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Compression of klockmannite, CuSe
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Copper selenid¢CuSe was compressed in a diamond anvil cell at room temperature up to a
pressure of 52 GPa and studied using energy dispersive x-ray diffraction and Raman spectroscopy.
CuSe is nearly isostructural with copper sulfi@S, and a previous study indicates that copper
sulfide undergoes reversible pressure-induced amorphization at 18 GPa. The intensity of the x-ray
diffraction peaks for CuSe decrease slowly, however, they never completely disappear up to a
pressure of 52 GPa. The third-order Birch—Murnaghan equation of state fit to the datalgelds
=96.9+5.3 GPa an&K(=4.1*+0.5. Vinet's universal equation of state yields essentially identical
parameters. Raman spectroscopy demonstrates that upon compression, the S-S bond in CuS
compresses differently than the Se—Se bond in CuSe, possibly accounting for the different high
pressure behavior of these two very similar compounds.1998 American Institute of Physics.
[S0021-960608)01926-9

INTRODUCTION tions of state to obtain zero-pressure isothermal bulk moduli
CuSe i | . | that i v ref cIrannd pressure derivatives for CuSe. The difference in the Ra-
use Is a slate-gray mineral that is commonly referreqy,, , spectra of CuS and CuSe at high pressure, is evidence

to as klockmannite. Klockmannite is similar to covellite that the compression mechanisms of these two compounds
(Cu9 in structure and composition. Extensive studies doneare not identical

by Earley and Berry established that klockmannite is isos-
tructural with covellite*? Both CuS and CuSe have a hex-
agonal crystal structure with trigonal-planar Guhits sur-
rounded by tetrahedral CyXunits®# Therefore, the crystal CuSe sampleg99.5%, Johnson Matthey Electronics,
is composed of layers of CuxCuX;—CuX,, which are held  |ot# D25A22 were loaded into a Mao—B&itype diamond
together by covalent bonding between X atoms from eachanvil cell at ambient temperature. The culets of the diamonds
layer® The only difference between CuSe and Cus is thatvere about 25Qum in diameter. Gaskets made of 12m
CuSe has a hexagonal superstructure of 13 CuS-type suthick Inconel, were drilled with holes 15m in diameter.
shells which is caused by inexact positioning of certain copAfter the gasket and hole were preindented to about80
per atoms in the trigonal-planar layer. in thickness and 8Qum in diameter, a sample of crushed
It has been reported that CuSe undergoes two phase traguSe was loaded inside the gasket hole. Each sample was
sitions with increased temperature. The first phase transitiopaded in air with a few specs of goléu) powder mixed in
occurs at 323 K from the hexagonal to an orthorhombic symas an internal pressure standard.
metry. Further increase in temperature leads in a transitionto  Synchrotron x-ray diffraction patterns were obtained
another hexagonal structure at 393 K, where no superlattiogith an energy dispersive Ge detector at beamline X17C of
reflections are observédsostructural CuS shows pressure-the National Synchrotron Light SourceNSLS at
induced amorphization under high pressure, at 18 GPaBrookhaven National Laboratory. The detector was cali-
Thus, we wanted to observe the effect of compression on thgrated using theé<, lines of Cu, Rb, Mo, Tb, Ba, and Ag.
CusSe lattice. . ~ X-ray spectra were collected for 5-18 min with the detector
We report here the study of CuSe at high pressure wittat a 29 angle of 15° from the incident beam. With the detec-
x-ray diffraction and Raman spectroscopy using a diamondor at this angle, a value d&—d (derived fromE=hv and
anvil cell. While increasing the pressure, the intensity of theBragg's law\ =2d sin ¢) is 47.546 84 keV A. The energy
X-ray diff_raction patterns for CuSe dec_rease_, but do not com¢E) of each of the diffraction peaks in each spectrum was
pletely disappear up to 52 GPa. The diffraction data for CuSestimated by fitting a Gaussian curve to each peak. The 620
were fit with Birch—Murnaghan and Vinet's universal equa-CuSe diffraction peaks were indexed according to the Joint
Committee on Powder Diffraction StandardkCPDS card
dpresent address: Code 6110, Naval Research Lab, WashingtomL”T]berS 6-0427 and 20-1020. The unit cell volume was cal-
D.C. 20375. culated using the average cell parameters of a hexagonal
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8000 T T T T T There are three peakmarked with “?”) on the spectra
o500l Aufl |se i presented in Fig. 1. We were unable to index these peaks to
any CuSe lattice or superlattice lines, and we believe that
these peaks are possibly due to an impurity in the commer-
cially obtained samples. The initial lot of CuSe powder sent
was more contaminated or was a different composition of
CuSe than stoichiometric 1:1. All the data presented here
was obtained from a second batch of CuSe sent by Johnson
o Matthey, and electron microprobe analysis was performed to
30007 T T T T T ensure correct stoichiometry, and minimum impurities.
Elastic parameters were calculated by fitting
Birch—Murnaghalt and Vinet's? universal equations of
state to the diffraction data. The second order Birch—
Murnaghan(BM) equation of state yields a bulk modulus of
98.48+1.59 GPa, wher&j is held at a constant of 4.0. The
third order BM equation of state, whei€; is allowed to
vary gives a statistically better fit, yielding a bulk modulus of
96.9+5.3 GPa and a pressure derivative of 41147. Vi-
20 25 net's universal equation of state yields a bulk modulus of
Energy (keV) 97.81+5.67 GPa, with a pressure derivative of 4:2355.
FIG. 1. X-ray diffraction spectra of CuSe at two different pressures. Both ~ 1he Raman spectra obtained for CuSe at ambient pres-
spectra are scaled to the intensity of the ICy peak. sure concurs with lishi® However, the peak at 17 cthwas
not observed because the detector was saturated by the Ra-
leigh peak below 35cm'. Spectra obtained at 2.37 GPa,
crystal structure. Pressures were determined by calculatiny6.63 GPa, and 39.67 GPa are presented in Fig. 3, and they
the gold unit cell volume from gold diffraction peaks and contain many krypton laser plasma lines and Ar calibration
using a standard equation of state for gbld. lines. The peaks due to Raman scattering by CuSe are la-
Raman spectra was obtained for two samples of CuSe &eled in the 2.37 GPa spectrum. The peak at 263'cfia-
the Argonne National Laboratory up to a pressure of 50 GPabeled as 270 in Fig.)3at 2.37 GPa, moves to a slightly
The Raman system was in a nearly backscattered geomethygher frequency upon compression. At 16.63 GPa the peak
with an incident angle of about 30°. Two separate lensesplits in two, and starts to lose intensity. By 39.67 GPa, the
were used to focus the incident and scattered beams. Specttauble peak is still visible, but with very low intensity. The
was obtained using the 476.2 nm excitation of a Kr ion laserpeak at 44 cm® overlaps with the Kr plasma peak and ap-
a JY T64000 triple spectrometer, and a Princeton Instrupears at 55 cm' as a very intense peak. Upon compression,
ments CCD array. Both samples were loaded with a methathe intensity of this peak increases. The small peak at
nol:ethanol:water(16:4:1) mixture as a pressure medium. 207 cm ! is also overshadowed by the Kr peak at 215 ¢ém
Pressure was determined by using thesitu ruby fluores-
cence method with Raman spectroscopy.
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DISCUSSION

RESULTS Although CuSe and CusS are similar in composition and
structure, our studies have shown that as pressure increases,
X-ray diffraction patterns obtained at 2.04 GPa and aieach compound behaves in a different manner. The bulk
41.93 GPa, are shown in Fig. 1. All the spectra includedmodulus for CuSe is 96.925.31 GPa with a pressure de-
many fluorescence lines of Au, Cu, and Se. In this figure, weivative of 4.14-0.47. In comparison, the bulk modulus of
have used the CK, fluorescence line to scale the intensity CuS is 8910 GPa with a pressure derivative ef2+2.’
of the two spectra presented. This scaling ensures that thehe higher the bulk modulus, the less compressible the com-
compared intensities result from the same quantity of CuSeyound. Therefore, CuSe is a more rigid structure than Cus,
eliminating any effect on intensity due to sample thinningpossibly due to the higher covalency of Cu—Se bonds in
during compression, and allowing a real comparison of incomparison with Cu—S bonds. The compression curve of
tensity of the diffracted lines. The spectrum at 2.04 GPa ha€uSe(Fig. 2) is typical of many minerals, wher§; has a
more peaks than the spectrum at 41.93 GPa. As pressurevalue close to 4. However, CuS has a negati/gvalue,
increased, the 101, 103, 110, 1Qls&hd 208 CuSe diffraction which indicates that it is thermodynamically unstable at high
peaks lose intensity up to 52 GPa, while the peaks 006, 10fressures, and compression to 18 GPa results in amorphiza-
108, 202, and 116 maintain almost consistent intensity. Inion of CuS. In addition, though both CuSe and CuS have
Fig. 1, the 110 peak shows the most significant decrease iidentical symmetry, CuSe also has a superstructure due to
intensity; at 41.93 GPa it is only 30% of the intensity at 2.04inexact positioning of copper atoms in the trigonal-planar
GPa. Upon decompression of the sample, all but the 107 anldyer. These facts, together with the larger size of the Se
1010CuSe diffraction peaks regain intensity. The x-ray dataatoms in comparison to S atoms, help us understand the dif-
that were obtained have been published elsewhere. ferences in the compression of these two compounds.
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FIG. 2. Pressure vé/Vy, whereV,=231.059 &, using CuSe compression i 3 Raman spectra of CuSe. The peaks due to Raman scattering from
data. Birch—Murnaghan and Vinet's universal equations of state fitted to thes \sa are labeled according to their position at 2.37 GPa.

data are the dotted and solid lines.
peak also loses intensity by 39 GPa, implying the breakdown
of this Se—Se bond vibration, the amorphization of CuSe at a

Upon compression, diffraction experiments show a lossyressure higher than 52 GPa is also a relevant possibility.
of intensity of certain CuSe peaks. The decrease in intensity

due to the thmngss of the sgmple is accounted for by SC&“”@ONCLUSION
the spectra in Fig. 1 according to the €y peak. However,
up to 52 GPa, there are CuSe peaks that remain in the x-ray We have performed x-ray diffraction experiments on
diffraction spectrum that can be indexed to the ambient prescuSe while compressing the sample in a diamond anvil cell.
sure CuSe structure. Therefore, CuSe does not completeys pressure increases, the intensity of a number of CuSe
amorphize to 52 GPa, unlike CuS. Instead the loss of intenpeaks decrease. The equations of states calculated for CuSe
sity of certain peaks may also imply some preferred orientayielded an average bulk modulus of 97:25.49 GPa with
tions within the lattice or a minor phase change. an average pressure derivative of 41®51. Raman spec-

Pressure-induced amorphization is considered to be toscopy of CuSe indicates that the Se—Se bond splits in two
transition from a stable to an unstable phase. CuS undergoésggesting different Se—Se bond lengths. These observations
a transition to an orthorhombic phase at a temperature of 56an be explained by either pressure-induced amorphization
K.'* Since the effect of low temperature is thermodynami-or a crystalline—crystalline phase transition in CuSe at a
cally similar to increased pressure, the mechanism by whickressure higher than 52 GPa.
CusS goes amorphous has been discussed as a kinetically hin-
dered transition to the low temperature orthorhombic pfase.1_ g Berry, Am. Mineral.39, 504 (1949.
CuSe undergoes a similar transition to an orthorhombic?J. w. Earley, Am. Mineral34, 435 (1954
phase, but at 323 K, a temperature higher than roomj\HN- TL-iaEnvagi ;fMa’;'d \J/v ﬁénK%f;“eSrg“ﬁfgt ;\:'ei”g?&rmﬁ %3572-993
temperaturé.Tms transition then is due tC? an expan_S|on ef- 5H..J. thsis, A. .C. .Barnes? an,d P. Strange, J. Physy.: Condens.- Matter
fect as opposed to the effect of compression. Thus, if the 10SS10461(1992.
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