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The ordered perovskite SigReQ; of tetragonal symmetryl4/m, a=5.5670(1) A,c=7.9318(2) A at
T=295K] has been synthesized and characterized by x-ray and neutron diffraction, thermal gravimetric
analysis dc susceptibility, heat capacity, and muon spin relaxgtiBR) experiments. Th& site cations R&"
and M¢" appear to be ordered due the large difference in formal charge. Tte iRagnetic ions form a
distorted fcc lattice oIS=% spins providing a frustrated topology of edge-shared tetrahedra. The material
exhibits a weak magnetic glassiness shown by a cusgbatK in the dc susceptibility, a weak but broad heat
capacity anomaly, and a low-temperaty8R line shape characteristic of a spin-glass state. A broad and
strongly field- dependent maximum in the dc susceptibility suggests that magnetic correlations per$igs to
K, accompanied by a divergence in the field-cooled and zero-field-cooled susceptibility. The anisotropic nature
of the superexchange pathways due to the tetragonal distortion is thought to disrupt the ideal frustrated
environment and lead to weaker glassiness tha@&ReQ, which hasT¢~14 K, and a large specific heat
anomaly. In contrast, SMgReQ; has a small anomaly, and only about 3% of the entropy is releaség at
~50K, which is comparable to other wunconventional spin glasses such as the jarosite
(H30)F&g(S0O,),(OH)g(~6%). T¢~50 K is unusually high for this class of materials.
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. INTRODUCTION tive paramagnetic state” at low temperatutédut overall
the literature is lacking clear examples of three-dimensional

Some of the most fascinating phenomena in condensekitjuidlike materials.
matter physics arise from competing interactibnsnder- The perovskites have largely been overlooked as struc-
son’s prediction of the unusual and interesting physics thatures that can be used as a framework for frustrated magnetic
would arise out of these systems has been realized expesublattices.B-site ordered double perovskites of the form
mentally in a wide variety of materiafsfrom highT.  A,BB’Og have been demonstrated to be extremely stable to
superconductofsto molecular crystafs to geometrically  substitution of various ions upon tfeandB’ sites, each of
frustrated antiferromagnetsin the latter case, the inability which form independent fcc sublatticsThis provides the
of the sublattice to magnetically order often leads to exoticopportunity to study frustration effects, as the fcc lattice
ground states. In particular, the study %3 species on forms a network of edge-shared tetrahedra. Traditionally,
frustrated lattices has been the target of current research withost fcc materials enter long-range ordered ground states,
the promise of a “spin-liquid” state that is thought to arise in and it is indeed this lattice that was first studied as the ca-
the quantum limif” The spin liquid, a dynamic state that is nonical example of an ordered antiferromagnet in early neu-
comprised of rapidly fluctuating spin singlets, was inspiredtron scattering measurements on binary oxides such as
by Pauling’s resonating valence bond m&dahd later ap- MnO.** However, in the binary oxides, near-neighbor and
plied by Anderson to spin frustration. In spite of considerablefurther-neighbor interactions compete and eventually favor
effort to search for such systems, to date very few ideal spitthe formation of an ordered ground state. This problem is
liquids have been discovered. somewhat alleviated in the double perovskites, as the lattice

The current trend in the search for this elusive grounds much more dilute with nearest neighbors separated by
state is centered on low-dimensional systems. Evidence fok and a correspondingly diminished role for further neigh-
liquidlike behavior has been noted for two-dimensiof2i) bors. The choice of a Re cation on tBesites is essential to
layered systems such as SyffBay,.,019 (SCGO (Ref. 9  provide good overlap between the sites relying on the larger
and BaSn,GaZnCr,0,, (Ref. 10, but very few three- spatial extent of the & orbitals. Incidentally, the magnetism
dimensional spin liquids have been well characterized. Mosbf the 5d electrons in the Re cation has recently attracted
three-dimensional systems in fact show spin glassiness, sudonsiderable attention. For example, the metal-insulator tran-
as the pyrochlore ¥Mo0,0;, in which the moments “freeze sition in SpFeReQ (Ref. 15 and the superconducting pyro-
out” and only short-range order is observédThere are a chlore C3gRe,0; (Ref. 16 have been objects of fruitful
few exceptions, such as 71,0, which enters a “coopera- study as of late.
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This paper details an in-depth study of the ordered perov- This material was also examined using neutron diffraction
skite, SpMgReQy, which presents the combination of quan- at the C2 beamline of the National Research Council's Neu-
tum magnetism with a topologically frustrated sublattice.tron Program for Materials Research in Chalk River, Canada.
The related material $€aReQ, which is a distorted perov- Using data collected with neutron wavelengths bf
skite of monoclinic symmetry, shows spin glass behavior=1.3285(3) A and 1.32812) A, the crystal structure was
with Tg~14 K.17 Several conventional spin-glass-like fea- refined 46 K and room temperature usifgLLPROF2° Neu-
tures were seen, such as a cusp in the dc susceptibility, theon diffraction measurements showed that there was indeed
lack of long-range magnetic order, magnetic hysteresis, angd small MgO impurity(0.6%) in the sample not detected
spin freezing noted by muon spin relaxatiquSR) experi-  with x rays. Since no other impurities were found, this was
ments. However, a few unusual properties were discoveregdssumed to be due to either a small weighing error or an
as well. The appearance of a low-temperature fieldincomplete reaction.
independent specific heat anomaly witir & dependence in The dc magnetic susceptibility was measured using a
particular suggested that a spin singlet ground state may h@uantum Design MPMS SQUID magnetometer at McMaster
present that is stabilized by strong 3D spin fluctuations. TheJniversity. Field-cooled(FC) and zero-field-cooledZFC)
magnetic character of g@vigReQ;, which has tetragonal scans were made over a temperature range of 2 K to 350 K
rather than monoclinic symmetry, is markedly different fromunder various applied magnetic fields. Isothermal magnetiza-
the Ca material, but these new properties can be understoaidn scans were also obtainetsaK and 250 K over the field
by investigating the differences in the crystal structure andange+0.4 T.
the magnetic exchange paths. The properties of these two An Oxford Instruments calorimeter probe in the Oxford

materials will be compared t&=1 analogs (SINiMOg, Instruments MAGLAB apparatus was used to measure the
M=W or Te) to emphasize the role of quantum effects in heat capacity of this sample. A pellet of mass 12.19 mg was
this low-spin system. attached to the probe using a measured portion of Wakefield
greasdfor which a correction was made using software pro-
Il. EXPERIMENTAL PROCEDURES vided by Oxford InstrumenjsThe measurements were made

o ) ) betwea 3 K and 70 K using the relaxation method. Mea-
The original structural report on this material was by Fer-g;,rements were also completed on the lattice standard
retti, Rogers, and Goodenoughwho made samples by fir- Sr,MgWOg over the same temperature range to estimate the

ing stoichiometric amounts of SrlKReQ,, Re, SrO, and  |atiice contribution to the specific heat. The measurements
MgO in sealed evacuated tubes followed by washing wellyere carried out in a similar fashion with a pellet of mass
with water to remove KCI: 9.80 mg.

uSR experiments were completed at the M15 beamline at
TRIUMF in Vancouver, Canada. The measurements were
—6KCIl+7SrLMgReQ;. (1) made over a temperature range of 2.5 K to 130 K in a small

) ) applied longitudinal field of 65 G. A series of longitudinal
Attempts to synthesize the sample by this method were Urke|d measurements up to 2065 G were made at 5 K.
successful.

Powder samples of gvigReQ; were synthesized by
combining stoichiometric amounts of Sr(©9.9%, Fishey,
MgO (99.95%, Alfa-Aesar, and ReQ (99.9%, Rhenium Al-
loys, Inc), and then firing under vacuum for 60 h in platinum A. Crystal structure

crucibles at 900 °C: Ferrettiet al. reported the structure of gVigReQ; to be
tetragonal, but no cell constants or space groups were
2SrO+ MgO+ ReO;— SrL,MgReQ . @ given?® Indexing of the Bragg peaks determined the space
The starting materials SrO and MgO were prefired undegroup to bel 4/m. Our room temperature lattice parameters,
vacuum for 12 h at 400 °C in separate ceramic containers tas determined from Rietveld refinement of x-ray diffraction
remove any absorbed water or surface impurities. data, werea=5.5670(1) A andc=7.9318(2) A.

The phase purity of the final product was tested using a Structure refinements were done6ak and 295 K using
focusing Guinier-Hgg camera with coppeKa; radiation  neutron diffraction data. The results are listed in Table I, with
and Si powder as an internal standard. After several firingshe full diffraction pattern displayed in Fig. 1. The small
no impurities were detected using this technique. ThermoMgO impurity is noted as the second set of tick marks in the
gravimetric analysis was used to determine the oxygen stddiffraction pattern. The calculated weight percentage of MgO
ichiometry by reducing the sample in a hydrogen atmospherg/as found to be 0.6% by Rietveld refinement.
at 900 °C. As these samples were prepared under vacuum, there was

A Bruker D8 diffractometer using CK «; radiation was some concern about the oxygen stoichiometry. A defect
used to obtain high-resolution x-ray diffraction patterns. Ini-structure would be difficult to detect by x-ray diffraction or
tial analysis of powder x-ray diffraction data using the searctwith the limitedQ space surveyed by our neutron diffraction
routing”® bicvoL indicated that the sample was single phaseexperimentgwhich were primarily used to detect magnetic
The software packad® FULLPROF was used to refine the ordering and disorder on the cation sjteSeveral thermal
room temperature crystal structure. gravimetric analysisTGA) experiments were conducted up

3SrCL+6KReQ,+Re+ 11SrO+ 7MgO

Ill. RESULTS AND DISCUSSION
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TABLE I. Lattice parameters for $kMgReQ; at 6 K (neutron
datg and 295 K(neutron and x-ray datas determined by powder O)
diffraction. The material used as a model for the lattice contribution i
to the heat capacity, IigWOg, is referenced as well for compari- B4
son (x-ray data. .
2
Neutron data X-ray data = ey :
Srp,MgReQ;, SnpMgReQ;, SrnMgReQ;, SrLMgWOg, § ; :
6 K 295 K 295 K 295 K % eod ¢ .
A) A) A) A) z tolg z :
]
a  5.53506) 5.56413) 5.56701) 5.58161) é o] A i x L h L L, l, sk

c 7.97249) 7.93235) 7.93182) 7.942Q1)

to 900 °C to reduce SMgReQ; to SrO, MgO, and Re metal
under flowing hydrogen to measure the weight loss, and thus b
the oxygen stoichiometry: ( )

Sr,MgReQy+ 3H,— 2SrO+ MgO+ Re+ 3H,0.  (3) 420

:

The final solid state products were confirmed by x-ray
powder diffraction using a Guinier-lgg camera to ensure
that the reaction was complete. The theoretical weight loss
was 9.96%. The average of several of these reactions was
9.7510% weight loss. Thus, the sample is nearly stoichio-
metric with respect to oxygen. The slight deficiency may be
due to the small amount of excess MgO remaining in the
sample, which would lower the expected weight loss. 0-

The crystal structure of S¥gReQ; is shown in Fig. 2. S RS i iind
Several detailed refinements of the structure were attempted 0 1 20 0 & 50 & W & 90
using models of disorder upon tiieandB’ sites(see Table 20
II). The site occupancies were refined to within 1% of full
occupation by Mg and Re, respectively, in both the neutron
and x-ray work. The electrostatic repulsion between the
Rt and Mg " species is thought to be a significant order-
ing mechanism. The significant difference in ionic rd@ii86 :
and 0.69 A for Mg and Re with VI coordinatight will also
aid the cation ordering. The relatively large size of th&"Sr
cation excluded the possibility of disorder on this site as well
(which is 1.18 A for VI coordinationp The occupation of the
oxygen sites were allowed to vary in the final refinements,
but they did not change appreciatively from full occupation.

The ideal material to study the magnetic properties of fcc
magnetic sublattices would be the cubic case, as all of the
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bond angles and exchange paths would be identical for the 04

interconnected tetrahedra. In the case ofMgReQ; the

structure is tetragonal, and the exchange paths are aniso- . . . . . ;
tropic. The Re-O-Mg bond angles are fixed to 180 ° by sym- 0 2 4 60 & LU ¥4
metry along thec direction, but they are distorted in ttad 20 (degrees)

plane to 165.5{L9)°, as shown in Fig. @) and Table Ill(at
6 K). The tetragonal distortion also results in slightly differ- 75 1 (a) Powder x-ray diffraction refinements of StgReQ,
ent Re-Re bond distances, but these vary by less than 1% t—298 k with CuKa, radiation. R,=12.2,R,,=17.4). (b)

(see Fig. 3 The significant differences in bond angles, andpowder neutron diffraction refinement of StgReQ; at T=6 K
thus & orbital overlap, are believed to play a much moreyith \ =1.3285(3) A. R,=2.86, R,,=4.06). The second set of

important role. tick marks is for a small MgO impurityc) Powder neutron diffrac-
It is worth noting that this distortion away from cubic tion refinement of SMgReQ, at T=295K with \
symmetry has been observed for the Ca analgG&ReQ. =1.32812(4) A. R,=3.17,R,,,=4.03.) The second set of tick

It is believed that the relatively small size of tiecation  marks is for a small MgO impurity.
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Re-O1:
1.930(9) A

Mg-O1:
2.056(9) A

2.063(5) A

@ @ Mg-02:
- 7

(b) a

FIG. 2. (a) The crystal structure of gMgReQ; as viewed ob-
lique to theac plane.(b) The crystal structure of S¥MgReQ; as
viewed normal to theb plane.
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TABLE Il. Refined lattice positions and temperature factors for
SpMgReQ; [A=1.3285(3) Al at 6 K [and 295 K, A
=1.32812(4) A in parenthesks

X y z B(A?)  Site
Sr 0 0.5 0.25 0.4580) 4d
(0.623))
Mg 0 0 0.5 0.101) 2b
(0.182))
Re 0 0 0 0.07) 2a
(0.131))
o1 0 0 0.2471)  0.4938) 4e
(0.24269))  (0.727))
02 0270090 0.20667) 0 0.56%10) 8h
(0.26577))  (0.21405)) (0.694))

phasé? and the associated Jahn-Teller distortions are difficult
to imagine. Neutron data suggest that there is a slight elon-
gation of the Re-O bonds in thedirection, but this small
variation[1.9309) A for Re-O1 and 1.885) A for Re-O2 at

6 K] makes it hard to justify R& as a true Jahn-Teller
active ion in this material. However, it should be noted that
Re-O bond distances are significantly more distorted than the
Sr,CaReQRe octahedrf1.9074) A for Re-O1, 1.9215) A

for Re-02, and 1.904) A for Re-O3. There is no such
distortion for the Mg-O distances, which change very little
from 6 K to 295 K. Ingeneral, Jahn-Teller effects are more
subtle fort3, configurations than foey, and it is difficult to
confirm whether or not this is a real effect in this material
based upon this study alone. The literature of Jahn-Teller
effects in R&" species is very sparse.

B. Magnetic susceptibility experiments and neutron diffraction

Although SgMgReQ; has been known for some time,
there are no detailed reports of the magnetic properties. Fer-
retti et al. found that SyMgReQ; had a room-temperature
resistivity that is in the semiconductor to insulator regime of
at least 10 O cm.*® The conclusion was that theeelectrons

TABLE IIl. Bond distances and angles for ;8gReQ; at T
=6 andT=295K as determined by powder neutron diffraction.
There are no appreciable changes due to the phase transition at
T¢~50 K. The average distances for the Re-O and Mg-O bonds are
in good agreement with the values listed by Shan(®ef. 21 for

facilitates this distortion to a monoclinic structure. Indeed,g$+_ o (1.90 A) and Mg*-0 (2.07 A).

Ba,CaReQ, with its larger B&" cation (1.61 A compared

to C&" of 1.44 A is cubic.

The structural difference between ,6aRe@ and oK 2K
Sr,MgReQ; is due to the relative sizes of tisite cations. Re-O1(A) 1.9309) 1.9268)
In the monoclinic case ($€aReQ), the difference between Re-02(A) 1.8815) 1.9014)
ca*' and R&" is large (1.00 A and 0.69 A respectively Mg-O1 (A) 2.0569) 2.0408)
which leads to a distortion of their respective octahedra to fill Mg-02 (A) 2.0635) 2.0554)
space. In the case of Mg and R&", the sizes are more Re-Re(A) 5.58306) 5.56473)
similar (0.86 A for Mg?"), and thus the distortion is only a 5.58644) 5.58692)
slight twisting in theab plane. Re-02-Mg(deg 165.5719) 168.1716)

Due to the centrosymmetric crystal structure presented Re-O1-Mg(deg 180 180

here, the previously reported room-temperature ferroelectrie
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different Re-Re bond distances are marked as 5350 (black g -\%%
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sults on this material.

Even with full localization on the Re sites, the magnetic

Temperature (K)

susceptibility was expected to be weak, since the electronic g 5 gc magnetic susceptibility runs fer=500 G and 1000

configuration is 8l* and the magnetic ions are quite dilute. It g Note the disappearance of the 50 K feature and the loss of the
was found that a Curie-Weiss regime did not develop in thigyrgad maximum at 175 K as the field increases.

sample until temperatures of at least 450 K. The resulting fit

in Fig. 4 was made to the following relationship:

x=C/I(T—0)+«,

where uez=(8C)2, 6 is the Weiss temperature, anmdis a
temperature-independent paramagnetic teriR). A correc-

0.008 =
. ZFC w0 H=10000G
] % o FC | o
]
5 3200
0.007 ° €
% = 3000 -~ -
%, o APt
— oooo°°°° 0000 L . ; . . - .
[} 000 300 350 400 450 500 550 600
g 0.006 - ©eo, 0o Temperature (K)
i} L Tt
= o Tieg,
0.005 . "o
H=100G
] .
0.004 J

T T T T v T
0 100 200 300
Temperature (K)

tion for the diamagnetism of the sample was made before the
Curie-Weiss fits were completed. In the range of 450 K—-600
K and under a field of 1 T, the Weiss temperature was found
to be 6=—426(58) K anducs=1.72(9)ug. A very small

TIP of «=0.00009(2) EMU/mol was found. These values
are similar to those for $€aReQ [where g
=1.659(6 g and = —443(6) K], reinforcing the similari-

ties of these two materials. With similar exchange paths and
Re-Re distances, it is no surprise that such a comparison can
be made. The large and negative Weiss temperature indicates
the presence of strong antiferromagnetic interactions, and the
value for the effective moment agrees well with the ideal
spin-onlyS=3 case of 1.735.

The lack of a Curie-Weiss regime until very high tempera-
tures is somewhat unusual, as most geometrically frustrated
materials tend to exhibit this behavior to temperatures much
lower thané. The reason for this discrepancy is that there is
a weak feature in the susceptibility that appears-a¥75 K
(see Fig. 4 This broad maximum is only present at low
fields, and believed to have a long tail that persists to high
temperatures. In fields greater thatb00 G, the feature is
lost in the background but a clear FC/ZFC divergence is seen
that persists to-250 K (see Fig. 5.

FIG. 4. dc magnetization measurements as a function of tem- The other notable feature in the data is the cusp and

perature aH =100 G. Note the cusp at50 K and broad feature at Strong FC/ZFC divergence at50 K. This is most prominent
~175 K. The inset shows the Curie-Weiss fit to the high-in the 100 G data set, but evidence is clearly seen in higher

temperature data, which as taken in a fieldHof 10000 G.

fields as a broad maximum. Neutron diffraction measure-
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FIG. 6. Powder neutron diffraction scans takeér6& and 295 FIG. 7. Magnetic hysteresis runst & K and 250 K for

K. The high-temperature run has a slightly higher background duesr,MgReQ;. A small temperature-dependent hysteresis is observed.
to air scattering. The inset shows a subtraction of the room- ) o )
temperature datécorrected for air scatteringrom the 6 K data. ~ €xtent of the &l orbitals. This is comparable to the 5:1 ratio
found in SpCaReQ.’
ments were madet® K and room temperature using short-  The transition at 50 K in SMgReQ; is remarkably simi-
wavelength neutronf =1.3285(3) Al to search for mag- Ilar to what is seen in $KiWOg, which has a broad maxi-
netic ordering. There were no magnetic Bragg peaks founghum in y at a Nesl temperature offy=54 K. However,
upon inspecting the 298 K dr6 K data(see Fig. 6 Thereis  there is no FC/ZFC divergence in the Ni analog. This history
a small anomaly at 2~29°, but this is due to a detector dependence is a common property of frustrated systems that
problem. Upon changing the wavelength, this feature doeshow glassy behavior, such as the pyrochlorgVi¥,0; .
not move in @, demonstrating that it is an artifact of the However, the broad maximum seen atl75 K in
instrument. However, a caveat is needed here when preclugr,MgReQ, and the FC/ZFC divergence at 250 K both sug-
ing the existence of magnetic ordering: the®RgS=3)  gest that magnetic correlations set in at temperatures much
moment size is very small, and the magnetic ions compris@igher than Tg. This phenomenon is also present in
only 10% of the atoms in the lattice. Even if the transition atSr,CaRe@, which has a glassy transition atl4 K, but a
~50 K in the magnetic susceptibility were a signature of aFC/zFC divergence at-23 K. In the case of SMgReQ;,
long-range ordered ground state, it might be difficult to dis-the strong anisotropy of the Re-O-Mg-O-Re exchange paths,
cern such a feature using neutron scattering at a medium fluyhich involve 180° linkages along but 165.5719)° Re-
reactor(and with a small sample size of4 g). Simulations  O-Mg pathways in theab plane, might bring a one-
show that for an ordered R& moment of 1.0pg, the re-  dimensional character to the magnetism, which could mani-
sulting magnetic Bragg peaks from a type-I structure typicakest itself as a broad feature in the susceptibilityCarReQ
of fcc lattices would be on the order 6f1% of the strong s virtually isotropic, with respect to exchange pathways, as
structural peaks$’ While these would be observable, any re- the Re-O-Ca-O-Re bond angles have a mean15$32)°. In
duction in the ordered momericommon for a frustrated this material there is no indication of low-dimensional mag-
system or a more complex magnetic structure would rendermetism.
these reflections indistinguishable from the background. As a Hysteresis loops were also measured at 5 K and 250 K
result, other methods were needed to elucidate the nature pdee Fig. 7. A very small hysteresis was noted in both data
the magnetic ground state. sets. This is further evidence for spin clustering, recalling
One can compare this system to ti=1 analog that the FC/ZFC divergence occurs @t-250 K. There
SRLNIWOg, which has a Weiss constant ef175 K** As  could also be a small ferromagnetic impurity that was not
described in the work on gtaReQ, the difference in these detected by either neutron or x-ray diffraction.
values can be understood in terms of the more extended na-
ture of the % orbitals as compared to thed3According to C. uSR measurements
mean-field theory, and neglecting further-neighbor interac-

tions, the nearest-neighbor exchange constants for an fcc Iat- The technique ofSR is well established as a standard
o 9 9 A0l in the study of magnetic materi&@$ The remarkable
tice can be calculated by

sensitivity of the muon to local fields and fluctuations
0. thereof, over a wide range of time scales, plag&®R as one
Jan/ k= m (5) of the best methods'to measure both the statics and dynamics
of quantum magnetisir.
Thus, the ratio ofJyn/k for SpMgReQ; relative to Measurements were taken in a small applied longitudinal
SKLNIWOg is 6:1, which is indicative of the larger spatial field of 65 G at the M15 beamline at TRIUMF in the tem-
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Time (us]) FIG. 9. Longitudinal fielduSR runs as a function of field at

=5 K. The fits to the data are Lorentzian functions as described in
FIG. 8. Longitudinal fielduSR data as a function of tempera- the text. This shows that the signal is successfully decoupled in
ture. The fits are to Eq(6) as described in the text. Note the dra- moderate fields.
matic change in line shape beldli~50 K.
cal to the spin glass functidfEqg. (6)] in the low-temperature
perature range 2 K T<52.5 K; typical spectra are shown in limit, and easier to handle numerically with a large applied
Fig. 8. The small field served to decouple any relaxatiolongitudinal field.

from nuclear dipole moment®f typical strength of a few The two-component nature of the low-temperature spectra
gaus$ but was weak enough not to affect the relaxation ofis readily apparent from the data and is typical of spin-glass
electronic origin. behavior. The appearance of a second componenigat
The spectra at all temperatures were well described by the 50 K agrees well with the dc susceptibility measurements
Lorentzian spin-glass relaxation functith, that indicate a glasslike state at this temperature. This feature
grows over a temperature range of about a decade, in sharp
1 contrast to the situation in gtaReQ, in which the line
G(t):g{exq— (4ajt/v)H2]} shape changes dramatically over a few kelvins. Nonetheless,
the extraction of an order parameté, from the spin glass
2 a’t? function can be made to illustrate the nearly first-order nature
+3|1 of the transition.

3|7 (4dltivt i)l _ . .
(dait/v+ asth) As Fig. 10 shows, the freezing of the moments is very

X exp[—(4a§t/v+ agtz)l’z], (6) abrupt. Power law fits to the order parameter were made, but
no sensible exponents could be found. Figure 10 also dis-
where ag and a4 are the static and dynamic portions of the plays the fluctuation rate as a function of temperature, which
moment respectively, andis the fluctuation rate. The devel- is correlated with the appearance of the static order param-
opment of a static portion of the moment is apparent frometer belowT . Above T, the spins are paramagnetic, lead-
the two-component form of the relaxation seen below abouing to a nearly temperature-independent fast fluctuating rate.
50 K (see Fig. 8 The order parametdd is It is quite likely that these measurements are very near or
beyond the detection limits of this technique. However, at the
ag)? s 2. 2 transition itself, there is a rapid drop in the fluctuation rate.
Q= % as+ ag. () From 50 K to 10 K, there is a decrease of over six orders of
magnitude. This is a clear signal for spin freezing. Below 10

As ayg—0, this function reduces to a Lorentzian Kubo- K, the fluctuation rate is very small, or virtually undetectable

Toyabe(KT) function: in this limit, which is evident in the flat background of the
lineshape, which indicates very slow fluctuations. Such be-
G(t)=3+2[1-atlexp — ag), (8)  havior is what one would expect for a glassy system: a slow-

ing down of moments over a wide range of frequerties

which is appropriate for a dilute source of randomly aligned(~10°) and a high-temperature paramagnetic regihmence
magnetic moments. The Lorentzian KT function gave an esthe temperature-independent response in the extierfies
sentially identical fit to the low-temperature data. line drawn in the figure demonstrates the exponential de-

It is worth indicating at this point that several longitudinal crease in the fluctuation rate over a wide range of frequencies
field scans were made to confirm the origin of these spectrdelow Tg .
Field scans up to 1065 G successfully decoupled the signal, The abrupt onset of the order parameter may be an artifact
as shown in Fig. 9. This directly shows that the response isf the fitting function chosen to analyze the,MgReQ;
from the frozen moments within the sample. The fits to thedata. This function is obtained by assuming a single fluctua-
data are Lorentzians, which, as suggested above, are idention time, a Markovian correlation of spin fluctuations, and a
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Lorentzian distribution of local field® In actual spin FC/ZFC divergence in the susceptibility at high temperatures
glasses, these assumptions are often violgfedexample, are due to a “frustration” component, as suggested by Limot
there is usually a distribution of correlation times n@gy, et al. for SCGO? Ga-NMR measurements on this material
and for dense glasses, a Gaussian distribution of local fieldsindicated that magnetic correlations persist up to an interme-
A modified function that would, in particular, provide better diate temperature scale 650 K, which is very much higher
fits to the data nedfg would probably indicate a transition than Tg~2 K for SCGO. Evidence for this effect is in a
that has more second-order character rather than such a sseak maximum in the susceptibility, which has been inter-
den first-order-like change in the order parameter. preted as due to strong 2D correlations. Likewise, the effects
In comparison to other spin glasses, such g£€8ReQ, seen in YMgReQ; at ~175 K may be due to the weak
the data are qualitatively similar. The spin-glass functionmagnetism associated with the frustrated 3D fcc lattice, al-
provides an excellent fit, which is further evidence for spinthough an analytical term that can describe such a feature is
freezing. However, SMgReQ; has a much more pro- unknown. The absence of these features in the high-
nounced minimum in the spectra. There is also more quantiemperature magnetic susceptibility of,6aReQ suggests
tative evidence in this work that confirms that the material isthat the anisotropy in $MgReQ; may play a role. Indeed,
glassy by showing a dramatic fall of the fluctuation rate be-the preferential exchange path along thaxis may induce
low Tg. More measurements are clearly needed in thesome one-dimensional character to the magnetism, which

Sr,CaReQ material for a proper comparison. manifests itself in the magnetic susceptibility.
In broader terms, the characteristic spectra gfVgiReQ;
are similar to what is seen in other geometrically frustrated D. Heat capacity measurements

spin glasses. ¥Mo0,0; has this characteristic at low tem-
peratures, with a pronounced minimum at short time scaIeE.
and an impressive drop in fluctuation rate bel@y.?® In !
contrast though, there are significant dynamics abiyeén
Y,Mo0,0; that were later ident.ified b_y neutron gcat_tqing to C(T)=T+BT?, 9)
be due to low-energy magnetic excitations. It is difficult to
tell if these persistent fluctuations are present inwhere y=1.89(24) mJ/(Kmol) and B=0.361(2) mJ/
Sr,MgReQ;, as the fluctuation rate at low temperatures is(K* mol). Other magnetic insulators such as,MgReQ;
approaching the limit of what is detectable SR. The (Ref. 30 have dramatically increaseg componentgby a
dynamics are certainly much more suppressed irfactor of 37 in this cage which have been interpreted as a
Sr,MgReG;. signature of spin glassiness, as it implies a highly degenerate
No correlation could be found with the high-temperatureground state. They value reported for SMgReQ;, albeit
FC/ZFC divergence present in the susceptibility insmall, is unusual in a magnetic insulator and it is surprising
SrL,MgReQ;. If there were short-ranged ordering for ex- that such a good fit could be obtained.
ample in this sample, this would manifest as a weak preces- The ordered perovskite SMgWOg was prepared as a lat-
sion signal superimposed upon the spectra. Since no sudite standard to permit the isolation of the magnetic compo-
feature is present, we must conclude that, at least, no suafent of the specific heat. This material was synthesized by
ordering occurs over time scales accessible to both neutror®mbining stoichiometric amounts of SrgQ99.999%,
and SR, which is over nine orders of magnitude. Given thisCerag, MgCQ; (99.999%, Cera¢ and WQ (99.98%, Alfa-
information, one may propose that the broad maximum and\esap, pressing the mixture into pellets, and firing at

Heat capacity measurements opNdgReQ; are shown in
g. 11. As shown in the inset, the low-temperature behavior
follows the empirical law
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anomaly in the vicinity off ;~50 K. However, the feature is
very weak and broad, thus ruling out\alike anomaly that
would be indicative of long-range ordering. The observed
. broad distribution is suggestive of short-range order. This
.- result is consistent with the neutron diffraction, dc suscepti-
Fie bility, and uSR results, which also point to short-range order
. and possible spin glassiness below 50 K.
e It is interesting to note that there appears to be very little
change in the magnetic heat capacity as a function of applied
T field (Fig. 12. This result was seen in the Ca analog, which
AT had a very broad field-independent specific heat anomaly
T centered affg~ 14 K. The layered kagomsystem SCGO
also has such a feature, which shows a behavior that is robust
to applied fields. Ramirezt al3! and Sindzingreet al3?
0- have suggested that such a response is typical of spin-singlet-
stabilized ground states, which would be impervious to high
o 10 20 30 40 s e 70 8  magnetic fields due the dynamic nature of the quantum sys-
tem. If this is true, then this is tantalizing evidence that
Sr,CaReQ@ and SsMgReQ; have singlet magnetism playing
FIG. 11. The heat capacity as a function of temperature and fielé role at low temperatures. In $fgReQ;, the entropy re-
for SpLMgReQ;. The inset is a fit toC=yT+BT3 with y  moval, as calculated from integrating the magnetic compo-
=1.89(24) mJ/(Kmol) and8=0.361(2) mJ/(Kmol). nent of the heat capacity from 30 K to 60 K,

0.104

cT

0.05-

30

0.00

20 -]

C_ (J/(K mol))

p
%
o
IXT T

Temperature (K)

1350 °C in air. The resulting product was confirmed to be T
single phase and isostructural to,MgReQ; by x-ray dif- S:J' (Cry/TdT, (10
fraction (see Table ). This lattice standard was measured 0

using the same method as,BigReQ;. A sample mass of o
9.80 mg was mounted with a small portion of Wakefield S extremely small: 0.16738(@hol K). This is only about 3%

grease upon the sample stage. The experiments were p&fthe ideal amount oRIn(25+1)=5.7628 J/(mol K). How-
formed over the same temperature range as fgMgw0O,.  €Ver it is comparable to what is observed in the jarosite
The resulting heat capacity is shown in the upper inset t¢ Hz3O) F&(S0y)2(OH)g, which has~6% entropy removal
Fig. 12. Remarkably, the data are linear over the temperatur&om the magnetic transitioft. In contrast though, there is no
range investigated. A scaled lattice portion was calculate®road anomaly at the transition in this material. In spite of
and subtracted from the total heat capacity ofMBjReQy,  this absence, (§0)Fey(S0;,);(OH)e is characterized as a

which is displayed in Fig. 12. It is clear that there is anSPin glass withfg~19 K, and only short-range order at low
temperatures. The spin-fluid nature of this material is evident

in the T2 heat capacity dependence at low temperatures. In
contrast SfMgReQ, shows &l dependence at lowW which

1 e o Sr,MgWo,
354 Hoearft is also field invariant.
] On a final note, one can now readily compare 83
304 = ;" systems to theilS=1 analogs to emphasize the role that
- 1 . quantum spins play upon frustrated lattices. B6thl ma-
g 25 4 @ ot terials SENiIWOg and SgNiTeOg show a long-range ordered
X 1 o o H=0aT state atTy=54 K and 28 K, respectivef? In contrast, the
S 20 - A ST S=1 materials show glassy transitions =50 K and 14
o° § A_ﬁ’. T K for Sr,MgReQ; and SsCaReQ, respectively. The simi-
15 & e ';_}s_"’ 7".';;-:‘- larities between the two sets of transition temperatures rein-
] S force the close structural relationships of the two families of
10 L T compounds. It is remarkable that the two sets of compounds
Temperature (9 show similar ordering temperatures yet tBe=3 systems

40 60 ' 80 show no long-range magnetic ordering. It is also unusual that
T wre (i€ the magnetic contribution to the heat capacity shows very
emperature (K) little change as a function of applied magnetic field for the

FIG. 12. The scaled lattice component is plotted with the rawszé materials. Canonical spin glasses, such as CuMn,
data, suggesting that a weak magnetic component is present. ThgPically show a suppression of the magnetic heat capacity
upper inset shows the linear dependence of the lattice standatPon application of a field! This is convincing evidence
SL,MgWO, as a function of temperature. The magnetic specificthat although thes&= 3 systems have been characterized
heat, as determined by a subtraction of the lattice portion, is showAs spin glasses in the absence of disorder, their ground states

in the lower inset. Note the unchanged feature as a function of fieldare poorly understood, and may contain, for example,
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mixtures of frozen spins and spin singlets. At present thalimensional spin correlations induced by the strong 180° su-
behavior is clearly very different from the isostructural perexchange paths alomg

S=1 analogs.
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