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The T dependence (22400 K) of the electron paramagnetic resonance~EPR!, magnetic susceptibility
x(T), and specific heatCv(T) of thenormalantiferromagnetic~AFM! spinel ZnCr2O4 and the spin-glass~SG!
Zn12xCdxCr2O4 (x50.05,0.10) are reported. These systems behave as a strongly frustrated AFM and SG with
TN'TG'12 K and 2400 K*QCW*2500 K. At high-T the EPR intensity follows thex(T) and theg
value isT independent. The linewidth broadens as the temperature is lowered, suggesting the existence of short
range AFM correlations in the paramagnetic phase. For ZnCr2O4 the EPR intensity andx(T) decreases below
90 and 50 K, respectively. These results are discussed in terms of both nearest-neighbor Cr31 (S53/2)
spin-coupled pairs and spin-coupled tetrahedral clusters with an exchange coupling ofuJ/ku'35245 K. The
appearance of small resonance modes forT&17 K, the observation of a sharp drop inx(T) and a strong peak
in Cv(T) at TN512 K confirms, as previously reported, the existence of long range AFM correlations in the
low-T phase. A comparison with recent neutron diffraction experiments, that found a near dispersionless
excitation at 4.5 meV forT&TN and a continuous gapless spectrum forT*TN , is also given.
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I. INTRODUCTION

Frustration in the antiferromagnetic~AFM! ordering of
fcc and spinel lattices was recognized long ago by Ander
in his analysis of the highly degenerate magnetic grou
state of these structures.1 This so-calledgeometricalfrustra-
tion can prevent the system from undergoing spin-glass~SG!
or AFM ordering down to temperatures much lower than
Curie-Weiss temperatureTG ,TN
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by a temperature controller using a helium and nitrogen
flux systems. This set up assures one that the spectrom
sensitivity remains about the same over a wide range oT.
Magnetization measurements have been taken in a Qua
Design dc SQUID MPMS-5T magnetometer. The spec
heat was measured using the heat pulse method in a Q
tum Design calorimeter using the QD-PPMS-9T measu
ment system.

III. EXPERIMENTAL RESULTS

For the ZnCr2O4 single crystal, as the temperature is low
ered from room-T, the EPR line broadens and its intens
goes through a maximum at about 90 K with no measura
resonance shift. Figure 1 shows theT evolution of the EPR
spectra between 4 and 45 K. ForT&17 K the resonance
distorts and small resonances modes emerge at lowT. These
modes do not depend on whether the EPR spectra are t
under field cooling~FC! or zero field cooling~ZFC! condi-
tions. But, they depend on the size and shape of the sam
and show a slight orientation dependence~see inset!. For T
*20 K the EPR spectra show a single isotropic resonan
For the Cd doped samples the resonance also broadens
the intensity increases down toT'12 K ~see below! where,
again, the resonance distorts and small resonance mode
seen. These modes also show the same spectra under F
ZFC conditions.

Figure 2 shows theT dependence of the linewidthDH1/2
andg value between 18 and 400 K for the crystal of Fig.
The linewidth broadens at low-T, the g value isT indepen-
dent and its value,g51.978(5), corresponds to theg value
of Cr31 (3d3,S53/2) in a cubic site.12–15 Both, theg value
and linewidth are isotropic forT*20 K. For the Cd doped

FIG. 1. T evolution (4 K<T<45 K) of the EPR spectra for a
ZnCr2O4 single crystal. The inset shows the spectra atT54 K for
different field orientations in the~110! plane.
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samples similar resonance line broadening andg values are
obtained~not shown!.

Figure 3 presents the dc magnetic susceptibilityx(T) cor-
rected by the host diamagnetism in the range between 2
400 K for the same crystal of Fig. 1. FC and ZFC measu
ments atH52 and 10 kOe gave no difference for the su
ceptibility data. At low field x(T) shows the typical 3D
AFM ordering withx(T→0)' (2/3)xmax (T'45 K). The
inset shows the sharp drop of the susceptibility atT
512(1) K. This temperature defines the Ne´el temperature
TN for the 3D long range AFM ordering in ZnCr2O4. The
inset shows that, forT&TN , the susceptibility is field depen
dent,x(T,H). This has been attributed to domain wall mov
ment in the AFM ordered state.17 The dotted line and solid
line are fits to the data discussed in Sec. V.

Figure 4 compares the magnetic susceptibility of t
ZnCr2O4 single crystal of Fig. 3 with those of the polycrys
talline Zn12xCdxCr2O4 (x50.05,0.10) samples. ForT
*100 K the data for the three compounds can be fitted
the usual Curie-Weiss law. The linear fit yields to an effe
tive number of Bohr magnetonsmeff 53.95(10)mB , as ex-
pected for Cr31 (g51.978, S53/2), and a Curie-Weiss
temperatureQCW52390(20) K for ZnCr2O4. In a molecu-
lar field approximationQCW52S(S11) Jz/3kB . For S

FIG. 2. T dependence (18 K<T<400 K) of the EPR line-
width andg-value for the crystal of Fig. 1. The solid line shows th
best fit of the linewidth to Eq.~1! ~see text!.

FIG. 3. T dependence (2 K<T<400 K) of the magnetic sus
ceptibility x(T) at H53 kOe~FC, ZFC!. The inset shows the dat
for 2 K<T<20 K and 0.2 T<H<5 T. The dotted line is the
Curie-Weiss approximation, and the solid line is the fit obtain
using the quantum tetrahedral mean field model withJ1539.4 K
andJ251.17 K ~see Sec. V!.
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53/2, z 56 ~nearest neighbors!, and QCW 52390 K we
obtain J/k'50 K. The Curie-Weiss parameters for th
Zn12xCdxCr2O4 (x50.05,0.10) samples are given in Tab
I. For T&100 K, Fig. 4 shows, however, that there is
significant difference between the pure and Cd doped c
pounds. Low~high! field ZFC-FC measurements show,
the Cd doped samples, the typical SG irreversibility~revers-
ibility ! for T&TG'12 K ~see inset of Fig. 4!. These results
and the large values found foruQCW u ~see Table I!, clearly
indicate that the Cd doped samples develop a highly fr
trated SG-type behavior withTG'12 K.

Figure 5 presents theT dependence of the resonance
tensityI (T) for the ZnCr2O4 single crystal and the polycrys
talline Zn12xCdxCr2O4 (x50.05,0.10) samples. Using a
EPR standard, we found that the intensity of the resonanc
room-T, I (300 K), corresponds to the total amount of Cr31

ions present in the samples. Similar to the susceptibility d
shown in Fig. 4, here also we observe twoT regimes, above
and belowT'100 K. ForT&100 K I (T) shows significant
difference between the pure and Cd doped compounds.
the Cd doped samples we found thatI (T) andx(T) correlate
well aboveTG'12 K ~not shown!; however, for the pure
sample this correlation is only observed forT*100 K ~see
inset in Fig. 5!.

Figure 6 presents theT dependence of the specific he
Cv(T) for the ZnCr2O4 single crystal, the polycrystalline
Zn12xCdxCr2O4 (x50.05,0.10) samples, and the referen
compound ZnGa2O4. The inset show the strong effect th
the Cd impurities have on the AFM transition of the pu
compound ZnCr2O4. The large reduction in the peak of th
Cv(T) confirms the assignment of SG character for the tr
sition observed at'12 K in the susceptibility data for the

FIG. 4. T dependence (2 K<T<400 K) of the FC magnetic
susceptibilityx(T) at 3 kOe for Zn12xCdxCr2O4. The insets shows
FC and ZFC data for 2 K<T<50 K at H5100 Oe and 3 kOe.

TABLE I. Curie-Weiss parameters for Zn12xCdxCr2O4.

C uCW meff

Zn12xCdxCr2O4 (emu/mole Cr K) (K) (mB)

x50.0 1.95~2! 2390(20) 3.95~10!

x50.05 2.94~5! 2500(20) 4.85~20!

x50.10 2.57~5! 2483(20) 4.53~20!
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Cd doped samples. The transition temperaturesTG and TN
are in fairly good agreement with those extracted from
susceptibility data~see inset in Fig. 4!. Fields up to 9 T,
within the data resolution, did not affectCv(T) and the AFM
and SG transition temperatures.

IV. ANALYSIS AND DISCUSSION

The above EPR and magnetic susceptibility results sh
that the cubicnormal spinel ZnCr2O4 and Zn12xCdxCr2O4
(x50.05,0.10) compounds present interesting magnetic
havior between 2 K and 400 K. A high-T paramagnetic
phase~HTPP!, T*100 K for ZnCr2O4 andT*12 K for the
Cd doped samples, and a low-T ordered phase~LTOP!, T
&12 K, AFM for the pure and SG for the doped com
pounds. For ZnCr2O4, a transition between these two re
gimes is observed in the interval between 12 and 100 K. O
high-T EPR results are in general agreement with those
ready reported for polycrystalline samples.12,14However, the
low-T EPR data for our ZnCr2O4 single crystal are quite
different from those reported in Ref. 12. As the temperat
decreases in the HTPP, the Cr31 magnetic moments experi
ence short range AFM correlations. The evidence for it
that, forT* 2TN , the EPR resonance shows nog shift and

FIG. 5. T dependence (15 K<T<400 K) of the EPR intensity
I (T) for Zn12xCdxCr2O4. The inset comparesI (T)and x(T) for
ZnCr2O4 and the solid line is the best fit ofI (T) to Eq. ~2! ~see
text!.

FIG. 6. T dependence (2 K<T<300 K) of the ZF specific
heatCv /T for Zn12xCdxCr2O4 and ZnGa2O4. The inset showsCv
for 2 K<T<20 K.
8-3
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a T dependence of the line broadening expected for a s
range magnetic interaction in AFM materials above the N´el
temperatureTN :16

DH1/2~T!2DH1/2~`!5
R

@T2TN#x
. ~1!

The solid line in Fig. 2 shows the fitting of the data to E
~1!. The fitting parameters arex51.12(1), TN512(1) K,
DH1/2(`)5250(10) Oe, andR5110(20) Oe Kx. We should
mention that, forT*TN , recent neutron diffraction measure
ments found a continuous gapless spectrum that was a
uted to quantum critical fluctuations of small short ran
AFM correlated domains.10 In the HTPP of ZnCr2O4, and for
T*100 K, x(T) and I (T) follow the sameT dependence
~see inset in Fig. 5!, indicating that all the Cr31 ions that
contribute tox(T) also participate inI (T). However, forT
&100 K, x(T) deviates fromI (T), and they show maxi-
mums atT'40 K andT'100 K, respectively~see inset in
Fig. 5!. The maximum inx(T) is caused by AFM correla
tions and indicates the onset of long range AFM orderi
Instead, in a first approximation, the maximum inI (T) may
be attributed to transitions within thermally populated e
cited states. The observation of EPR resonances in exc
state levels of nearest-neighbor Cr31 spin-coupled pairs di-
luted in the spinel ZnGa2O4 has been reported by Hennin
et al.18 These authors were able to determine, from the
servedI (T), the energy separation between the first exci
triplet state (S51) and the ground singlet state (S50) to be
uJ/ku'32 K. Also, from the optical spectra of the Cr31

spin-coupled pairs in ZnGa2O4 a value of'32 K was mea-
sured foruJ/ku.19 Within the same scenario and taking in
account the thermal population of all the excited states
the Cr31 spin-coupled pairs (uS11S2u - uS12S2u; 3, 2, 1, and
0; S15S2 53/2), the expectedT dependence of the tota
EPR intensityI (T) in the three excited states levels at en
giesJ,3J, and 6J above the singlet ground state is given by18

I ~T!;@A exp~2J/kT!1B exp~23J/kT!

1C exp~26J/kT!#/Z, ~2!

whereZ5113 exp(2J/kT)15 exp(23J/kT)17 exp(26J/kT)
is the partition function, the coefficientsA, B, and C are
adjustable parameters proportional to the transition proba
ity within each excited multiplet. The solid line in the ins
of Fig. 5 shows theT dependence given by Eq.~2! for A
510(2), B51(0.5), C54500(200), andJ/k 545(2) K.
The value found foruJ/ku is larger than the one ('32 K)
found for isolated Cr31 spin-coupled pairs in ZnGa2O4.18

This difference is probably due to the different lattice para
eters of ZnCr2O4 (a58.327 Å) in ZnGa2O4
(a58.37 Å).15 Nevertheless, the value is in good agreem
with that extracted from the Curie-Weiss temperatureQCW
~see above!.

As we pointed out elsewhere,20 one can also attribute th
difference between the temperature dependence of the
ceptibility and the EPR intensity to the presence of nonre
nant low frequency modes that contribute spectral weigh
the Kramers-Kronig integral for the static susceptibility
rt
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but do not participate in the EPR absorption. It is likely th
such modes are seen in inelastic neutron scattering ab
TN .10 The fact that the susceptibility and the EPR intens
have a common temperature variation in the Cd–do
samples suggests that the nonresonant, low frequency mo
if present, are not making a significant contribution to t
susceptibility integral.

Figure 7 shows theCv /T plots obtained from the data o
Fig. 6 for each studied sample. The contribution from t
magnetic component is obtained from the difference with
data for the non magnetic reference compound ZnGa2O4.
The entropy per spin pairS is obtained integrating thes
differences and gives approximately the multiplicity of th
involved levels'24516. Within the same scenario of Cr31
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believe that their sample size and shape dependence an
gular variation are, probably, more related to demagnetiz
effects rather than to the tetragonal crystal distortion
served atT'12 K.9 In addition for T&TN the magnetic
susceptibility increases at higher fields~see inset of Fig. 3!
and also, a small increase is oberved forT&5 K ~see Fig.
3!. These behaviors are similar to those observed in mag
tization measurements of polycrystalline samples
ZnCr2O4 and they have been attributed to the presence
AFM domains in the LTOP.17 Thus, we associate our reso
nance modes with AFM domains that might be presen
these materials as a consequence of their highly frustr
3D long range AFM magnetic structure.

V. CONCLUSIONS

In conclusion, our EPR andx(T) results in thenormal
spinel ZnCr2O4 show, between 12 and 100 K, a transitio
from a long to a short range regime of AFM correlatio
~LTOP-HTPP!. From theT dependence of the EPR intensi
in the HTPP an exchange parameter ofJ/k'45 K between
the Cr31 (S53/2) spin-coupled pairs was extracted. Th
value is close to the one obtained independently from
Curie-Weiss temperatureQCW and from the Schottky
anomaly observed in the specific heat. Thus, in a first
proximation, the magnetic properties of these strongly fr
trated systems in the HTPP can be described within a
nario involving just spin-coupling pairs of Cr31 (S53/2).
The sharp drop inx(T) at T'12 K, the peak inCv(T) also
at T'12 K, and the ordering temperature extracted from
broadening of the EPR linewidth (TN'12 K) confirmed the
AFM ordering at T'12 K in ZnCr2O4. The resonance
modes observed in the LTOP and the field dependent sus
tibility x(T,H) indicates the presence of AFM domains
this material. Finally, we found that the disorder caused
the Cd impurities in ZnCr2O4 drives the system from an
AFM to a SG type of highly frustrated magnetic ordering

Although a model based on isolated pairs can accoun
many of the magnetic properties of ZnCr2O4, it does not

FIG. 8. T dependence (2K<T<300 K) of the magnetic con-
tribution to Cv /T. The dotted line is the Schottky anomaly calc
lated using Eq.~4! for a pair model of exchange coupled Cr31 spins
~see text!. The solid line is the specific heat calculated from t
quantum tetrahedral mean field model withJ1539.4 K, the same
value obtained from the fit of the susceptibility~see Sec. V!.
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include the interaction of the pairs with the surrounding io
A widely used pair model that does include the effects of
interaction with neighboring spins is the constant coupl
approximation.21. However, this model does not exploit th
unique tetrahedral character of the Cr sublattice in ZnCr2O4.
In particular, it predicts the same susceptibility for ZnCr2O4
as found in an unfrustrated simple cubic antiferromagn
which has the same number of nearest-neighbor interact
~6! and exhibits a conventional AFM transition. This contr
diction has led two of us~A.J.G.A. and D.L.H.! to develop a
quantum tetrahedral mean field model.22 In the quantum tet-
rahedral mean field approximation, the susceptibility per s
in the pyrochlore lattice~in units of 4mB

2) is expressed as

xTMF5
x̂ tet~J1 ,T!

113~J116J2!x̂ tet~J1 ,T!
, ~5!

where J1and J2 are the nearest and next-nearest-neigh
exchange integrals. The symbolx̂ tet(J1 ,T) denotes the sus
ceptibility per spin of an isolated tetrahedron of spins and
written

x̂ tet5

(
S

g~S!S~S11!~2S11!e2J1S(S11)/2T

12(
S

g~S!~2S11!e2J1S(S11)/2T

, ~6!

where the sum overSranges from 0 to 6 in integer steps. Th
function g(S) is the degeneracy factor, taking on the valu
4, 9, 11, 10, 6, 3, and 1 forS50, 1, 2, 3, 4, 5, and 6,
respectively.

In Fig. 3, we showed the data for the susceptibility in t
paramagnetic phase together with the fits obtained using
quantum tetrahedral mean field model and the Curie-W
approximation, wherexCW5C/(T2Q). In the case of the
tetrahedral analysis, the fit was obtained withJ1539.4 K
and J251.17 K, whereas xCW was calculated with
Q52388 K. It is apparent there is excellent agreement
tween the data and the tetrahedral mean field approxima
which reproduces the peak in the susceptibility. In contra
the susceptibility calculated in the Curie-Weiss approxim
tion shows no peak, increasing monotonically with decre
ing temperature.

The magnetic component of the specific heat can also
calculated with the quantum tetrahedral mean field mod
provided the next-nearest-neighbor interactions are smal
is the case with ZnCr2O4. The specific heat is directly ex
pressed in terms of the derivative of the internal energy w
respect to temperature. The internal energy per spin is g
by U53J1^SW i�SW j&, where i and j are nearest neighbors. I
the quantum tetrahedral mean field model^SW i�SW j& is related
to x̂ tet through the equation

^SW i�SW j&5Tx̂ tet2S~S11!/3, ~7!

where S53/2, in the case of ZnCr2O4. In Fig. 8, we com-
pared the measured values of the magnetic specific heat
the predictions of the quantum tetrahedral mean field the
8-5
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using the value ofJ1 inferred from the fit to the susceptibil
ity. The agreement is seen to be very good. It is worth not
that the peak in the specific heat in the pair and tetrahe
cluster models, which is a short-range order effect, occur
;10 K, a value that is close to the critical temperature
sociated with the onset of long range order.

As noted, one of the unusual properties of the geome
cally frustrated antiferromagnets is their sensitivity to sm
amounts of disorder. Such is the case here with the Cd-do
samples, where the AFM transition is replaced by a SG tr
sition. Unlike the magnetically diluted system
ZnCr222xGa2xO4,3 where a fraction of the Cr ions are re
placed by nonmagnetic Ga ions, the effect of the Cd sub
tution is to modify the Cr-Cr interaction in a random fashio
-

rd

.

ct
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leading to bond disorder as opposed to the site disorder c
acterizing the Ga-doped samples. Unfortunately, there is
yet no theory for the bond disordered frustrated magnets
we can use to interpret our results.
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