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dc magnetic susceptibilityy) and muon-spin-relaxation measuremeniSR) on the geometrically frus-
trated systems MgG®, and CdCyO, indicate a transition from a paramagnetic state to a quasistatic spin
state at 12.5 K and 7.8 K, respectively. Comparison of low-temperature field strength measu®R kg that
predicted by a dipole model suggests that only about 15% of the spin is static on the muon time scale. We
observe slow spin fluctuations persisting to millikelvin temperatures, indicating that extremely low-energy
magnetic excitations are present in these materials to the lowest temperatures. Our results demonstrate that
substantial magnetic frustration remains, in spite of the tetragonal distortion occurfing at
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. INTRODUCTION climbs from 0.06us ! at 200 K to 2us ! at 2 K, below
which it is approximately constafit! Neutron scattering re-

The geometric arrangement of the magnetic atoms in geals no long-range ordet! and specific-heat data shows
compound can frustrate the transition to an ordered state @hly broad peaks centered at 1.5 K and 8'K.

low temperatures. Instead, the system can enter an unconven-|n this paper we report an investigation of the low-
tional ground state displaying unique magnetic propertiesiemperature magnetic properties of the chromium oxide
Nearest-neighbor Heisenberg Hamiltonians predict a degerpinels MgCs0, and CdCs;0, using dc susceptibility and
erate ground state for antiferromagnetic triangular-based lafnuon spin relaxation. MgG®, and CdC;O, (and
tices due to intercompeting magnetic interactibhsThe  zncr,0,) are normal spinels where the Cr ions are all in the
lowest-energy configuration only requires tBft ;S =0 for 3+ oxidation state and occupy equivalent octahedral sites
each triangle or tetrahedron. In systems that obey this Hamilwith no evidence of any disordéthere is no site interchange
tonian, the spins will remain unordered and ioaoperative  between the Cr and metal iondn these materials only the
paramagneticstate termed apin liquid for all T>0.3 Cr ions are magnetic and therefore the magnetic lattice con-
A wide variety of behavior has been observed in real syssists of C#* (J=3/2) atoms arranged in corner-sharing tet-
tems. Small perturbations, such as next-nearest-neighbor inahedra. An advantage to studying materials with one mag-
teraction, can induce low-temperature phase transifiohs, netic sublattice arises from the possibility that apparent spin
leading to novel magnetic ground states. In two dimensionglynamics or glassiness in other frustrated systems may be
the  corner-sharing  triangular (kagom¢ lattice  due to the interchange of ions in the magnetic sublattices.
SrCr,Gay,_,0;9 has been studied and found to display aFor example, in SrGGay,-,0;9, although both Cr and Ga
constant low-temperature dynamic spin component with die on thekagomelattice, only Cr is magnetic, therefore (9
relaxation rate proportional tp® for p>p..”® This is evi- —p)/9 of the sites are nonmagnetic. Additionally, the
dence of low-energy magnetic excitations that do not freez&agomeplanes are interspaced by triangular Cr/Ga planes. It
out even at temperatures much less tiign The presence of is possible that many of the magnetic properties of
such strong low-energy excitations indicates that the groun&rCr,Gay,_,0,9 are strongly influenced by these structural
state has many nearly degenerate excited states which can dj;isorders‘%253
easily excited even at low temperatures and is a characteris- MgCr,O, and CdCsO, are cubic and paramagnetic at
tic feature of geometrically frustrated systems. high temperatures and undergo first-order phase transitions at
Oxide pyrochlores have the general formAlgB,0,. The  12.5 K and 7.8 K, respectively, characterized by the devel-
ions on theA andB sites each form a sublattice of corner- opment of tetragonal lattice symmetry. Specific-heat data on
sharing tetrahedra. Inelastic neutron scattering yMyO;  ZnCr,O,4, which has the sam&y and Curie-Weiss tempera-
shows evidence for the development of short-range magnetitres (@) as MgCsO,, exhibit a sharp peak at 12.5K.
ordering between the b magnetic moments as the tem- The transition is also seen in susceptibility, where hysteresis
perature is decreased towards the freezing temperatudf roughly 80 mK between field-cooled and zero-field-cooled
(Tr).° Muon-spin-relaxation £SR) measurements indicate measurements reflects the first-order nature of the transition.
a dynamic component to the internal field that remainsThe magnetic transition is further confirmed by neutron-
present down to 100 mi Perhaps the most definite ex- scattering measuremefitswhere weak antiferromagnetic
ample of a spin liquid yet discovered is the pyrochloreBragg peaks at low temperature indicate long-range spin or-
Th,Ti,O; where uSR studies show that the relaxation ratedering. Comparison of the integrated weight of the elastic-
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however, gives an ordered magnetic moment of only ap-
proximately 1.Qug/Cr atom. Assuming a total magnetic mo-
ment of 3.7%g/Cr, this indicates a fluctuating moment of
2.7ug/Cr. Additionally, inelastic scattering shows a diffrac-
tion peak at an energy corresponding to nearest-neighbor ex
change energestimated from the Curie-Weiss temperajure
and a reciprocal-lattice vector corresponding to nearest-
neighbor separation. The spectral weight of this excitation is
0.59(1)ug/Cr, corresponding to 22% of the fluctuating mo-
ment and 16% of the total moment.
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II. EXPERIMENTAL PROCEDURE AND RESULTS
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A. Sample preparation

N
o

. o} 200 300 400 500
Crystals were prepared using a flux-growth method as de: Temperature (K)

scribed elsewher¥. X-ray measurements show no flux in-

X T . . FIG. 1. dc susceptibility of MgGO, crystals in 1000 G. The
clusions in single crystals and confirm the spinel StrUCturesolid line is the fit to the Curie-Weiss equation. The inset shows the

(space grouﬁdgm, a=8.334 A for MgCrO, and 8.567 A low-temperature susceptibility.
for CdCr0O,). Some crystals had multiple domains which

prevented their orientation along any specific axis duringne effective moment is proportional &, this would cor-

1SR measurements. Approximately 10 crystals were used inspond to 0.01% (0.038/3.8% of all chromium atoms be-
eachuSR experiment with dimensions varying from 2 to 8 jnq unconstrained.

mm with single crystals averaging approximately 10 fnm
Larger ceramic samples were prepared by means of a solid-
state reaction between stoichiometric amounts of MgO or
Cd0(99.95% and CpO3 (99.99% in air. The powders were Muon spin relaxation £SR) is an extremely sensitive
annealed twice and were mechanically ground and presseéal-space probe of magnetic order and spin free#irig.
between annealings. Mggld, was annealed at 1950 K but this technique, positive muons are implanted one at a time
since cadmium oxide evaporates at approximately 1500 Kinto a material of interest where they precess in the local
CdCr,0, was annealed at 1200 K. X-ray powder-diffraction magnetic field until they decay, emitting a positron preferen-
measurements gave no evidence of impurity phases. tially in the instantaneous muon spin direction at the time of
decay. One then reconstructs the spin-polarization function
from the time spectra of detected positrons. In a usual com-
] o ] mensurate antiferromagnet one observes coherent precession
The dc; magnetic suscgptlblllty was .measured using &f the muon polarization since the local field has the same
commercial superconducting quantum interference devicgagnitude in each unit cell. With increasing inhomogeneity

magnetometetQuantum Design, San Diegolhe suscepti- jn the distribution of fields at the muon sig one sees
bility and inverse susceptibility of MgGD, and CdC;0O,

crystals in an applied field of 1000 G is shown in Figs. 1 and 30 , , | , , ,

C. uSR measurements

B. dc magnetic susceptibility

2. Fits of data above 200 K to the Curie-Weiss law give an  _ | %‘;2 R
effective moment of 3.82(%)g/Cr for MgCr,O, and T kB cdor o >34 L " i
3.98(5)ug/Cr for CdCrO,. Curie-Weiss temperatures £*° [ 24 %;g i o 17
(Ocw) of 400(5) and 3305) K respectively lead to high frus-  § s Fo S8 | . 4 7
tration parameter&efined asd.,,/Ty) of approximately 32 Lo _M 26 h ; ; 7' ; ; 1'0 -
and 44(see Ref. 17 for the frustration parameter in various 3 _ | T (K) |
system$ The inverse susceptibility remains linear well be-

low 6c\y as is characteristic of frustrated systeths. 0 ' ' ' ' ' -

Transitions are evident at 12.5 K in Mg, and 7.8 K = 200
in CdCrO,. In larger, multiple-domain crystals, the transi- g
tion was broader, occurring over approximately 1 K, and was<2
centere 3 K below the standard transition temperature pos-='° [
sibly reflecting the effects of strains associated with the > so .
multiple-domain structure. Transitions in ceramic samples F | I I I I I I
occurred at the same temperature as the best single crystal 0 0 200 300 400 500 600 700 800

. . ., . Temperature (K)

Fits of the low-temperature tail to Curie’s Law give an ef-
fective moment of 0.038g/Cr in MgCr,O, crystals and FIG. 2. dc susceptibility of CdGO, crystals in 1000 G. The
ceramics. Assuming the paramagnetic tail is due to unorsolid line is the fit to the Curie-Weiss equation. The inset shows the
dered chromium atoms with moments of 3.8b and since low-temperature susceptibility.
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FIG. 4. Early time muon spin polarization of Mg, crystals

FIG. 3. Muon spin polarization in MgG®, crystals at various in ZF.
temperatures in zero magnetic fididrF).
data belowTy was fit to Eq.(1), f and o quickly reached
saturation values of 10 MHz and 5051, respectively, in-
dicating a broad field distribution centered at about 700 G.

increasing damping of the spin precession; in the limit of
complete randomnes&s in a spin glagsthe polarization

e_xhibit_s v_vell-_known forms depending on the details of the The magnetic-field distribution at possible muon sites in
field distribution.

Our measurements were carried out using the M15 an%gcrzo4 was calculated using a dipole model. The field
M20 surface muon channels at TRIUMF in Vancouver, as represented by static, randomly orientegi3. ihagnetic

ipoles at each chromium site and the muon was assumed to
Canada. All regular cryostat measurements were performe me to rest&l A from an oxygen atom, as is generally
on M20 using a low background holder while dilution refrig- known for oxidest®2%We initially chose a ;andom spin ar-
erator (DR) measurements were performed on M15 usingra :

lar(silven le hold Silver h K | ngement in view of the fact that we do not observe preces-
regularisiiver) sample NOIders. SIVer nas very weak nuclearg;, , indicating an inhomogeneous field distribution. This led
magnetic moments and no electronic magnetic moment s

. ag) a field distribution with no values below 4500 G for any
. ! o . ) possible muon site. When the muon orbital radius was varied
tion. Both zero-fieldZF) and longitudinal-fieldLF) experi- between 0.8 and 1.2 A there was no appreciable difference in
g\6e5nt|§ were performed at temperatures between 20 mK aMfle results. Using the Ewald sum of point-charge method, the
ZF- SR i t d for M tals at lowest electrical potential site was found to correspond to the

#SR time spectra measured for MgQy Crystals at e yith 3 4500-G characteristic local field. If the chromium

various temperatures are shown in Fig. 3. The muon spi pins are assumed to be ordered along an axis then the field
polarization is proportional to the corrected asymmetry o at the muon site, calculated as above, is 3500 G. In all cases,

the positron decayG,(t)=<A(t). At high temperatures there the local field calculated assuming 2g Cr moments is

is only slow relaxation characteristic of weak nuclear d|p0lemuch greater than we actually obsefd600 G or 3500 G vs

fields. The relaxation increases with decreasing temperatureq G. This indicates that either many of the Cr moments do
its magnitude indicates that its origin is slowly fluctuatiog not freeze or that only a portion of each individual moment

statig electronic moments. We did not observe coherent Prefeezedi.e., (S(0)- S(t—=))<S?] while the remainder of

cession in any of the samples studied, |_nd|cat|ng that th‘1?he spectral density remains at finite frequency. The early
d_|str|t_)ut|on of local fields at the muon S8 in _these mate-  ime data exhibits a Gaussian time dependence, a feature
rials is extremely broad, as one would see in a spin glas%haracteristic of a dense distribution of moments; this argues

The developmen; .Of two-component relaxgnon berb,wln'— for the second interpretation where a portion of each moment
dicates the transition of the chromium spins to a quasistati eezes. A similar conclusion was reached in the neutron-

state. Early time data is shown in Fig. 4. The recovery Olgiffraction study of Leeet al® In this picture, we estimate

asymmetr'y Fhat is visible follpwing:_ 30 ns a't 2.5 Kiis also that only 16%(700/4500 calculated for the random spin ar-
characteristic of strong quasistatic internal fields. The bEhaVr'angemer)t or 20% (for the ordered spin arrangemgraf
ior of all other samples was qualitatively similar.

) A4 h chromium spin m ic on fieR tim le.
With a Gaussian distribution of static fields centered aboueac chromium spin becomes static on f8R time scale

) . . ft the muon occupies any other site, then the fraction of each
a frequencyf .the. muoq—spln—polarlzat|on function for a Cr moment which freezes is correspondingly lower.
single magnetic site is given by

The temperature dependence of the chromium spin-
_ Y o2 fluctuation rate can be determined by examining the relax-
GA(t)=Asexp(— )"+ Ajcoq2mit)e ' @ ation rate of the muon spin polarization. Below the transition
where the damping reflects the width of the field distribu- temperature, a static spin component leads to a fast reduction
tion andA;=1/3 andA,=2/3 in isotropic samples. When of asymmetry. Therefore, to compare relaxation rates above
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FIG. 6. LF dependence of in MgCr,O, crystals at 24.9 K.
Asymmetry andB are fixed to ZF values. Inset: ZF and LF muon
spin polarization.

FIG. 5. Temperature dependence)ofn two different mosaics
of MgCr,O, crystals(triangles and squargs

and below the transition temperature long-time data

(>100 ns) was fit to a phenomenological stretched exponen- Above Tn . the muon spin depolanzauon results from
tial function rapid fluctuations of the internal field due to3Cratoms in

the paramagnetic phase. The field dependence of the relax-
G,(t)=Aexp —At)~. 2) ation rate depends on the ratiomfthe spin-fluctuation rate,
andA, whereA=vy,B (y,=2mx135.54 MHz/T andB is
the rms internal magnetic fieldWhenv>A the muon de-
polarization is due to spin flipping as opposed to Larmor
precession ands,(t) will be a single exponential with a
relaxation raté&

The temperature dependencexdfor two mosaics of crystals
(one in the regular cryostat and one in the )D&shown in
Fig. 5. Again, data for other sampléseramic MgCs0O,, and
crystal and ceramic Cdgb,) are qualitatively similar. At
low temperaturesh becomes approximately constantat

~0.25us ™. This behavior is in contrast to the situation in N=2A%0/(12+ w?), @)
usual ordered systems whexe-~0 asT—0, reflecting the
freezing out of magnetic excitations. wherew_ = vy,B describes the effect of an applied longitu-

The peak in\ occurs significantly below 12.5 K. This can dinal field. In conventional systemsis only weakly depen-
be attributed to the range of transition temperatures in thelent on the applied field whew>w,, as observed in
crystals used.X will peak when the last crystal orders since, Y,Mo,0, and ThMo,0,.1° The field dependence of muon
with some spins still unordered, the muon spin is able taspin polarization and. is shown in Fig. 6. The quick de-
depolarize faster at a lower temperature. The fact that somgease i\ with only 20 G is attributed to the decoupling of
crystals are ordered is accounted for by the decrease in asyWeak static fields at the muon site due to nuclear dipole
metry) This explanation is supported by the fact that al-moments. The presence of weak static fields is confirmed by
though asymmetry begins to decrease at 12.5 K, it does n@he nonzero relaxation at 265 K as evident in Fig. 3. After the
reach a minimum untik peaks. Additionally the decrease in initial decoupling, the relaxation rate is field independent as
the asymmetry of a MgGO, ceramic specimen, which is expected.
expected to be more homogeneous, occurs over a smaller Below Ty, we observe effects of an applied longitudinal
temperature range while the peakNnoccurs closer to 12.5 field which are more complicated than in the paramagnetic
K. state. Essentially, the application of a longitudinal field much

The uSR time spectra were well described by a singleweaker than the characteristic quasistatic internal field causes
exponential f=1) at high temperature@ decreased to ap- an appreciable change to the muon spin relaxation which
proximately 0.6 by 50 K(corresponding to the temperature implies that some part of the muon spin ensemble must ac-
at which susceptibility peaksWheng was held constant the tually experience a much smaller characteristic local field
temperature dependence of the relaxation rate was qualitéhan is implied by the fast relaxation seen in zero field.
tively unchanged although the quality of the fits decreased. The field dependence of the muon spin polarization in a
The fact that the data must be fit to a stretched exponentiabaussian distribution of static fields is well kno#&#?* The
indicates that the muon spin relaxation cannot be describeithiternal field is completely decoupled, and hence muon spin
by a single correlation time. The deviation gffrom 1 at  polarization is constant, with a LF-5A/vy,,. With quasi-
T>Ty suggests that there is variation in the size and flucstatic fields the expected field dependence can be modeled by
tuation rate of correlated regions as ordering develops. Simiassuming a strong collision model where the local field at the
lar behavior has been observed in the frustrated pyrochlorasuon site changes discontinuously to a new field drawn from
Y ,M0,0; and ThMo0,0-,%° as well as the dense spin glassesthe Gaussian distribution with a certain time probabiity:
AgMn and AuFe! versely proportional to the spin-fluctuation rat€he result-

174434-4



MUON-SPIN-RELAXATION INVESTIGATION OF THE . .. PHYSICAL REVIEW B 66, 174434 (2002

.35

TABLE |. Relaxation rates in MgGO, and CdCsO, above
f and belowTy in ZF and 100-G LF.
30 OF .
s _ *g | Material Sample SetupT (K) Azp (uS™Y) Mg (us™h)
g crystal M20 25 .085 0.03
A 20 - § N MgCr,O, crystal M20 2.5 0.3 0.02
3 5 Ty=125K crystal M15 0.035 0.3 0.05
~®r 4] ceramic M20 16 0.05
0 - —0.01 1 I 1 1 1 I I | ceramic M20 2 0.15
o 1 2 3 4 5 6 7 8 ceramic M15 0.020 0.2 0.04
05 | i} Time (us) |
i} crystal M20 2.5 0.3 0.015
00 | | | \ CdCr0O, ceramic M20 11 0.12 0.05
0 100 00 Fiold (6) 300 400 500 Ty=7.8K ceramic M20 5.1 0.4 0.09
ceramic M15 10 0.2
FIG. 7. LF dependence of in CdCrLO, ceramics at 20 mK. ceramic M15 0.020 0.3 0.05

Asymmetry and powep are fixed to ZF values. Inset: Muon spin
polarization in CdCyO, ceramics for ZF(squareg 50 G (tri-
angles, and 500 G(diamonds at 20 mK. Overlapping lines along formed on M20 in the low background apparatus. As evident
ZF data. The 500-G fit is shifted up from the ZF and 50-G fits. ot |ikely account for the observed LF behavior. In any case,
Lines running through LF data are fits to 50-G and 500-G data withp,;g easily decoupled field corresponds to only 10% of the
the fluctuation rate determined globally between the two runs. Th?nuons and therefore does not affect our main findings
fact that the ZF data does not accurately predict the field depen- As a further means of analyzing the Iow-temperaturelfield
dence of the relaxation rate suggests the presence of muon Sita%pendence of the relaxation rate, the 20-mK G@grce-

ith onl k static field t ) ) . ' ;
with only weak static fieldgsee text ramic data was fit to Eq2) with 8 and asymmetry fixed to
ZF values. The field dependencelofis shown in Fig. 7. In

ing polarization function cannot be solved explicitly but Cansupport of the presence of a weak static field in a small

be analyzed numerically. Comparison of fits to actual dat"i‘/olume fraction,\ is substantially reduced with 50 G and
are shown in the inset of Fig. 7. Fits for LF data are Shownthen remains a;;proximately constant to 500 G
with the fluctuation rate set by ZF data and with the fluctua- To confirm the basic spin behavior with any. weak static

tion rate set globally between_the two LF runs. While the WOga 4 that is decoupleduSR measurements were performed
LF runs seem mutually consistent, the ZF run does not acg,, MgCrO, and CdCs;0, ceramics with a 100-G LF ap-
curately predict the field dependence; this discrepancy imblied. Figurie 8 shows thé temperature dependence, ¢,

tprlles ”}atf?‘ ;/(\j/eak Stat,'[c. f|eIqu the tohrdte rofa fetV\:t gauss .and asymmetry in MgGO, ceramics. At low temperatures
€ only neld present in regions hat account 1or approXiiy, rejaxation rate became too small to allow determination
mately 10% of the asymmetry.

It is unlikely that the applied field is changing the dy- of the temperature dependence®ffrom where it was fixed

namic behavior of the spins in these materials. The exchange

energy is approximately 4.5 meVestimated fromécy) P ThL i
while an applied field of 10 G is on an energy scale of ~ 5, [ 5 ] _
10 *meV  (E=gousHS where goug=2x0579 § 5| 2 ; -
X107 eV/IGH=10 GS=3/2). <0 - .

The weak static field does not arise from the ordered com- ©5 - | | | | P | | L
ponent of the chromium spins, since, as we have already 19 [ ! ' ' L. I I L
discussed, the early time relaxation indicates that this field is o5 L f_ 5

on the order of 700 G. The T0%gnal could originate either o5 |- -
in nonmagnetic regions of the sample if they exist or in sites o4 - sz % .
where the field is zero by symmet(glthough such sites are 0.2 .
not predicted by the dipole model, they could perhaps corre- 1
spond to spin arrangements not considgréd these situa- . 20 | .
tions, these low-field sites would only experience a Weakg s L |
static field from nuclear dipole moments that would be, as € - o
predicted by high-temperature data, decoupled witk-16 < 0 o 3 §; -
G. Afinal possibility is that this abnormal field behavior may | | I I I I I I

be due to muons landing outside the sample and experienc o 3 6 9 Tgmper;?ure (ES) 21 24 2730
ing an easily decoupled weak static field from nuclear dipole

moments. This effect, however, should be reduced with FIG. 8. Temperature dependenceXaf B8, and asymmetry in
larger samples(the ceramics and in measurements per- MgCr,0O, ceramics in a 100-G LB was fixed to 0.35 below 10 K.

<
<
— <
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050 g | wherev is the field fluctuation rate. Although this equation
045 O 7 does not account for the observed stretched exponential be-
040 u g o 7 havior (as it assumes a single correlation time 1/v), it
0% = 0 7 provides a characteristic estimation of the spin-correlation
3 030 1 D 7 time. For examplel =0.1 us™ ! corresponds to a time scale
< 025 - 7 of approximately 10° s. Since spins with a correlation time
020 |- o 7 greater than 10° s appear static to neutron scattering the
o - G 0 low-temperature spin fluctuations observed £8R do not
010 —t—t—F+—t+—1+—+—+—+% correspond to the inelastic peak observed in neutron scatter-
6 L A & i ing but instead reflect a more slowly fluctuating part of the
> A Cr moments.
g 14 - A —
E ol A J Ill. CONCLUSION
<C
10 s . Geometric frustration prevents Mg, and CdCj;O,
o8 & A from entering a typical antiferromagnetic state. At low tem-

6 2 4 6 8 1 1 4 1B 18 92 22 peratures a transition from cubic to tetragonal symmetry al-
Temperature (K) lows the spins to enter a quasistatic state with approximately
0 . .
FIG. 9. Temperature dependence B®f and asymmetry in 15% of the spin spectral densitgimos) frozen on theuSR

CdCr,0O, ceramics with LF=100 G. g is fixed to 0.6 for all tem- tlmeisscale. We have found Fh.at stOW fluctuations (
peratures. ~10"° s) are present down to millikelvin temperatures, sug-

gesting that low-energy excitations persistTt& Ty, indi-

to 0.33 below 10 K. Similarly, the relaxation rate in €ating a highly nearly degenerate ground statbere the
CdCrLO, was too low to allow any temperature dependenceXcited states are energetically accessible even at low tem-
of 3 to be determined. The temperature dependenaeanfd peraturg}s which is a feature characterlls'uc .of geometrical
asymmetry in CdGIO, ceramics is shown in Fig. 9 witg frus’;ranon. Apparently, the structural distortion Bf only
fixed to 0.6 (which gave the best overall fit qualjtyThe Partially removes the degeneracy of the ground state, sub-
temperature dependence of all parameters in(Bdqs iden- stantial frustration remains in the tetragonal pha}se at I_ow
tical between ZF and LF scans, confirming the presence of {gmperature, and much of the Cr moment remains rapidly
dynamic component of the spin beldTy, . fluctuating to low temperatures.

The muon-spin-depolarization rate is generally dependent
upon the strength, distribution, and fluctuation rate of the

internal magnetic field. In the limit of slow fluctuations, We are grateful for the technical support of the TRIUMF
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