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Magnetic susceptibility, magnetization, specific-heat, and positive muon spin relaxat#iR) (measure-
ments have been used to characterize the magnetic ground state of the spinel compow@j, GiE€abserve
a spin-glass transition of t&=1/2 C#" spins belowT;= 2.5 K characterized by a cusp in the susceptibility
curve which is suppressed when a magnetic field is applied. We show that the magnetization ¢®fuGa
depends on the magnetic history of the sample. Well belgwthe muon signal resembles the dynamical
Kubo-Toyabe expression reflecting that the spin freezing process inJOy@esults in a Gaussian distribution
of the magnetic moments. By means of Monte Carlo simulations, we obtain the relevant exchange integrals
between the Gl spins in this compound.
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[. INTRODUCTION spinels. These compounds have the chemical formula

Although spin glasses have been extensively studied i\B,O,. The chemical structure of spinels consists of both
the past years, there is still no consensus about the grounidtrahedral and octahedral sites. The number of crystallo-
state and dynamics in these systdifies an introduction, see graphic sites is larger than the numberfofndB cations in
e.g., K. H. Fisher and J. A. Heflz It is generally accepted the chemical formula, so that the cations generally distribute
that both site disorder and competition between the magneti@ndomly among the available atomic positions. In particu-
moments are necessary to produce a low-temperature stdeg, this random distribution of cations determines in a large
where the spins are frozen along arbitrary directiolisx- ~ extent the microwave relaxation properties of the spinel
amples of such systems are metallic spin glasses where magempounds? When both sublattices are occupied by mag-
netic impurities are randomly diluted in a noble métalor ~ netic ions the ground state is a ferrimagnet. Bhsublattice
this particular class of materials competition between théuilds connected tetrahedra and antiferromagnetic interac-
magnetic moments is the result of the Rudermann-Kitteltions induce topological frustratiohiswhich can lead to a
Kasuya-Yosida(RKKY) interactiod where ferromagnetic Spin-glass state when nonmagnetic impurities are
and antiferromagnetic exchange interactions alternate as iatroduced’ The dominant magnetic interaction in most of
function of distance between neighboring spins. The RKKYthese materials is antiferromagnetic and connects spins be-
interaction cannot be invoked for localized magnets and théveen theA and B sublattices while theA-A and B-B ex-
spin glass transition in these systems must be realized bghange interactions are comparatively small. However, inter-
other mechanisms. Typical insulating spin glasses of thisublattice exchange constants can modify the magnetic-
kind are the alloys Ei8r;_,S. In thex=1 limit, EuS is a  phase diagram originally calculated by Villain and for real
well-known example of an isotropic three-dimensionalSystems the situation is usually complicatédAlthough
Heisenberg ferromagnet. The exchange integrals have be&pin-glass transition has been found in diluted spitfets,
determined by inelastic neutron scattering in this materiabpin-glass state in pure cubic spinels is less common.
with the result that ferromagnetic nearest-neighbor exchange In this paper, we report magnetic susceptibility, magneti-
interaction competes with next-nearest antiferromagnetigation measurements in fields up to 50 kOe, specific-heat and
coupling® Diluting nonmagnetic Sr for Eu ensures bond ran-muon-spin relaxation£SR) measurements in the cubic spi-
domness and the conditions for obtaining a spin-glass stateel CuGaO,. The results show that Cuga, undergoes a
are fulfilled in a large range of impurity concentratidhis, ~ paramagnetic to spin-glass phase transitiofi;at2.5 K. By
qualitative agreement with the molecular-field theory of Ed-means of Monte Carlo simulations, the relevant exchange
wards and AndersohDe Seze pointed out that a spin-glassinteractions are obtained for Cug,. We show that the
phase transition can occur in a geometrically frustrated sysformation of a spin-glass ground state in CyQGais prob-
tem with Ising spins and antiferromagnetic interactionsably due to the Jahn-Teller character of theCions. Spe-
only 8 Following De Seze’s work, Villaihproposed that spin  cifically, in a field of octahedral symmetry, the Jahn-Teller
glasses can be obtained in materials with geometric frustraeffect distorts the electronid levels of the C&" which be-
tion and Heisenberg-type exchange interactions like cubicome split by the effect of the crystal field into a threefold
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degenerate level and a twofold degenerate one. In such com-
pounds there is an interaction between the electronic system
with the underlying lattice which very often leads to a struc-
tural phase transition. Typical compounds exhibiting coop-
erative Jahn-Teller distortion are found in, e.g., perovskites
(KCuF;, LaMnGQ;), spinels (CuFgd,, MnzO,), rutiles
(CrF,, CuR), or garnets (Ci#e,Ge3Q,). The structural
phase transition can be accompanied by orbital ordering of
the d electrons which in turn influences the nature of the
exchange interaction. The important role of the Jahn-Teller
effect in forming the magnetic ground state in the perovskite
manganites which exhibit colossal magnetoresistdecg:,

see Ref. 14 and references thejeamd in cupratege.g.,
Refs. 15 and 16 and references theréncurrently a subject

of intense investigation both theoretically and experimen-
tally. In that respect, we note that the influence of the Jahn-
Teller effect on the properties of the magnetic insulators is
discussed in detail by Kugel and Khoms¥Ky.

Il. EXPERIMENTAL DETAILS
A. Sample preparation

Single crystals of CuG®, were grown by spontaneous
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crystallization starting from a CuO-G@; solution melt in
Pb0O-0.64B03-0.5Ng0. After slowly cooling the melt to FIG. 1. (a) Real andb) imaginary parts of the magnetic suscep-
room temperature, single crystals of typical size& 3<3  tibility in a single crystal of CuGg0, measured along thgo01]
mm® and of octahedral shape were obtained. x_ray_axis. The exciting frequency was 1 Hz, the ac field amplitude 4.5
diffraction analysis showed that the Cu@g crystals used ©Oe and the bias applied field=0 T.
for the present experiments are cubic spinels with both cop-
per and gallium ions randomly distributed in theand B
sublattices in agreement with previous diffraction investiga- The uSR experiments were performed on the LTF spec-
tion (see Ref. 18 The chemical structure of Cu@a, is  trometer at the Paul-Scherrer Institute, Switzerland. The data
described by the space grodﬁdgm with lattice constants Were recorded using the zero-field method which is very sen-
a=8.39 A at room temperature. sitive to determine both static and dynamic effects in spin
glasse€?2 Additional measurements were performed as a
function of applied magnetic field. In that case, the sample
was zero-field cooled. The sample we used for the present
The magnetic susceptibility and magnetization measureexperiment consists of about 50 pieces of the above-
ments were performed with a commercial MPMS Quantumdescribed crystals which were glued on a silver plate. The
Design superconducting quantum interference deviceample was enclosed in a top-loadifige-*He dilution cry-
(SQUID) magnetometer together with an ac-susceptibilityostat and the measurements were carried out in the tempera-
option at ICMA, Spain. The amplitude of the ac-magneticture range 650 mKk<T=<10 K.
field was set to 4.5 Oe with the frequency of the field being
varied between 1 and 990 Hz. The measurements were car-
ried out in the temperature range 1.7—300 K and in applied
magnetic fields up to 50 kOe. Additional measurements of . o
the magnetic susceptibility in the temperature range Figure 1 shows the result of the magnetic-susceptibility
T=4.2-120 K were performed at the Institute of Physics,measurements with an ac frequency of 1 Hz and an excita-
Krasnoyarsk, using a home-built SQU|D magnetometer_ tion amplltude ofH=4.5 Oe. For temperatures hlgher than
T=20 K, the magnetic susceptibility is well reproduced by
the Curie-Weiss law. Upon lowering the temperature below
T=20 K, the magnetic susceptibility increases continuously.
The specific-heat measurements were performed with @he real part of the magnetic susceptibility shows a cusp at
commercial PPMS devicguantum Desighin the tempera-  T;=2.5 K which is independent of the relative orientation of
ture range 1.8<T=<10 K. We used a small single crystal of the magnetic field with respect to the crystal axes. The
mass~4.15 mg. The raw data were corrected for the coppeimaginary part of the magnetic susceptibility also exhibits a
host and glue, which were measured separately. We did nohaximum at the same temperature. To understand the nature
attempt to subtract the phonon contribution, as it is expectedf the maxima appearing in the susceptibility curves, the
to be small at low temperatures. magnetization in CuG®, was determined as a function of

D. Muon-spin relaxation

B. Magnetic measurements

Ill. MAGNETIZATION, SUSCEPTIBILITY,
AND SPECIFIC-HEAT RESULTS

C. Specific-heat measurements
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FIG. 4. Magnetization as a function of field. Full symbols: ex-

FIG. 2'_ 'I;emperafurle deﬁendence O_f fthe magnletlzatllon 0[)erimental data measured®&t 1.8 K; open symbols: Monte Carlo
CuGa0, single crystal along the tH@©01] axis for a sample cooled gy ations calculated at the same temperature and parameters

in zero field(ZFC) and cooled in an gppli_ed magnetic fi¢#d(FC). given in Sec. VI. Inset: hysteresis loop in the vicinity of the origin.
Both curves are measured at a bias field of same vhBlu@he

curves diverge belowl;. Inset: The bifurcation point tends to ) ] )
lower temperature for increasing bias field. field. Figure 4 shows that the increase of the magnetic mo-
ment as a function of magnetic field 8t=1.8 K is far from
applied magnetic field and for different magnetic histories ofSaturation at the maximum field of 50 kOe, and in the inset
the samples. As an example, Fig. 2 shows the magnetizatidi® Small, but non-negligible, magnetic hysteresis is also de-
curves obtained in CuG®), after zero-field coolingZFC) plctgd. Both features are characteristic in spln—gla§§ phases.
and field cooling(FC), respectively. For the latter case, the !N Fig- 5 the temperature dependence of the transition tem-
sample was cooled in a magnetic fieldrb& 100 Oe applied peratureT; of the_ spm—glass transmon is observed to in-
along the{001] crystal axis. It is evident from the figure that Cr€ase as a function of increasing ac frequency. The above
for temperatures beloW;=2.5 K, the FC and ZFC magne- experimental results all indicate that the*Cumagnetic mo-
tization curves show a bifurcation due to thermal hysteresi§'€nts in CuGgO, undergo a phase transition to a spin-glass
or irreversibility. This is a usual characteristic for the forma-9round state below;=2.5 K. This is also confirmed by the
tion of a spin-glass state. For increasing bias fields the bifur¢@lorimetric measurements performed in zero-magnetic field
cation temperature tends to lower temperatures, as expecté®f this compound. A plot of the specific hedl,/T in
for a spin glass. The results of the magnetic susceptibilitf°oUG80a is shown in Fig. 6. The data do not show any
measurements taken for different magnetic fields are préhdication of a phase transition to a three-dimensional ferro-
sented in Fig. 3 which shows that magnetic fields larger thaf@gnetic or antiferromagnetic ordered state. However, a
H=5 kOe suppress the cusp observed @in zero-magnetic Proad maximum is observed aroutie- 2.5 K followed by a
slow decay toward high temperatures. This particular behav-
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FIG. 3. Temperature dependence of the real component of the ac
susceptibility measured at the frequency of 19 Hz and a bias field of FIG. 5. Magnetic susceptibility measured in CyGaalong the
(@) H=0 kOe,(b) H=5 kOe, and(c) H=10 kOe. [001] axis for different frequencies. See text for details.
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FIG. 6. Specific heat of CuG@,. The data were not corrected

for phonon contribution. 0.0

ior of the specific heat as a function of temperature is remi- t (us)

hiscent of a spin-glass transitioh. FIG. 7. Experimental zero-fielduSR signal measured in

CuGg0, atT=10 K, T=4.5 K, andT=650 mK. The lines repre-
IV. DISCUSSION OF THE BULK MEASUREMENTS sent fits as explained in the text.

A spin-glass state is characterized by an assembly of mag- . v found that i in al .
netic moments which are frozen along random and arbitrar ?in. expenrnentafy ound that in Spin g'asﬂ'esncreasefs h
directions in space below a specific transition temperaturd//th increasing ac frequency. A quantitative measure of the

T,. Because of the nonergodicity of the system, the phenomireduency shift is obtained fromA(T¢/Ty)/A In(w) =0.026.

enon is irreversible. The macroscopic magnetization of 4t IS five times larger than the rate for a metallic spin glass

spin-glass system is equal to zero in the absence of a mar%n;jgr?glzlorder of magnitude smaller than for a superpara-

netic field. On the other hand, cooling a spin glass in a
external magnetic field transfers the system into a metastable
state with a nonzero magnetization value. For temperatures V. uSR RESULTS

above the spin-freezing temperature, the magnetic mo- 14 get more insight into both the static and dynamic prop-

ments are in a paramagnetic state and consequently the teRias of the Cai* magnetic moments in CuG@,, we have
perature dependence of the magnetic susceptibility f°"°W§neasured the muon-spin relaxation above and below the

the Curie-Weiss law freezing temperatur€; in this material. Generally, the mag-

netic interactions probed by the implanted spin-polarized
x(M=3—4 (1) muon are detected by monitoring the asymmetric emission of

positrons arising from the weak decay of the muon. Record-

WhereCZNgz,uéS(SJr 1)/3kg is the Curie constant and  ing the positron rateN(t) as a function of muon lifetime

the paramagnetic Curie temperatukéis the magnetic mo-  yields

ment densityg the Landefactor, andug the Bohr magneton.

S corresponds to the spin value of €uandkg is the Bolt- N(t)=N(O)exp(—t/T)[1+AG,(1)], €)

zmann constant. From the magnetic susceptibility measurgghereA is the initial muon asymmetry parameter. The prod-

ments presented above, we obtain for CyGathe values  yct AG,(t) is often called theuSR signal. In addition, the

C=034 emu K/mol, §=—8K which implies ue  function G,(t) can be associated with the muon-spin auto-

=gVS(S+1)ug=1.65ug with g=1.90 andS=1/2. The  correlation function, i.e.,
magnetic susceptibility is related to the Edwards-Anderson

(EA) parameterg=Ilim,_.[(S(t)S(0))].,. through the re- (S(1)S(0))
lation G () =—73—, 4
S9(0)
T :CL(T) 2) where S is the spin of the muon. Typical zero-fie|ldSR
XD =Crgi—qm1 i i in Fi
[1—-q(T)] signals measured in Cuga, are shown in Fig. 7. Above

According to the percolation theory of Kirkpatriekthe EA ~ T=3.8 K (and at least up to 10 J<the data are best de-
parameter follows a power lag(T)«=(1—T/T;)%0 close to  Scribed by assuming fdB,(t) the form

the spin-glass temperatuiig with B, equal to 0.39. How- _ )

ever, neafT;, we found the valugg, = 0.16 in CuGaO,. Gz para(t) = Gir(t) - Gedt), 5
The frequency dependence of the spin freezing temperatusgith Gyt representing the familiar Kubo-ToyabéT)
T; is a characteristic feature of the spin-glass state. It haexpressiorf?°
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FIG. 8. Temperature dependence of the depolarization xate
above 3.8 K. FIG. 9. uSR spectra measured in Cu@g at T=5 K and
showing the field dependence of the asymmetry function. Whereas
1 2 1 in zero field the depolarization function is best described according
Gkr(t)= 3 + §(1— Aﬁstz)ex;< — EAﬁstz) , (6) to Eq.(5), the data with applied field are only fitted by the stretched
exponential term reflecting the depolarization arising from the fluc-

and with G, given by tuating electronic spingsee text

Gedt)=exf — (A1)A]. 7) For spin-glass systems, the stretched exponential form for
the electronic-spin contribution of the muon-spin depolariza-
The form of G, ,44(t) points for the occurrence of two in- tion function G,(t) has been showh to match the
dependent channels of depolarization acting on the muoRohlirausch-like stretched exponential for the local moments
spin. The first channel, giving rise to the KT functi@xr,  autocorrelation function itself, which in turn arises from a
originates from the nuclear dipole momef@a and Cu iso-  broad distribution of electronic-spin correlation times. In the
topes. The internal fields of this contribution are assumed toparticular case of moderately concentrated systems, the ex-
be Gaussian distributed in their values, randomly orienteghonentB reaches the value gfat T. On the other hand, for
and static within thexSR time window. The parameter conventional magnetic systems, the dynamic muon-spin de-
Aﬁslyi represents the second moment of this field distribupolarization function assumes an exponential fdira., 8
tion due to the nuclear spins along one Cartesian axjs ( =1), reflecting the unique spin-relaxation frequency of the
=2-13.553879 kHz/G is the gyromagnetic ratio of thelocalized moments. The situation observed here for
muon. The second channel, described by the functionCuGgQO, appears somewhat intermediate with an exponent
Ge4t), which will be discussed in detail below, representsg slightly, but definitively, below unity € 2). This behavior
the contribution arising from the fluctuating electronic Cuis tentatively ascribed to the high concentration of local mo-
spins. ments (C@" ions), randomly distributed in different sublat-
At T=10 K the muon depolarization can be satisfactorilytices, for which a somewhat narrow distribution of
described by assuminG.(t)=1, i.e., G, yara(t) = Gk1(t) electronic-spin correlation times could be expected.
with A,s=0.16(1) MHz(see also Fig. )7 indicating that the In the temperature range between 3.8 and 10 K, the best
fluctuations of the electronic spins are still too fast to befits with Eq.(5) provide a parametek ¢ for the KT function
observed in theu SR time window. However, upon cooling (i.e., essentially the width of the internal fields arising from
the sample below =10 K and down to 3.8 K, the fluctua- the nuclear momenisvhich is practically constant, indicat-
tion rate of the electronic spins decreases and the muon-sping that the nuclear moments remain static at all tempera-
depolarization becomes gradually dominated by @&g(t) tures. This is also confirmed by measurements performed in
contribution. Figure 8 represents the temperature evolutioapplied longitudinal field$LF). If the nuclear moments are
of the depolarization rata.. Whereas the exponem re-  static within thex SR time window and if the applied field is
mains constant in this temperature inter¢iak., 5=0.78), sufficiently strong to quench the nuclear dipole field contri-
the depolarization rate exhibits a marked critical-like diver-bution [i.e., Ggy(t)=1], the muon-spin depolarization
gence, which must be taken as a clear evidence of the ajhould arise solely from the dynamical electronic-spin con-
proach to a magnetic phase transition as the temperature tigbution and the depolarization function will assume the
decreased which we associate to the occurrence of the spiferm G,(t)=G.(t). This was indeed observed during LF
glass phasésee Figs. 1 and)@n CuGgO0;,. measurementssee Fig. 9 for which a magnetic field of
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responding to the magnetic volume fraction.
FIG. 11. Temperature dependence of thg parameter of the

0.2 kOe was sulfficient to quench the nuclear dipolar mo-DKT function. This parameter mirrors the width of the quasistatic

ments. The muon depolarization function is then well repro-ield distribution belowT; and therefore the value of the quasistatic

duced with the stretched exponential function described beCt?” moment.

fore, with parameters compatible with the ones extracte

from the zero-field data. c?1a| fields sensed by the muon spin. This has to be connected

to our simple picture that the slightly reduced value in the

_ For temperatures belol=3.8 K, the muon depolariza— aramagnetic phase of the exponghttompared to unity
tion increases significantly and assumes a Gaussian characifiis; pe related to a rather narrow distribution of electronic-
at short times. For this temperature range, the best descrlg—pin correlation times.

tion of the data is obtained using the function
VI. MONTE CARLO SIMULATIONS

Colt)=AparaGzparalt) + AmagrGoicr(t), ® The experimental observations presented in the preceding
where G, para(t) is defined above an@py+(t) is the so-  sections all indicate that the €U magnetic moments in
called dynamical Kubo-Toyab@KT) function?® which re-  CuGg0O, undergo a phase transition to a spin-glass state at
flects that the Gaussian internal field distribution due to thel t=2.5 K. To understand the nature of this magnetic state,
occurrence of static electronic spinéecond moment Monte Carlo simulations were performed using a model of
Ags/%i) fluctuates at the rate. The first term of Eq(8) is Heisenberg spins with competing exchange interactions in-

only present in the temperature interval between 3.8 and 2. juding random anisotropies. These arise as the result of
K, i.e., in a region where paramagnetic domains appear t ahn-Teller distortions of the octahedrons and tetrahedrons

coexist with domains exhibiting static, albeit disordered,Surrouncilng the CUf_positions!” The local distortions occur

. : randomly along one of the three equivaléy cubic axes.
magnetic moments. Figure 1.0 sho_ws the temperature evolttonsequently, the exchange interactions between nearest-
tion of the amplitudeA, 54, Which mirrors the volume of the

. . . ) neighbors spins located on tetrahedral iteg and octahe-
magnetic domams_. Therefore it appears that in G@izahe dral (B siteg positions have tetragonal anisotropy. However,
transition to a spin-glass state begins arodnd3.8 K to

: X ) the direction of the tetragonal axis is random in a crystal with
form local clusters of frozen electronic spins which grow . pic symmetry. For the model calculations, we considered
when the temperature is lowered and finally percolate at th%xchange interactions between nearest neighbofs (@)
same temperature where the specific anomaly is observedCu2+(B) and  second-nearest-neighbors 2C{B)
(i.e., T=2.5 K) and which can be therefore associated{o  —Ci?*(B) magnetic ions. We took into account the fact that
With the exception of some limiting cases, the DKT func-in the spinel lattice the Cu ions are randomly distributed
tion cannot be expressed analytically and depends directly opetween thed andB sites with occupation probabilities of 25
the parameters andA . Figure 11 shows the temperature and 75%, respectively. Consequently, the model Hamiltonian
dependence of the parametigs which exhibits a clear in-  for this spin system is given by
crease below=3.5 K and can be associated to the tempera-
ture dependence of the static part of the electronic magnetic H=— E E JitJ{aSiaS]qP::P;)_izj KiiSS; Piop?

moments. The fluctuation rate was found to be constant asxyz g
below T; (»v=3.7 MH2z. It is worthwhile to note that the
DKT function, which appears to describe perfectly the data
PP P y —2 HSP!PY, 9)

for T<Ty, assumes a single fluctuation ratdor the inter-
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where thelj*’s represent the exchange integrals between the  x/x(T;)
nearest-neighbors €t ions located in thé andB sites;Kj; 12
is the exchange parameter between nearest-neighbdfs Cu '
ions on the octahedral sublattice afddhe external magnetic

field. The components of the exchange interactidffs are 1.0
distributed randomly with the same probability, namely

0.8
P33 350 = 1138(J*~ Jg— AJ) 8(IVY = J0) 8(IF7— o)
+1/35(35 = Jo) 8(3Y = Jo— AJ) 0.6
X 8(I57=Jo) + L138(IF*— 30) (I — o) 0.4
X 8(JF=Jo—AJ), (10)
0.2

where 8(x) is the § function. The random numbeR} and
P? determine the distributioP of the C#* ions among the
tetrahedral and octahedral sites in the spinel lattice, respec- 0.0 1 5 3
tively, so that

T (K)

.0y _ .05 pt.0 t,0 t,0

PP =v78(P™=1) + (1= ) 8(P;7) 1D FIG. 12. Temperature dependence of the normalized magnetic
with »'=0.25 and»®=0.75. The Monte Carlo simulations Susceptibility for values of magnetic field$=0 Oe andH=10"
were carried out using periodic boundary conditions for aOe (curves 1 and 2, respectivelyith exchange constantd=
lattice consisting of 24 24x24 sites and over 30000— —12K,K=-6K, andAJ=-12K.
60 000 MK steps per spins. We calculated the magnetization
of the spin lattice, the magnetic susceptibility, and the spinsharp cusp af;=2.5 K which is suppressed when a mag-
spin correlation functioiS(0)S(R)). We simulated the tem- netic field is applied. The value of the cusp is attributed to
perature dependence of the EA-order paramgt@&) for the  long-wavelength spin correlations. According to the Monte

A andB spins, respectively, defined as Carlo results the expanded short-range order exists at a dis-
Ng tance of four lattice constants where the spin-spin correlation
« function has decreased three times. It differs from the usual

qaﬂz(llNﬁ)i:El (S")2, a=x,y,z, B=t,0. (12 spin glass.

. o ) As shown in Fig. 13 the EA-order parameters for both the
Here N is the number of spins in th& and B sites. The A andB sublattice sharply increase beldw=T;. Moreover,
susceptibilityy is defined in zero external field as follows: the spin-spin correlation functiofS(0)S(L/2)) (L=Monte
2 Carlo sample sizereveals the absence of any long-range
> magnetic ordering in the spin system. The Monte Carlo re-

XJOZK ( (INn) 2, S'=(1Ng) 2 S

2 p”
—<<1/NA>E S (1Ng) 2, S.B> } / (T1o), 0.20{* . AP
ieA ieB N o
qEA 0\* PR I
(13 0.15- B
wherei is summed over octahedréB) and tetrahedralA) * 2 ‘;\ T
sites consisting oN, and Ng spins. The susceptibility in 5 o
nonzero field is 0.101= & - by
vt v
e, 4
XJO=[<(1/NA)Z Sh—(1Ng) D, SBH (H/J). 0.051 w
ieA ieB n
(14 i
'I_'h_e exchange parametets), K, andJ, were obtained by_ 0'001 6 2.0 24 28 3.2
fitting the Monte Carlo results to the experimental freezing T(K)

temperatureT¢, the paramagnetic ¢ temperature® (K)
and the magnetic field dependence of the magnetization g 13, (a) Temperature dependence of the Edwards-Anderson
M(H). Figure 12 shows the temperature dependence of thgarametery(T) for the A (curve 3 and B (curve 2 sublattices,

magnetic susceptibility calculated by the Monte Carlorespectively, as simulated with Monte Carlo. Inset: Dependence of
method for two values of magnetic fieldd,=0 Oe andH  the freezing temperatur@; on exchange anisotropyJ/J, for

=10* Oe, respectively. In agreement with the experimentak/J,= 0.5 (curve 1 andK/J,=0.5 (curve 2 obtained from Monte
results, the calculated magnetic susceptibility exhibits aCarlo simulation.
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sults show that for the concentrations of’Cuspins of rel-  ceptibility at T;=2.5 K which is suppressed when a mag-
evance for CuG#D,, the crystal is in a superparamagnetic netic field is applied. A pronounced hysteresis is observed in
state whenAJ=0. Introducing random anisotropy for the the temperature dependence of the magnetic susceptibility
exchange interactiod results in a spin cluster blocking at for zero-field-cooled and field-cooled samples. The muon-
the freezing temperatuf® . In that respect, we note that the Spin relaxation measurements have shown that above the
exchange anisotropy leads to increasing the freezing tenfteezing temperature, the asymmetry function is described by
perature as shown in inset of Fig. 13. To reproduce the maghe stretched exponential typical of disordered systems.
netization data in a satisfactory way, we found it necessary tblowever, the value of the exponept points to a narrow
give a nonzero value to the antiferromagnetic exchange indistribution of correlation times of the local moments. The
teractionK which decreases tHE; as result of competing of temperature dependence of the magnetic volume fraction in-
the interaction& andJ. The field dependence of the mag- dicates that in CuG®, the transition to a spin-glass state
netization exhibits a non-linear dependence against the ma§egins aroundr=3.8 K to form locally clusters of frozen
netic field. The increase of the exchange paramiétegads  Spins which grow when the temperature is lowered and fi-
to a decrease of the nonlinearity M(H). From a least- nally percolate aroun@;=2.5 K. By means of Monte Carlo
square refinement of the field dependence of the magnetizgimulations we were able to reproduce the main features of
tion at T=1.8 K we obtained the parameter valukd/J, the magnetic susceptibility and of the magnetization curve
=0.1,K/Jy=0.5(see Fig. 4 The exchange parametiy, as measured in CuG®,. The results of Monte Carlo simula-
determined from the freezing temperatﬂ'ﬁe from the para- tions show that the Jahn-Teller effect plays an essential role
magnetic susceptibility in the temperature range<30 in forming the magnetic ground state as it introduces random
<160 K and from the magnetization curve, amounts to a@nisotropy in the exchange interactions between the copper
—12, —12.5, and— 13 K, respectively. Therefore the mean ions. With the added effect of random distribution of cations

values of the model parameters ate —12.5 K, AJ= in the spinel structure this leads to the formation of a spin-
—1.3 K, andK=—-6.2 K. glass state in CuG®,. Using a realistic spin model which
takes into account the effective distribution of the?Cuions
VIl. CONCLUSION in the spinel structure, reliable exchange parameters could be

obtained for CuG#0,.
We have presented magnetization, magnetic susceptibil-
ity, specific-heat, ange SR measurements in Cugy. The
data are consistent with a spin-glass transition of the copper
sublattice belovil; in this material. In particular, we observe  This work was partially supported by an INTAS-97-0177
a cusp in the temperature dependence of the magnetic sugrant and by the MAT99/1142 project.
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