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The T dependence (2400 K) of the electron paramagnetic resonafE®R, magnetic susceptibility
x(T), and specific hedat,(T) of thenormalantiferromagneti¢AFM) spinel ZnCsO, and the spin-glassSG)
Zn, ,Cd Cr,0, (x=0.05,0.10) are reported. These systems behave as a strongly frustrated AFM and SG with
Tn=Te=~12 K and —400 K=0,=—500 K. At high-T the EPR intensity follows thg/(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 ZDCthe EPR intensity ang(T) decreases below
90 and 50 K, respectively. These results are discussed in terms of both nearest-neighb¢B€8/2)
spin-coupled pairs and spin-coupled tetrahedral clusters with an exchange couglink| sf35—45 K. The
appearance of small resonance modesTferl7 K, the observation of a sharp drop){T) and a strong peak
in C,(T) atTy=12 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 fof <Ty and a continuous gapless spectrumTer Ty, is also given.
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I. INTRODUCTION gapless density of magnetic statés.
In this work we report on theT dependence (2
Frustration in the antiferromagnetidFM) ordering of —400 K) of the electron paramagnetic resonaE®R),

fcc and spinel lattices was recognized long ago by Andersomagnetic susceptibility(T), and specific hea€,(T), in a
in his analysis of the highly degenerate magnetic groundingle crystal of thenormal spinel ZnCsO, of cubic struc-
state of these structuréshis so-calledgeometricalfrustra-  ture (Fd§m,0ﬁ) and in the Cd doped polycrystalline
tion can prevent the system from undergoing spin-gl&3  zn,_,Cd,Cr,0, (x=0.05,0.10) compounds. A polycrystal-
or AFM Ordering down to temperatures much lower than thq”']e isomorphous Compound of Zn%4 was also used as a

Curie-Weiss temperatur®g, Ty<|Ocy/._It has also been reference compound for the specific heat measurements.
shown, theoreticalfy and experimentally, that the ground

state degeneracy can be removed by atomic disorder leading
to a SG type of ordering. The AFMormal spinel ZnCyO,
structure, in which the octahedral Cr sites form a corner- Single crystals of ZnGO, of typical size of ~2x2
sharing tetrahedraas well as the pyrochlo?@ and kagomé X2 mn? were obtained by the method of solid state reac-
structures, are excellent systems to studygbemetricfrus-  tion between stoichiometric amounts of,0g and ZnO in
tration phenomenon. Zngd, presents a very high Curie- air!* The crystals show natural growin@01), (111), and
Weiss temperatur® -~ —400 K, and a first order AFM (011) faces that were checked by the usual Laue method.
transition atTy~12 K (Ref. 8 accompanied by a slight Polycrystalline Cd doped 4n,Cd,Cr,O, (x=0.05,0.10)
tetragonal crystal distortionA@a/a~ 10" 3).° Besides, recent and ZnGaO, samples were prepared by the same method.
interesting lowT neutron diffraction experiments showed, in The EPR experiments were carried out in a conventional
the ordered phaselT&Ty), the existence of a near disper- ELEXSYS BrukerX-Band EPR spectrometers using a;§E
sionless excitation at 4.5 meV, and fbe Ty, a continuous room temperature cavity. The sample temperature was varied

Il. EXPERIMENTAL DETAILS

0163-1829/2001/62)/0244086)/$20.00 64 024408-1 ©2001 The American Physical Society



H. MARTINHO et al. PHYSICAL REVIEW B 64 024408

ZnCr O, 3 ZnCr,0,
(o] 9477 GHz
9.477 GHz 2o . 4K 202
E j/\”fm/\//\ W 2,000
% %M [PV g 2r § 1.975 @ DmOoooroor g
z o v &
2 f&\“}‘ nr /\ﬁf\ \';'
2 ) 3 = 1}
45K H (kOe) <
30K 0 L
0 100 200 300 400
TX)

18K
M FIG. 2. T dependence (18 KT<400 K) of the EPR line-
M width andg-value for the crystal of Fig. 1. The solid line shows the

best fit of the linewidth to Eq(l) (see text

iK samples similar resonance line broadening gndlues are
obtained(not shown.

Figure 3 presents the dc magnetic susceptibifity) cor-

Abs. Derivative (arb. units)

0 ' > ' 4 ' 6 ' g rected by the host diamagnetism in the range between 2 and
400 K for the same crystal of Fig. 1. FC and ZFC measure-
H (kOe) ments atH=2 and 10 kOe gave no difference for the sus-

ceptibility data. At low field x(T) shows the typical 3D
AFM ordering with x(T—0)~ (2/3)xmax (T~45 K). The
inset shows the sharp drop of the susceptibility Tat
=12(1) K. This temperature defines the elléemperature

by a temperature controller using a helium and nitrogen gadn for the 3D long range AFM ordering in ZngID,. The
flux systems. This set up assures one that the spectromet@Set shows that, fof =Ty, the susceptibility is field depen-
sensitivity remains about the same over a wide rang@.of 9€ntx(T,H). This has been attributed to domain wall move-
Magnetization measurements have been taken in a Quantufient in the AFM ordered stafé. The dotted line and solid
Design dc SQUID MPMS-5T magnetometer. The specificiN€ are fits to the data discussed in Sec. V.

heat was measured using the heat pulse method in a Quan- Figure 4 compares the magnetic susceptibility of the

tum Design calorimeter using the QD-PPMS-9T measure£"CR04 single crystal of Fig. 3 with those of the polycrys-
ment system. talline zZn,_,CdCr,O, (x=0.05,0.10) samples. FoiT

=100 K the data for the three compounds can be fitted to
the usual Curie-Weiss law. The linear fit yields to an effec-
Il EXPERIMENTAL RESULTS tive number of Bohr magnetons.; =3.95(10) ug, as ex-
For the ZnCs0, single crystal, as the temperature is low- pected for Ct* (g=1.978, $=3/2), and a Curie-Weiss
ered from room¥, the EPR line broadens and its intensity temperaturé® .,,= —390(20) K for ZnCyQO,. In a molecu-
goes through a maximum at about 90 K with no measurabléar field approximation® cy=—S(S+1) JZ/3kg. For S
resonance shift. Figure 1 shows thesvolution of the EPR
spectra between 4 and 45 K. Fors17 K the resonance ZnCr,0,
distorts and small resonances modes emerge afflovihese ' o
modes do not depend on whether the EPR spectra are taken 3
under field cooling(FC) or zero field cooling(ZFC) condi- E
tions. But, they depend on the size and shape of the sample
and show a slight orientation dependerisee inset For T
=20 K the EPR spectra show a single isotropic resonance.
For the Cd doped samples the resonance also broadens, but

FIG. 1. T evolution (4 K<T=<45 K) of the EPR spectra for a
ZnCr,0, single crystal. The inset shows the spectrd a4 K for
different field orientations in thél10) plane.
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the intensity increases down To~12 K (see belowwhere, 25 (=394 K1 =LITK)
again, the resonance distorts and small resonance modes are 2.0O 100 200 300 700
seen. These modes also show the same spectra under FC and
ZFC conditions. T(X)
Figure 2 shows th& dependence of the linewidthH, FIG. 3. T dependence (2 ¥T=<400 K) of the magnetic sus-

andg value between 18 and 400 K for the crystal of Fig. 1. ceptibility y(T) atH=3 kOe(FC, ZFQ. The inset shows the data
The linewidth broadens at loW; the g value isT indepen-  for 2 K<T<20 K and 0.2 EH<5 T. The dotted line is the
dent and its valueg:.l.97E{5)., CO_WGZSF;gndS to thg value  Curie-Weiss approximation, and the solid line is the fit obtained
of CrP* (3d3,S=3/2) in a cubic sit¢? **Both, theg value  using the quantum tetrahedral mean field model Witk 39.4 K
and linewidth are isotropic fof =20 K. For the Cd doped andJ,=1.17 K (see Sec. V.
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FIG. 4. T dependence (2 ¥T=<400 K) of the FC magnetic ) .
susceptibilityy(T) at 3 kOe for Zn_,Cd,Cr,0,. The insets shows FIG. 5. T dependence (15 KT=<400 K) of the EPR intensity
FC and ZFC data for 2 €T<50 K atH=100 Oe and 3 koe. !(T) for Zm_,CdCr,0,. The inset compare§(T)and x(T) for

ZnCr,0, and the solid line is the best fit d{T) to Eq. (2) (see

text).
=3/2, z =6 (nearest neighboysand @, =—390 K we

obtain J/k~50 K. The Curie-Weiss parameters for the Cd doped samples. The transition temperatdrgsand Ty
Zn;_,Cd,Cr,O4 (x=0.05,0.10) samples are given in Table are in fairly good agreement with those extracted from the
I. For T=100 K, Fig. 4 shows, however, that there is asusceptibility data(see inset in Fig. ¥ Fields up to 9 T,
significant difference between the pure and Cd doped comwithin the data resolution, did not affe€,(T) and the AFM
pounds. Low(high) field ZFC-FC measurements show, in and SG transition temperatures.

the Cd doped samples, the typical SG irreversibiligvers-

ibility ) for T=Tg~12 K (see inset of Fig. ¥ These results IV. ANALYSIS AND DISCUSSION

and the large values found f0® ¢, | (see Table), clearly

indicate that the Cd doped samples develop a highly frus- The above EPR and magnetic susceptibility results show
trated SG-type behavior witfig~12 K. that the cubicnormal spinel ZnCyO, and Zn_,Cd,Cr,O,

Figure 5 presents th& dependence of the resonance in- (x=0-05,0.10) compounds present interesting magnetic be-
tensityl (T) for the ZnCgO, single crystal and the polycrys- havior betwea 2 K and 400 K. A hight paramagnetic
talline zn,_,Cd.Cr,0, (x=0.05,0.10) samples. Using an Phas&HTPP), T=100 K for ZnCp0O, andT=12 K for the
EPR standard, we found that the intensity of the resonance &d doped samples, and a loWwordered phas¢LTOP), T
room-T, 1(300 K), corresponds to the total amount ofCr =12 K, AFM for the pure and SG for the doped com-

ions present in the samples. Similar to the susceptibility datRounds. For ZnGO,, a transition between these two re-

and belowT~100 K. ForT=100 KI(T) shows significant high-T EPR results are in ger_1era| agreerrlent with those al-
difference between the pure and Cd doped compounds. Fégady reported for polycrystalline Sfimpﬂéé- However, the
the Cd doped samples we found théf) andx(T) correlate  10W-T EPR data for our ZnGO, single crystal are quite
well above Tg~12 K (not shown; however, for the pure different from those reported in Ref. 12. As the temperature
sample this correlation is only observed fbE100 K (see decreases in the HTPP, the*Crmagnetic moments experi-
ence short range AFM correlations. The evidence for it is

inset in Fig. 5. :
Figure % presents th& dependence of the specific heat that, forT= 2Ty, the EPR resonance shows gshift and
C,(T) for the ZnCpO, single crystal, the polycrystalline Zn Cd Cr.0
Zn,_,Cd,Cr,0, (x=0.05,0.10) samples, and the reference lx o xT 274
compound ZnGg0,. The inset show the strong effect that 1208 4 ot
the Cd impurities have on the AFM transition of the pure 100F  —o—x=0
compound ZnGiO,. The large reduction in the peak of the &
C,(T) confirms the assignment of SG character for the tran- o 80
sition observed at=12 K in the susceptibility data for the g 60ES
o S 40t
TABLE |. Curie-Weiss parameters for £n,Cd,Cr,0,. S0kt
c Ocw Meff 0 ' ]
Zn,_,Cd,Cr,0, (emu/mole CrK) (K) wg) 0 100 200 300
x=0.0 1.9%2) —390(20)  3.9510) TK)
x=0.05 2.945) —500(20) 4.8820 FIG. 6. T dependence (2 KT<300 K) of the ZF specific
x=0.10 2.575) —483(20) 4.580) heatC, /T for Zn,_,Cd,Cr,0, and ZnGaO,. The inset show&,

for2 K=T=20 K.
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a T dependence of the line broadening expected for a short
range magnetic interaction in AFM materials above thelNe
temperatureT : 16
AH o T)—AHyo() R ()
v 1)~ 7.y e —

[T_TN]X jg
The solid line in Fig. 2 shows the fitting of the data to Eq. oe 1,
(1). The fitting parameters are=1.141), Ty=12(1) K, e 1 .
AH () =250(10) Oe, andR=110(20) Oe K. We should 2 04y - opeeRRRaRAtEEtseatooen 2 5
mention that, folT =Ty, recent neutron diffraction measure- § 02 ;L - —n—z.&f;oj" 113
ments found a continuous gapless spectrum that was attrib- § Bg e, ﬁ;:zf;"i?MA,AA.A.AM; 0

uted to quantum critical fluctuations of small short range Y Ji—
AFM correlated domain¥’ In the HTPP of ZnCyO,, and for

T=100 K, x(T) andI(T) follow the sameT dependence 06
(see inset in Fig. b indicating that all the Gr" ions that 0.4 k4 3
contribute toy(T) also participate irl (T). However, forT 02 oo 11

—A— Difference

=100 K, x(T) deviates froml(T), and they show maxi- 0085

mums afT~40 K andT~100 K, respectivelysee inset in : : . .
. . . . 0 50 100 150 200 250 300
Fig. 5. The maximum iny(T) is caused by AFM correla- T(K)
tions and indicates the onset of long range AFM ordering.
Instead, in a first approximation, the maximuml {T) may FIG. 7. T dependence (2 KT=<300 K) of the ZFC, /T for

be attributed to transitions within thermally populated ex-ZM-xCdCr.0, and ZnGgO,. The difference with the reference

cited states. The observation of EPR resonances in excit&@mpound is also shown. The solid line gives the entropy per Cr

state levels of nearest-neighbor*Crspin-coupled pairs di- pair S associated with the system’s level multiplicity.

luted in the spinel ZnG#, has been reported by Henning

et al’® These authors were able to determine, from the ob- 2 (= X'(w)

servedl (T), the energy separation between the first excited x(M)= ;JO do o

triplet state (S 1) and the ground singlet state£9) to be

|J/k|~32 K. Also, from the optical spectra of the €r but do not participate in the EPR absorption. It is likely that

spin-coupled pairs in ZnG®, a value of~32 K was mea- such modes are seen in inelastic neutron scattering above

sured for|J/k|.1° Within the same scenario and taking into Ty . The fact that the susceptibility and the EPR intensity

account the thermal population of all the excited states fohave a common temperature variation in the Cd—doped

the CP* spin-coupled pairs|8,+S,| - [Si—S,|; 3, 2,1, and  samples suggests that the nonresonant, low frequency modes,

0; S,=S, =3/2), the expected dependence of the total if present, are not making a significant contribution to the

EPR intensityl (T) in the three excited states levels at ener-susceptibility integral.

giesJ,3J, and 6J above the singlet ground state is giverthy Figure 7 shows th€, /T plots obtained from the data of

Fig. 6 for each studied sample. The contribution from the
I(T)~[Aexp(—J/kT)+B exp(—3J/kT) magnetic component is obtained from the difference with the
data for the non magnetic reference compound Zza
+Cexp(—6J/kn))/Z, @ The entropy per spin pai§ is obtained integrating these

whereZ=1+ 3 exp(~JKT)+5exp—3JkT)+7exp(6J/kT)  differences and gives approximately the multiplicity of the

is the partition function, the coefficient, B, and C are  involved levels~2%=16. Within the same scenario of Cr

adjustable parameters proportional to the transition probabilspin-coupled pairs, the Schottky anomaly for the spin-

ity within each excited multiplet. The solid line in the inset coupled pairs is given by

of Fig. 5 shows thel dependence given by E2) for A

=10(2), B=1(0.5), C=4500(200), andl/k =45(2) K. C, RJ [Tzalnz

3

The value found foilJ/Kk| is larger than the one~32 K) T 7T aT I )
found for isolated C¥" spin-coupled pairs in ZnG@,.'8
This difference is probably due to the different lattice param-Figure 8 shows the fitting of the data to Ed). The obtained
eters of ZnCs0, (a=8.327 A) in ZnGaO, value for|J/k|=35(2) K suggests the scheme of levels
(a=8.37 A)I°Nevertheless, the value is in good agreemenshown in Fig. 8. The value found f¢d/k| is consistent with
with that extracted from the Curie-Weiss temperatérg,  those values obtained independently from the Curie-Weiss
(see above temperature®,y and EPR intensity measurements in the
As we pointed out elsewhef@one can also attribute the HTPP(see above Also shown is the prediction of the quan-
difference between the temperature dependence of the susHn tetrahedral mean field model discussed in the following
ceptibility and the EPR intensity to the presence of nonresosection.
nant low frequency modes that contribute spectral weight to In the LTOP our EPR experiments show the appearance
the Kramers-Kronig integral for the static susceptibility of small resonance moddsee Fig. 1 forT=17 K). We
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Zn, Cd Cr,0, include the interaction of the pairs with the surrounding ions.
0.8 AP S —— A widely used pair model that does include the effects of the
‘ J=35%) 1,=394K1,=117K) interaction with neighboring spins is the constant coupling
S O06FHE T approximatiorf’. However, this model does not exploit the
E T, o unigque tetrahedral character of the Cr sublattice in 2Q¢r
g 0.4F )3 £ ;%o In particular, it predicts the same susceptibility for ZpGy
= T = as found in an unfrustrated simple cubic antiferromagnet,
=] 02LE oo which has the same number of nearest-neighbor interactions
o (6) and exhibits a conventional AFM transition. This contra-
0.0 e et tanaaata diction has led two of ugA.J.G.A. and D.L.H). to develop a
0 50 00 150 200 quantum tetrahedral mean field moé&ln the quantum tet-

T(K) rahedral mean field approximation, the susceptibility per spin

in the pyrochlore latticdin units of 4,u§) is expressed as
FIG. 8. T dependence (X <T<300 K) of the magnetic con-

tribution to C, /T. The dotted line is the Schottky anomaly calcu- )“(tec(Jl T)
lated using Eq(4) for a pair model of exchange coupled®Crspins TMF_ : ~ ; (5
(see text The solid line is the specific heat calculated from the 1+3(J,+ 632)Xe[(\]1.T)

quantum tetrahedral mean field model with=39.4 K, the same

value obtained from the fit of the susceptibilisee Sec. . where J;and J, are the nearest and next-nearest-neighbor

exchange integrals. The symbgP{(J;,T) denotes the sus-

believe that their sample size and shape dependence and gﬁptibility per spin of an isolated tetrahedron of spins and is

gular variation are, probably, more related to demagnetizinéf’r'tten
effects rather than to the tetragonal crystal distortion ob-
served atT~12 K? In addition for T<Ty the magnetic > 9(S)S(S+1)(2S+1)e 1SS+
susceptibility increases at higher fielgsee inset of Fig. B Stet_ S ®)
and also, a small increase is oberved Toe5 K (see Fig. X 1 S(S+1)/T '
3). These behaviors are similar to those observed in magne- 1225 9(S)(2S+1)e 1
tization measurements of polycrystalline samples of
ZnCr,0, and they have been attributed to the presence oivhere the sum oveBranges from 0 to 6 in integer steps. The
AFM domains in the LTOPB! Thus, we associate our reso- functiong(S) is the degeneracy factor, taking on the values
nance modes with AFM domains that might be present i4, 9, 11, 10, 6, 3, and 1 fo6=0, 1, 2, 3, 4, 5, and 6,
these materials as a consequence of their highly frustrate@gspectively.
3D long range AFM magnetic structure. In Fig. 3, we showed the data for the susceptibility in the
paramagnetic phase together with the fits obtained using the
quantum tetrahedral mean field model and the Curie-Weiss
V. CONCLUSIONS approximation, wherge®V=C/(T—®). In the case of the
In conclusion, our EPR and(T) results in thenormal tetrahedral anaIySiS, the fit was obtained V\Lﬂth: 394 K
spinel ZnCgO, show, between 12 and 100 K, a transition@nd J,=1.17 K, whereas y®¥ was calculated with
from a long to a short range regime of AFM correlations ® = —388 K. Itis apparent there is excellent agreement be-
(LTOP-HTPB. From theT dependence of the EPR intensity tween the data and the tetrahedral mean field approximation,
in the HTPP an exchange parameteﬂd{w45 K between Wh|Ch reproduces the peak in the Susceptlblllty In Contrast,
the CP* (S=3/2) spin-coupled pairs was extracted. This the susceptibility calculated in the Curie-Weiss approxima-
value is close to the one obtained independently from théion shows no peak, increasing monotonically with decreas-
Curie-Weiss temperaturé,, and from the Schottky [Ng temperature. B
anomaly observed in the specific heat. Thus, in a first ap- The magnetic component of the specific heat can also be
proximation, the magnetic properties of these strongly fruscalculated with the quantum tetrahedral mean field model,
trated systems in the HTPP can be described within a scdrovided the next-nearest-neighbor interactions are small, as
nario involving just spin-coupling pairs of &f (S=3/2). s the case with ZnGO,. The specific heat is directly ex-
The sharp drop iy(T) atT~12 K, the peak irC,(T) also pressed in terms of the derlvgnve of the internal energy Wlth
atT~12 K, and the ordering temperature extracted from thd€SPect to temperature. The internal energy per spin is given
broadening of the EPR linewidti=12 K) confirmed the by U=3J,(S;-S;), wherei andj are nearest neighbors. In
AFM ordering at T~12 K in ZnCpO,. The resonance the quantum tetrahedral mean field mod8l- S;) is related
r_nc_x_jes observe_d in the LTOP and the field dependent_sus_ceﬂ)- Y through the equation
tibility x(T,H) indicates the presence of AFM domains in
this material. Finally, we found that the disorder caused by & Q&\_Tltet_
the Cd impurities in ZnGO, drives the system from an (S-5)=Tx S(SHDA, 0
AFM to a SG type of highly frustrated magnetic ordering. where S$=3/2, in the case of ZnG©,. In Fig. 8, we com-
Although a model based on isolated pairs can account fopared the measured values of the magnetic specific heat with
many of the magnetic properties of ZnQy, it does not the predictions of the quantum tetrahedral mean field theory
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using the value of, inferred from the fit to the susceptibil- leading to bond disorder as opposed to the site disorder char-
ity. The agreement is seen to be very good. It is worth notingacterizing the Ga-doped samples. Unfortunately, there is as
that the peak in the specific heat in the pair and tetrahedralet no theory for the bond disordered frustrated magnets that
cluster models, which is a short-range order effect, occurs age can use to interpret our results.
~10 K, a value that is close to the critical temperature as-
sociated with the onset of long range order.
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