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Spin-glass behavior in theS=1/2 fcc ordered perovskite SpCaReQ;
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The ordered perovskite StaReQ of monoclinic symmetry[space groupP2;/n,a=5.7556(3) Ap
=5.8534(3) Ac=8.1317(4) AB=90.27§5)° at T=4 K] has been synthesized using standard solid-state
chemistry techniques. The difference in the size and charge of the cations induces an ordering sit¢he
Cca&* and R&" ions which leads to a distorted fcc lattice of sgirRe®™ (5d') moments. dc magnetic
susceptibility measurements indicate a maximunT gt-14 K and an irreversibility in the field-cooled and
zero-field-cooled data at22 K that is believed to be caused by the geometric frustration inherent in the fcc
structure. Neutron-scattering measurements confirm the absence of magnetic long-range order, and muon spin
relaxation experiments indicate the presence of an abrupt spin freezihg.aSpecific heat measurements
reveal a broad anomaly typical of spin glasses and no sharp feature. 65% of the spin entropy is released at low
temperatures. The low-temperature data do not show the expected linear temperature dependence, but rather a
T2 relationship, as is observed, typically, for antiferromagnetic spin waves. The material is characterized as an
unconventional, essentially disorder-free, spin glass.
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INTRODUCTION synthesized and characterizédits behavior is spin-glass-
like with some unconventional features. While thé Reub-

The topic of geometric frustration has been at the foredattice is disorder free, mixing of L'i and Mg* on adjacent
front of condensed-matter physics for the last decade due tgites may induce the spin-glass-like ground state. To date the
the remarkable variety of interesting magnetic ground statesumber of systems with very little disorder and well-defined
observed— The availability of lattice types which can ac- S=3 moments on frustrated lattices is still small.
commodate the requisite triangular motif of spins coupled The perovskites have historically proved themselves to be
with the variety of magnetic species to place on these sitegxtremely robust structures that can accommodate a wide
has led to the discovery of a number of materials which havevariety of cations on thé andB sites. For certain combina-
been central to the development of this new subfield of magtions of oxidation states and cation radii, cation ordering is
netism. Some of these systems appear to order on intermedirell known to exist, such as in the perovskitdgB B’ Og
ate length scales at low temperatures, such as the garn@?",B’®").12 These ordered sublattices Bfand B’ sites
GdGa;0,,.* Others, instead, exhibit phase transitions toform two interpenetrating fcc networks, which do indeed fall
disordered or very short-range ordered states such as the unto the class of frustrated materials, since an fcc lattice is
conventional spin glasses SggBa, 9,0:9 (Ref. § and  comprised of a network of edge-shared tetrahedra. The num-
Y,Mo0,0; (Ref. 6. In the last few years, the focus of study ber of systems that have been investigated as candidates for
has shifted to a search for more exotic states such as the sgieometric frustration on fcc lattices is relatively small as
liquid, which arises due to quantum effects from networkswell. S,,NbFeQ for example, withS=35 3d® Fe’* spins,
of frustrated spins moments, or the spin ice, which is related has demonstrated spin-glass behavior according to Rod-
to the problem of proton disorder in hexagonal water iceriguezet al,** however, theB-site ordering is incomplete in
first discussed by Paulifg.For example, the pyrochlore this material. Recently, th&=1 systems SNiTeOg; and
Dy,Ti,O, has been identified as a spin ice matetisiuch  SLNIWOg have been studied by Iwanaga al., but they
discoveries provide the impetus to look for new materials. have been found to order at low temperatifeReports of

Despite this high level of interest, the number of examplesS= 3 materials of this class are sparse.
of frustrated systems with isolated sgirmoments is rela- This paper details the synthesis and characterization of a
tively small. LiNiO,, for example, is believed to have a spin+ frustrated material with B&é 5d* ions on an fcc lat-
guantum spin-liquid ground state which is stabilized bytice. The perovskite $€aReQ exhibits frustration effects in
short-ranged ferromagnetic correlatichisut sample quality ~the absence of detectable disorder on the Re sites. This is one
is an issue which is still being addressed. Spin-liquid charef the few detailed studies to our knowledge of an ordered
acteristics have been found in other materials such aspin4 system on an edge-shared network of tetrahedra.
Tb,Ti,O,, where TB' is an effectiveS=3 ion at low
temperature&’ Attention has turned recently to less conven-
tional S= } systems such as those based oA'Rgd*). For
example, LiMgReQ; where the R&" sublattice consists of Polycrystalline samples of gtaReQ were prepared by
a three-dimensional array of face-sharing tetrahedra has beénng stoichiometric quantities of Sr(®9.9%, Fisher, CaO

EXPERIMENTAL PROCEDURES
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(99.99%, Cerag and ReQ (99.9%, Rhenium Alloys, Ing. TABLE |. Lattice parameters for $€aRe@ at 4 K (short
under vacuum for 60 h at 900 °C in platinum crucibles. wavelength neutron dgtand 295 K(x-ray data as determined by
powder diffraction. The material used as a model for the lattice
2SrO+ CaO+ ReOy;— Sr,CaReQ. contribution to the heat capacity, orthorhombicGaWQaQ;, is ref-
erenced as well for comparisd@r-ray data.
The reactants SrO and CaO were first prefired under
vacuum for 12 h at 400°C to eliminate surface impurites ~ SkCaReQ, 4 K SpCaReQ, 295K SpCaWQ;, 295 K

and remove any absorbed water. The final product was foung 5.75563) A 5.75823) A 5.76572) A

to be multiphasic, so a subsequent regrinding and refirin% 5.85343) 5.83463) 5.84963)

stage was needed to isolate a single phase product. c 8.13174) 8.17874) 8.19274)
The quality of the final product was analyzed using aB 9(') 2765)° 9(') 2453)° ' 90°

focussing Guinier-Hgg camera with coppek,; radiation
and a high-purity Si powder as an internal standard. No im-

purities were initially detected by this technique. The oxygen,_, . . .
stoichiometry was measured using thermogravimetric analyfi€ld and an applied field of 6 T were taken in the same
temperature range for the BaReQ sample.

sis, by heating the sample to 900 °C under flowing hydrogen:. : . !
y J P g hycrog The muon spin relaxatiofuSR) experiments were com-

Neutron diffraction was also carried out on this material leted ) q h
using the C2 diffractometer at the National Research CourR!€t€d at TRIUMF in Vancouver, Canada. The measurements

cil's Neutron Program for Materials Research in Chalk River, Ve carried out over a temperature range of 2.5-39.5 K
Canada. Two different wavelengths were employed to inves?ith zero applied magnetic field.
tigate the possibility of magnetic orderifig.36883) A] and
to obtain an accurate structural refineméht32842) A].
The powder patterns were obtained in a temperature range of
4-40 K using a helium cryostat. A. Crystal structure
dc magnetic susceptibility data were obtained using a
Quantum Design MPMS superconducting quantum interfer
ence device magnetometer at McMaster University. Field
cooled (FC) and zero-field-cooled run&FC) were carried
out over a temperature range of 2 to 350 K with applied
magnetic fields of 0.01 and 0.1 T. Isothermal magnetizatio
data were obtained at temperatures of 5, 25, and 40 K i

apﬁ)_l;]ed glel?s to 5'? T d usi Oxford Inst with the CgSrReQ phase reported by Chamberland and
te Cela _captam y Wasbmea?#reo l;Slr:ng ant xior i R/IS "Yevasseut® As noted, it is isostructural with the monoclinic
ments alonmeter, a probe in the Hxiord nstruments ag'CagWOG phase. Similar structures have been reported before

Lab system. The sample was a pellet weighing 26.75 m -
. . “Jy Jung and Demazedufor the iridium analog SiCalrQy
and a small known portion of Wakefield grease was apphe%;nd the related compounds,BSiTeOs, by lwanagaet al 2

ﬁ;g:u;ehgﬁga;huireﬁqnﬂn(t:gr\]/\tg?é ?Orn\]mllgz dab(é?vrvr:ec::ozr awngsgge unit cell constants at room temperature were found to be
: P 825.7582(3) A, b=5.8346(3) A, c=8.1787(4) A, and

K using the relaxation method. The sample itself was at-
tached to a sapphire platform which has a Cernox-chip ther-
mometer for temperature control. Measurements at both zero Rl Labitd)

RESULTS AND DISCUSSION

After the initial firing, the reaction product was found by
powder x-ray diffraction to consist of two phases, one mono-
clinic and the other cubic, by indexing the lines using the
search routinepicvoL.’® Regrinding and refiring under
vacuum yielded only the monoclinic phase as the final
roduct.

The space group was determined toR2, /n consistent

»\l?e-oz: 1.921(5)
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FIG. 1. Powder neutron diffraction refinements ofGaReQ at FIG. 2. The crystal structure of SeaReQ as viewed from the
T=4 K with A\=1.32842) A neutrons R,=7.87R,,=9.03). ab plane afT=4 K. Note the distortion of the Ca and Re octahedra.
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TABLE II. Refined lattice positions and temperature factors fgCaReQ [A =1.3284(2) Al at 4 K.

X y z B Site
Sr 0.00968) 0.04214) 0.24778) 0.80(10 4e
Ca 0.5 0.0 0.0 0.58) 2d
Re 0.5 0.0 0.5 0.58) 2c
o1 0.26648) 0.31098) 0.03847) 0.8610 4e
02 0.18618) —0.23429) 0.04686) 0.96(10) de
03 —0.08227) 0.47697) 0.22585) 0.8210) de

B=90.245(3) A using the programsupr.'® There were no  as in SMgReQ; (C& ™" has a radius of 1.14 A, as compared
impurity lines found. Previously, an orthorhombic cell with to 0.86 and 0.69 A for Mg and R&" VI coordinated sites,
similar  lattice  parameters aE5.76 Ab=5.85Ac respectively.?® The possibility of disorder on thB sites is
=8.21 A) ¥ and a cubic cell witta=8.198(5) A have been more likely here though, with such similar sizes of cations.
reported for this materidf No reports of the monoclinic The goal in the synthesis of StaReQ was to find a mate-
structure have been published to date, but it is likely that theial with an ordered array of Ré moments on an fcc lattice
small deviation from orthorhombic symmetry was not de-to study the effects of geometric frustration in the absence of
tected in earlier efforts. This distortion becomes more prodisorder.
nounced at low temperatur¢$able ). Nonetheless, the possibility for cation disorder was inves-
The crystal structure was refined from neutron-powdertigated in the refinements by allowing for site mixing among
diffraction data at 4 K using the Rietveld refinement suitethe A, B, andB’ cation sites. All of the atoms refined to full
FULLPROF?® The refinements revealed a small impurity atoccupancy on their respective sites to within 1%. Disorder in
d=2.14 A which could not be indexed. This peak was ex-this structure is highly unlikely due not only to the differ-
cluded in the final refinementsee Fig. 1 The final atomic  ences in sizes of the cations, but also due to the large differ-
positions &4 K are listed in Table II. ence in formal charge on th® andB’ site ions. The elec-
The ordered perovskite structure of monoclinic trostatic repulsion between the Recations is a significant
Sr,CaReQ is shown in Figs. 2 and 3. The distortion away ordering mechanism.
from cubic symmetry is due to two factors: the presence of a The bond lengths of the Ré and C&" octahedra are
relatively small cation on thé\ site and the mismatch of listed in Figs. 2 and 3, and noted in Table Ill. All of the
cations on thé andB’ sites. A choice of B&' for theAsite, octahedra are distorted, with unequal apical and equatorial
which has a significantly larger ionic radius thar®'SF*  bond lengths as indicated. A valence bond sum analysis was
(1.75 A compared to 1.58 A for XII coordinated sitessults  carried out using/ALIST (Ref. 24 to determine the oxidation
in a readily obtained cubic structure B2aReQ, by the state of the Re ions. The elongated bonds on the Re octahe-
same synthesis techniqu&sThe larger framework in this dra gave slightly higher values for the valen@er rather
case provides more volume for tiesites and thus a more than 6+), and the Ca octahedra being similarly distorted
accommodating structure. A choice of a smaller cation than
Ca™" on theB site, such as Mg™ which has an ionic radius

LT . . TABLE lll. Bond distances and angles for,®laReQ@ at T=4
more similar in size to R, results in a tetragonal unit cell

and 20 K as determined by powder neutron diffraction
[N=1.32842) A]. There are no appreciable changes due to the
phase transition af 3~ 14 K.

4 K 20 K
Re-O1 1.90%) A 1.8995) A
Re-02 1.9215) 1.9255)
Re-03 1.9044) 1.9084)
Ca-01 2.2914) 2.29714)
Ca-02 2.30(6) 2.2955)
Ca-03 2.280%) 2.2804)
Re-Re 5.7518) 5.74833)
5.764@12) 5.76522)
a oy 5.7835%2) 5.78592)
5.84943) 5.84682)
Re-02-Ca 152.56284)° 152.44%179°
Re-O1-Ca 155.27872 155.356168)
FIG. 3. The crystal structure of StaReQ as viewed from the Re-03-Ca 152.26962) 152.442156)

ac plane.
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gave slightly higher values as weR.5+ rather than 2).

The high values for the Re site reflect the poorly known
valence bond parameters for the®Respecies. To address
this problem, a thermogravimetric analysis in flowing hydro-
gen was completed to fully reduce the sample by heating to
900 °C. The expected reaction is

Sr,CaReQ+ 3H,+ —2SrO+ CaO+ Re+ 3H,0.

The experimental weight loss of 10.25% correlated quite
well with the expected weight loss of 10.14% assuming full
oxygen stoichiometry, and thus an oxidation state of'Re
The final product, a dull yellow colored solid, was investi-
gated using x-ray diffraction on the Guinier-Hagg apparatus
mentioned above and was found to contain Re metal and a
mixture of poorly crystallized §Ca ,O phases. The oxy-
gen stoichiometry was assumed to be 6.0, but in the final
refinements of the neutron data, the occupancy factors for
each oxygen site were allowed to vary to check for defects.
The values refined to their full occupancies to within 1%.

Since the magnetic interactions between the Re moments
are mediated via superexchange mechanisms, the bond
angles for the Re-O-Ca-0O-Re pathways are important to note
at this point. Due to the significant tilting in the octahedra of
the distorted structure, these angles vary greatly from the
ideal 180° for the perfect cubic structure, as indicated in
Table lII.

The underlying topology of the magnetic sublattice, how-
ever, suggests that magnetic frustration should be observed
due to the R&" ordering on the fcc lattice. Figure 4 shows b
the isolated Re sublattice with respect to the unit cell. The () ¢
bond distances have been indicated in angstroms. Although FIG. 4. The ordered Re ions in the fcc-based lattice form a
these dllsj[ances are not equal du_e to.th.e low symmetry of tl’\‘?‘etwork of edge-shared tetrahedra as indicated above. The corre-
monoclinic framework, they all lie within a few percent of gy5nding Re-Re distances are noted in the figure below.
the mean distanoe~5.8 A), and the magnetic exchange con-
stants are expected to be similar for nearest neighbors on allverlap regardless of the deviations in bond angle. One can

of the Re sites. compare this system with the monoclinic Ni analog
Sr,NiTeQg, with a 3d® configurationS=1 on the N¥* site,
B. Magnet|c Suscept|b|||ty experiments WhICh ha.S a WeISS COI’]Stant 0f240 K.14 From mean'ﬁeld

. theory, one can compute values for the nearest-neighbor ex-
The magnetic response of ,SaReQ was expected to be change constant as

quite weak due to the dilute nature of the magnetic sublattice

and relatively small size of the Re moment. Previous dc 21001 = ZFC
susceptibility measurements on the ordered perovskite 0.010] M‘% 2000
Sr,CaReQ in the range of 80—300 K suggested Curie-Weiss ] 1900
behavior, withd=—189 K and an effective moment @f.4 0.008 B 3 10
=1.08ug based upon a fit {5 ] o ol
£ oooe+ © o b= 1659(6) b,

x=C/(T-0), (1) % ] Lo 0 =36)K
where,ueffz\/§ C. The values obtained here by fitting over = ] T /N
the temperature range of 170-250(see inset, Fig. bare 0002 Temperature (K)
Mer=1.659(6 g and #=—4436) K (after applying a dia- M
magnetic correction This indicates strong antiferromagnetic 0000 T,
interactions among the Re moments, a requirement for geo- —r /R A A A

metric frustration. The strong antiferromagnetic interactions
are perhaps unexpected in this material, considering the dis-

torlted exchange pathways and small vaI}Jes for tlheSRe FIG. 5. dc magnetic susceptibility results for powder
=3 moments. One possible reason for this result is due t&r,CaReQ samples. The inset shows the inverse susceptibility, and

the extended nature of thed%orbitals, which provide good the fit to the Curie-Weiss law as indicated in the text.

Temperature (K)

144413-4



SPIN-GLASS BEHAVIOR IN THES=1/2 fcc. . . PHYSICAL REVIEW B 65 144413

0 800001
Jnn/k=—c. 2 70000 - Ti4OK
n ] ——T=4K
12(2/3)5(8 l) 60000 —4K-40K
The ratio ofJ,,/k for Sr,CaReQ relative to SyNiTeOy is 50000 - l
5:1, which illustrates the more extended nature of tlik 5 40000 __j._,L___,_J,L T

orbitals relative to 8 orbitals.

The value obtained for the effective moment falls slightly i
shy of the theoretical value for adb system, which is ex-
pected to be 1.78g for S=3. It is well known, however, ol . | .
that R&" in an octahedral environment has a reduced mag- 10000 ] |
netic moment due spin-orbital coupling and crystal-field ef- ; . . ————————
fects. These spin-orbital contributions have been noted to 0 x “0 &0 % 10
reduce the moment in related systems as well, such as 20
Li,ReMgQ;, _Wh'Ch has an effective moment of 1,'14@9 FIG. 6. Powder-neutron-diffraction profiles at=4 K and T
on the R&" sites!® Reduced moments are also a signature of_ 40 K with \ = 2.3688(3) A. Note the absence of magnetic Bragg

geometrically frustrated systems, with many known cases iReaks in the difference profile below. The shift observed is due to a

the literature? _ slight relaxation of the lattice as the temperature is increased.
Another common feature of geometrically frustrated ma-

terials is a divergence in the field-cooled and zero-fieldthese features have also been seen in samples that exhibit
cooled susceptibility at low temperatures, indicative of along-range magnetic ordering. Even though the magnetic
highly degenerate magnetic ground state. The cusplike fesublattice is highly frustrated, such an ordering is always
ture that is observed in Fig. 5 is seen in other frustrategossible, and to investigate this a series of low-temperature
materials, such as the pyrochlore spin glasgVi¥,0;, neutron-scattering experiments were completed to probe the
which has a network of corner-shared tetrah@dfamajor ~ magnetic ground state. Measurements were done with long
difference in the magnetic response of our sample is a divewavelength neutronf2.36883) A] for very long counting
gence in the susceptibility at~23 K which occurs at tem- intervals at a medium flux source, but no evidence for long-
peratures much higher than the transition temperature gfinge magnetic ordering was detected down to &ée Fig.
Ts~14 K, where the cusp is located. This suggests the pre$). Given the very small moment expected on thé Repin-
ence of magnetic correlations which set in at a higher tems3 site, it is not clear that a complex ordering would be de-
perature scale thafg . tectable using this technique. Thus, the diffraction patterns
Additional evidence for frustration effects in this material expected for a variety of simple ferromagnetic and antiferro-
is seen in the Curie-Weiss fit to the inverse susceptibilitymagnetic arrangements were simulated using PROF with
which lies above the data at low temperatures, inset, Fig. 5 moment size of &g on each site. Most fcc materials order
This departure from Curie-Weiss behavior is not well under-n a few types of magnetic structures, and some of these were
stood, but it is believed to be due to orphan spins, or spininvestigated in detai>?’ For example, a simple stacking of
due to defects, for systems that display structural disdrderRE®* moments of magnitude /g in a type-I ordering Q
However, this feature is seen in frustrated materials with=(0,0,1)] yielded Bragg peaks which were on the order of
very little or no structural disorder as well, such as the spin2% of the intensity of the strongest structural peak. This is
ice Dy,Ti,O, (Ref. 8 or the spin glass Mo0,0,.5 Clearly,  clearly within the detection limits of the instrument, and
an explanation for this characteristic still lacks solid theoretthus, if magnetic ordering of this type were present it would
ical grounding, but progress is being made. have been observed. While the evidence is to the contrary,
Finally, a frustration index;, is typically used as a mea- the existence of magnetic ordering cannot be precluded on
sure of the degree of frustration in a magnetic materialthis basis alone. No significant lattice distortion, which may
which is defined as be expected with an ordering transition, was noted in the
vicinity of Tg.
frrus= 101/ Torg (3) Magnetization measurements performed on this sample in
fields up to 5.5 T provided further evidence for the absence
whered is the Weiss temperature as extracted from the highof long-range magnetic order, since no saturation of the mo-
temperature Curie-Weiss fits, afig,q is a transition tem- ment was found even to low temperatufese Fig. 7. Evi-
perature. Typically, for geometrically frustrated materialsdence for hysteresis was observed, which was most promi-
frus>10. Thefg,s for Sp,CaRe@ can be estimated at31.  nent at 5 K, belowTg. As the temperature was increased,
In comparison to other perovskites,,BbFeQ has afy,s  the size of the remnant magnetization was reduced greatly,
~30 and is a spin glass, but the role Bfsite disorder is until it was almost negligible at 40 K. Magnetic hysteresis is
uncleart® The S=1 ordered analogs $XiTeO; and typical in spin-glass materials due to the large number of
Sr,NiWOg have lower indices of,~7 andfg,s~3, and degenerate ground states that can be accessed at virtually
they form ordered ground stat¥sThe observation of glassy negligible energy cost. By this criterion, then, and given the
magnetic behavior is thus expected fopGaReQ as well. absence of any evidence for ferromagnetism, it is reasonable
The cusplike feature and divergence in the FC/ZFC susto conclude that SCaReQ is a spin glass. It is unusual,
ceptibility is a tell-tale sign of a spin-glass transition, yetthough, that spin-glass behavior would be observed at all,

Intensity

30000 — ¥
200001 —_— iw‘.e

10000 H l
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00020 spectra is immediately evident beldwg~ 14 K, as opposed
= * 5K to the single-component high-temperature scans which is
R I IO ' - characteristic of a paramagnetic response. This characteristic
ERL W ) two-component signal indicates a quasistatic distribution of
S 000054 .- b internal magnetic fields developing beldly;, as noted in
2 ol e L other spin glassés>° The fit to the spectra indicated in Fig. 8
8 1 mségeség o020 are modeled after Uemura’s original treatment of these line
§ 00005 L aaantt830T Lt e shapes in his pioneeringSR work on AuFe and CuMn
£ o0010{°°° o 0010 et alloys?®
g —00015_.”! 0005 2
- 0,000 / 1
-0.0020 4 o 20000 40000 60000 G(t)= E{GXF[ - (4&51:/ V)llz]}
—3(;00 0 3()'00
Applied field (G) 2 . a§t2
+ — —
FIG. 7. dc magnetization measurements as a function of field for 3 (4a§t/7j+ agtz)llz
T=5K, T=25K, andT=40 K. Note the strong hysteresis &t
=5 K. The inset shows the high field measure?neﬁts, which show X exr[—(4a§t/v+ agtz)llz]' (4)

no signs of saturation. . . . . .
In this equationyw is the spin fluctuation rate ang; and

since such systems arise due to chemical disorder on th‘%d are the static and dynamic spin components. The .f|ts to
magnetic sites, such as in the alloys cultihe powder- t elspectra are more phenomeno!ogmal thaq quanntauve de-
neutron-diffraction results indicate no such disorder down tg>CHPtions of the data. Mqre deta|le_d analygls Wh'Ch.WOU|d
the 1% level of detectibility. There are cases of spin-glas nclude modeling of the spin-relaxation function for this sys-
behavior in the absence of disorder in other frustrated syse™ Would be needed to extract a proper fluctuation rate, for
tems, such as 30,0, (which hasf .~ 10), but in even example. It suffices to conclude at this point that the behav-

this case, evidence for an ill-defined disorder has beefP" 'S typ|ca|.ofasp|n glass. . .
claimed in recent x-ray absorption fine structure The relative absence of a fluctuating component in the

measurements. Further measurements on,8aReQ@ may ispecttra |nd|c;o\tes thztltﬁ Iargﬁ {:)herce'ntagle. of splnks gre ff[oz?hn at

reveal small levels of disorder as well. ow lemperatures. oug € signat IS weak due 1o the
small moment, it is also clear that there is no periodic modu-
lation in the line shape. This precludes the existence of mag-

C. uSR measurements netic ordering, which would show such a modulation due to
4SR has long been used to study the dynamics of spif?uon Precession in an ordered field.
glasses and related systems. For snSdipin systems, in Although this system is a typical spin glass from p8R

particular, muons are perhaps the best probe of the lowneasurements, there are several departures from convention
temperature magnetic ground state within a broad frequenc‘Q’h'Ch merlt fgrther discussion. First, the signal is ;omewhat
range. weak, which is expected due to the small magnetic moment,
Figure 8 shows several zero-field-cooled scans taken pdut since it is feeble, it is truly difficult to tell if there is a
tweenT=2.5 and 28 K. The two component nature of the Weak ordering signal buried in the background. There could

indeed be short-ranged magnetically ordered clusters form-
02 . . . ing that are virtually undetectable by this technique. One
would expect spin fluctuations at temperatures slightly
higher thariT to be visible in the spectri,but the nature of
the transition itself is rather abrupt, with only the slightest

g o hint of a second component appearingat17.5 K. It is not

E surprising to see spin clusters starting to freeze out at tem-
f o1 peratures higher thaiig, for our susceptibility measure-

® ments have a FC/ZFC divergencelat 23 K. However, it is

® surprising that the second component develops quickly be-
8 o005 low Tg . The conventional way of understanding spin glasses

is in the formation of islands of frozen spins which slowly
develop as one passes through the transition. In our system,
however, there is relatively little change in the muon signal
from 12.5 to 2.5 K, which suggests that the spins freeze out
rather abruptly. One can compare this behavior to what is
seen in the related material,MgReQ;, for example, which

FIG. 8. ZF uSR measurements of SaReQ at T=2.5, 12.5, has a gradual formation of the glassy state as indicated by
17.5, and 28 K. The fits are based upon a generic spin glass relaxsSR measurement$ . However, in this material, there is no
ation function as described in the text. cusp in the susceptibility, just a very weak FC/ZFC diver-

TIME (microsec)
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FIG. 9. The heat capacity of StaReQ at H=0T and H Temperature (K)

=6T, the heat capacity of the lattice model compourCaWQ; FIG. 10. The magnetic heat capacity of,SaReQ calculated
atH=0T, and the calculated lattice heat capacity ofCReQ by subtracting the lattice component.
based upon the model material.

. . In an effort to extract the magnetic component to the spe-
gence at~_12_ K, and there is also th_e prlelsence of disorder ORific heat, the nonmagnetic analog,SaWQ; was synthe-
the Mg/Li sites, but not the Re S|t_es. I.n contrast, the  gj;64 and measured. Stoichiometric guantities of prefired
pyrochlore ,Mo0,0; has no or very little disorder, but there SrCO,, CaCQ, (99.999%, Cerag and WQ, (99.98%, Alfa-
alre ?gmﬂctant spin qu_ctuat|0:1634 (())iserV(ejd hW)tSR and 'I”' Aesa) were intimately ground, pressed into pellets, and fired
gas IIC nheutron fscr?tterlr_]g ulp »an fﬁlgﬁﬁlve%s OW " in air up to 1350°C for 12 h. A regrinding and refiring step

evelopment of the spin-glass state as Well.The abrupt ¢ needed with rapid quenching to isolate the final product
nature of the transition in §€aReQ is unusual and worthy and avoid a SWO, impurity. The resulting product was

of further investigation. orthorhombic, with lattice parameters in agreement with the
_ literature® (see Table)l Unfortunately, the difference in the
D. Heat capacity measurements underlying lattice symmetry gave rise to a quantitatively dif-

Although the uSR experiments provide compelling evi- ferent heat capacity, and a straight subtraction of the two data
dence for an unconventional spin-glass ground state, the egets was not a feasible route to determining the magnetic
istence of a long- or short-range magnetic ordering, for exheat capacityC,. Instead, a different approach was taken.
ample, may be overlooked due to the local nature of the’he Debye temperature as a function of temperature was
probe’s interactions. For example, in the fcc antiferromagneédetermined for S«KCawWQ; using the Debye specific-heat ex-
GdInCuy,,® a transition to a partially ordered state occurs inpression
which glassy layers of Gd moments are interspersed with
ordered layers. The magnetic susceptibility for this material _ 3
is very similar to SyCaReQ, with a FC/ZFC divergence at C=9R(6o/T) jo (e*— 1)2dx. ®
temperatures higher than the cusplike feature, which is due
to a weak ordering followed by a spin-glass transition. It is The same procedure was done fopGaReQ, and the
conceivable thaiSR experiments would be relatively insen- two data sets were scaled by a single constant such that the
sitive to this set of transitions, and other factors such as th®ebye temperatures were in agreement at temperatures
existence of multiple oxygen sites for the muon to reside orhigher than the magnetic transition. The lattice contribution
may further complicate the interpretation of the resultsfor Sr,CaReQ was then calculated down to low tempera-
Specific-heat measurements would provide more definitivéures with the rescaled data, and subtracted from the total
evidence about the ground state. For example)-like  heat capacity to estimate the magnetic contribugee Figs.
anomaly would be present in the case of long-range magnet®@ and 10. It is worth noting that the lattice contribution to
ordering, albeit diminished in magnitude due to the smallthe heat capacity is low compared to the magnetic contribu-
moment. Spin-glass behavior, on the other hand, would resutton for the T~Tg regime. This suggests that further calcu-
in a broad feature centered abdly . lations with the magnetic heat capacity, such as the entropy

The results of the heat capacity measurements in an agemoval at low temperatures, will be relatively unaffected by
plied field of 0 and 6 T are shown in Fig. 9. A broad and details of the estimated lattice contribution.
smeared out anomaly is readily visible in the data in the The final result forC,, clearly accentuates the broad sig-
vicinity of Tg, and there is no sign of &-type feature that nature typical for short-ranged correlations that are seen in
would be expected for a magnetically ordered system. Ispin glasses¢Fig. 10. The extensive nature of the peak sug-
addition, the robustness of the anomaly with respect to fiel@ests that magnetic correlations may set in at higher tempera-
is unexpected in conventional spin glas¥es. tures, which is echoed by theSR measurements which in-
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] evidence presented previously in this paper, it is unlikely that
57 ﬁ% this system exhibits long-range order, or at least it is unlikely
T g that the bulk of the material orders. A more plausible expla-
nation for this feature is that there is a difference in the
dynamical response of this material when compared to other
spin glasses rather than an ordering mechanism. In analogy
with SCGO, which has large but finite 2D correlated regions
E 5 of spins, one would expect S£aReQ to have large but
é %ch o™ finite 3D correlated regions of spins, and hence TReneat
T
0

C,. (JI(K mol))

:{22;7(5) capacity term in the absence of magnetic ordering.

o It is possible that due to inhomogeneities in the sample,
g o there may be regions of ordered clusters of moments, with
Oy T the rest of the material remaining in a spin glass state. The-
. _ ' ' _ ' _ oretical studies on the nearest-neighbor fcc Heisenberg anti-
5000 10000 15000 20000 25000 30000 ferromagnet have shown that spin dilution on the order of
T (K) 15% is enough to drive the system from an ordered state to a
spin-glass on&’ It is possible that small levels of local dis-
FIG. 11. The magnetic heat capacity ofSaReQ as a function  order can generate separate domains of spin glassy and or-
of T%. The inset shows the heat capacity as a function of temperadered states by this mechanism. Furthermore, these studies
ture on a logarithmic scalébase 10, emphasizing th@® depen-  have shown that the transition to the long-ranged ordered
dence. state is very sharp and first order in nature. Evidence for an
abrupt first-order transition is seen in tpSR experiments,
dicate a slight glassiness as high as 17.5 K. It is interesting tbut the heat capacity data do not show any sharp features.
compare the specific-heat anomaly with the susceptibility reThis feature may be obscured if there is only partial ordering
sults, which show a broad peak as well centered afigyt  in the sample, but even a sharp spike should be visible. It is
and a FC/ZFC dependence which diverges at higher temperérdeed conceivable as well that the transition itself may be
tures (~23 K). This behavior is somewhat reminiscent of first order and spin glaséy,rather than due to regions of
what is observed in the pyrochlore,Mo0,0,, which has a ordered and spin-glassy domains, but substantial proof to
smeared out heat capacity anomaly that has been interpretgdpport either scenario is not available from this study. In-
as a signal of short-ranged orderingTai~22.5 K3* Subse-  deed, the only evidence for the abrupt nature of the transition
quent neutron-scattering measurements have confirmed thigt in the uSR experiments, and this is only noted in the
these correlations persist fb~40 K in the form of low- context of other spin glasses, which typically have very
energy spin fluctuations. Further neutron work may show @radual transitions.
similar result for the dynamics of SEaReQ. Integration of the low-temperature magnetic specific heat
A striking difference between the two systems is the abis a measure of the magnetic entropy by the following rela-
sence of a linear dependence ©f, with temperature for tionship:
Sr,CaReQ below Tg. This linear variation has been noted
for Y,M0,0; (Ref. 34 and related compounds such as
Y,Mn,0O; (Ref. 35 and suggests a low-temperature density S= fT(C IT)dT 6)
of states which is independent of energy as would be ex- o M '
pected for spin glasses. To determine the power law for
Sr,CaReQ, a logarithmic plot of the heat capacity as a
function of temperature was madsee Fig. 11, ins¢t The The total magnetic entropy integrated over the entire tem-
calculated exponent was 2.89Y for T<10 K. Since the perature range of the anomaly is 3.73 J/K/mol for 1 formula
lattice component should be negligible in this region, it isunit of S,CaReQ. This is~64.7% of the expected value of
somewhat surprising to fin€~T3. The strongT® depen- R In(2S+1) for 100% of the spins freezing. At the magnetic
dence is shown more clearly in Fig. 11, with an excellent fittransition itself, only~35.3% of the entropy is recovered,
to C,~T3. Unusual temperature dependencies of the heandicating that most of the entropy removal occurs above
capacity at low temperatures have been found in other frusFg, as would be expected for a spin gldé©ne can com-
trated systems, with the most notable example being SCG@are these results with the monoclirse- 1 fcc ordered sys-
which has C~T2 which has been ascribed to two- tem SpNiTeO; which shows axn anomaly atTy~28 K in-
dimensional(2D) antiferromagnetid AF) spin waves from dicative of magnetic ordering and a continuous phase
large 2D correlated domairi8 Another more recent example transition’* Nonetheless, magnetic susceptibility measure-
is the case of LiNi@, which has a complex spin-glass-like ments show evidence for magnetic correlation§ at35 K
ground state and @°° specific-heat dependenteOne pos- by a FC/ZFC divergence at temperatures higher than the
sible origin for the appearance of tAé term in SpCaReQ  cusp afTy. In this case, approximately 70% of the entropy is
is from spin waves. For a long-range ordered 3D AF, ongecovered at the magnetic transition, but the ground state is
would expectC~ T2 from a spin-wave contributioff How-  ordered rather than glassy. As the?Niions in SgNiTeOq
ever, from the geometry of the frustrated lattice, and from théhaveS=1, this seems to suggest that it is the 3 moment
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