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Spin-glass state in CuGa2O4
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Magnetic susceptibility, magnetization, specific-heat, and positive muon spin relaxation (mSR) measure-
ments have been used to characterize the magnetic ground state of the spinel compound CuGa2O4. We observe
a spin-glass transition of theS51/2 Cu21 spins belowTf52.5 K characterized by a cusp in the susceptibility
curve which is suppressed when a magnetic field is applied. We show that the magnetization of CuGa2O4

depends on the magnetic history of the sample. Well belowTf , the muon signal resembles the dynamical
Kubo-Toyabe expression reflecting that the spin freezing process in CuGa2O4 results in a Gaussian distribution
of the magnetic moments. By means of Monte Carlo simulations, we obtain the relevant exchange integrals
between the Cu21 spins in this compound.

DOI: 10.1103/PhysRevB.63.184425 PACS number~s!: 75.50.Lk, 76.75.1i, 75.40.Cx, 02.70.Rr
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I. INTRODUCTION

Although spin glasses have been extensively studied
the past years, there is still no consensus about the gro
state and dynamics in these systems~for an introduction, see
e.g., K. H. Fisher and J. A. Hertz1!. It is generally accepted
that both site disorder and competition between the magn
moments are necessary to produce a low-temperature
where the spins are frozen along arbitrary directions.2 Ex-
amples of such systems are metallic spin glasses where
netic impurities are randomly diluted in a noble metal.3 For
this particular class of materials competition between
magnetic moments is the result of the Rudermann-Kit
Kasuya-Yosida~RKKY ! interaction4 where ferromagnetic
and antiferromagnetic exchange interactions alternate
function of distance between neighboring spins. The RKK
interaction cannot be invoked for localized magnets and
spin glass transition in these systems must be realized
other mechanisms. Typical insulating spin glasses of
kind are the alloys EuxSr12xS. In thex51 limit, EuS is a
well-known example of an isotropic three-dimension
Heisenberg ferromagnet. The exchange integrals have
determined by inelastic neutron scattering in this mate
with the result that ferromagnetic nearest-neighbor excha
interaction competes with next-nearest antiferromagn
coupling.5 Diluting nonmagnetic Sr for Eu ensures bond ra
domness and the conditions for obtaining a spin-glass s
are fulfilled in a large range of impurity concentrations,6 in
qualitative agreement with the molecular-field theory of E
wards and Anderson.7 De Seze pointed out that a spin-gla
phase transition can occur in a geometrically frustrated s
tem with Ising spins and antiferromagnetic interactio
only.8 Following De Seze’s work, Villain9 proposed that spin
glasses can be obtained in materials with geometric frus
tion and Heisenberg-type exchange interactions like cu
0163-1829/2001/63~18!/184425~8!/$20.00 63 1844
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spinels. These compounds have the chemical form
AB2O4. The chemical structure of spinels consists of bo
tetrahedral and octahedral sites. The number of crysta
graphic sites is larger than the number ofA andB cations in
the chemical formula, so that the cations generally distrib
randomly among the available atomic positions. In partic
lar, this random distribution of cations determines in a lar
extent the microwave relaxation properties of the spi
compounds.10 When both sublattices are occupied by ma
netic ions the ground state is a ferrimagnet. TheB sublattice
builds connected tetrahedra and antiferromagnetic inte
tions induce topological frustrations11 which can lead to a
spin-glass state when nonmagnetic impurities
introduced.9 The dominant magnetic interaction in most
these materials is antiferromagnetic and connects spins
tween theA and B sublattices while theA-A and B-B ex-
change interactions are comparatively small. However, in
sublattice exchange constants can modify the magne
phase diagram originally calculated by Villain and for re
systems the situation is usually complicated.12 Although
spin-glass transition has been found in diluted spinels,13 a
spin-glass state in pure cubic spinels is less common.

In this paper, we report magnetic susceptibility, magne
zation measurements in fields up to 50 kOe, specific-heat
muon-spin relaxation (mSR) measurements in the cubic sp
nel CuGa2O4. The results show that CuGa2O4 undergoes a
paramagnetic to spin-glass phase transition atTf52.5 K. By
means of Monte Carlo simulations, the relevant excha
interactions are obtained for CuGa2O4. We show that the
formation of a spin-glass ground state in CuGa2O4 is prob-
ably due to the Jahn-Teller character of the Cu21 ions. Spe-
cifically, in a field of octahedral symmetry, the Jahn-Tel
effect distorts the electronicd levels of the Cu21 which be-
come split by the effect of the crystal field into a threefo
©2001 The American Physical Society25-1
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degenerate level and a twofold degenerate one. In such c
pounds there is an interaction between the electronic sys
with the underlying lattice which very often leads to a stru
tural phase transition. Typical compounds exhibiting coo
erative Jahn-Teller distortion are found in, e.g., perovsk
(KCuF3 , LaMnO3), spinels (CuFe2O4, Mn3O4), rutiles
(CrF2 , CuF2), or garnets (Ca3Fe2Ge3O12). The structural
phase transition can be accompanied by orbital ordering
the d electrons which in turn influences the nature of t
exchange interaction. The important role of the Jahn-Te
effect in forming the magnetic ground state in the perovsk
manganites which exhibit colossal magnetoresistance~e.g.,
see Ref. 14 and references therein! and in cuprates~e.g.,
Refs. 15 and 16 and references therein! is currently a subject
of intense investigation both theoretically and experim
tally. In that respect, we note that the influence of the Ja
Teller effect on the properties of the magnetic insulators
discussed in detail by Kugel and Khomsky.17

II. EXPERIMENTAL DETAILS

A. Sample preparation

Single crystals of CuGa2O4 were grown by spontaneou
crystallization starting from a CuO-Ga2O3 solution melt in
PbO-0.64B2O3-0.5Na2O. After slowly cooling the melt to
room temperature, single crystals of typical size 33333
mm3 and of octahedral shape were obtained. X-ra
diffraction analysis showed that the CuGa2O4 crystals used
for the present experiments are cubic spinels with both c
per and gallium ions randomly distributed in theA and B
sublattices in agreement with previous diffraction investig
tion ~see Ref. 18!. The chemical structure of CuGa2O4 is
described by the space groupFd3̄m with lattice constants
a58.39 Å at room temperature.

B. Magnetic measurements

The magnetic susceptibility and magnetization measu
ments were performed with a commercial MPMS Quant
Design superconducting quantum interference dev
~SQUID! magnetometer together with an ac-susceptibi
option at ICMA, Spain. The amplitude of the ac-magne
field was set to 4.5 Oe with the frequency of the field be
varied between 1 and 990 Hz. The measurements were
ried out in the temperature range 1.7–300 K and in app
magnetic fields up to 50 kOe. Additional measurements
the magnetic susceptibility in the temperature ran
T54.2–120 K were performed at the Institute of Physi
Krasnoyarsk, using a home-built SQUID magnetometer.

C. Specific-heat measurements

The specific-heat measurements were performed wi
commercial PPMS device~Quantum Design! in the tempera-
ture range 1.8<T<10 K. We used a small single crystal o
mass;4.15 mg. The raw data were corrected for the cop
host and glue, which were measured separately. We did
attempt to subtract the phonon contribution, as it is expec
to be small at low temperatures.
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D. Muon-spin relaxation

The mSR experiments were performed on the LTF sp
trometer at the Paul-Scherrer Institute, Switzerland. The d
were recorded using the zero-field method which is very s
sitive to determine both static and dynamic effects in s
glasses.21,22 Additional measurements were performed as
function of applied magnetic field. In that case, the sam
was zero-field cooled. The sample we used for the pres
experiment consists of about 50 pieces of the abo
described crystals which were glued on a silver plate. T
sample was enclosed in a top-loading3He-4He dilution cry-
ostat and the measurements were carried out in the temp
ture range 650 mK<T<10 K.

III. MAGNETIZATION, SUSCEPTIBILITY,
AND SPECIFIC-HEAT RESULTS

Figure 1 shows the result of the magnetic-susceptibi
measurements with an ac frequency of 1 Hz and an exc
tion amplitude ofH54.5 Oe. For temperatures higher tha
T520 K, the magnetic susceptibility is well reproduced
the Curie-Weiss law. Upon lowering the temperature bel
T520 K, the magnetic susceptibility increases continuous
The real part of the magnetic susceptibility shows a cusp
Tf.2.5 K which is independent of the relative orientation
the magnetic field with respect to the crystal axes. T
imaginary part of the magnetic susceptibility also exhibits
maximum at the same temperature. To understand the na
of the maxima appearing in the susceptibility curves,
magnetization in CuGa2O4 was determined as a function o

FIG. 1. ~a! Real and~b! imaginary parts of the magnetic susce
tibility in a single crystal of CuGa2O4 measured along the@001#
axis. The exciting frequency was 1 Hz, the ac field amplitude
Oe and the bias applied fieldH50 T.
5-2
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SPIN-GLASS STATE IN CuGa2O4 PHYSICAL REVIEW B 63 184425
applied magnetic field and for different magnetic histories
the samples. As an example, Fig. 2 shows the magnetiza
curves obtained in CuGa2O4 after zero-field cooling~ZFC!
and field cooling~FC!, respectively. For the latter case, th
sample was cooled in a magnetic field ofH5100 Oe applied
along the@001# crystal axis. It is evident from the figure tha
for temperatures belowTf52.5 K, the FC and ZFC magne
tization curves show a bifurcation due to thermal hystere
or irreversibility. This is a usual characteristic for the form
tion of a spin-glass state. For increasing bias fields the bi
cation temperature tends to lower temperatures, as expe
for a spin glass. The results of the magnetic susceptib
measurements taken for different magnetic fields are
sented in Fig. 3 which shows that magnetic fields larger t
H55 kOe suppress the cusp observed atTf in zero-magnetic

FIG. 2. Temperature dependence of the magnetization
CuGa2O4 single crystal along the the@001# axis for a sample cooled
in zero field~ZFC! and cooled in an applied magnetic fieldH ~FC!.
Both curves are measured at a bias field of same valueH. The
curves diverge belowTf . Inset: The bifurcation point tends t
lower temperature for increasing bias field.

FIG. 3. Temperature dependence of the real component of th
susceptibility measured at the frequency of 19 Hz and a bias fiel
~a! H50 kOe,~b! H55 kOe, and~c! H510 kOe.
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field. Figure 4 shows that the increase of the magnetic m
ment as a function of magnetic field atT51.8 K is far from
saturation at the maximum field of 50 kOe, and in the in
the small, but non-negligible, magnetic hysteresis is also
picted. Both features are characteristic in spin-glass pha
In Fig. 5 the temperature dependence of the transition t
peratureTf of the spin-glass transition is observed to i
crease as a function of increasing ac frequency. The ab
experimental results all indicate that the Cu21 magnetic mo-
ments in CuGa2O4 undergo a phase transition to a spin-gla
ground state belowTf.2.5 K. This is also confirmed by the
calorimetric measurements performed in zero-magnetic fi
for this compound. A plot of the specific heatCp /T in
CuGa2O4 is shown in Fig. 6. The data do not show an
indication of a phase transition to a three-dimensional fer
magnetic or antiferromagnetic ordered state. However
broad maximum is observed aroundT52.5 K followed by a
slow decay toward high temperatures. This particular beh

of

ac
of

FIG. 4. Magnetization as a function of field. Full symbols: e
perimental data measured atT51.8 K; open symbols: Monte Carlo
simulations calculated at the same temperature and param
given in Sec. VI. Inset: hysteresis loop in the vicinity of the origi

FIG. 5. Magnetic susceptibility measured in CuGa2O4 along the
@001# axis for different frequencies. See text for details.
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ior of the specific heat as a function of temperature is re
niscent of a spin-glass transition.19

IV. DISCUSSION OF THE BULK MEASUREMENTS

A spin-glass state is characterized by an assembly of m
netic moments which are frozen along random and arbitr
directions in space below a specific transition tempera
Tf . Because of the nonergodicity of the system, the phen
enon is irreversible. The macroscopic magnetization o
spin-glass system is equal to zero in the absence of a m
netic field. On the other hand, cooling a spin glass in
external magnetic field transfers the system into a metast
state with a nonzero magnetization value. For temperat
above the spin-freezing temperatureTf , the magnetic mo-
ments are in a paramagnetic state and consequently the
perature dependence of the magnetic susceptibility follo
the Curie-Weiss law

x~T!5
C

T2u
, ~1!

whereC5Ng2mB
2S(S11)/3kB is the Curie constant andu

the paramagnetic Curie temperature.N is the magnetic mo-
ment density,g the Lande´ factor, andmB the Bohr magneton
S corresponds to the spin value of Cu21 andkB is the Bolt-
zmann constant. From the magnetic susceptibility meas
ments presented above, we obtain for CuGa2O4 the values
C50.34 emu K/mol, u528K which implies meff

5gAS(S11)mB51.65mB with g51.90 and S51/2. The
magnetic susceptibility is related to the Edwards-Ander
~EA! parameter7 q5 limt→`@^Si(t)Si(0)&#av. through the re-
lation

x~T!5C
12q~T!

T2u@12q~T!#
. ~2!

According to the percolation theory of Kirkpatrick,20 the EA
parameter follows a power lawq(T)}(12T/Tf)

b0 close to
the spin-glass temperatureTf with b0 equal to 0.39. How-
ever, nearTf , we found the valueb0 5 0.16 in CuGa2O4.
The frequency dependence of the spin freezing tempera
Tf is a characteristic feature of the spin-glass state. It

FIG. 6. Specific heat of CuGa2O4. The data were not correcte
for phonon contribution.
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been experimentally found that in spin glassesTf increases
with increasing ac frequency. A quantitative measure of
frequency shift is obtained from (DTf /Tf)/D ln(v)50.026.
It is five times larger than the rate for a metallic spin gla
and an order of magnitude smaller than for a superpa
magnet.21

V. µSR RESULTS

To get more insight into both the static and dynamic pro
erties of the Cu21 magnetic moments in CuGa2O4, we have
measured the muon-spin relaxation above and below
freezing temperatureTf in this material. Generally, the mag
netic interactions probed by the implanted spin-polariz
muon are detected by monitoring the asymmetric emissio
positrons arising from the weak decay of the muon. Reco
ing the positron rateN(t) as a function of muon lifetime
yields

N~ t !5N~0!exp~2t/t!@11AGz~ t !#, ~3!

whereA is the initial muon asymmetry parameter. The pro
uct AGz(t) is often called themSR signal. In addition, the
function Gz(t) can be associated with the muon-spin au
correlation function, i.e.,

Gz~ t !5
^S~ t !S~0!&

S2~0!
, ~4!

where S is the spin of the muon. Typical zero-fieldmSR
signals measured in CuGa2O4 are shown in Fig. 7. Above
T.3.8 K ~and at least up to 10 K!, the data are best de
scribed by assuming forGz(t) the form

Gz,para~ t !5GKT~ t !•Ges~ t !, ~5!

with GKT representing the familiar Kubo-Toyabe~KT!
expression,24,25

FIG. 7. Experimental zero-fieldmSR signal measured in
CuGa2O4 at T510 K, T54.5 K, andT5650 mK. The lines repre-
sent fits as explained in the text.
5-4
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GKT~ t !5
1

3
1

2

3
~12Dns

2 t2!expS 2
1

2
Dns

2 t2D , ~6!

and withGes given by

Ges~ t !5exp@2~lt !b#. ~7!

The form ofGz,para(t) points for the occurrence of two in
dependent channels of depolarization acting on the m
spin. The first channel, giving rise to the KT functionGKT ,
originates from the nuclear dipole moments~Ga and Cu iso-
topes!. The internal fields of this contribution are assumed
be Gaussian distributed in their values, randomly orien
and static within themSR time window. The paramete
Dns

2 /gm
2 represents the second moment of this field distri

tion due to the nuclear spins along one Cartesian axisgm
52p•13.553 879 kHz/G is the gyromagnetic ratio of th
muon!. The second channel, described by the funct
Ges(t), which will be discussed in detail below, represen
the contribution arising from the fluctuating electronic C
spins.

At T510 K the muon depolarization can be satisfactor
described by assumingGes(t)51, i.e., Gz,para(t)5GKT(t)
with Dns50.16(1) MHz~see also Fig. 7!, indicating that the
fluctuations of the electronic spins are still too fast to
observed in themSR time window. However, upon coolin
the sample belowT510 K and down to 3.8 K, the fluctua
tion rate of the electronic spins decreases and the muon-
depolarization becomes gradually dominated by theGes(t)
contribution. Figure 8 represents the temperature evolu
of the depolarization ratel. Whereas the exponentb re-
mains constant in this temperature interval~i.e., b.0.78),
the depolarization rate exhibits a marked critical-like div
gence, which must be taken as a clear evidence of the
proach to a magnetic phase transition as the temperatu
decreased which we associate to the occurrence of the
glass phase~see Figs. 1 and 6! in CuGa2O4.

FIG. 8. Temperature dependence of the depolarization ral
above 3.8 K.
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For spin-glass systems, the stretched exponential form
the electronic-spin contribution of the muon-spin depolari
tion function Gz(t) has been shown23 to match the
Kohlrausch-like stretched exponential for the local mome
autocorrelation function itself, which in turn arises from
broad distribution of electronic-spin correlation times. In t
particular case of moderately concentrated systems, the
ponentb reaches the value of1

3 at Tf . On the other hand, for
conventional magnetic systems, the dynamic muon-spin
polarization function assumes an exponential form~i.e., b
51), reflecting the unique spin-relaxation frequency of t
localized moments. The situation observed here
CuGa2O4 appears somewhat intermediate with an expon
b slightly, but definitively, below unity (. 3

4 ). This behavior
is tentatively ascribed to the high concentration of local m
ments (Cu21 ions!, randomly distributed in different sublat
tices, for which a somewhat narrow distribution
electronic-spin correlation times could be expected.

In the temperature range between 3.8 and 10 K, the
fits with Eq.~5! provide a parameterDns for the KT function
~i.e., essentially the width of the internal fields arising fro
the nuclear moments! which is practically constant, indicat
ing that the nuclear moments remain static at all tempe
tures. This is also confirmed by measurements performe
applied longitudinal fields~LF!. If the nuclear moments are
static within themSR time window and if the applied field i
sufficiently strong to quench the nuclear dipole field con
bution @i.e., GKT(t)51], the muon-spin depolarization
should arise solely from the dynamical electronic-spin co
tribution and the depolarization function will assume t
form Gz(t)5Ges(t). This was indeed observed during L
measurements~see Fig. 9! for which a magnetic field of

FIG. 9. mSR spectra measured in CuGa2O4 at T55 K and
showing the field dependence of the asymmetry function. Whe
in zero field the depolarization function is best described accord
to Eq.~5!, the data with applied field are only fitted by the stretch
exponential term reflecting the depolarization arising from the fl
tuating electronic spins~see text!.
5-5
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0.2 kOe was sufficient to quench the nuclear dipolar m
ments. The muon depolarization function is then well rep
duced with the stretched exponential function described
fore, with parameters compatible with the ones extrac
from the zero-field data.

For temperatures belowT53.8 K, the muon depolariza
tion increases significantly and assumes a Gaussian char
at short times. For this temperature range, the best des
tion of the data is obtained using the function

Gz~ t !5AparaGz,para~ t !1AmagnGDKT~ t !, ~8!

where Gz,para(t) is defined above andGDKT(t) is the so-
called dynamical Kubo-Toyabe~DKT! function,25 which re-
flects that the Gaussian internal field distribution due to
occurrence of static electronic spins~second momen
Des

2 /gm
2 ) fluctuates at the raten. The first term of Eq.~8! is

only present in the temperature interval between 3.8 and
K, i.e., in a region where paramagnetic domains appea
coexist with domains exhibiting static, albeit disordere
magnetic moments. Figure 10 shows the temperature ev
tion of the amplitudeAmagn which mirrors the volume of the
magnetic domains. Therefore it appears that in CuGa2O4 the
transition to a spin-glass state begins aroundT.3.8 K to
form local clusters of frozen electronic spins which gro
when the temperature is lowered and finally percolate at
same temperature where the specific anomaly is obse
~i.e.,T.2.5 K! and which can be therefore associated toTf .

With the exception of some limiting cases, the DKT fun
tion cannot be expressed analytically and depends directl
the parametersn andDes. Figure 11 shows the temperatu
dependence of the parameterDes which exhibits a clear in-
crease below.3.5 K and can be associated to the tempe
ture dependence of the static part of the electronic magn
moments. The fluctuation raten was found to be constan
below Tf (n.3.7 MHz!. It is worthwhile to note that the
DKT function, which appears to describe perfectly the d
for T!Tf , assumes a single fluctuation raten for the inter-

FIG. 10. Temperature dependence of the parameterAmagn cor-
responding to the magnetic volume fraction.
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nal fields sensed by the muon spin. This has to be conne
to our simple picture that the slightly reduced value in t
paramagnetic phase of the exponentb compared to unity
must be related to a rather narrow distribution of electron
spin correlation times.

VI. MONTE CARLO SIMULATIONS

The experimental observations presented in the prece
sections all indicate that the Cu21 magnetic moments in
CuGa2O4 undergo a phase transition to a spin-glass stat
Tf52.5 K. To understand the nature of this magnetic sta
Monte Carlo simulations were performed using a model
Heisenberg spins with competing exchange interactions
cluding random anisotropies. These arise as the resul
Jahn-Teller distortions of the octahedrons and tetrahed
surrounding the Cu21 positions.17 The local distortions occur
randomly along one of the three equivalentC4 cubic axes.
Consequently, the exchange interactions between nea
neighbors spins located on tetrahedral (A sites! and octahe-
dral (B sites! positions have tetragonal anisotropy. Howev
the direction of the tetragonal axis is random in a crystal w
cubic symmetry. For the model calculations, we conside
exchange interactions between nearest neighbors Cu21(A)
2Cu21(B) and second-nearest-neighbors Cu21(B)
2Cu21(B) magnetic ions. We took into account the fact th
in the spinel lattice the Cu21 ions are randomly distributed
between theA andB sites with occupation probabilities of 2
and 75%, respectively. Consequently, the model Hamilton
for this spin system is given by

H52 (
a5x,y,z

(
i , j

Ji j
aaSi

aSj
aPi

tPj
02(

i , j
Ki j SiSj Pi

0Pj
0

2(
i

HSi
zPi

tPi
0 , ~9!

FIG. 11. Temperature dependence of theDes parameter of the
DKT function. This parameter mirrors the width of the quasista
field distribution belowTf and therefore the value of the quasista
Cu21 moment.
5-6
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where theJi j
aa’s represent the exchange integrals between

nearest-neighbors Cu21 ions located in theA andB sites;Ki j

is the exchange parameter between nearest-neighbors21

ions on the octahedral sublattice andH the external magnetic
field. The components of the exchange interactionsJi j

aa are
distributed randomly with the same probability, namely

P~Ji j
xx ,Ji j

yy ,Ji j
zz!51/3d~Ji j

xx2J02DJ!d~Ji j
yy2J0!d~Ji j

zz2J0!

11/3d~Ji j
xx2J0!d~Ji j

yy2J02DJ!

3d~Ji j
zz2J0!11/3d~Ji j

xx2J0!d~Ji j
yy2J0!

3d~Ji j
zz2J02DJ!, ~10!

whered(x) is the d function. The random numbersPi
t and

Pj
0 determine the distributionP of the Cu21 ions among the

tetrahedral and octahedral sites in the spinel lattice, res
tively, so that

P~Pi
t,0!5n t,0d~Pi

t,021!1~12n t,0!d~Pi
t,0! ~11!

with n t50.25 andn050.75. The Monte Carlo simulation
were carried out using periodic boundary conditions fo
lattice consisting of 24324324 sites and over 30 000
60 000 MK steps per spins. We calculated the magnetiza
of the spin lattice, the magnetic susceptibility, and the sp
spin correlation function̂S(0)S(R)&. We simulated the tem
perature dependence of the EA-order parameterq(T) for the
A andB spins, respectively, defined as

qab5~1/Nb!(
i 51

Nb

^Si
a&2, a5x,y,z, b5t,0. ~12!

Here Nb is the number of spins in theA and B sites. The
susceptibilityx is defined in zero external field as follows

xJ05F K S ~1/NA!(
i PA

Si
A2~1/NB!(

i PB
Si

BD 2L
2K ~1/NA!(

i PA
Si

A2~1/NB!(
i PB

Si
BL 2G Y ~T/J0!,

~13!

where i is summed over octahedral~B! and tetrahedral~A!
sites consisting ofNA and NB spins. The susceptibility in
nonzero field is

xJ05F K ~1/NA!(
i PA

Si
A2~1/NB!(

i PB
Si

BL G Y ~H/J0!.

~14!

The exchange parametersDJ, K, and J0 were obtained by
fitting the Monte Carlo results to the experimental freez
temperatureTf , the paramagnetic Ne´el temperatureQ ~K!
and the magnetic field dependence of the magnetiza
M (H). Figure 12 shows the temperature dependence of
magnetic susceptibility calculated by the Monte Ca
method for two values of magnetic fields,H50 Oe andH
5104 Oe, respectively. In agreement with the experimen
results, the calculated magnetic susceptibility exhibits
18442
e

c-

a

n
-

n
he

l
a

sharp cusp atTf.2.5 K which is suppressed when a ma
netic field is applied. The value of the cusp is attributed
long-wavelength spin correlations. According to the Mon
Carlo results the expanded short-range order exists at a
tance of four lattice constants where the spin-spin correla
function has decreased three times. It differs from the us
spin glass.

As shown in Fig. 13 the EA-order parameters for both t
A andB sublattice sharply increase belowT5Tf . Moreover,
the spin-spin correlation function̂S(0)S(L/2)& (L5Monte
Carlo sample size! reveals the absence of any long-ran
magnetic ordering in the spin system. The Monte Carlo

FIG. 12. Temperature dependence of the normalized magn
susceptibility for values of magnetic fieldsH50 Oe andH5104

Oe ~curves 1 and 2, respectively! with exchange constantsJ5
212 K, K526 K, andDJ521.2 K.

FIG. 13. ~a! Temperature dependence of the Edwards-Ander
parameterq(T) for the A ~curve 1! and B ~curve 2! sublattices,
respectively, as simulated with Monte Carlo. Inset: Dependenc
the freezing temperatureTf on exchange anisotropyDJ/J0 for
K/J050.5 ~curve 1! andK/J050.5 ~curve 2! obtained from Monte
Carlo simulation.
5-7
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sults show that for the concentrations of Cu21 spins of rel-
evance for CuGa2O4, the crystal is in a superparamagnet
state whenDJ50. Introducing random anisotropy for th
exchange interactionJ results in a spin cluster blocking a
the freezing temperatureTf . In that respect, we note that th
exchange anisotropy leads to increasing the freezing t
perature as shown in inset of Fig. 13. To reproduce the m
netization data in a satisfactory way, we found it necessar
give a nonzero value to the antiferromagnetic exchange
teractionK which decreases theTf as result of competing of
the interactionsK and J. The field dependence of the mag
netization exhibits a non-linear dependence against the m
netic field. The increase of the exchange parameterK leads
to a decrease of the nonlinearity ofM (H). From a least-
square refinement of the field dependence of the magne
tion at T51.8 K we obtained the parameter valuesDJ/J0
50.1, K/J050.5 ~see Fig. 4!. The exchange parameterJ0, as
determined from the freezing temperatureTf , from the para-
magnetic susceptibility in the temperature range 90<T
<160 K and from the magnetization curve, amounts t
212, 212.5, and213 K, respectively. Therefore the mea
values of the model parameters areJ5212.5 K, DJ5
21.3 K, andK526.2 K.

VII. CONCLUSION

We have presented magnetization, magnetic suscept
ity, specific-heat, andmSR measurements in CuGa2O4. The
data are consistent with a spin-glass transition of the cop
sublattice belowTf in this material. In particular, we observ
a cusp in the temperature dependence of the magnetic
B

18442
-
g-
to
n-

g-

a-

il-

er

us-

ceptibility at Tf.2.5 K which is suppressed when a mag
netic field is applied. A pronounced hysteresis is observed
the temperature dependence of the magnetic susceptib
for zero-field-cooled and field-cooled samples. The muo
spin relaxation measurements have shown that above
freezing temperature, the asymmetry function is described
the stretched exponential typical of disordered system
However, the value of the exponentb points to a narrow
distribution of correlation times of the local moments. Th
temperature dependence of the magnetic volume fraction
dicates that in CuGa2O4 the transition to a spin-glass stat
begins aroundT.3.8 K to form locally clusters of frozen
spins which grow when the temperature is lowered and
nally percolate aroundTf.2.5 K. By means of Monte Carlo
simulations we were able to reproduce the main features
the magnetic susceptibility and of the magnetization cur
measured in CuGa2O4. The results of Monte Carlo simula-
tions show that the Jahn-Teller effect plays an essential r
in forming the magnetic ground state as it introduces rand
anisotropy in the exchange interactions between the cop
ions. With the added effect of random distribution of cation
in the spinel structure this leads to the formation of a sp
glass state in CuGa2O4. Using a realistic spin model which
takes into account the effective distribution of the Cu21 ions
in the spinel structure, reliable exchange parameters could
obtained for CuGa2O4.

ACKNOWLEDGMENTS

This work was partially supported by an INTAS-97-017
grant and by the MAT99/1142 project.
.

s.

.

,
.

*On leave of absence in the Kamerlingh Onnes Laboratoriu
Leiden University, The Netherlands.

1 K.H. Fisher and J.A. Hertz,Spin Glasses, Cambridge Studies in
Magnetism~Cambridge University Press, Cambridge, Englan
1991!.

2K.H. Fisher, Phys. Status Solidi A16, 357 ~1983!.
3J. Souletie, J. Phys.~France! 39, C2-3 ~1978!.
4M.A. Ruderman and C. Kittel, Phys. Rev.96, 99 ~1954!; T. Ka-

suya, Prog. Theor. Phys.16, 45 ~1956!; K. Yosida, Phys. Rev.
106, 893 ~1957!.

5H.G. Bohn, W. Zinn, B. Dorner, and A. Kollmar, Phys. Rev.
22, 5447~1980!.

6H. Maletta and P. Convert, Phys. Rev. Lett.42, 108 ~1979!.
7S.F. Edwards and P.W. Anderson, J. Phys. F: Met. Phys.5, 965

~1975!.
8L. de Seze, J. Phys. C10, L353 ~1977!.
9J. Villain, Z. Phys. B33, 31 ~1979!.

10 M. Sparks, inFerromagnetic Relaxation Theory~McGraw-Hill,
New York, 1964!.

11P.W. Anderson, Phys. Rev.102, 1008~1956!.
12C.P. Pool, Jr. and H.A. Farach, Z. Phys. B: Condens. Matter47,

55 ~1982!.
13D. Fiorani, S. Viticoli, J.L. Dormann, J.L. Tholence, and A.P

Murani, Phys. Rev. B30, 2776~1984!.
m,

d,

.

14Z. Popovic and S. Satpathy, Phys. Rev. Lett.84, 1603~2000!.
15Guo-meng Zhao, K. Conder, H. Keller, and K.A. Mu¨ller, Nature

~London! 381, 676 ~1996!.
16A. Shengelaya, Guo-meng Zhao, C.M. Aegerter, K. Conder, I.M
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