmcm structure —except that 5-0.17 rather than —,

' —as
shown in Fig. 6(a), where a Pmm2-like pseudocell is out-
lined by the short-dashed rectangle. However, atoms are
all equally spaced along c in the Pmm 2 structure
(equiva- lent to by =0.5 in the Cmcm unit cell) and the
assumed site ordering of the Pmm2 structure makes its
(010) planes [i.e., the xy planes of Fig. 6(b)] alternately all
Cd and all Te—thus losing the NaCl-like layers that
characterize the Cmcm structure. These substantial
difFerences lead to the halving of a, and b„which
reflections like (111)and (131)—see Fig. 5—plainly show
to be incorrect.

Refinements of difFraction profiles collected at pres-

sures below 18.6 GPa confirmed the preliminary assess-
ment (see above) that they too could be fitted using the
Cmcm structure. Figure 7 shows a Cmcm fit to the
profile in Fig. 1, which was collected at 11.7 GPa,
with a =5.761(2) A, b =5.834(3) A, c =5.715(6) A,
y(Cd) =0.722(3), and y(Te) =0.235(3). The additional
features identified in inset (i) of Fig. 1 are all accounted
for in this fit, as shown in the inset of Fig. 7. The ob-
served changes above 10 GPa can thus all be understood
in terms of a continuous transition of the NaC1 structure
into the Cmcm structure (see note added in proof). The
pressure dependence of the a, b, and c lattice parameters
of the NaC1 and Cmcm phases from 4 to 28 GPa is shown
in Fig. 8. The unfilled symbols are the data points of
Hu, converted to the Cmcm unit cell. Figure 9 shows
the compression of the unit-cell volume in terms of
V/Vo. The continuous onset of the distortion of the cu-
bic NaCl phase is very apparent, with no significant ob-
servable discontinuity in either the lattice parameters or
the unit-cell volume in the region of the transition.
(There also appears to be no change in compressibility at
the NaC1 to Cmcm transition —see Fig. 9.) The continu-
ous lengthening of the b lattice parameter was not detect-
ed in the previous work —using film-based techniques on
a laboratory x-ray source —because of there being
insufficient resolution to observe the (020) reflection
below 12.2 GPa, the pressure at which it becomes well
separated from (200)—see Fig. 2. If the asymmetry of
the (200) reflection at lower pressures is not detected, the
continuous transformation from NaC1 to Cmcm would
appear as two separate efFects: first the growth of the
(021) and (221) reflections, which starts at 10.1 GPa and
is indicative of the displacement of alternate (001) planes
along the y axis, and then the splitting of the (020)
reflection from the (200) reflection becoming discernible
at —12.2 GPa as a result of the increased orthorhombic
distortion.
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FIG. 7. Fit of the Cmcm structure to the
CdTe profile collected at 11.7 GPa shown in
Fig. 1. The tick marks show the positions of
all the reflections allowed by symmetry, except
(002) as in Fig. 5. The difference between the
observed and calculated profiles is displayed
below the tick marks. The inset shows an en-
larged view of the high-angle part of the
profile, and the asterisks mark the four weak
non-Nacl/P-tin refiections identified in the
same way in inset (i) of Fig. 1.
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It has been shown previously that above 19.3 GPa the

cz /az and b /a ratios remain fixed at —1.08 and
—1.87, respectively. Although it was not explicitly stat-
ed in Ref. 9, this implies a b /c ratio of —1.73 which is
very close to &3. Such a ratio between the lattice param-
eters of an orthorhombic structure can indicate a transi-
tion to a hexagonal structure, such as we have recently

ZB

FIG. 8. Pressure dependence of the a, b, and c lattice param-
eters of the NaCl and Cmcm phases of CdTe. The unfilled sym-

bols at 19.3 GPa are the data points from Ref. 9 converted to
the Cmcm unit cell.

found in Si. As can be seen from Fig. 6(a), the Cmcm
structure is quasi-simple-hexagonal at 18.6 GPa, but true
hexagonal symmetry would require reordering or disor-
dering of the Cd and Te sites. The equivalent to the
b /c ratio in the Cmcm structure is 2c, /b„which is
shown as a function of pressure in Fig. 10. Although the
value initially decreases rapidly with pressure above the
transition, the rate of change becomes less rapid above 16
GPa and the ratio appears to be reaching a limiting value
just above &3. (And it is shown below that the atomic
positions also remain clearly nonhexagonal at 28 GPa-
even apart from the site ordering. )

Although it was not possible to carry out Rietveld
refinements of the diItraction profiles collected at pres-
sures (10.3 and 10.7 GPa) very close to the
NaC1 —+Crncm transition —because high correlations be-
tween structural parameters prevented stable, physically
sensible solutions —it was otherwise possible to deter-
mine the structural coordinates at all pressures from 10.8
to 28 GPa. The pressure dependence of y(Cd) and y(Te)
is shown in Figs. 11(a) and ll(b) and the pressure depen-
dence of hy, the difFerence between y(Cd) and y(Te), is
given in Fig. 11(c). On compression, the Cd and Te
atoms are both displaced along the y axis away from the
positions they occupy in the NaC1 structure [which can
be expressed as a Cmcm structure with a =b =c, and
y(Cd) =0.75 and y(Te) =0.25]. The structural coordinates
mirror the lattice parameters in showing the onset of the
orthorhombic distortion to occur mostly over the range
up to 16 GPa. Above that there is relatively little
change, with y(Cd) and y(Te) remaining at -0.65 and
-0.18, respectively —very similar to the coordinates of
ZnTe-III at 16 GPa. ' Figure 11(c) reveals that the rela-
tive displacement of the two atoms along y, Ay, also in-
creases in a similar way with pressure, such that the ini-
tially straight chains of alternate atoms along the x direc-
tion become slightly buckled with increasing pressure, as
seen in Fig. 6(b).

As explained above, there is only a small difFerence in
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51 PHASE TRANSITIONS IN CdTe TO 28 GPa 15 729

the fit between the structure in Fig. 6 and one in which
the nearest-neighbor c contacts link like atoms. Howev-
er, the continuous nature of the distortion from NaC1
shows the structure to be as in Fig. 6. The latter has zig-
zag Cd-Te-Cd-Te chains along z (joined by the c contacts)
which arise from the initially straight Cd-Te-Cd-Te
chains of the NaC1 structure by a continuous relative dis-
placement of Cd and Te in opposite directions along y.
In the alternative structure, the c linked chains become
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FIG. 11. The pressure dependence of (a) the y(Cd) atomic
coordinate, and (b) the y(Te) atomic coordinate in the NaC1 and
Cmcm phases of CdTe. In the NaC1 phase, y(Cd)=0. 75 and
y(Te) =0.25 by symmetry. The relative displacement of the Cd
and Te atoms along the y axis, hy, is shown in (c).

zigzag Cd-Cd-Cd-Cd and zigzag Te-Te-Te-Te, which
clearly cannot be derived continuously from NaC1
without y(Cd) becoming (0.625 and y(Te) becoming
(0.125.

It is worth noting that the Cmcm structure is similar to
the Amm2 structure proposed by Zhang and Cohen for
phase II of GaAs, with the y and z axes interchanged.
( Amm 2 then becomes Cm 2m. ) Zhang and Cohen
remarked that the shearing of alternate NaC1-like planes
corresponds to a transverse-acoustic mode of the NaC1
structure. The continuous nature of the transition in
CdTe could thus be interpreted as a classic soft-mode
transition. However, this does not account for the devia-
tions of Ay from 0.5, and this makes the coordination im-
portantly different from that of the Amm 2 structure.

The effect of the variation of Ay with pressure can be
seen in the evolution of the Cmcm coordination, as
shown in Fig. 12. In the NaC1 phase each atom is sur-
rounded by six equidistant unlike atoms at -2.9 A, 12
like next-nearest neighbors all at -4. 1 A, and eight un-
like third-nearest neighbors at -5. 1 A. In the Cmcm
phase, the pressure dependence of the lattice parameters
and the atomic coordinates is such that five of the
nearest-neighbor distances remain similar, while the sixth
(the d contact) increases sharply as a consequence of the
change in hy from 0.5. If hy were 0.5, the b and d con-
tacts would both become significantly longer than the a
and c contacts. by&0. 5 is thus necessary to give fivefold
rather than fourfold close nearest-neighbor coordination.
Above -20 GPa, the sixth nearest-neighbor distance (d)
becomes the same within error as the nearest Cd-Cd dis-
tance (e) such that, at 20 GPa, each Cd atom is sur-
rounded by five Te atoms at -2.77 A, and a further Te
and two Cd atoms at -3.15 A. As already pointed out,
the change in Ay from 0.5 means that the bonding ar-
rangement around each Te atom is slightly different, with
five Cd atoms at -2.77 A, the sixth at -3.15 A, but
with the closest Te atoms significantly further away at
3.37 A (the f contact).

The perfect sixfold coordination of the NaC1 phase has
thus been lost in favor of only five close nearest neighbors
but with a large reduction in two next-nearest-neighbor
distances (e and f) such that the coordination can be
viewed as 5+3. The large reduction in the length of the e
and f distances arises from the displacement along +y of
alternate (001) planes, and so is balanced by increases of a
similar magnitude in two other next-nearest-neighbor dis-
tances, which are labelled j and k in Fig. 12. The relative
displacements of neighboring (001) planes also cause the
sharp reduction seen in four of the third-nearest-neighbor
distances (labelled I), and an equal increase in the other
four (m). Thus, at 20 GPa, each atom still has a shell of
12 neighbors at —4 A (g, i and 1, or Ii, i, and i), as in the
NaC1 phase, though these now comprise eight like and
four unlike atoms, rather than the 12 like atoms of NaC1.
And inside this shell there are now eight neighboring
atoms, rather than the six of NaC1. The overall coordina-
tion is thus approximately 8+12, which resembles a
simple-hexagonal (SH) structure. However, a true SH
structure has the b, c, d, e, and f contacts all equal, and
the Cmcm coordination remains quite different from this
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at 20 GPa [and to at least 28 GPa (Ref. 26)], as Fig. 12
makes clear. In any case, as already remarked, the site
ordering is inconsistent with hexagonal symmetry.

The bonding arrangement in Cmcm-CdTe is thus simi-

c

chal~

cu b,~~
(h

Cl
C3

E
C&

3.6
~ ~ ~~ f 2

a (2), b (1), c (2)

Pressure (GPa)

20

FIG. 12. The pressure dependence of the nearest-, next-
nearest-, and third-nearest-neighbor distances in the NaCl and
Cmcm phases of CdTe. Circles indicate contact distances to un-

like atoms, while triangles and squares indicate contact dis-

tances to like atoms. The, 0, and symbols indicate Cd-Cd,
Te-Te, and Cd-Te contact distances, respectively. The 4 sym-

bols used for the i contact distance (see below) indicate that this
distance is the same for Cd-Cd and Te-Te contacts, All dis-

tances are relative to the Cd atom at (0,0.65,—'), denoted Cdo,

and the Te atom at (0,0.18, 4 ), denoted Teo. (The specific y coor-

dinates given here and in the following are those obtained for
the structure at 18.6 GPa, which is as shown in Fig. 6). The dis-
tances a to f are labeled in Fig. 6. The g distance is from Tea to
the Te atom at ( 2,0.32, —„);the h distance is from Cdo to the Cd

atom at ( —',0.85, —); the i distance is from Cd& and Tea to the Cd

and Te atoms at ( 2, 0. 15,—') and ( —', 0.68, 4 ), respectively; the j
distance is from Cdo to the Cd atom at (0,1.35, 4 ); the k distance

is from Tea to the Te atom at (0,0.82, 4 ); the l distance is from

Cd& to the Te atom at ( —',0.32, 4 ); and the m distance is from

Cdo to the Te atom at ( 2, 1.32, ~ ). The number in parentheses

after the labels a to m show how many of each type of contact
distance there are around each atom. i (4+4) indicates four
Cd-Cd contact and four Te-Te contacts. The lines through the
data points are guides to the eye.

lar to that observed in ZnTe-III (Ref. 12) which is also
5+3 coordinated, although in that case the Cmem struc-
ture occurs after a first-order transition from the cinna-
bar structure of ZnTe-II. Preliminary results for HgTe
show that it also exhibits a erst-order transition to the
Cmcm structure, but from a NaC1 phase in that case.
Recently, a NaC1 phase of ZnTe (ZnTe-IV) has been ob-
served at combined high pressures and high tempera-
tures. It would now be of considerable interest to fol-
low the structural changes that occur with temperature
on heating from ZnTe-III to ZnTe-IV —in particular, to
determine whether that phase transition is continuous or
not.

Although the present study has revealed the crystal
structure of CdTe above 10 GPa to be more complex
than previously believed, the existence of only a single
phase, rather than the two phases proposed previously,
greatly simplifies the emerging structural systematics of
the II-VI materials. ' The observation of both a cinna-
bar and Cmcm structure in ZnTe, CdTe, and a Cmcm
structure in Hg Te, suggests a zincblende~cinnabar
~NaC1 —+Cmcm transition sequence in the II-VI tellu-
rides under pressure, although ZnTe appears anomalous
in not possessing the NaC1 structure at ambient tempera-
ture. No evidence has yet been found of a cinnabar phase
in the nonmercury II-VI sulfides and selenides, but the re-
ported evidence for a P-tin phase in HgSe (Ref. 1) sug-
gests that it might also have the Cmcm structure, and the
reported behavior of CdS and CdSe at higher pressures
now invites re-examination. Since the more ionic III-V
systems are expected to be similar to the II-VI systems in
their high-pressure behavior, reported NaCI~P-tin tran-
sitions in III-V materials like InAs and InP also attract
attention, and preliminary work has given strong evi-
dence that their supposed P-tin phases in fact have the
Cmcm structure, or something similar to it. ' And the
similarity of the Cmcm structure to the supposed Amm2
structure of GaAs-II (see above) suggests that its true
form may also be Cmcm-like. It thus appears probable
that the continuous nature of the transition in CdTe gives
a valuable insight into the nature of a structure type of
wide significance in the structural systematics of II-VI
and III-V semiconductors.

In summary, our main conclusions are as follows:
(1) CdTe undergoes a continuous phase transition at

10.1 GPa from the Nacl structure to a phase with a site-
ordered Cmcm structure.

(2) This is the same structure as has been reported re-
cently for phase III of ZnTe, and has the same fivefold
coordination of close nearest neighbors.

(3) The Clem phase is stable from 10 to at least 28
GPa. The previously reported NaCl~P-tin and P-
tin~Pmm2 transitions, at 10.3 and 12.2 GPa, respec-
tively, are not observed, and can be understood as lower-
resolution and lower-sensitivity interpretations of the
Cmcm powder patter.

Finally, we note that in obtaining these results we have
been dependent on the high sensitivity and also the 2-d
nature of the image-plate data. These make it possible to
exploit anomalous dispersion efFects, detect very weak
reAections and survey preferred orientation, all of which
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were needed to reach a satisfactory solution.
Note added in proof. The intrinsically continuous na-

ture of the NaC1~Cmcm transition is evident from the
gradual splitting of the peak at 28-9' in Fig. 2. Howev-
er, it cannot be ruled out that there may be some phase
mixing. At pressures below —14 GPa, it is difBcult in the
refinements to distinguish single-phase Cmcm from a
mixture of NaC1 and Cmcm phases: both possibilities
give similarly good fits to the powder patterns. The
mixed-phase refinements yield slightly different atomic
coordinates, y(Cd) and y(Te), from those shown in Fig.
11,but the differences are only 50.01.
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