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Copper pyrites CuS2 and CuSe2 as anion conductors
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CuS2 and CuSe2 with pyrite structures were systematically studied by transport, magnetization, and specific-
heat measurements. In remarkable contrast to other 3d transition-metal pyrites, a clear indication of strong
electron correlations was absent in the electronic properties of Cu pyrites. We interpret this as a consequence
of the dominant chalcogenp character rather than copperd character at the Fermi level. Photoemission results
indeed support this picture, indicating that the Cu is predominantly monovalent. We therefore conclude that Cu
pyrites, CuS2 and CuSe2, can be viewed as anion conductors.
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I. INTRODUCTION

Among the 3d transition-metal dichalcogenidesMX2,
those withM5Fe, Co, Ni, Cu, and Zn, andX5S and Se, are
known to crystallize in the so-called pyrite structure.1 The
pyrite structure contains interpenetrating face-centered-c
arrays of metal cations and anion dimers, as in the rock
structure~Fig. 1!. Each cation is in the center of an anio
octahedron, and each anion atom has a tetrahedral coor
tion consisting of one anion atom and three cations. Beca
of the strongp-p hybridization within the chalcogen anio
dimer, each anion dimer can accommodate two electron
its bondingps orbital but not in the antibondingps* or-
bital, serving as divalentX2

22 in a naive ionic picture.
Transition-metal cations, therefore, are formally divale
M21, and take a low spin electronic configurationt2g

6 eg
n (n

50, 1, 2, 3, and 4 forM5Fe, Co, Ni, Cu, and Zn, respec
tively!.

These pyrites have been attracting considerable inte
for many decades, because of their rich variety of electro
and magnetic properties. A drastic variation of the grou
state with the number ofeg electrons per unit formula can b
seen in the sulfides. FeS2 without aneg electron is a non-
magnetic~band! insulator. While CoS2 with oneeg electron
is an itinerant ferromagnet, NiS2 with two eg electrons is an
antiferromagnetic~Mott! insulator. The Ni pyrite, showing a
metal-insulator transition caused by pressure or chem
substitution, has been viewed as a model system
correlation-driven metal-insulator transitions.2 CuS2, which
was supposed to have threeeg electrons, was reported to b
a metal.3–5 ZnS2, with four eg electrons, is a diamagneti
insulator. The wide varieties of magnetic phases in these
fides indicate a vital role of electron correlations in the n
row transition-metal 3d band. On the other hand, the s
lenide compounds have been known as a paramagnetic m
except when the metal cation is Fe21 (eg

0) and Zn21 (eg
4),
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consistent with the prediction of band theory. This dras
change from sulfides to selenides very likely implies that
magnetic phases in the sulfides are marginally achieved

Generally speaking, as the cation goes from light to he
transition metals, the on-sited-d Coulomb repulsionU be-
comes larger, and electron correlations become more im
tant. On the other hand, simultaneously, the charge-tran
energy D from the anionp orbitals to thed orbitals de-
creases. Not only the on-sited-d Coulomb repulsion but also
the charge transfer from the chalcogenp orbitals to the metal
d orbitals very likely play an important role in the physics
those pyrites with heavy 3d transition metals, particularly for
Ni and Cu. Band-structure calculations on the pyrites inde
showed that the broad band of chalcogenp states is located
very close in energy to the metald states.6 In FeS2 and CoS2,
the eg band seems to lie right above the top of the occup
p band. On the other hand, in ZnS2 the p band lies right
above theeg band. NiS2 and CuS2 are located between CoS2
and ZnS2, where the subtle interplay between the cati
d(eg) orbitals and the anionp orbitals should be most pro
nounced. In accord with this, because of the smallD
(,U), NiS2 is classified as a charge-transfer insulator.

FIG. 1. Crystal structure of pyriteMX2 @M : transition-metal
elements~black circle!; X: chalcogen elements~gray circle!#.
©2002 The American Physical Society04-1
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charge-transfer insulators, the top of the occupiedp band is
located between the occupied lower Hubbard band and
unoccupied upper Hubbard band, and the lowest charge
citation is the charge transfer from the occupiedp level to the
unoccupiedd level.

Even largerU and smallerD than NiS2 are anticipated for
CuS2. Compared with the other pyrites, however, copper
rites have not been studied in detail because of their d
culty in synthesis. Copper pyrites were first synthesized
der a high pressure above 3 GPa.7,3 Although the detailed
temperature dependence was not examined, the resistivi
copper pyrites was reported to show a metallic behav
Both the sulfide and selenide were reported to experien
superconducting transition at a low temperature, withTc
51.5 and 2.4 K, respectively.3,4Among the pyrites known so
far, copper pyrites are the only superconducting compou

While CuS2 was reported to show a weakly temperatu
dependent paramagnetism, the magnetic properties of C2
proved controversial. Depending on the sample prepara
condition, CuSe2 was reported to show a weak ferroma
netism below 31 K.8 These weakly ferromagnetic samples,
well as the paramagnetic samples, showed superconduct
The possible coexistence of weak ferromagnetism and su
conductivity in CuSe2 is an attractive subject to pursue.

The importance of electron correlation and the effects
p-d hybridization on copper pyrites, as well as the coex
ence of weak ferromagnetism and superconductivity
CuSe2, motivated us to investigate copper pyrites. We p
pared single crystals of CuS2 and CuSe2 under high pressure
and explored the electronic states of seeminglyp-d metals,
by systematic measurements of transport, magnetiza
specific heat, and photoemission spectroscopy~PES!. Re-
markably, we did not find a noticeable transport and spec
heat signature of strong electron correlations, normally
served in strongly correlated transition-metal compoun
We interpret this observation as due to the predominanp
character at the Fermi level, and propose that the electr
structure can be better represented by Cu1(X2)2 with one
hole in the anionp band as charge carriers. We were inde
able to verify this picture by PES measurements. In this
gard, copper pyrites may be viewed as anion ‘‘p metals.’’

II. EXPERIMENTAL METHOD

All samples used in this study were prepared under h
pressure, generated by a cubic anvil-type press.9 A boron
nitride crucible was used as a sample container. Single c
tals of CuS2 and CuSe2 were grown at 5 GPa with 1:1 mix
tures of CuS/S and CuSe/Se as starting materials. The
tures were slowly cooled from about 600 to 400 °C in 3
All the samples were characterized by powder x-ray diffr
tion, which revealed the absence of secondary phases w
our experimental resolution. Single crystals with a typic
dimension of 1.031.030.5 mm3 were obtained from the so
lidified melt. The electrical resistivity was measured by
conventional four-probe technique with a low-frequency
sistance bridge. The Hall coefficient measurements w
conducted by rotating the sample in a magnetic field of 1.4
A superconducting quantum interference device magneto
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ter was used for the magnetization measurements.
specific-heat measurements were performed by a relaxa
type calorimeter. To probe the electronic structure direc
ultraviolet photoemission spectroscopy~UPS! measurements
at room temperature were carried out, using a spectrom
equipped with a helium discharge lamp~HeI: hn521.2 eV;
HeII : hn540.8 eV). Clean surfaces were obtained by scr
ping the samplein situ with a diamond file. The energy reso
lution including the thermal broadening was'0.1 eV.

III. RESULTS

The electrical resistivity datar(T) of single crystals of
CuS2 and CuSe2, displayed in Fig. 2~a!, show a metallic
behavior, which is consistent with the band-structure cal
lation. For both compounds, the temperature dependenc
consistent with those published previously,5 though the abso-
lute values are smaller by a factor of;2. An anomaly is
observed in CuS2 at aboutT* .150 K @indicated by an ar-
row in Fig. 2~a!#, in agreement with a previous report.5

Hall coefficientsRH , shown in Fig. 2~b!, are positive and
weakly temperature dependent, both for CuS2 and CuSe2.
The positive sign ofRH implies that the charge carriers a
predominantly hole-like. This result disagrees with the p
vious report, in whichRH was negative.5 We do not have any
plausible explanation for this discrepancy. The carrier d
sity, calculated from the magnitude at 300 K, is about o
hole per unit formula. A noticeable decrease can be s
below 30 K, which may be ascribed to the effect of t
complicated Fermi-surface geometry10 and the momentum-
dependent scattering. These results are consistent with
naive band picture.

FIG. 2. ~a! Temperature-dependent resistivity of CuS2 and
CuSe2 single crystals. The arrow indicates an anomaly of CuS2. The
inset shows (r2r0) vs T2 plots at low temperatures, wherer0 is
the residual resistivity.~b! Temperature-dependent Hall coefficie
of CuS2 and CuSe2 single crystals.~c! Temperature-dependent mag
netic susceptibility of CuS2 and CuSe2 single crystals, measured a
1000 G.
4-2
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The magnetic susceptibilityx(T) of the Cu pyrites is
shown in Fig. 2~c!. Both CuS2 and CuSe2 show weakly
temperature-dependent paramagnetism. A trace of a C
like contribution is seen at low temperatures, which ve
likely originates from a small amount of magnetic impuritie
In CuS2, a clear anomaly is observed atT* .150 K, where a
kink is observed inr(T), and a pronounced decrease
x(T) is observed belowT* , as reported before.11 The x(T)
of CuSe2 is almost temperature independent, and no anom
can be seen. Previous work reported the presence of w
ferromagnetism in CuSe2, which depends on the samp
preparation condition.8 However, we did not find any trace o
weak ferromagnetism over a wide variety of sampl
prepared under different conditions, including tho
employed in previous work. By subtracting the Curie te
and the core diamagnetism,xcore(Cu21)521.131025

emu/mol, xcore(S2
22)524.431025 emu/mol, and

xcore(Se2
22)526.631025 emu/mol,12 we estimated the

paramagnetic contributionxpara at low temperatures, which
is very likely dominated by the Pauli paramagnetism of co
duction electrons: xpara(CuS2)56.431025 emu/mol and
xpara(CuSe2)511.031025 emu/mol.

Previous electron microscopy studies revealed that
anomaly atT* .150 K in CuS2 is accompanied with a struc
tural phase transition;13,14 therefore, the formation of a
charge density wave~CDW! was suggested as the origin
this anomaly.8 However, we believe that the transition atT*
is not a CDW but is essentially structural in origin. This
because no anomaly is detected inRH aroundT* , in remark-
able contrast with those observed in CDW systems suc
NbSe2 and TaSe2.15 RH directly measures the charge carrie
around the Fermi surface and, hence, is one of the m
sensitive probes for the CDW formation. We suspect that
above-mentioned decrease of the magnetic susceptibility
low T* may originate from a Van Vleck contribution.

The results of specific-heat measurements are summa
in Fig. 3. Except for the temperature range below the sup
conducting transition in CuSe2, the low-temperature specifi
heat is well described byC(T)5gT1bT3. The Debye tem-
peratures obtained from theb values are uDth(CuS2)
5280 K anduDth(CuSe2)5170 K. The electronic specific
heat coefficientsg obtained areg(CuS2)56.18 mJ mol21

FIG. 3. Temperature-dependent specific heatC(T), plottedC/T
vs T2, for CuS2 and CuSe2.
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K22 andg(CuSe2)57.37 mJ mol21 K22.
A clear specific-heat jump associated with supercondu

ing transition is observed in CuSe2 at Tc52.47 K, which is
in agreement with that reported previously. The ratio of t
specific-heat jump atTc in CuSe2 relative to the electronic
specific heat isDC/gTc51.50. This value is close to th
value of Bardeen-Cooper-Schrieffer~BCS! theory 1.43, and
suggests that CuSe2 is a weak-coupling BCS superconducto

Figure 4 shows the photoemission spectra~HeI and HeII!
of CuS2 and CuSe2, which are normalized to the Cu 3d t2g
peak height. It is known thatsp /sd decreases with photon
energy, wheresp and sd are the atomic photoionization
cross sections of the chalcogenp and Cu 3d orbitals,
respectively.16 As a result, the HeI (hn521.2 eV) spectra
represent the total density of state~DOS!, while the HeII

(hn540.8 eV) spectra represent the Cud partial DOS, since
the intensity of S and Sep contributions should be sup
pressed substantially at the incident photon energy ofhn
540.8 eV. Regardless of the incident photon energy,
spectra have a sharp peak about 2.7 eV below the Fermi l
(EF) for both CuS2 and CuSe2, which can be assigned to th
Cu t2g band. The broad bands at 0–9 eV are assigned to
chalcogenp bands, because they are weak in the HeII spec-
tra. In the HeII spectra, whered contribution is dominant, the
broad feature at 0–2.7 eV, above the sharpt2g band, repre-
sents the Cueg contribution, though the weak but finitep
band overlaps with it. In the spectra with HeI, we can
clearly identify the Fermi edge for both CuS2 and CuSe2,
which is consistent with the fact that these compounds
metal. The fact that Fermi edge can be seen more clearl
the HeI spectra than the HeII spectra indicates that the cha
cogenp character is dominant nearEF .

IV. DISCUSSION

A. Absence of a clear indication of strong correlation

At low temperatures, the electrical resistivity of a strong
correlated Fermi liquid is often described byr5r01AT2,

FIG. 4. UPS spectra of CuS2 and CuSe2, with two different
incident phonon energies, 21.2 eV~HeI! and 40.8 eV~HeII!. Note
the HeII spectra mainly reflects the 3d contribution.
4-3
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wherer0 is the residual resistivity, and theT2 term originates
from electron-electron scattering. The coefficientA is a mea-
sure of the strength of the electron-electron interaction
proportion to the square of the specific-heat coefficientg ~the
Kadowaki-Woods relationship!. To check for theT2 resistiv-
ity, r2r0 versusT2 are plotted in the inset of Fig. 2~a!. As is
clearly seen from the figure, ther-T2 curve is superlinear
rather than linear all the way down to 4.2 K, implying th
absence of an appreciableT2 contribution. The temperatur
dependence at low enough temperatures is describedr
5r01B(T/uDres)

5, where the T5 term is expected for
electron-phonon scattering, suggesting the domin
electron-phonon contribution. Indeed,r(T) of CuSe2 up to
room temperature can be well fitted with the Bloc
Gruneisen formula for electron-phonon-dominated resis
ity. Assuming values ofB are not so different between th
two systems, we estimate the ratio of Debye temperatu
uDres(CuSe2)/uDres(CuS2)50.77 by scaling the low-
temperature resistivity withT/uD . This result is in reason
able agreement with the Debye temperatures obtained f
the specific heat data shown in Fig. 3, which yie
uDth(CuSe2)/uDth(CuS2)50.60. From these results, we co
clude that electron-phonon scattering rather than elect
electron scattering dominatesr(T) of the Cu pyrites, in re-
markable contrast with the other pyrites or typical correla
3d transition-metal compounds.

Rather weak electron correlations are also evidenced
the density-of-state probes, namely,xpara andg. The g val-
ues are substantially small compared with those
Ni(S,Se)2, which are 10–28 mJ mol21 K22.17,2 The Wilson
ratio RW}xpara/g can be a good measure of electron cor
lation effects.g from the specific heat andxpara from the
magnetic susceptibility yield Wilson ratios ofRW(CuS2)
50.76 andRW(CuSe2)51.09, which suggest that these sy
tems can be understood as weakly correlated Fermi liqu
It may be interesting to infer thatRW of a strongly correlated
Fermi liquid is close to 2 in contrast to the present case.
Ni(S,Se)2, a value ofRW'1.6 was obtained.2 Here we note
that the experimentally obtainedxpara and g are about two
times larger than those estimated from band calculations6,10

From the facts discussed above, however, it may be diffi
to take this as an enhancement due to electron correla
effects. This should be the subject of further investigation

B. Electronic structure from photoemission study

Though transition-metal pyrites have generally been c
sidered to be strongly correlated systems, it is now clear
copper pyrites do not show any noticeable signature of e
tron correlations. We believe that copper in this system
essentially monovalent (d10) and nonmagnetic due to th
charge transfer from the chalcogenp band, which is in re-
markable contrast with the other transition-metal pyri
where the transition-metal ion is in a divalent state. Folm
et al. indeed suggested that copper in CuS2 is monovalent
(d10), based on an analysis of core-level photoemission.18–20

Then holes in the anionp bands dominate the transport an
magnetic properties, which reasonably accounts for the
expected behavior of Cu pyrite.
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This picture is supported by the UPS spectra shown
Fig. 4. As discussed above, the reduction of intensity nearEF
in the HeII spectrum indicates that thed band is located well
belowEF (;3 eV), and that thep band dominates the Ferm
level. Comparison of these UPS spectra with those of
other pyrites provides further evidence of the above pictu
Variations of photoemission spectra of sulfides from FeS2 to
CuS2 are summarized in Fig. 5. The data of the other pyri
are taken from the literature.21–23 The sharp peaks locate
around 0.8–2.7 eV observed both in HeI and HeII spectra
are assigned to the metalt2g band, as in CuS2. A well-defined
shoulder structure is noticeable nearEF in the spectra from
FeS2 to NiS2, which can be assigned to theeg band. It is
clear that the evolution of the shoulder structure, upon go
from FeS2 to NiS2, represents the successive filling of theeg
band. In contrast to the other members, CuS2 shows only a
broad tail, which extends toEF . This supports that theeg
band in Cu pyrites is indeed located at much deeper ener
than the other pyrites.

The unique electronic states of the Cu pyrites may
even better illustrated by focusing on the sharpt2g peak,
which shifts to a higher binding energy on filling theeg
band. In CuS2, the t2g peak position is located at a substa
tially higher binding energy than expected from the extrap
lation based on the variation from FeS2 to NiS2, which ap-
peared to imply that there is a further stabilization of thed
orbitals obtained using thed10 closed-shell configuration. In
addition, on going from FeS2 to NiS2, the t2g peak shows a
significant broadening. This broadening originates from
exchange splitting, as the spin polarization of theeg band is
increased with thed-band filling.21 If copper were divalent
d9 with threeeg electrons, thet2g peak would have shown a
substantial broadening. However, thet2g peak in CuS2 is as
sharp as that of FeS2, which has noeg electron and no spin
polarization. This again proves the monovalent nature
copper in pyrites.24

V. CONCLUDING REMARKS

A wide variety of experiments, including transport, ma
netic susceptibility, and specific-heat measurements, reve

FIG. 5. Evolution of photoemission spectra of transition me
pyritesMS2 (M5Fe, Co, Ni, or Cu!. Here the backgrounds due t
secondary electrons have been subtracted.~a! HeI spectra (hn
521.2 eV), ~b! HeII spectra (hn540.8 eV).
4-4
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that copper pyrites CuS2 and CuSe2 are distinct from the
other metallic 3d transition-metal pyrites, in that the signa
ture of strong electron correlations, such as theT2 behavior
in the resistivity, is not appreciable. This remarkable beh
ior originates from the monovalent (d10) rather than divalent
(d9) nature of cooper, and the resultantp-band character nea
the Fermi level. Holes are doped into thepp* band of the
chalcogenp dimers, and dominate the transport and magne
properties. This is experimentally proven by the UPS me
surements. Copper pyrites, therefore, can be better viewe
e

.

.

15510
-

ic
-
as

electron-doped molecular crystals of chalcogen dime
namely, typical anion conductors.
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