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High-pressure crystal structure of HgTe-IV
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The crystal structure of HgTe-IV has been determined using angle-dispersive diffraction techniques, with
synchrotron radiation and an image-plate area detector. The structuredginpas previously reported, but is
found to be site ordered and orthorhombic with space g@oprm This is the same structure as has recently
been found for CdTe-lll/IV and ZnTe-lll. However, HgTe exhibits a behavior different from either CdTe or
ZnTe, in having a strongly first-order transition from a NaCl ph@$gTe-11l) to Cmcm The volume decrease
at the transition is 1(2)%, and theCmcmstructure just above the transition is strongly distorted from NacCl.
Two slightly different, but distinct, configurations of the structure give very similar fits to the diffraction data.
Both configurations have significantly different coordination from CdTe-Ill/IV and ZnTe-lIl.

[. INTRODUCTION and compare the structure of HgTe-1V with those of CdTe-
HI/IV and ZnTe-lIl.

Among the II-VI semiconductors, the high-pressure be-
ha_l\_/ior of HgTe_ has at_tracted the most attention. Bridgman’s Il. EXPERIMENTAL TECHNIQUES
initial volumetric studies suggested that HgTe undergoes a
first-order phase transition at 1.25 GPa with a volume change Diffraction data were collected on station 9.1 at the Syn-
of ~8.4%? This transition was subsequently confirmed bychrotron Radiation Source, Daresbury, using angle-
resistivity measuremerftsand diffraction studies which dispersive diffraction techniques and an image-plate area de-
showed the transition was from the ambient-pressure zindector. The incident wavelength was calibrated at 0.4849
blende structure to the hexagonal cinnabar structArenore A In order to determine whether the structure of HgTe-IV is
detailed analysis of the cinnabar phase, and its pressure daité ordered, we have also performed anomalous dispersion
pendence, has been made only recelttifhese reveal that measurements near to both theN’eedgg(at 0'3897 A and
the HgTe cinnabar structure is quite different from that ofthe Haly, edge(at 1.0094 A. The two-dimensional powder

. ] . , . : patterns collected on the image plates were read on a Mo-
:gg c(::i:':]r?:k?:rr.istIioCc;?giig?é &,SHE coordinated, while lecular Dynamics 400A Phosphorimager and then integrated

At hiah istivit ts 10 20 GPtO give conventional one-dimensional diffraction profiles.
'gher pressures, resistivity measurements 1o 7 Betails of our experimental setup and pattern integration pro-
have revealed two further transitions at 8.4 anti2 GPa.

- . . .gram have been reported previously.
Initial diffraction measurements reported that these transi= pizcell DXR-4 and Merrill-Bassett diamond-anvil pres-

tions were to a NaCl and an undetermined structuregyre cells were used, with culet diameters of G00. These
respectively Subsequent studies identified the phase abovge|ls have full conical apertures of 50° and 40° half-angle,
12 GPa(HgTe-IV) as having either th@-tin structuré or an  respectively. Samples were loaded with a 4:1 mixture of
orthorhombic structuré)* related to that observed in some methanol:ethanol as the pressure-transmitting medium, and
alkali halides and IV-VI compounds. In further wotkthe  the pressure was measured using the ruby-fluorescence
latter interpretation was attributed to a mixed phase-lil/techniquet®
phase-IV pattern, and the structure of phase IV was revised

to a body-centered tetragonal structure—but probably differ-

ent from B tin in having Hg at(0,0,0 with the Te at(0,,0) Ill. ANALYSIS AND RESULTS

rather than(0,3,3). Huang and Ruotf also reported the ex- Figure 1 shows a sequence of three integrated profiles
istence of a further transition at 38.1 GPa to a phase that magbtained from a sample of HgTe as the pressure was in-
have a distorted CsCl structure. creased from 8.4 GPa in the NaCl HgTe-lll phase to 18.5

Recently, as part of a systematic study of the high-GPa in phase IV. Reflections from the HgTe-IV phase were
pressure behavior of the core 1I-VI, llI-V, and group-IV first observed at 10.2 GPa;1 GPa lower than previously
semiconductors, we have completed detailed studies of ZnTeported values for the HgTe-HHgTe-IV transition
(Ref. 13 and CdTe'* which have revealed that both materi- pressuré:!? At 11.5 GPa(Fig. 1), the profile is an approxi-
als possess a previously unobserved high-pressure orthmately 1:2 mixture of the NaCl phase and HgTe-1V: the
rhombic structure with space gro@@mcm We have already asterisk marks the remainin@20) reflection of the NaCl
noted® that the Cmcm diffraction profiles of CdTe(in phase, and the NaQR0O0 reflection can be seen as a shoul-
phases Il and 1¥*® and zZnTe(in phases Ill, have many der in the part of the 11.5 GPa profile enlarged in the inset.
similarities with diffraction profiles obtained from HgTe-IV, Single-phase patterns of HgTe-IV were obtained at pressures
suggesting that HgTe-IV may, too, have Bencmstructure.  above 13 GPa, and the Na(20) reflection can be seen to
In this paper, we describe our diffraction results on HgTe-1V,be completely absent from the 18.5 GPa profile.
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FIG. 2. Rietveld refinement fit to the powder profile of HgTe at
. . . 18.5 GPa. The observed data are shown by dots and the fit by a
FIG. 1. Integrated profiles obtained from a sample of HgTe ingqiq jine. The tick marks below the profile show the positions of all
phas_e Il at 8.4 GPa, in a mixture of phases Ill and IV at 115 GPajhe reflections allowed by th€mcm space-group symmetry. The
and in phase IV at 18.5 GPa. The gange around the position of  jitterence between the observed and calculated profiles is displayed
the NaCl(200 reflection is enlarged in the inset. Marked and |a- pejoy the tick marks. The principal low-angle reflections are la-
beled reflections are discussed in the text. beled with their indices. The reflections marked with an asterisk
correspond to those reported previously in Ref. 12.

The large number of reflections observed in the single-
phase HgTe-IV profiles cannot be explained by {Béin profiles collected immediately above the Na&@L mcmtran-
structure or the similar tetragonal structure proposed in Refssition suggest that thE mcmstructure is strongly distorted
9 and 12, respectively. However, it was possible to indiéx from NaCl. The fit obtained in a Rietveld refinement of the
the reflections in the HgTe-IV profiles using @-face- HgTe profile collected at 18.5 GPa, using @@encmstruc-
centered orthorhombic céft:!® Analysis of the systemati- ture of CdTe at 20 GPa as a starting point, is shown in Fig. 2.
cally absent reflections revealed that, as in CdTe-lIl/IV andThe final refined lattice parameters ase=5.56262) A,
ZnTe-lll, the space group of HgTe-IV i€mcm C2cm, or  b=6.15185) A, andc=5.105@8) A, and the refined atomic
Cma2,—the (110 reflection, the observation of which in coordinates are H{0,y,0.25 with y(Hg)=0.6241) and Te
CdTe-ll/IV (Ref. 149 and ZnTe-lll (Ref. 13 allowed the (0,y,0.25 with y(Te)=0.1521). Trial refinements were also
space groupCmca to be ruled out, is clearly visible in carried out in the two lower-symmetry space gro@#cm
HgTe-IV at 20~6°. In order to determine whether the struc- andCmce2,, but showed no significant evidence of the sym-
ture of HgTe-IV is site ordered or not, diffraction profiles metry of HgTe-IV being lower tha@mcm
were collected near to, and far from, theRend the Hd_ The structure thus obtained for HgTe-IV at 18.5 GPa is
absorption edge¥. The difference in scattering power be- shown in Fig. 3. As in CdTe and ZnTe, the structure com-
tween Hg and Te is increased at the Te edge @@tdngly  prises flat NaCl-like layers perpendicular @01), but with
reduced at the Hg edge. In a site-ordered structure, thesdternate layers displacetl0.11 along they axis. The mag-
changes will particularly affect the relative intensity of weak nitude of this displacement is larger than that observed in
reflections in which Hg and Te scatter {or close t9 an-  both ZnTe and CdTe, which hayedisplacements of about
tiphase. Reflections such as the one marked by an arrow i110.08, at 15.7 and 18.6 GPa, respectively. Also, the NaCl-
the 18.5 GPa profile were found to become relatively stronlike layers are distorted from true NaCl loy the difference
ger near the Te edge and almost to disappear at the Hg edge.a andb lattice parameters, and) the difference iry(Hg)
The structure is thus confirmed to be site ordered. —y(Te) (Ay) from 0.5. The magnitudes cd/b and Ay,

Patterns collected from HgTe-IV were often affected,which are 1.106l) and 0.4721), respectively, are to be com-
sometimes severely, by the tendency of this phase to adopared with 1.07Q) and 0.47%4) in CdTe at 18.6 GPa, and
strong, nonaxial, preferred orientatigR0).2® Samples af- 1.1121) and 0.4501) in ZnTe at 15.7 GPa.
fected by such PO were easily distinguished by the strong The coordination of the structure is shown in Fig. 3 and
intensity variations around the Debye-Scherrer rings, and, ifable I[underCmcn{1)]. The table lists the coordinates of
many cases, the complete absence of reflections Mith  the four Hg and four Te atoms within the unit cell outlined in
andk, such ag002). However, Rietveld refinement was per- Fig. 3. The coordinates of atoms 2, 3, and 4 are related to
formed only on samples in which there was little or no PO,those of atom 1 by symmetry; it is thecoordinates of Hgl
such as the sample used to obtain the profiles in Fig. 1. and Tel that are varied in the structure refinement. There are

As in ZnTe and CdTeCmcmwas adopted as the most six different nearest-neighbor contacts, labedet f. Like-
probable space group for initial refinements. The relative inatom contact distances are shown in italics. As in Cd¥e,
tensities of the(021) and (221) reflections in the HgTe-IV labels the closest contacts alodgb andd are, respectively,
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TABLE |. Refined atomic coordinates and nearest-neighbor con-

A tact distances in two configurations of t@encmstructure of HgTe
L ® O © at 18.5 GPa. The spacings of the contact distances approximately
Q\c id ) correspond to their relative magnitudes. Distances shown in italics
e‘: \’; ®- _a__ O are between like atoms. &(2), c(2), etc., the number in parenthe-
O:’ Eb \«O ses shows the number &f c, etc., contacts around each atom.
g’ a
S o= cmem(1) Cmecm(2)
Y e’f ' f\’c - !
L O Y o ® O Hg Coordinates Hgl 0,0.6254, Hgl 0,0.6063
z B T_,X Hg2 0,0.3768  Hg2 0,0.394
O He Hg3 5,0.124;  Hg3 5,0.1063
(@) ® T () Hg4 10.8762 Hg4 £,0.8942
Contacts(A) a(2) 2.78711) a2 2.7851)
FIG. 3. TheCmcmstructure of HgTe-IV at 18.5 GP&) shows c(2) 2.8984) €2 2.865(4)
a view along thex axis and(b) shows theAB plane in(a) viewed b(1) 2.9039)
along thez axis. The dashed lines mark the nearest-neighbor con- b(1) 2.9399)
tacts around the Hg atom &0,0.624,1/4 and the Te atom at e(2) 2.976(4)
(0,0.152,1/4. The letters label the six different nearest- and next- c(2) 3.0335)

nearest-neighbor distances.

the shorter and longer close contacts aldhg are the clos-

est unlike-atom contacts between adjacent NaCl-like sheets; d() 3.2489) d(1) 3.2139)
ande andf are, respectively, the closest Hg-Hg and Te-Te  Te Coordinates Tel 0,0.1%2, Tel 0,0.128
contacts between adjacent NaCl-like sheége Ref. 20 in Te2 0,0.848 Te2 0,0.872
relgtlon to the dlfftta)regt. labeling %dopted f?r Zn_)l@he Hg . Te3 106521 Te3 10.6281
and Te atoms are both in a quasihexagonal environment, with Tea 103482 Te4 10.3722

eight nearest neighbors. The values of the contact distances

are spaced in Table | in approximate correspondence with Contacts(A) a(2) 2.7811)  a(d 2.7831)
their magnitudes, and it can be seen that the &ayvdwo c,

and oneb unlike-atom contacts around Hg and Te are all (2 2.8984)

shorter than the two shortest like-atom conta@sand f, b(1) 2.9039)

respectively, with one more unlike-atom contactl) some- b(1) 2.9399)
what further away. The closest-neighbor coordination is thus f(2) 2.999(5)
fivefold as found in ZnTe and CdTe, but less clearly so— c(2 3.0335)
especially for the Hg atom. In ZnTe and CdTe, théb, and

¢ distances are all the same withir0.03 A, and the other f(2) 3.168(5)

three contacts are 0.3 A, or more, larger for both the Zn/Cd d(1) 3.2489) d(1) 3.2139)

and the Te atoms.

For the Cmcm structure, it is necessary to consider a
second configuration in which the spatial arrangement o€ mcm(2) until y(Cd) andy(Te) become less than 0.625 and
atomic sites is similar, but the closest contact between adjd.125, respectively—or, more precisely, uytiCd) becomes
cent NaCl-like sheets involves two like rather than unlikeless than~0.615 for Ay~0.47. In the case of HgTe, the
atoms*>**The refined atomic coordinates for this configura-Cmcn(1) structure gives the slightlpoorer fit, though this
tion are given in Table | undeZmcmn(2). To a first approxi- can be seen clearly only as a 0.6% decrease in the calculated
mation, this structure is related @mcm(1) by shifts along intensity of the weak111) reflection(see Fig. 2 Attempts
y of —0.02 and+0.02 for the NaCl-like sheets at=% and  to use anomalous dispersion techniques at thi Eelge and
3 | respectively. In addition, there is a small change in thehe HgL,, edge to enhance the discrimination between the
difference iny(Hg)—y(Te), Ay, from 0.5: this changes to two configurations also led t¢similarly) inconclusive re-
0.4781), closer to 0.5 than the value of 0.472 in sults, still showing a marginally better fit f@mcm(2). And
Cmcm(1). Though these changes are all quite small, it carthe strongly first-order nature of the NaGC mcmtransition
be seen in Table | that the coordination@fcn(2) is mark-  prevents the use of any continuity argument.
edly different fromCmcm1)—particularly for Hg—and the The diffraction data thus give very small, but consistent,
coordination can certainly no longer be described #8.5 indications—the same in different samples and at the widely

In both ZnTe and CdTe, it proved possible to discriminatevarying incident wavelengths used—in favor @Gmcm2).
decisively in favor of theCmcn(1) configuration on the ba- Comparison with CdTe and ZnTe, and a preference for
sis of small but significant improvements in the fit comparedunlike-atom nearest neighbors, faudmcn{1). It does not
with that given byCmcm2). In CdTe, where the transition seem possible to reach a more decisive conclusion with the
from NaCl to Cmcmis continuous, it can additionally be currently best available powder diffraction data.
argued that th&mcn(1) configuration must be correct be-  The possibly quite different coordination of ti@mcm
cause a continuous distortion of NaCl cannot reaclstructure in HgTe may be associated with the strongly first-
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order nature of the NaGtCmcm transition in this case. three lattice parameters are0.7% smaller than those ob-
Unlike in CdTe, the orthorhombic distortion is fully estab- served in the present study at 18.5 GPa, but can offer no
lished at the lowest pressure at which hencmphase ap- explanation for this apparent offset.

pears. For example, the discontinuous jump in dhlattice In conclusion, we have shown that the structure of
parameter is evident in the inset to Fig. 1, where the NaCHgTe-IV is not, as previously reporte@ tin or B-tin-like,
(200 reflection is seen as a shoulder on Bencm (200 but orthorhombic with space groupmcm This structure
reflection and clearly displaced from it. Refinements ofaccounts for the previously observed diffraction pattern at 17
mixed-phase samples yield a volume charigd//V,) of  GPal?and is the same structure as that obtained recently for
1.2(1)% between the two phases at 11 GPa. The character @nTe-IIl and for CdTe-Ill/IV. HgTe, CdTe, and ZnTe are thus
the NaCl-Cmcmtransition is thus quite different from the now shown to have a common zinc-blende, cinnabar, NaCl,
apparently continuous transition in CdTe. The behavior ofand thenCmcmsequence of phases, except that ZnTe lacks
HgTe also differs from that of ZnTe. Although the ZnTe- the NaCl phase at ambient temperature. This feature of ZnTe,
Il—ZnTe-lll transitionis first order, with a volume decrease and the fact that the NaGlCmcm transition in HgTe is

of 5.7(2)%, the structure of ZnTe-Il is cinnabar, which is strongly first order, unlike in CdTe, means that the character
already a strongly distorted NaCl structure; so it is unsurprisof the transition to th& mcmphase is markedly different in
ing that theCmcmstructure immediately above this transi- all three of these 11-VI tellurides.

tion is also well distorted from NacCl.

Finally, we note that all of the observed peaks in the
energy-dispersivéED) diffraction pattern reported by Huang
and Ruoff at 17 GPésee Fig. 2 and Table Il of Ref. 12an We would like to thank A. A. Neild and G. Bushnell-Wye
be accounted for by £mcm structure witha=5.527 A,  of the Daresbury Laboratory for their help in preparing the
b=6.109 A, andc=5.061 A—as set out in Ref. 22. Their beamline equipment. This work is supported by a grant from
observed reflections constitute the most intense peaks in ttibe Engineering and Physical Sciences Research Council and
HgTe-IV profile, as marked by asterisks in Fig. [Xhe by facilities made available by Daresbury Laboratory. Valued
readily detectabl€mcm (110 reflection lies under fluores- assistance with the maintenance and development of pressure
cence lines in the ED pattern of Ref. 12Ve note that all cells has been given by D. M. Adams of Diacell Products.
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