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ABSTRACT

The thermoelastic properties of a sample of chalcopyrite from the Palabora mine, South Africa, have been investigated in
the temperature range 4.2 — 330 K at ambient pressure, and between 0.22 and 6.81 GPa at ambient temperature. Magnetization
measurements indicated a transition to a second antiferromagnetically ordered phase in the region of 53 K; however, all attempts
to characterize this magnetic phase by introducing an ordered moment onto the copper site were unsuccessful owing to the small
magnitude of the refined magnetic moment. In agreement with other low-temperature crystallographic measurements made on
non-antiferromagnetically ordered adamantine-structured semiconducting materials (group IV; I-VII, II-VI, II-V, I-11I-VI,,
II-IV-V, compounds), chalcopyrite exhibits negative linear and volumetric thermal expansion over a significant temperature
interval. Calculation of the speeds of sound for a number of high-symmetry wave vectors is consistent with Blackman’s model
for negative thermal expansion. The unit-cell volume and isochoric heat-capacity have been fitted assuming a two-term Debye
internal energy function, with consistent values being found for the two characteristic temperatures. The temperature dependence
of the thermodynamic Gruineisen parameter shows a deep minimum of ~-3 at T/6y ~0.55 (8 is the Debye temperature at 0 K)
and a high-temperature limit of ~0.7; these results are the first demonstration that a chalcopyrite-structured phase behaves in
the characteristic manner of the simpler adamantine-structured semiconducting materials. No systematic variation in either
the nuclear nor the magnetic structure was found between 4.2 and 330 K, and the vibrational Debye temperatures derived by
fitting the temperature dependence of the isotropic atomic displacement parameters show no relationship to features in the
phonon density of states function. The bulk modulus of chalcopyrite is 77(2) GPa, in good agreement with that determined by
ab initio calculations and a recent X-ray-diffraction study, and its pressure derivative is 2.0(6). At high pressure, chalcopyrite
remains antiferromagnetically ordered until 6.7(2) GPa, at which point a transition to an amorphous phase is observed. Slow
decompression of this phase leads to only a limited recovery of the crystalline phase.

Keywords: chalcopyrite, CuFeS,, magnetization, thermoelastic properties, Grineisen parameters, negative thermal expansion,
neutron diffraction.

SOMMAIRE

Nous avons étudié les propriétés thermoélastiques d’un échantillon de chalcopyrite provenant de la mine Palabora, en
Afrique du Sud, sur I’intervalle de température allant de 4.2 a 330 K a pression ambiante, et entre 0.22 et 6.81 GPa a température
ambiante. Les mesures de la magnétisation indiquent une transition a une second phase antiferromagnétiquement ordonnée aux
environs de 53 K; toutefois, tous nos efforts pour caractériser cette phase magnétique en introduisant un moment ordonné sur le
site du cuivre ont été en vain a cause de la faible valeur du moment magnétique affiné. En concordance avec d’autres mesures
cristallographiques effectuées sur des matériaux semiconducteurs a structure adamantine et antiferromagnétiquement non
ordonnés (composés du groupe IV; I-VIL, II-VI, III-V, I-III-VI,, II-IV-V,), la chalcopyrite possede une expansion thermique
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volumique négative et linéaire sur un intervalle notable de température. Un calcul des vitesses du son pour plusieurs vecteurs
d’onde a symétrie élevée concorde avec le modele de Blackman pour expliquer une expansion thermique négative. Le volume
de la maille élémentaire et la capacité calorifique isochorique ont été ajustées en supposant une fonction de 1’énergie interne de
Debye a deux termes, et nous avons trouvé des valeurs concordantes aux deux températures caractéristiques. La dépendance
thermique du parametre thermodynamique de Griineisen fait preuve d’un minimum profond d’environ -3 a T/, environ égal
a 0.55 (6p correspond a la température de Debye a 0 K), et d’une limite & haute température d’environ 0.7; il s’agit d’une
premiere démonstration qu’une phase ayant la structure de la chalcopyrite se comporte d’une fagon caractéristique des matériaux
semiconducteurs a structure adamantine relativement simple. Nous n’avons trouvé aucune variation systématique de la structure
nucléaire ou magnétique entre 4.2 et 330 K, et les températures vibrationnelles de Debye dérivées en ajustant la dépendance
thermique des parametres de déplacements atomiques isotropes ne montrent aucune relation avec les attributs de la densité de
niveaux de phonons permis. Le module de compressibilité de la chalcopyrite est égal a 77(2) GPa, ce qui concorde bien avec la
valeur calculée ab initio et les résultats d’une étude récente par diffraction X, et sa dérivée avec la pression serait égale a 2.0(6).
A pression élevée, la chalcopyrite demeure antiferromagnétiquement ordonnée jusqu’a 6.7(2) GPa, ou il y a transition a une phase

amorphe. Une décompression lente de cette phase ne mene qu’a une restauration partielle de la phase cristalline.

(Traduit par la Rédaction)

Mots-clés: chalcopyrite, CuFeS,, magnétisation, propriétés thermoélastiques, parametres de Griineisen, expansion thermique

négative, diffraction de neutrons.

INTRODUCTION

The crystal structure of chalcopyrite, CuFeS,, forms
the parent structure-type for a widely studied family of
compounds with formula either A'BM'CY, or ATBIVCY,
(Roman numerals denoting oxidation state), which have
been found to exhibit several technologically useful
electrical and optical properties. These properties range
from semiconductivity in the photovoltaic converter
CulnSe,, luminescence in ZnSiP,, piezoelectricity in
CdGeAs,, to non-linear dielectric susceptibilities in
AgGaS, (Shay & Wernick 1975, and reference therein).
Despite over sixty years of solid-state research, in
contrast to the structurally analogous phases, many of
the physical properties of CuFeS, remain contradictory
and controversial. For example, the oxidation states of
the two anions are still contentious (Todd & Sherman
2003, Todd et al. 2003, Mikhlin et al. 2005, Pearce et
al. 2006), and the experimentally derived elastic stiff-
nesses neither agree with an ab initio calculation, nor do
they exhibit the expected characteristics for a structure
derived from sphalerite, ZnS. Furthermore, both p-type
and n-type conductivity have been measured in different
natural single crystals, but the physical and chemical
basis for this difference in fundamental transport
property remains uncertain (Pridmore & Shuey 1976).
Many of these problems can be attributed to the use
of relatively uncharacterized natural single-crystal or
polycrystalline samples, whereas more detailed studies
are exacerbated by the lack of suitable high-purity,
synthetic single crystals.

In this paper, we address the thermoelastic properties
of a natural sample of chalcopyrite from the Palabora
mine, South Africa, using the experimental techniques
of powder neutron diffraction at low temperature and
high pressure, coupled with measurements of the
magnetic field dependence of the magnetization. These
new experimental data are supplemented by published

data on the heat capacity and ab initio calculations
of the elastic stiffnesses. In keeping with the current
terminology used in solid-state physics, in this paper
we have categorized all the crystal structures that can
be derived by symmetry descent from the aristotype
crystal-structure of diamond, as adamantine structured.

STRUCTURAL CRYSTALLOGRAPHY
AND A REVIEW OF PHYSICAL PROPERTIES

Nuclear and magnetic structure,
and antiferromagnetic behavior in temperature
and pressure

The chalcopyrite structure may be derived from a
cation ordering of the zinc site in sphalerite (ZnS) that
transforms as the six-dimensional, irreducible repre-
sentation W, (Stokes & Hatch 1988). The resultant
lowering of the space-group symmetry from cubic
F43m to tetragonal /42d is accompanied by a doubling
of the unit-cell ¢ dimension and introduces an addi-
tional structural degree of freedom, in this case for
the x,y coordinate of the anion, which also transforms
according to the identical irreducible representation. In
the tetragonal structure of chalcopyrite, this displace-
ment pattern arises at the Brillouin zone center from the
single, totally symmetric optic mode with irreducible
representation Ay, and this mode forms the only unique
normal mode of the crystal structure at k = 0. The chal-
copyrite structure has two independent four-fold cation
positions, cal at (0,0,0) (4a) and ca2 at (0,0,1/2) (4b),
with both exhibiting 4 (S4) point symmetry. The cations
are tetrahedrally bonded to four anions, and each cation
shows a single cation—anion bond length and two inde-
pendent, tetrahedral anion — cation — anion bond angles.
The anion resides on an eight-fold site (u,1/4,1/8) (8d)
with point symmetry 2 (C;) and u ~ !4, and is bonded
to pairs of atoms of both cation types. In addition to the
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changes in the polyhedron’s bonding parameters (bond
lengths and angles) that are related to the magnitudes
of both the unit-cell parameters and u, the deviation of
u from 1/4 results in a subtle rotation of the constituent
polyhedra about [001]. This can be seen to arise from
the infinite, corner-sharing nature of the tetrahedral sites
in which a rotation about [001] of one cal tetrahedron
results in a rotation of the opposite sign for the four
connected, coplanar ca2 tetrahedra. The bond lengths,
bond angles, tetrahedron volumes, quadratic elongations
(Robinson ef al. 1971) and rotation angles of tetrahedra
for both cation sites are found to be simple functions of
the anion u coordinate and the lattice parameters; these
are summarized in Table 1.

At room temperature, CuFeS; is an antiferromag-
netically ordered semiconductor which, according to
Harris et al. (1997), exhibits magnetic properties more
reminiscent of a metal. The Néel temperature is very
high, 823 K, and the magnetic susceptibility has been
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found by Teranishi (1961) to be relatively independent
of temperature. The magnetic structure of chalcopyrite
has been determined and refined from neutron powder-
diffraction data in the Shubnikov group /42d (Donnay et
al. 1958), with a reduced moment of 3.85 g found for
the iron, and a zero moment, within estimated standard
deviation, for the copper (Donnay et al. 1958). The
moment on the iron cation is oriented parallel to the
¢ axis, with the moment on the nearest-neighbor iron
cation, connected via a sulfur anion, aligned in the oppo-
site direction; the magnetic structure derived by Donnay
et al. (1958) from a natural sample of chalcopyrite is
illustrated in Figure 1.

Recently, Woolley et al. (1996) challenged the view
that the copper ion carries no measurable moment
using powder neutron diffractometry and an analysis of
magnetic susceptibility data. The latter suggested that
an additional magnetic transition occurs in the vicinity
of 50 K, and this observation is in accord with discon-

TABLE 1. POLYHEDRON PARAMETERS IN THE CHALCOPYRITE STRUCTURE
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tinuities found in the intensities of the purely magnetic
neutron Bragg intensities for chalcopyrite at around
this temperature. The temperature dependence of the
lattice parameters was found to show unexpected non-
Gruneisen behavior at low temperatures, and, at ~50
K, a marked reduction of both axial thermal expansion
coefficients to close to zero was also found. It should,
however, be noted that these measurements were carried
out on an impure, synthetic sample containing both
pyrite (FeS,) and an unidentified phase which, coinci-
dentally, was only observed in data below 50 K. On the
basis of these results, Woolley et al. (1996) suggested
that the copper atoms order antiferromagnetically below
50 K, with a moment of ~0.05 pp oriented antiparallel
to neighboring iron cations in the sheets of cations that
lie perpendicular to [001]. The resultant changes in the
profile-agreement factors on adding the ordered copper
moment to the Rietveld analysis were not reported in
that study, and hence it is not possible to make any
deductions on whether this additional degree of freedom

9_ —— Q

FiG. 1. The nuclear and magnetic structure of chalcopyrite
at 300 K viewed down [0.987, 0.173, 0.089] with [-0.323,
0.057, 0.945] vertical. Arrows indicate the moment
direction on the ferric ion; the copper site lies within the
shaded tetrahedron.
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makes a statistically meaningful improvement to the
quality of fit to the neutron data. It does remain debate-
able, however, as to whether powder neutron diffraction
would be sensitive to such a small magnitude of the
moment in the presence of the large moment associated
with the ferric iron.

Using a diamond-anvil cell and low-resolution,
energy-dispersive X-ray diffraction, Tinoco et al. (1994)
studied the effect of pressure on the crystal structure
of a number of AIB'CVY!, chalcopyrite-structured
compounds at ambient temperature. Unfortunately,
there is little detail concerning CuFeS; in their publica-
tion beyond a quoted bulk modulus of 91 GPa (with B’
=4) and the observation of a structural phase-transition
to a halite-structured (NaCl) phase at a pressure of 7
GPa after a 10% volume reduction. A similar behavior
was reported in a more recent angle-dispersive X-ray
diffraction and 3’Fe resonant inelastic scattering study
by Kobayashi et al. (2007), who reported a transition at
6.3(0.2) GPa to an amorphous phase, with no indication
of a cubic disordered phase at 7 GPa. In their study,
the bulk modulus of CuFeS, for pressures up to 6 GPa
was reported to be 69.9(7) GPa (B’ = 4). The influence
of pressure on the antiferromagnetic ordering of iron
in synthetic chalcopyrite has been studied by Vaughan
& Tossell (1973) using *’Fe Mossbauer spectroscopy,
in conjunction with a diamond-anvil cell. At pressures
of 0.5 to 1 GPa, the typical six-peak, Zeeman split
spectrum indicative of magnetic ordering was found.
With increasing pressure, the sextet was replaced by a
broad singlet, and by 1.6 GPa, there was little evidence
of any residual magnetic order remaining. In a more
recent high-pressure Mossbauer study, Boekema et
al. (2004) contradicted these results and only found a
pressure-independent isomer shift, and no evidence for
a magnetic disordering transition to a paramagnetic state
below pressures of 2 GPa.

Electrical properties

Both p-type and n-type conductivity have been
measured in different natural single crystals, with
a similar low Hall mobility measured for both; 32
cm?V-'s~! for positive holes (Austin ez al. 1956), and 35
cm?V-!s7! for electrons (Teranishi 1961). Thermoelec-
tric measurements made on a number of polycrystalline
natural samples were all found to be consistent with
n-type conductivity (Pridmore & Shuey 1976, Donovan
& Reichenbaum 1958), with p-type conductivity only
found rarely in synthetic samples (Donovan & Reichen-
baum 1958). Relatively high carrier concentrations have
been measured in chalcopyrite, 10'® — 102! cm™ (Tera-
nishi 1961, Kradinova et al. 1987), but the observed
electrical conductivity is anomalously low, which, in
the opinion of Mikhailovskii ez al. (1990), is due to the
presence of spin polarons in the antiferromagnetically
ordered state. Below 223 K, the conductivity is believed
to be extrinsic, governed by impurities, but above 573
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K, the conductivity is considered to be intrinsic, and
exhibits an irreversible sharp increase (Teranishi 1961,
Boltaks & Tarnovskii 1955). As chalcopyrite is known
to become increasingly nonstoichiometric on heating
(Gorbunova et al. 1978, Piekoszewski et al. 1968),
this irreversible change in conductivity may well be
associated with the increasing loss of sulfur at these
temperatures. However, in an elegant study of the
temperature dependence of the electrical properties of
synthetic chalcopyrite between 398 and 873 K, Engin et
al. (2008, 2011) performed simultaneous measurements
of electrical conductivity whilst collecting powder
neutron-diffraction data. Experimental results from
this study have shown that a semiconductor — metal
transition occurs at ~825 K, with the simultaneous loss
of long-range magnetic order and disordering of the
cations to a sphalerite structure. Under pressure, Pitt &
Vyas (1974) found that chalcopyrite undergoes a semi-
conductor — semiconductor transition at 2.8 GPa and
a semiconductor — metal transition at 6.5 GPa, which
is close to the pressure reported for the chalcopyrite —
rock-salt structural phase transition (Tinoco et al. 1994).
Neither of these electronic transitions was observed by
Boekema et al. (2004) in their high-pressure Mossbauer
study.

Hamajima er al. (1981) calculated the band struc-
ture of CuFeS, in the antiferromagnetically ordered
phase using the spin-polarized, self-consistent-charge,
discrete-variational Xa method. The upper valence
bands are constructed from Cu and Fe 3d orbitals, with
the top of the valence band being at the X point of the
tetragonal Brillouin zone. The minimum of the conduc-
tion band, composed mainly of Cu and Fe 4s and 4p
orbitals, was at the center of the Brillouin zone, with
the calculated energy of the direct gap, 3.1 eV, being
in good agreement with experimental determinations
of the fundamental absorption-edge energy, 3.2 eV
(Oguchi et al. 1980). The reduction of the iron moment
from that expected for a high-spin Fe** ion (°Ssp), 5
wB, has been attributed by Hamajima et al. (1981) to
the delocalization of the minority spin d electrons that
are found to mix strongly into the upper valence-bands.

Elastic properties

Simplistically, the chalcopyrite structure may be
considered as a supercell of sphalerite, and hence
the elastic stiffnesses would be expected to show the
following pseudocubic relationships; ¢33~ ¢y1, €13~ €12
and cep ~ c44, @ prediction that has been confirmed by
ab initio calculation (Lazewski et al. 2004), and experi-
mentally verified in the chalcopyrite-structured phases
CdGeAs; (Hailing er al. 1982) and AgGaSe, (Fouret
et al. 1997). Despite the availability of suitable natural
single crystals, the only experimental measurement of
the elastic constants of CuFeS, have been derived in
an indirect method using X-ray diffraction (Sirota &
Zhalgasbekova 1991). In this method, the temperature
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dependence of the intensities of a number of Bragg
reflections are analyzed in a Debye formalism, allowing
the reflection-dependent vibrational Debye temperatures
to be determined. These Debye temperatures are then
related to the elastic constants via the Christoffel deter-
minant, and the resulting system of equations is solved
computationally. In a recent critical review of elastic
constants in AIBTCV1) and A"™B™VCY, compounds,
Neumann (2004) considered the elastic constants
of CuFeS, derived in such a manner to be entirely
erroneous, as they are not only inconsistent with the
relationships expected in sphalerite, they also disagree
with ab initio calculations (Lazewski et al. 2004), the
measured bulk modulus (Tinoco et al. 1994) and the
Debye temperature determined from heat-capacity
measurements (Robie ef al. 1985).

The unusual thermal expansion behavior correlating
with the possible onset of antiferromagnetic ordering of
the copper ions (Woolley et al. 1996), and the uncertain-
ties in the elastic constants and the pressure-induced
semiconductor — semiconductor and semiconductor —
metallic phase transitions therefore make a study of the
thermoelastic properties of CuFeS; timely, and of rele-
vance to both mineralogists and solid-state physicists.

EXPERIMENTAL AND DATA ANALYSIS
Sample

A 15 g sample of chalcopyrite powder was prepared
by grinding and subsequent sieving of large, irregular
fragments of a natural specimen from the Palabora
mine, South Africa. Energy-dispersive X-ray analysis
of a representative sample of the specimen showed only
the presence of iron, copper and sulfur, with no evidence
for chemical impurities. The form of the material was
not appropriate for electrical measurements, and hence
the nature of the majority carrier is not known for this
particular specimen; in a survey of the electrical prop-
erties of natural chalcopyrite from a number of locali-
ties, however, Pridmore & Shuey (1976) reported only
n-type conductivity, and furthermore, stated that p-type
conductivity is more common in synthetic chalcopyrite.

Powder neutron diffraction

Powder neutron-diffraction data were collected on
three instruments at the ISIS pulsed neutron source of
the Rutherford Appleton Laboratory. High-resolution
data were collected on the HRPD diffractometer to
determine the magnetic structure at 4.2 K, and the
temperature evolution of the unit cell between 4.2
and 330 K. A medium-resolution powder dataset was
collected at room temperature on the POLARIS diffrac-
tometer to redetermine the room-temperature magnetic
structure, and the data to determine the pressure depen-
dence of the unit-cell parameters were collected on the
high-flux medium-resolution PEARL beamline.
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For the HRPD measurements, 4 cm® of powdered and
sieved chalcopyrite was lightly packed in an aluminum
slab sample can with vanadium front and back windows.
All components other than the window materials were
masked using gadolinium foil. The sample was cooled
to 4.2 K in an AS Scientific “Orange” cryostat under
30 mbar of helium exchange-gas and equilibrated for
approximately half an hour. The temperature of the
sample can was controlled and monitored by means of
a cartridge heater inserted into the wall of the can and a
Rh/Fe sensor inserted into the opposite wall. Data were
collected in the time-of-flight window 30 ms — 130 ms
at 4.2 K, 6 K and in 2 K steps until 70 K, then in 5 K
intervals to 330 K. Data were collected for integrated
proton currents of 5 wA.hr, approximately 9 minutes in
duration at full ISIS beam intensity, and an equilibra-
tion step of two minutes was given between each data-
collection point once the sample set-point temperature
had been reached. The temperature stability was better
than +£0.1 K for all measured temperatures. To determine
the magnetic structure at 4.2 K, additional datasets were
collected in two time-of-flight windows, 30 ms — 130
ms for 400 wA.hr, and 100 ms — 200ms for 200 pA.hr.
At each temperature and time-of-flight window setting,
a diffraction profile suitable for Rietveld refinement
was obtained by electronically focusing the data from
the high-resolution back-scattering detector elements
to a common d-value scale, normalizing the result to
the incident distribution of neutron wavelengths from
a beam monitor, corrected for detector efficiency and
solid angle, and then subtracting the corresponding
cryostat background profile.

For the POLARIS measurement, 4 cm? of the same
CuFeS; powder used in the HRPD measurements
was lightly packed in a cylindrical vanadium sample
can 11 mm in diameter, and data were collected at
room temperature for 247 A hr, approximately 1%
hours. The data from three separate detector banks
at 20 = 145°, 90° and 35° were individually focused,
background-subtracted, corrected for both the incident
distribution of flux and sample self-shielding to generate
three powder-diffraction datasets suitable for simulta-
neous refinement of the profiles.

Ambient-temperature high-pressure data were
collected using the 26 = 90° detectors of the PEARL
beamline high-pressure facility (HiPr). About 70
mm? of powdered sample material used in the HRPD
experiments was loaded into a type-V4a Paris—Edin-
burgh (P-E) high-pressure cell (Besson et al. 1992)
equipped with standard profile WC/Ni-binder anvils.
The sample was confined between the anvils by means
of a single-toroid gasket machined from null-scattering
Ti—Zr alloy with fluorinert grade FC-75 used as the
pressure-transmitting medium. Oil pressure in the in situ
ram of the P-E cell was varied using a hand-operated
hydraulic pump. A powder-diffraction profile suitable
for profile refinement was obtained after focusing the
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1080 individual detector-element spectra of the 26 =
90° bank, normalization of the summed pattern with
respect to the incident beam monitor and the scat-
tering from a standard vanadium sample and, finally,
a correction for the wavelength and scattering-angle
dependence of the neutron attenuation by the anvil
(WC) and gasket (TiZr) materials. In the PEARL experi-
ment, we collected diffraction data from two loadings
of the P-E cell, the first using a mixed-phase sample
of CuFeS; and NaCl (2:1 by volume) to determine the
general compression-induced behavior and the equation
of state of chalcopyrite. Here, the sample pressures
were derived from the refined NaCl lattice parameter
and the room-temperature equation of state of NaCl
(Decker 1971). The second P-E cell loading used a pure
sample of CuFeS, to determine the detailed pressure
dependence of the crystal structure.

Full-profile Rietveld refinements were carried out
using the GSAS package (Larson & Von Dreele 1986).

Magnetization

Magnetization measurements were made in a
Quantum Design Magnetic Property Measurement
System SQUID magnetometer in DC mode. Measure-
ments of the total magnetization of an 8 g sample of
CuFeS,, from the same batch used for the neutron-
diffraction measurements, as a function of increasing
temperature were recorded from 5 to 300 K in applied
magnetic fields of 0.1, 0.5 and 2.0 T. The temperature
was increased at an average rate of 0.5 K/min.

RESULTS AND DISCUSSION
Magnetic susceptibility

The magnetization results are shown in Figure 2. The
measurements were made in applied magnetic fields of
0.1,0.5 and 2.0 T, and in each case a cusp-like anomaly
is observed, which suggests the onset of additional
antiferromagnetic ordering. The local maxima of these
cusps are found to be at the temperatures 55.0 K, 52.6
K and 52.3 K, respectively. The shift of this peak to
lower temperatures with increasing applied field is also
indicative of an antiferromagnetic ordering. The magne-
tization results support the previous interpretation of
powder neutron-diffraction and magnetic susceptibility
data by Woolley et al. (1996), that there is an antifer-
romagnetic ordering of the copper atoms below 50 K.

The temperature dependence
of the unit-cell dimensions

The temperature dependence of the lattice param-
eters for chalcopyrite is shown in Figure 3a, with the
temperature variation of the unit-cell volume being
shown in Figure 3b. Both crystallographic axes show
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the behavior typical of adamantine-structured materials
(Barron et al. 1980, Barron & White 1999): the lattice
parameters are saturated at the lowest temperature,
slowly decrease to a minimum with increasing tempera-
ture, before exhibiting approximately constant positive
thermal expansion at higher temperatures. Similar
behavior has previously been observed by Neumann and
coworkers in the chalcopyrite-structured compounds
CulnSe, (Deus et al. 1983), CulnTe, (Neumann et
al. 1984), ZnSiAs, (Deus et al. 1988) and CuGaTe,
(Bruhl et al. 1981), although none of these studies
were carried out for temperatures lower than 30 K, and
hence the saturations of the lattice parameters at the
lowest temperatures were not observed. The tempera-
tures of the minima for the two axes in chalcopyrite are
significantly different, ~86 K for the a axis and ~131
K for the ¢ axis, and the estimated high-temperature
thermal-expansion coefficients derived by extrapolation
also show marked differences, 9.0 X 10°°K~! and 7.2
X 10°K-! for a, and «, respectively. Although our
magnetic susceptibility data show a small peak at ~52.5
K, similar to that observed by Woolley et al. (1996) for
their synthetic sample, there is no evidence of a discon-
tinuity or change in slope for either lattice parameter
around this temperature. The results presented in Figure
3 bear no resemblance to the limited lattice-parameter
data (seven points) shown in Figure 2 of Woolley et al.
(1996), in which the thermal expansion on both axes
appears to be non-Griineisen in behavior, exhibiting two
essentially linear regions, T < 50 K, and 50 K < T <300
K. In the first region, the axial thermal-expansion coef-
ficients are large, ~2 X 10 K~!, whereas in the second
region, o, is a factor of ~20 smaller, and o is negligible.
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FiG. 2. The temperature dependence of the magnetization of
chalcopyrite (~8 g) in applied magnetic fields of 0.1, 0.5
and 2.0 T. The temperature was increased at an average
rate of 0.5 K/min. The anomaly near 55 K in each set of
data is indicative of a small antiferromagnetic transition
identified by Woolley et al. (1996) as the ordering of the
copper magnetic moments.
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As the time-of-flight data were collected at fixed sample
and detector positions, we have no explanation for the
discrepancy between our measurements and those of
Woolley et al. (1996) unless there is a severe, uncor-
rected and temperature-dependent zero-error associated
with their reactor-derived powder-diffraction data.

A negative volume or linear expansion, although
apparently counterintuitive, is in fact a common
phenomenon and has been exploited technologically
in applications as diverse as astronomical telescope
mirrors to oven-to-table cookware. Standard ther-
modynamic transformations (Wallace 1972) give the
volume thermal expansion coefficient ay in terms of
the isothermal compressibility xt and the entropy S:

( olnV ) ( os ]

oy = =%xr1—1 -

“Loar ), Tav),

As the isothermal compressibility is positive for thermo-
dynamic stability (Wallace 1972), the change in volume
on heating will always be in the direction of increasing
entropy. The thermodynamic Griineisen parameter ™

is related to ay through the heat capacity at constant
volume, Cy, and the isothermal bulk modulus, Kr:

aS) vk
Y" =a, VK, /C, =%; (B_TJT %‘v

and should equal a weighted average of individual
phonon-mode Griineisen parameters (Wallace 1972):

y”’=ZCm/ZCw Y, =-dlnw,; /dInV

where w; is the frequency of mode i, and C;, its contribu-
tion to the heat capacity at constant volume. Thermal
expansion will therefore be negative if the excitation
of a sufficient number of highly weighted modes
with negative (i.e., soft) mode Griineisen parameters
outweighs those excited modes with positive Griineisen
parameters (Barrera et al. 2005).

The presence of negative thermal expansion at low
temperatures is a characteristic of the adamantine-
structured semiconductors (Barron et al. 1980, and
references therein, Barron & White 1999) and was
predicted in the sphalerite structure by Blackman (1958)
even before any detailed experimental studies had been
carried out. Earlier theoretical work by Barron (1957)
had shown that for negative thermal expansion in simple
crystal structures to exist, it was a necessary prerequi-
site for there to be a component of motion transverse
to the bond direction. Blackman (1958) concluded that
negative thermal expansion is to be expected from open
structures and, in particular, those with relatively low
shear moduli would be favored. At low temperatures,
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FiG. 3. a. The temperature dependence of the lattice parameters of chalcopyrite

showing the characteristic behavior of adamantine-structured compounds. At the
lowest temperatures, the lattice parameters are saturated before undergoing negative
linear thermal expansion to a shallow minimum with increasing temperature, and
finally exhibiting positive high-temperature thermal expansion. b. The temperature
dependence of the unit-cell volume and the fit to these data using a two Debye-moment

model as described in the text.

only the long wavelength (k ~ 0) acoustic modes are
excited, and low shear moduli indicate correspondingly
low frequencies for the transverse acoustic (TA) modes.
Blackman (1958) showed that in the sphalerite structure,
for any reasonable interatomic potential, the TA mode
with wavevector [110], polarization [110], and speed
V(cy1 — ¢12)/2p would have a strongly negative-mode
Gruneisen parameter.

In the chalcopyrite structure, the situation is more
complex owing to the unit cell doubling along ¢, and

the twelve symmetry-equivalent <110> directions in
sphalerite become two groups in chalcopyrite, one of
multiplicity four, <110>, and one of multiplicity eight,
<201> (making the simplifying assumption ¢ = 2a).
Considering the <110> group first, for the wavevector
[110], two transverse waves with displacement eigen-
vectors [110] and [001] are found as the solutions to
the Christoffel equation (Grimvall 1999). At k = 0, the
twenty-four phonon branches decompose according to
the irreducible representations
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Fope = 1A + 2A5 + 3B + 3B, + 6E
I =1B, + 1E

for the optic and acoustic modes, respectively (Fateley
et al. 1972). Application of projection-operator tech-
niques shows that a linear combination of atomic
displacements associated with the E acoustic mode has
a polarization in [110], and hence, we identify this mode
as the TA mode in chalcopyrite, which is the equivalent
to the TA mode first identified by Blackman as the
source of the negative thermal-expansion coefficient in
sphalerite. It is highly probable that many other modes
away from k = 0 exist that are also associated with
negative Gruneisen parameters; however, these would
require determination from ab initio calculation, and
hence are beyond the scope of this paper.

In Table 2, we show the product of density X speed?
for the longitudinal and two transverse waves with
wavevector [110], using Voigt notation for the elastic
stiffnesses. If chalcopyrite exhibited the elastic proper-
ties of a cubic material, then these values would be
identical to those of sphalerite, which for completeness
are also shown in the table. Furthermore, if we make the
simplifying assumption ¢ = 24, the identical calculation
can be carried out for the group of directions <201>.
For the [201] wavevector, the wave with displacement
eigenvector [010] is purely transverse, whereas the
remaining two modes are quasi-longitudinal and quasi-
transverse in character. The quasi-transverse mode with
polarization vector ~[102] essentially corresponds to the
nature of the [110] TA mode; we predict that this mode
will also have a negative-mode Gruneisen parameter.
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In Table 2, we show the product of density X speed®
for the three modes associated with this wavevector. As
before, if chalcopyrite were elastically cubic (¢33 = ¢y,
c13 = ¢ and Ce6 = Ca4), A and B would be +1, respec-
tively, and the density X speed® for the three modes
would be identical to those of sphalerite.

Assuming that the calculated elastic constants of
Lazewski et al. (2004) are correct, the wave speeds
for the significant directions in chalcopyrite can be
calculated, and these are summarized in Table 3 for the
wavevectors [100], [001], [110] and [201]. From the
tabulated results, we can see that the speeds of the TA
mode, with wave vector [110], and the quasi-transverse
mode, with wave vector [201], are both low, and would
hence be likely to have correspondingly low frequen-
cies. The difference in the temperature of the minimum
in the two lattice parameters would also suggest that the
mode(s) relating to the negative thermal expansion have
different energies for the two axes, with those for the
¢ axis having lower velocities. This view is upheld by
the work of Harris et al. (1997), in which the acoustic
phonons propagating in [110] have been found to have
significantly higher velocities than those propagating
in [001].

The temperature variation of the tetragonal distortion
parameter A (A =2 — c/a) is less sensitive to the presence
of the local minima in the lattice-parameter variation
and shows a relatively simple temperature-dependence:
saturation for T < 50 K and an approximately linear
increase with increasing temperature for T > 100 K.
Further evidence for the atypical physical behavior of
CuFeS,; can be found by comparing A(T) with other
CuBM™CVY, chalcopyrite-structured compounds. For

TABLE 2. DENSITY x ACOUSTIC VELOCITY? IN SPHALERITE AND CHALCOPYRITE

Longitudinal mode

Transverse mode Transverse mode

in GPa in GPa, in GPa,
positive Grlineisen parameter negative Griineisen parameter
. Cy +Cpy + 200 €11 — €19
sphalerite [110] wavevector = . : Cyy == =
24 2
. €y +€py + 204 £y — g
chalcopyrite [110] wavevector = Cyy > =
Z 2
Cpy +Cy)+(cy+ey)d Cy +¢€ Ciy+Cy)+(C3+cy)B
chalcopyrite [201] wavevector® (Cn =) ,,( . 52) bk Ml 3 e (n x) ,,( = x)
: . _(C' = '53%)
* assuming the lattice parameters are related by c=2a. 4 = ,)( — ) +
(e, +Cyy
13 E!

(e —¢53)
4eys + 544):

_ —(¢); —¢33)

== +1
2(cy3 + Cyy)
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room-temperature measurements, Bruhl ez al. (1981)
found, to a very good approximation, 1/A dA/dT = 4
X 10# K™, for B = (Al, Ga, In) and C = (S, Se, Te).
At 300 K, CuFeS, plots far off this common line with
1/A dA/dT = 1.7 X 10* K!, a value that lies closer to a
similar curve determined for the A"B'VCVY, compounds,
for which 1/A dA/dT = 1.1 X 10*K~! (Neumann 1980).

The temperature dependence of the unit-cell volume

The temperature variation of the unit-cell volume
(Fig. 3b) shows the same features as the unit-cell edges,
namely saturation at the lowest temperatures, T < 25
K, aregion of negative volume-expansion to a shallow
minimum, 25 K < T < 101 K, and finally a region of
positive thermal expansion that slowly increases to a
constant value of 25.0 X 10°K-! by 300 K. In their
work on the thermal expansion of CulnSe,, CulnTe,,
CuGaTe, and ZnSiAs;, Neumann and co-workers fitted
the temperature dependence of the lattice parameters
to an empirical quartic function of temperature (Deus
et al. 1983, 1988, Neumann et al. 1984, Bruhl et al.
1981). However, by fitting the temperature variation of
the unit cell to simple statistical mechanical models, it
is possible to derive useful thermodynamic properties
for a wide variety of terrestrial and planetary materials
(Knight & Price 2008, Brand et al. 2009, Knight &
Henderson 2007, Fortes et al. 2005, 2006, Wood et
al. 2002, 2004). If a Gruneisen approximation for the
zero-pressure equation of state is assumed, the effects
of thermal expansion are considered to be equivalent
to elastic strain (Wallace 1972). For low-temperature
data with only a limited range in temperature, as in this
study, the volume scales with the internal energy U(T),
and to first order,

Y'U(T)
KO

V=V, +

where vy’ is a Gruneisen parameter, Ko is the isothermal
bulk modulus, and Vj, is the volume at 0 K. To account

TABLE 3. SOUND VELOCITIES IN CHALCOPYRITE BASED ON THE
CALCULATED ELASTIC STIFFNESSES OF tAZEWSKI et al. (2004)

Wavevector Character Displacement Speed
kms™

[100] Longitudinal [100] 4.635
[100] Transverse [010] 2.579
[100] Transverse [001] 2.470
[001] Longitudinal [001] 4.745
[001] Transverse [100], [010] 2.579
[110] Longitudinal [110] 4.972
[110] Transverse [170] 1.846
[110] Transverse [001] 2.470
[201] Quasi-longitudinal ~[201] 5.010
[201] Transverse [010] 2.525
[201] Quasi-transverse ~[102] 1.730
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for the negative volume-expansion coefficient, it is
clearly necessary to modify this expression to allow
for two separate Griineisen parameters of opposite sign,
each associated with its own internal energy function.
For simplicity in fitting the unit-cell volume data, the
internal energies U; »(T) may be calculated using either
an Einstein formulation:

3Nho, ,

hw kT
e e12/ks -1

Uy, (T)=

or the Debye formulation:

30p,,/T
T ) 2/ xdx

Uy, (T)= 9NkBT[
e —1

D12 0

where N is the number of atoms in the unit cell, kg is
Boltzmann’s constant, p is the Debye temperature and
the Einstein temperature, 0, is hog/kg. For consistency,
the contributions of the two internal energy functions
were fixed to the values found from fitting the data on
heat capacity to two Debye moments (see a later section
for details). Both approximations gave essentially
indistinguishable fits to the unit-cell volume data, with
Figure 3b showing the results of fitting the data to the
Debye model. The results of the weighed least-squares
fitting gave: Vo =291.0681(4) A3, 05, =497(16) K, v,/
Ko = 2.12(7) X 107" Pa™!, 0, = 51(16) K and v, /Ky
=-7.0(3) X 1072 Pa~! for the Einstein approximation
to the vibrational density of states, and Vo =291.064(3)
A3, Op; =647(31) K and 'yl’/K() =2.35(6) X 101 Pa’l,
Op2 = 111(23) K and v,’ /Ky = —1.0(1) X 107! Pa~!
for the Debye approximation to the phonon density of
states. With an experimentally determined bulk modulus
of 77(2) GPa (see a later section for details), vy’ is
equal to 1.63(7), and vy,’, to —0.54(3) in the Einstein
approximation, and vy’ is equal to 1.81(6), and v,’, to
—0.77(8) in the Debye approximation.

Temperature dependence of the structural parameters

No evidence was found from the Rietveld fit to
the HRPD and POLARIS data for the coexistence of
a tetragonal and cubic chalcopyrite phase that was
recently claimed for a specimen from Rio Grande do
Sul, Brazil (Mussel et al. 2007). Throughout the whole
temperature-interval from 4.2 to 300 K, the anion coor-
dinate showed a negligible variation with temperature,
with an average value of 0.252(1), this apparently large
estimated standard deviation being associated with both
the short data-collection times and the small magnitude
of the neutron scattering cross-section of sulfur. More
precise structural parameters were determined from the
room-temperature POLARIS data and the HRPD data
collected at 4.2 K and are listed in Table 4 with the
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fits to the simultaneous three-bank refinement of the
POLARIS data shown in Figure 4. Within the estimated
standard deviation, the polyhedron’s parameters listed
in Table 1 are temperature-invariant; however, there
exist significant differences between the two cation
tetrahedra. The CuS, tetrahedron has a larger volume
at all temperatures [mean: 6.11(4) A%)] than the FeS,
tetrahedron [mean: 6.02(4) A%], and is more distorted,
with larger quadratic elongation and tetrahedron angle
variance (Robinson et al. 1971). Both tetrahedra exhibit
one pair of bond angles greater than the ideal tetrahe-
dron angle and one smaller, with the deviations of the
two bond angles from the ideal tetrahedron angle being
smaller for the FeS, tetrahedron.

The temperature dependence of the atomic displace-
ment parameters derived from the rapid HRPD data
collections have been analyzed using the modified
Debye formalism of Wood et al. (2002), in which the
zero-point displacement is allowed to be an additional
refineable parameter. The fits to the displacement
parameters are shown as full lines on Figure 5a—c with
refined vibrational Debye temperatures of 206(2) K,
242(3) K and 333(12) K found for the iron, copper and
sulfur, respectively. The magnitudes of the isotropic
atomic displacement-parameters at 300 K are in good
agreement with the isotropic equivalent displace-
ment parameters derived from ab initio calculations
(Lazewski et al. 2004); however, these vibrational
Debye temperatures show no correlation with features
in the calculated total, or partial phonon density of
states.

At room temperature, the magnetic structure of
Donnay et al. (1958) was confirmed with a refined
moment of 3.23(1) wp for the iron and a zero moment,
within estimated standard deviation, for the copper.
The HRPD data were collected at a significantly lower
temperature than the temperature observed for the
anomaly in the magnetic susceptibility, and hence might
be expected to show evidence for ordering of the copper
ion, as suggested by the work of Woolley et al. (1996).
However, an identical result to the room-temperature
refinement was found, and the introduction of a moment
on the copper site gave no statistically meaningful
improvement to the quality of fit to the data. Further-
more, the integrated intensities of “magnetic only”

TABLE 4. STRUCTURAL PARAMETERS FOR CHALCOPYRITE
AT 300 AND 4.2 K

300 K 42K
ain A 5.2900(1) 5.28563(1)
cinA 10.4217(2) 10.41917(2)
Fe U, in A2 0.0097(2) 0.0049(2)
Fe moment in g 3.23(1) 3.57(1)
CuU,, in A2 0.0161(3) 0.0048(3)
Su 0.2604(7) 0.2529(8)
S U, in A? 0.0084(2) 0.0053(2)

iso
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reflections, normalized to a neighboring “nuclear only
reflection”, showed no evidence for the discontinuities
observed by Woolley er al. (1996). We can therefore
neither confirm nor deny the low-temperature magnetic
structure proposed by Woolley et al. (1996), with our
refined copper moment invariably within one or two
estimated standard deviations of zero magnitude. It
could possibly be argued that we see some evidence for
the ordering of the copper ion inasmuch as the moment
direction invariably refined to be antiparallel to the
moment orientation of the neighboring iron, irrespec-
tive of the starting orientation. It is clear, however, that
a direct confirmation of the ordering of the copper site
would be better carried out using an element-specific
probe; powder neutron diffraction is too insensitive to
the potentially small moment carried by the copper ion.

Heat-capacity measurements and fitting

The isobaric (Cp) molar heat-capacity of synthetic
CuFeS; has been reported by Robie ez al. (1985) in the
temperature interval from 5.38 to 303.54 K. Although
the difference between the isochoric (Cy) and isobaric
heat capacities is small at low temperatures (Cy — Cp
= —TK¢o?*V,; molar volume, V,,, volume thermal
expansion coefficient, a, bulk modulus Ky), in the fitting
of the heat-capacity data to Debye models, we have
converted the Cp data to Cy using results from fitting
the unit-cell volume as a function of temperature and
pressure. The converted heat-capacity data are shown
plotted in Figure 6. For a Debye density of states func-
tion, the isochoric heat-capacity varies as a function of
temperature as

T\ %7 x*etdx
Cy (T)=9Nk,T| — s
e 0 (ex —1)

D
(Wallace 1972, Grimvall 1999). The dashed line in
Figure 6 shows the results of a least-squares fit to the
heat-capacity data according to this model, with a fitted
Debye temperature of 362(6) K. It is quite evident
from the figure that this is a poor approximation to the
measured heat-capacity; at the lowest and at the highest
temperatures measured, there are more excited modes
than the model predicts, whereas in the intermediate
temperature interval, the opposite effect is found. Modi-
fying the model to take account of these observations,
the data were refitted using an equal weighting of two
Debye moments and the assumption of Dulong—Petit
behavior at a high temperature. The fit to the data in
this case was significantly better, and this was found
to be further improved by removing the assumption of
a high-temperature limit of 3NR and equal weighting
of the two Debye moments. We justify the former on
the pragmatic grounds that, in the absence of measure-
ments of the spin-wave dispersion curves for CuFeS,
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that would allow a more sophisticated heat-capacity
expression to be developed, the additional contribution
to the heat capacity from antiferromagnetic order is
similar to that of the lattice contribution (Gopal 1966).

The fitted Debye temperatures 167(2) K and 601(5)
K are reasonably close to the values determined from
fitting the volume expansion (111 K, 647 K), thus giving
some confidence to the method of analysis. An alterna-
tive fit of the data using two Einstein heat-capacity
functions gave characteristic temperatures of 117(2) and
445(6) K, which correspond to characteristic frequen-
cies of vibration of 2.44 and 9.27 THz, respectively. The
calculated total and partial phonon densities of states
(Lazewski et al. 2004) are plotted in Figure 7 from
data kindly provided by Dr. Jan Lazewski (Institute
of Nuclear Physics, Cracow). The former is character-
ized by the presence of three broad groups of peaks
centered on 2.1 THz, 5.0 THz and 9.1 THz, with a gap
in the density of states function between middle and the
highest frequency-groups. The lowest frequency-group
corresponds to modes mostly involving copper, whereas
the highest frequency-group is dominated by the contri-
butions from the iron and sulfur alone, and it is these
two bands that dominate the total phonon density of
states. The mid-points of both of these bands of modes
can be seen to be gratifyingly close to the values derived
from the fitting of the heat-capacity data to the simple
optic-mode Einstein model.

High-pressure behavior

Figure 8 shows the neutron powder-diffraction
patterns obtained from the mixed-phase P-E cell loading
of CuFeS; and NaCl. From bottom to top, the patterns
are shown in the order collected, with all except the
final pattern being collected with increasing applied cell
load. From the figure, it can be seen that for cell loads
greater than 65 tonnes, corresponding to a sample pres-
sure of 6.81 GPa, the Bragg reflections due to CuFeS,
progressively broaden and diminish in intensity. At the
same time, however, the pressure remains essentially
constant. At the maximum applied load setting of 90
tonnes, corresponding to a sample pressure of 6.87
GPa, there appears to be no trace of the CuFeS, powder
pattern, the remaining reflections being due to the NaCl
pressure marker and contaminant scattering from WC
and Ni in the anvils. These results indicate the presence
of a phase transition at 6.7(2) GPa to an apparently
amorphous phase. The volume change associated with
this transformation must be considerable owing to the
essentially constant pressure observed during the step-
wise increase in cell load from 65 to 90 tonnes. The
final pattern collected after careful decompression of
the sample back to ambient pressure exhibits several
weak and broad peaks indicating a very limited recovery
of the original phase of CuFeS,. These results are in
good agreement with those reported by Kobayashi ez
al. (2007).
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Figure 9a shows the pressure dependence of the
lattice parameters between 0.22 and 6.81 GPa. Both
a and ¢ show approximately linear decreases with
increasing pressure with —1/ag da/dP = 3.87(3) X
103 GPa™! and —1/cy dc/dP = 4.45(7) X 1073 GPa™..
Assuming hydrostatic conditions, the axial compress-
ibilities can be related to the elastic stiffnesses (in Voigt
notation), as shown below:
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FiG. 5. The temperature variation of the isotropic atomic

displacement parameters for Fe (4a), Cu (4b) and S (4c).
Full lines show the fits to these data using a modified
Debye model.
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On the basis that the sample reflections only
broaden at the amorphization transition, we deduce
that the conditions at which the high-pressure data
for the tetragonal phase were collected were close to
being hydrostatic at all pressures. The calculated axial
compressibilities based on the elastic stiffnesses derived
from the ab initio simulations (Lazewski er al. 2004),
or X-ray diffraction data (Sirota & Zhalgasbekova

1991), are in poor agreement with our experimental
determinations. The calculated elastic stiffnesses over-

. dlna
estimate —| —— | (5.2 X 10 GPa') and under-
P ),

dlnc
oP

experimentally derived elastic stiffnesses underestimate
both axial compressibilities.

The effect of pressure on the unit-cell volume and
a third-order Birch-Murnaghan equation of state fit to
these data are shown in Figure 9b. The pressure depen-

estimate —( J (3.3 X 1073 GPa™'), whereas the
T

dence of the normalized unit-cell volume determined
by Kobayashi et al. (2007) by X-ray diffraction are
included in Figure 9b, and are in excellent agreement
with the results from PEARL. Applying weighted least-
squares to the PEARL results, the bulk modulus has
been determined as 77(2) GPa, and its pressure deriva-
tive, as 2.0(6). The bulk modulus is in good agreement
with the Voigt—Reuss—Hill average of the calculated
elastic stiffnesses derived by Lazewski et al. (2004),
74 GPa, but in poorer agreement with the experimental
determinations made by Tinoco et al. (1994), 91(10)
GPa, and Kobayashi et al. (2007), 69.9(9) GPa. In the
former case, we believe that this discrepancy arises
primarily because of the low intrinsic resolution of the
energy-dispersive technique, which was not capable
of resolving the tetragonal distortion present in the
powder-diffraction pattern. As Neumann (2004) and
Lazewski er al. (2004) have already pointed out, the
bulk modulus derived from the results of Sirota &
Zhalgasbekova (1991), 122 GPa, can be ignored as it
is at variance with expectations, and inferences made
from all other measurements and calculations.

A typical example of the quality of the Rietveld
refinement of CuFeS, in the Paris—Edinburgh pressure
cell is shown in Figure 10 for data collected at collected
at 6.35 GPa, 60 tonnes load. For the Shubnikov group
142d, with a magnetic ion at either cal or ca2 sites,
the hhl reflections with 24 + [ = 4n are purely nuclear
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pressure dependence of the normalized volume of chalcopyrite from the PEARL data
shown as white circles, with the angle-dispersive X-ray-diffraction data of Kobayashi
et al. (2007) shown as black circles, for comparison. The full line shows the results of
fitting a third-order Birch-Murnaghan equation of state to the PEARL data.

in origin, whereas those with 24 + [ = 2n are purely
magnetic (note that 24 + [ = 2n + 1 is a systematic
absence for both classes of reflection). In particular,
the strong reflection 110, marked with an arrow on the
figure, is purely magnetic in origin, showing that our
sample remains a fully compensated antiferromagnet
up to the highest pressure measured. This result is in
agreement with the Mossbauer results of Boekema et
al. (2004), but in disagreement with those of Vaughan
& Tossell (1973), who found chalcopyrite to become

increasingly magnetically disordered from 1 GPa, and
to become paramagnetic at pressures of the order of 2
GPa. The samples of Vaughan & Tossell and Boekema
et al. are both synthetic, whereas our sample is natural;
hence we cannot simply dismiss the differences in
the magnetic behavior by appealing to sample prov-
enance. It is therefore clear that a systematic study of
the electrical and magnetic properties of chalcopyrite
is necessary.
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The Griineisen parameters

Using our experimentally determined bulk modulus
allows the Griineisen parameter to be determined
for the two vibrational density of states models, and
the temperature dependence of the thermodynamic
Griineisen parameter, y, to be calculated. For the
Einstein model, v,” = 1.63(3) and v, = —0.5(2), and
for the Debye model, the corresponding values are
vi’ = 1.81(3) and y,” = -0.8(1). Figure 11 shows the
temperature variation of the thermodynamic Griineisen
parameter evaluated using the corrected heat-capacity
data of Robie et al. (1985) and the thermal expan-
sion coefficient derived from the Debye model fit to
the temperature dependence of the unit-cell volume.
The alternative abscissa is shown normalized to 6,
the Debye temperature as T — 0 K, which for this
diagram has been estimated at 230 K from the gradient
of a plot of Cy/T versus T2 The results show that v
is negative for T < 100 K, exhibits a minimum at T/0
of approximately 0.055, and has a high-temperature
limit of ~0.7. These observations are in excellent agree-
ment with the other adamantine-structured compounds
that have been studied at low temperature, Ge, GaAs,
ZnSe, ZnS, CdTe, HgTe and CuCl (Barron et al. 1980,
and references therein). Results from these compounds
characteristically show that -y has a minimum for a T/0
of about 0.06 and, for T = Op, -y lies between 0.6 and 0.8.
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The low-temperature thermoelastic properties of
chalcopyrite have been successfully characterized
using neutron powder diffractometry, an analysis of
heat-capacity data, and by comparison with the results
of ab initio calculations. The volume expansivity and
heat capacity at constant pressure, analyzed in terms of
a two-moment Debye model, have yielded characteristic
temperatures, which are gratifyingly close. The lower
characteristic temperature is associated with a negative
Gruneisen parameter and relates to the excitation of
acoustic or quasi-acoustic modes with wave normals
[110] and ~[201], which give rise to negative thermal
expansion along both axes. The higher characteristic
temperature lies above the calculated cut-off frequency
in the calculated phonon density of states function, but
probably is related to optic modes involving the sulfur
in particular. An alternative analysis of the heat capacity
as the sum of two Einstein oscillators is in good agree-
ment with the position of the two strongest bands of
modes in the calculated vibrational density of states.
In contrast, the analysis of the atomic displacement
parameters within a modified Debye formalism gave
vibrational Debye temperatures that show no direct
relationship to the individual partial phonon densities
of states. The temperature dependence of the thermo-
dynamic Griineisen parameter has been determined

10+
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Fig. 10. Final Rietveld refinement plot of chalcopyrite at 6.35 GPa with the purely
magnetic reflection 110 arrowed. The presence of the 110 reflection throughout the
pressure range studied shows that this sample of chalcopyrite retains the magnetic
structure shown in Figure 1 to close to the rock-salt transition pressure. The upper
tick marks indicate the chalcopyrite reflections, the middle and lower tick marks, for
nickel and tungsten carbide, respectively, show contaminant reflections derived from

the anvil materials.
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FiG. 11. The temperature variation of the thermodynamic Griineisen parameter showing

typical adamantine behavior: it is negative below 100 K, has a high-temperature limit
of ~0.7, and a minimum at T/ 8, close to 0.055.

for a chalcopyrite-structured material for the first time
and shows that the characteristic adamantine-structure
behavior previously observed in group IV and I-VII,
II-VI and III-V compounds transfers directly to the
[-1II-VI, ternary compounds.

The measured bulk modulus of chalcopyrite is
in excellent agreement with the Voigt—Reuss—Hill
average of the calculated elastic constants, but the axial
compressibilities based on the same elastic stiffnesses
are in relatively poor agreement with experiment.
A direct experimental determination of the elastic
constants to compare with the results of the calculations
would be timely to see where this discrepancy arises.

The room-temperature data have confirmed the
magnetic structure originally determined by Donnay
et al. (1958); however, data collected at 4.2 K have
not allowed an unambiguous answer to whether the
copper ion orders magnetically below the anomaly
seen in the magnetic susceptibility. The magnetic
ordering of the copper ion below 50 K would be most
easily studied using the element-specific technique of
X-ray dichroism, either circular dichroism to probe for
ferromagnetic coupling, or linear dichroism to search
for antiferromagnetic coupling (Collins et al. 2007).
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