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Anisotropic colossal magnetoresistance effects in Fe1ÀxCuxCr2S4
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A detailed study of the electronic transport and magnetic properties of Fe12xCuxCr2S4 (x<0.5) on single
crystals is presented. The resistivity is investigated for 2<T<300 K in magnetic fields up to 140 kOe and
under hydrostatic pressure up to 16 kbar. In addition magnetization and ferromagnetic resonance~FMR!
measurements were performed. FMR and magnetization data reveal a pronounced magnetic anisotropy, which
develops below the Curie temperature,TC , and increases strongly towards lower temperatures. Increasing the
Cu concentration reduces this effect. At temperatures below 35 K the magnetoresistance,MR5@r(0)
2r(H)#/r(0), exhibits a strong dependence on the direction of the magnetic field, probably due to an
enhanced anisotropy. Applying the field along the hard axis leads to a change of sign and a strong increase in
the absolute value of the magnetoresistance. On the other hand the magnetoresistance remains positive down to
lower temperatures, exhibiting a smeared out maximum with the magnetic field applied along the easy axis.
The results are discussed in the ionic picture using a triple-exchange model for electron hopping as well as a
half metal utilizing a band picture.
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I. INTRODUCTION

Manganites, especially LaMnO3 and relatives, have bee
known for their unusual transport and magnetic proper
for more than 50 years.1,2 However, their appreciation an
intensive interest are recent developments, which sta
with the giant magnetoresistance@actually named colossa
magnetoresistance~CMR!# in thin films of La2/3Ba1/3MnO3,
published by von Helmoltet al. in 1993,3 even though a
negative magnetoresistance of nearly 20% was discovere
bulk La0.69Pb0.31MnO3 by Searle and Wang already in 19704

Soon after the onset of the interest in these materials, it
realized that the theoretical framework used in the pas
understand the manganites’ behavior does not surviv
quantitative analysis.5,6 The complexity of the problem led to
the perception that manganites are prototypical for correla
electron systems, where spin, charge, and orbital degree
freedom are strongly coupled. These couplings lead to a
ure of the classical approach, which neglects some inte
tions for simplification, and opens the way for a comple
range of new physics. As a consequence the experime
and theoretical studies of manganites and related compo
provide the unique opportunity for deeper understanding
the fundamental physics responsible for phenomena suc
colossal magnetoresistance or high-temperature super
ductivity.

Looking for new materials exhibiting a CMR effect, th
substitution of oxygen with the isoelectronic sulphur see
to be promising.7 Magnetoresistance effects in some chalc
genide spinels were reported previously by Watanabe8 and
Ando et al.9 An elaborate review on this is given in Ref. 1
Since the CMR is associated with a double-exchange me
nism, the rediscovery of a CMR effect in the chalcospin
FeCr2S4,11 which is neither oxide nor perovskite, opened
0163-1829/2003/67~14!/144419~8!/$20.00 67 1444
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wide field for the further exploration and exploitation o
magnetoresistance effects.

FeCr2S4 is a ferrimagnetic semiconductor, crystallizing
the normal spinel structure, where the Cr ions occupy
octahedral and the Fe ions the tetrahedral sites.12 The Fe and
the Cr sublattices are aligned antiparallel in the ferrimagn
state. In single-crystalline FeCr2S4 the Curie temperature
is TC5167 K and aroundTC a negative magnetoresistanc
is observed.11 Doping with nonmagnetic Cu on the F
site, Fe12xCuxCr2S4 (x<0.5), shifts the Curie temperatur
upwards and is accompanied by decreasing magnetor
tance without substantially changing the magne
properties.12

Polycrystalline samples of Fe12xCuxCr2S4 were first syn-
thesized in the 1950s and 1960s.13 To explain the physical
properties two competing models with different valences
the involved ions were proposed. Lotgeringet al.14 devel-
oped a model considering a monovalent Cu1 ion over the
whole concentration range, while Goodenough15 postulated
divalent Cu21 for the concentration range 0.5,x<1. Fur-
thermore the existence of monovalent S2 was discussed a
these times.14

Mössbauer-spectroscopy studies reveal divalent Fe21 ions
in FeCr2S4, but trivalent Fe31 in Fe0.5Cu0.5Cr2S4.16,17 X-ray
photoelectron-spectroscopy measurements show that C
monovalent in Fe0.5Cu0.5Cr2S4 and in CuCr2Se4, which
means that it exists in a 3d10 state.18 NMR measurements
and band-structure calculations led to the same conclu
for the Cu valence in CuIr2S4.19,20All samples under inves-
tigation in this study were prepared as described in Ref.
and found to contain only divalent S. Therefore Cu existi
only in the nonmagnetic 3d10 state and divalent S only ar
assumed. The discussion in Sec. IV adopts this assumpt
©2003 The American Physical Society19-1
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II. EXPERIMENTAL METHODS

Single crystals of Cu-substituted FeCr2S4 were grown by
the chemical transport-reaction method from polycrystall
material obtained by a solid-state reaction. In this pa
samples with Cu concentrationsx50.05, 0.1, 0.2, 0.3, 0.4
and 0.5 are studied.

The x-ray diffraction measurements were performed w
a Stoe x-ray diffractometer. Single crystals were powde
and diffraction spectra were taken from 35° to 130° a
analyzed with the VisualXPOW software.

The magnetic properties were measured using a super
ducting quantum interference device magnetometer~Quan-
tum Design! in the temperature range 1.8<T<400 K in ex-
ternal fields up to 70 kOe. In addition ferromagnetic~or
better, ferrimagnetic! resonance~FMR! measurements wer
carried out at X-band frequencies~9.4 GHz! with a Bruker
ELEXSYS E500-CW spectrometer using a continuous
lium gas-flow cryostat~Oxford Instruments! for temperatures
4.2<T<300 K. For the FMR experiments thin polishe
disks prepared in the~110! plane orientation with abou
1-mm diameter and 0.05-mm thickness were used.

The electrical resistivity was measured in an Oxford4He
cryostat equipped with a superconducting magnet capab
magnetic fields up to 16 T. Conventional dc four-point tec
niques were used with currents between 0.5 and 500mA at
temperatures 2<T<300 K. Gold wire with a diameter o
25 mm and silver paint were used to prepare the electr
contacts. The contact resistance was always between 20
70 V. To prevent problems occurring due to aging conta
leading to a contact resistance several orders-of-magnit
higher, the measurements were performed immediately a
preparing the contacts.

Hydrostatic pressure was produced in a conventio
Be-Cu clamp-type cell using fluorinertTM as a pressure me
dium. The pressure at low temperatures was determined f
the shift of the inductively measuredTC of a small piece of

FIG. 1. Cubic lattice parameter vs Cu concentrationx in
Fe12xCuxCr2S4.
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lead, located in immediate proximity to the sample. T
width of the superconducting transition of Pb did not exce
15 mK, indicating good hydrostatic conditions and providi
an estimate of the pressure-measurement uncerta
60.4 kbar. The pressure at room temperature was de
mined from the pressure dependence of the resistivity o
manganin wire placed inside the cell.

III. EXPERIMENTAL RESULTS

A. X-ray diffraction

In FeCr2S4 the substitution of Fe by Cu leads to a line
dependence of the lattice parameter of the cubic spinel st
ture on the Cu concentration following Vegard’s law,
shown in Fig. 1. In addition, the x-ray studies of powder
single crystals confirmed single-phase material with no
tectable parasitic phases.

B. Magnetization

The Curie temperaturesTC of Fe12xCuxCr2S4 are listed
in Table I, as determined by the kink-point method22 from
magnetization measurements, and the room-temperatur
sistivity, which is discussed in Sec. IV B. The Curie tempe
ture TC increases with the Cu concentrationx. The same
trend has been observed for polycrystalline sample12

though for higher Cu concentrationsTC remains at a lower
value in single crystals. Figure 2 shows the magnetizat
M, for Fe0.95Cu0.05Cr2S4 versus the magnetic field,H, at T
54.2 K andT5130 K, respectively. AtT54.2 K the mag-
netic anisotropy is clearly observed. For the easy magnet
tion axis ^100& the saturation is already reached at 2 kO
whereas for the hard axiŝ111& and the intermediate axi
^110& saturation only occurs at 43 kOe. The temperat
dependence of the anisotropy fieldHA , defined by the mag-
netic field where saturation is reached for all three directio
is shown in the inset of Fig. 2. It decreases monotonica
with increasing temperature and vanishes atTC .

C. FMR measurements

For a more detailed analysis of the magnetic anisotro
we performed ferromagnetic resonance~FMR! measure-

TABLE I. Curie temperatureTC of Fe12xCuxCr2S4, determined
by magnetization measurements, and electrical resistivity,r, at
room temperature (T5290 K) for specimens of different Cu con
centrations,x.

x TC (K60.5) r ~290 K! (mV cm 610%)

0 167 236a

0.05 182 79.2
0.1 197 8.2
0.2 215 10.1
0.3 232 11.6
0.4 236 14.9
0.5 275 26.8

aReference 21.
9-2
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ANISOTROPIC COLOSSAL MAGNETORESISTANCE . . . PHYSICAL REVIEW B 67, 144419 ~2003!
ments, which will be published in a separate paper. Here
confine ourselves to the presentation of one illustrative
sult, which nicely reflects the evolution of the anisotro
with increasing Cu concentration and can be explained
the basis of the FMR results published recently for FeCr2S4

single crystals.23 For the samples under investigation (0,x
<0.5) the FMR line exhibits an analogous behavior to
pure compoundx50. Figure 3 shows the temperature d
pendence of the resonance fieldH res for several Cu concen
trations below the Curie temperature. The static magn
field was applied along an̂111& or ^100& axis within the
(110) plane of the disk-shaped samples and the magn
microwave field was applied perpendicular to the plane. T
geometry allows measurements at different orientations
the static field in the plane without change of the demag
tization contributions to the resonance condition.24,25Just be-
low the Curie temperature the resonance fieldH res is ap-
proximately isotropic given by the Larmor frequencyn
5gH res, with the microwave frequencyn and the gyromag-
netic ratio g determined by theg values of the two
sublattices.26 With decreasing temperature one observes fi
a slight shift to smaller fields due to the demagnetization
then a strongly anisotropic behavior appears. For the m
netic field applied along the easy^100& axis, the resonance
line shifts to low fields and disappears at a finite tempera
as shown exemplarily forx50.05 andx50.5. For the field
applied parallel to the hard̂111& axis, the resonance fiel
shifts to higher fields. A similar shift to higher fields is ob
served for orientation along the intermediate^110& axis ~not
shown in Fig. 3!. The maximum shift at low temperature
decreases with increasing Cu concentration.

This result is directly related to the decrease of the m
netic anisotropy. Neglecting the demagnetization effe
which turn out to be small compared to the anisotropy fi
at low temperatures,23 and taking into account only the firs
order cubic anisotropy fieldHA5K1 /M , where K1 is the

FIG. 2. Magnetization of Fe0.95Cu0.05Cr2S4 vs magnetic field at
T54.2 K (s) and T5130 K @(3); here all crystallographic ori-
entations nearly coincide#, respectively. Inset: Anisotropy fieldHA

vs temperature. The dashed line is to guide the eyes.
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first-order cubic anisotropy constant, the resonance co
tions read for̂ 100& and ^111& orientation, respectively,26

n

g
5H res

10012HA ,

n

g
5H res

1112
4

3
HA . ~1!

Hence, the resonance shiftH res2n/g from the Larmor
frequency is proportional to the anisotropy field. F
Huu^100& the shift is negative and the resonance disappe
at zero field. However, the shift is positive forHuu^111& and
can be followed down to lowest temperatures, only limit
by the field range, which is accessible to the electromag
For this reason we can directly compare the temperature
pendence of the anisotropy field calculated from the mag
tization measurements forx50.05 ~inset of Fig. 2! with the
temperature dependence of the FMR shift and use the re
from the FMR to determine the anisotropy field for all C
concentrations. This clearly indicates the continuous
crease of the magnetic anisotropy with increasing Cu c
centration.

D. Electrical resistivity

Figure 4 shows a semilogarithmic plot of the resistivity
Fe12xCuxCr2S4 normalized by the room-temperature res
tivity and multiplied with the Cu concentrationsx50.05,

FIG. 3. Resonance fieldH res of Fe12xCuxCr2S4 of the FMR
spectrum as a function of the temperature for the magnetic fi
applied parallel to the hard axis^111& ~closed symbols!. Addition-
ally the resonance fieldsH res for x50.05 and 0.5 with the magneti
field applied in the easy direction̂100& are shown~open symbols!.
The anisotropy ofH res reflects the magnetocrystalline anisotropy
the system.
9-3
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V. FRITSCHet al. PHYSICAL REVIEW B 67, 144419 ~2003!
0.1, 0.2, 0.3, 0.4, and 0.5, to enable the identification of
different concentrations. The absolute values of the resis
ity at room temperature are summarized in Table I. O
should keep in mind that such absolute values are given
large uncertainty. The given error of 10% is the error due
the determination of the geometric factor. A similar order
magnitude and tendency of concentration dependence o
values given here was observed in single crystals by Haa
and Beegle.27

The resistivity of Fe12xCuxCr2S4 (x<0.5) exhibits a non-
monotonic behavior with a local maximum slightly abo
and a broad minimum belowTC . The resistivity increases
strongly at low temperatures, indicating the insulati
ground state of the system. The existence of the local
trema is in agreement with the results in FeCr2S4.11,8,21

The resistivity of Fe0.95Cu0.05Cr2S4 is plotted in Fig. 5~a!
for different magnetic fields, 0, 50, 100, and 140 kOe. T
magnetic field is applied along the hard axis (^111& direc-
tion!, and the current is applied in the^110& direction. The
maximum in the vicinity of the Curie temperatureTC slightly
shifts to higher temperatures, while the minimum remains
a constant temperature with increasing magnetic field.
concentrationsx50.1, 0.2, 0.3, and 0.5 show a similar d
pendence on magnetic field.

The resistivity of Fe0.95Cu0.05Cr2S4 was also measured un
der hydrostatic pressure. In Fig. 5~b! the resistivity of
Fe0.95Cu0.05Cr2S4 for different pressures up to 16.1 kbar
shown. Under a pressure of 16.1 kbar the resistivity is
duced by 37% at room temperature. The minimum as wel
the local maximum are shifted to higher temperatures@see
Fig. 9~b! below for Tmax anddTmax /dp].

FIG. 4. Electrical resistivity of Fe12xCuxCr2S4 normalized at
T5290 K and multiplied with Cu concentrationsx. Cu concentra-
tions x are indicated in the figure. Additionally the Curie temper
turesTC (L, dashed line! and the positions of the local minim
(h, dotted line! and maxima (s, dotted line! are given. The cur-
rent was applied along thê110& direction.
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IV. DISCUSSION

A. The ionic picture: Triple-exchange model

The system Fe12xCuxCr2S4 can be divided into two dif-
ferent concentration regimes 0<x<0.5 and 0.5,x<1 with
different physical properties. The concentration range
,x<1 will be treated in a forthcoming paper.

In the regionx<0.5 the valences of the ions can be d
scribed by the formula

Fe122x
21 Fex

31Cux
1Cr2

31S4
22 . ~2!

This description was already given by Lotgeringet al.14 and
Goodenough.15 As a conduction mechanism Palmer a
Greaves proposed a triple-exchange model.28 In this model
the electrical conduction is established via hopping betw
Fe21 and Fe31. An illustration is given in Fig. 6. Fe21 has
six 3d electrons, where the sixth electron is located in theeg
band with the spin antiparallel to the spins of the other fi
electrons of Fe and parallel to the Cr moments, which de
the direction of the magnetization. The single electron in
Fe’s spin-upeg band hops with an exchange mechanis
similar to the well-known double exchange,29 via a p orbital
of the sulphur to Cr, providing an additional electron on t

FIG. 5. ~a! Resistivity of Fe0.95Cu0.05Cr2S4 nearTC in magnetic
fields up to 140 kOe. The magnetic field is applied in the^111&
direction with the current in thê110& direction. ~b! Resistivity of
Fe0.95Cu0.05Cr2S4 under hydrostatic pressure.
9-4
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ANISOTROPIC COLOSSAL MAGNETORESISTANCE . . . PHYSICAL REVIEW B 67, 144419 ~2003!
Cr site leading to an intermediate Cr21 state. From there it
proceeds via the second S to the Fe31, changing the valence
to Fe21. Because of its antiparallel alignment to the rema
ing d-electron spins of the Fe, the spin of the hopping el
tron is parallel to the spin of the electrons in the Cr 3d
band.28

The observed temperature and magnetic-field depend
of the resistivity for 0,x,0.5 can be explained by th
triple-exchange model. In the paramagnetic region aboveTC
semiconducting behavior due to thermal activated hoppin
observed. AtTC the system enters the magnetically order
state and the Cr and Fe spins are aligned antiparallel, st
lating the hopping via the triple-exchange mechanism
leading to a positive temperature slope of the resistivity.
the absolute values of the resistivity one would expec
minimum at a Cu concentrationx' 1

3 , where equal amount
of Fe21 and Fe31 exist. The values for the resistivity give
in Table I show a broad minimum betweenx50.1 and 0.3.
This is an indication that the system cannot be described
an pure ionic picture only. Thus, in the next section a
scription in a band picture will be given.

The attempts to fit the low-temperature increase of
resistivity with an Arrhenius-@r}exp(T0 /T)# or a variable-
range hopping law$r}exp@(T0 /T)1/4#% failed. The rise of the
resistivity is weaker than either a simple Arrhenius-
variable-range hopping law and probably cannot be
plained by only a single mechanism alone. In the whole te
perature regime, variable-range hopping is assumed to be
relevant conduction mechanism. But below the ordering te
perature the triple exchange enhances the conductivity c
pared to the simple variable-range hopping process, co
lated with the magnetic anisotropy. Also in the order
phase, there might be additional contributions to the resis
ity from magnon scattering which increases with increas
temperature.

B. The band picture: Fe1Àx CuxCr2S4 as a half metal

We assume the Fermi edge to be located within the
spin-upeg band, as is shown in Fig. 6. This assumption
supported by band calculations of Parket al., who describe
Fe12xCuxCr2S4 as a half-metallic ferromagnet.30 The half-

FIG. 6. Illustration of the triple exchange between Fe21 and
Fe31 via S and Cr. The rough position of the bands is adopted fr
the band-structure calculations of Parket al. ~Ref. 30!. The mobile
electrons and the empty states, into which they are hopping,
circled. For details see text.
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metallic ferromagnetic state is realized, if all spins are fu
polarized forming one metallic and one insulating band31

From their calculations Parket al. expected a metallic
ground state for FeCr2S4. The metallic ground state is
changed by Coulomb interactions splitting the Feeg band,
leading to a Mott insulator.30 In addition this splitting is sup-
ported by the Jahn-Teller effect,32 which is peculiar to Fe21

ions and shown by Mo¨ssbauer experiments.33 At higher tem-
peratures nearTC the thermal activation is high enough t
overcome the band splitting, which leads to the obser
positive temperature gradient in the resistivity belowTC .
Above TC the spins are not ordered anymore and a sim
hopping conductivity is established.

Substituting Fe with Cu empties the Fe21 eg spin-up band
and, thus, destroys the band splitting, which explains
strong decrease of the resistivity in the concentration ra
up to 10%. Further substitution of Fe with Cu empties t
Fe21 eg spin-up band, reducing the number of charge ca
ers and, thus, leads to an eventual increase of the resist
with increasingx.

At x50.5 all Fe ions should be trivalent and an insulati
ground state is found~although Parket al.assumed Cu21).30

Nevertheless, in the region belowTC a positive temperature
gradient of the resistivity is found. To understand this, o
has to look at the concentration rangex>0.5. Here we as-
sume a double-exchange mechanism between Cr31 and Cr41

via S, as proposed by Lotgeringet al.34 Slight off-
stoichiometries in Fe0.5Cu0.5Cr2S4 can lead to the fact tha
either not all Fe21 ions are changed completely to Fe31 or
already at concentrationsx,0.5, Cr31 ions start to be turned

re

FIG. 7. ~a! MagnetoresistanceMR5@r(0 kOe)2r(50 kOe)#/
r(0 kOe) of Fe12xCuxCr2S4 for the concentrationsx50.05, 0.1,
0.2, 0.3, and 0.5. The magnetic field is applied in the^111& direc-
tion; the current is applied in thê110& direction.~b! Maximum of
the magnetoresistance at the Curie temperatureTC in a magnetic
field of H550 kOe; ~c! value of the magnetoresistance at 4 K in a
magnetic fieldH550 kOe vs Cu concentrationx.
9-5
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V. FRITSCHet al. PHYSICAL REVIEW B 67, 144419 ~2003!
into Cr41 and, thus, give the possibility to process doub
exchange in the ordered regime belowTC .

Cu1 is in 3d10 state and therefore has a closedd shell.
That is why in the ionic picture Cu is not supposed to co
tribute to the conductivity. In the band picture thet2g andeg
bands are completely filled, thus also in this case no con
bution to the conductivity is expected.

C. Influence of the magnetic field

The magnetic order is anisotropic due to a strong sp
orbit coupling of the tetrahedral Fe21 ions in the 3d6

state.32,35,36The sixthd electron located in theeg band~see
Fig. 6! perturbs the symmetry of the charge distribution. T
leads to a preferred orientation of the orbitals and with
spin-orbit coupling to the observed magnetic anisotropy.

In Fig. 7~a! the magnetoresistanceMRª@r(0 kOe)
2r(50 kOe)#/r(0 kOe) of Fe12xCuxCr2S4 is displayed.
Note, that in our definitionMR.0 if r(H),r(0). For all
concentrations the field was applied along the hard a
^111&. As the magnetic field aligns the spins, the triple e
change is enhanced and the conductivity grows. This
hancement is most pronounced atTC due to the onset o
spontaneous order and decreases to lower temperature
the Curie temperatureTC a peak arises, which was theore
cally predicted in metals37 and is smeared out with increa
ing Cu concentration. The maximum of the magnetore
tance vs the Cu concentrationx is drawn in Fig. 7~b!. It drops

FIG. 8. MagnetoresistanceMR5@r(0 kOe)2r(50 kOe)#/
r(0 kOe) of Fe0.95Cu0.05Cr2S4 ~upper frame! and Fe0.9Cu0.1Cr2S4

~lower frame! with the magnetic field applied along the easy a
^100& (d) and the hard axiŝ111& (3). The current was applied in
the ^110& direction always.
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from 9.6% atx50.05 to 4.6% atx50.5. In the region be-
tween 100 and 35 K the magnetoresistance changes its
and its absolute value grows up to 63% atT54 K for x
50.05. The values of the magnetoresistance atT54 K de-
pendent on the Cu concentrationx are plotted in Fig. 7~c!.
With increasing Cu concentration the magnitude of the m
netoresistance is reduced from 63% atx50.05 to 8.4% at
x50.5. Using the idea of triple exchange, the last resu
indicate that obviously the magnetic field, applied along
hard axis, leads to a weak distortion of theeg orbital of Fe
out of its preferred direction, reducing the overlap betwe
the orbitals that participate in the hopping process, and th
fore to the observed enhancement of the resistance in a m
netic field.

Applying a magnetic field along the easy axis allows t
Fe eg orbital to remain in its favored direction and so th
overlap between theeg orbital of Fe and the orbital of S is
not changed significantly. In this case the magnetoresista
remains positive to lower temperatures, as is shown in Fig
There the magnetoresistance of Fe0.95Cu0.05Cr2S4 and
Fe0.9Cu0.1Cr2S4 is displayed with the magnetic field applie
along the easy and the hard axes. When applying the fi
along the easy axis, the magnetoresistance exhibits a w
maximum. It changes sign at significantly lower tempe
tures than those upon application of the field along the h
axis only for the sample with Cu concentrationx50.1. This
change of sign may result from small misorientations of
sample in the magnetic field, due to the experimental con
tions.

FIG. 9. ~a! Resistivity of Fe0.95Cu0.05Cr2S4 at T5290 dependent
on the applied hydrostatic pressure.~b! Shift of the local maximum
in the resistivity of Fe0.95Cu0.05Cr2S4, as obtained from Fig. 5~b!
(d). The dashed line indicates the critical pressure at aboup
'8 kbar.
9-6



o

th
-
m

o

ne
he
th

e
a
ic

e

ic
e-

ri
ce

s

in-
the

rri-
nds.
s-
es,

ng
he
of

ary
the
not
ther
ahn-

ity
.
the
for
a-

s-
s

oad-

of
hes.
-
ropy
ads
the
he
re is
or-
a
ical

he
the

-

es

ANISOTROPIC COLOSSAL MAGNETORESISTANCE . . . PHYSICAL REVIEW B 67, 144419 ~2003!
D. Influence of hydrostatic pressure

The authors of Ref. 21 showed that by the application
pressure the Curie temperatureTC is shifted to higher tem-
peratures as indicated by the shift of the temperature of
local maximumTmax of the r(T) curves. Therefore we con
clude that the same effect works for the Cu-doped co
pounds, and the shift ofTmax can be taken as the shift ofTC .

The pressure dependence of the resistivity
Fe0.95Cu0.05Cr2S4 at T5290 K is shown in Fig. 9~a!. At a
pressure of approximately 8 kbar the resistivity has decli
about 37% from its value at ambient pressure. For hig
pressuresr (290 K) stays constant. On the other hand,
temperature of the local maximum in ther(T) curve @see
Fig. 5~b!# increases more strongly with pressures abov
kbar, as shown in Fig. 9~b!. Therefore one can assume th
the effect of hydrostatic pressure is changed, when a crit
valuep'8 kbar is exceeded. In contrast to La12xSrxMnO3,
where a linear pressure dependence was found,38 in the
present system two different pressure regimes with differ
pressure gradients inTmax are in place.

Figure 10 displays the effect of pressure on the electr
resistance (PR), which is defined in analogy to the magn
toresistance MR as PRª@r(0 kbar)2r(p)#/r(0 kbar).
There are two remarkable features: first of all, at the Cu
temperatureTC a peak, similar to the magnetoresistan
arises, however, secondly, the value ofPR does not change
sign at low temperatures and its absolute value increase
to 100%.

FIG. 10. Relative change of resistivity under hydrostatic pr
surePR5@r(0 kbar)2r(p)#/r(0 kbar).
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The application of hydrostatic pressure is expected to
crease the overlap between the orbitals and broaden
bands, resulting in an enhanced mobility of the charge ca
ers and a reduction of the energy gap between the ba
This yields an enhanced electric conductivity, which is illu
trated in Fig. 10. Similar behavior was found in manganit
for example, in polycrystalline La12xCaxMnO3.39 If one
would approximately describe the different conducti
mechanisms with different hopping laws, a reduction of t
hopping barriers automatically yields the strong increase
the PR value at low temperatures. However, it is necess
to bear in mind that the pressure is relatively moderate in
present study. Thus its effect on the hopping barriers is
expected to be so large and one has to look for ano
mechanism. For example, the pressure might affect the J
Teller distortion and thus reinforce the conductivity.

V. CONCLUSION

In this paper x-ray, magnetization, FMR, and resistiv
data from single crystals of Fe12xCuxCr2S4 are presented
The results are discussed in a hopping model, where
conductivity is explained by triple-exchange mechanisms
the concentration rangex,0.5 and double-exchange mech
nisms forx>0.5.

Applying an external magnetic field or hydrostatic pre
sure to the system (x<0.5) has qualitatively an analogou
effect for temperatures around the Curie temperatureTC : the
overlap of the orbitals is enhanced and the bands are br
ened. Thus the conductivity increases, whileTC is shifted
upward. At lower temperatures this similarity of the effect
an external magnetic field and hydrostatic pressure vanis
While the value ofPR shows a strong upturn at low tem
peratures, in the magnetoresistance a strong anisot
arises. Applying the magnetic field along the hard axis le
to a strong negative magnetoresistance, while applying
field along the easy axis results in a flat maximum in t
magnetoresistance. Since the origin of this unusual featu
still unclear, further investigations of the electronic and
bital correlations in Fe12xCuxCr2S4 are needed and are
promising challenge for future experiments and theoret
calculations.
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