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Frustration-driven spin freezing in the SÄ 1
2 fcc perovskite Sr2MgReO6
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The ordered perovskite Sr2MgReO6 of tetragonal symmetry@ I4/m, a55.5670(1) Å,c57.9318(2) Å at
T5295 K] has been synthesized and characterized by x-ray and neutron diffraction, thermal gravimetric
analysis dc susceptibility, heat capacity, and muon spin relaxation~mSR! experiments. TheB site cations Re61

and Mg21 appear to be ordered due the large difference in formal charge. The Re61 magnetic ions form a
distorted fcc lattice ofS5

1
2 spins providing a frustrated topology of edge-shared tetrahedra. The material

exhibits a weak magnetic glassiness shown by a cusp at;50 K in the dc susceptibility, a weak but broad heat
capacity anomaly, and a low-temperaturemSR line shape characteristic of a spin-glass state. A broad and
strongly field- dependent maximum in the dc susceptibility suggests that magnetic correlations persist to;175
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 than Sr2CaReO6 , which hasTG;14 K, and a large specific heat
anomaly. In contrast, Sr2MgReO6 has a small anomaly, and only about 3% of the entropy is released atTG

;50 K, which is comparable to other unconventional spin glasses such as the jarosite
(H3O)Fe3(SO4)2(OH)6(;6%). TG;50 K is unusually high for this class of materials.

DOI: 10.1103/PhysRevB.68.134410 PACS number~s!: 75.50.Lk, 74.25.Ha, 61.12.2q, 76.75.1i
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I. INTRODUCTION

Some of the most fascinating phenomena in conden
matter physics arise from competing interactions.1 Ander-
son’s prediction of the unusual and interesting physics
would arise out of these systems has been realized ex
mentally in a wide variety of materials,2 from high-TC

superconductors3 to molecular crystals4 to geometrically
frustrated antiferromagnets.5 In the latter case, the inability
of the sublattice to magnetically order often leads to exo
ground states. In particular, the study ofS5 1

2 species on
frustrated lattices has been the target of current research
the promise of a ‘‘spin-liquid’’ state that is thought to arise
the quantum limit.6,7 The spin liquid, a dynamic state that
comprised of rapidly fluctuating spin singlets, was inspir
by Pauling’s resonating valence bond model8 and later ap-
plied by Anderson to spin frustration. In spite of considera
effort to search for such systems, to date very few ideal s
liquids have been discovered.

The current trend in the search for this elusive grou
state is centered on low-dimensional systems. Evidence
liquidlike behavior has been noted for two-dimensional~2D!
layered systems such as SrCr9pGa12-pO19 ~SCGO! ~Ref. 9!
and Ba2Sn2Ga3ZnCr7O22 ~Ref. 10!, but very few three-
dimensional spin liquids have been well characterized. M
three-dimensional systems in fact show spin glassiness,
as the pyrochlore Y2Mo2O7, in which the moments ‘‘freeze
out’’ and only short-range order is observed.11 There are a
few exceptions, such as Tb2Ti2O7 , which enters a ‘‘coopera
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tive paramagnetic state’’ at low temperatures,12 but overall
the literature is lacking clear examples of three-dimensio
liquidlike materials.

The perovskites have largely been overlooked as st
tures that can be used as a framework for frustrated magn
sublattices.B-site ordered double perovskites of the for
A2BB8O6 have been demonstrated to be extremely stabl
substitution of various ions upon theB andB8 sites, each of
which form independent fcc sublattices.13 This provides the
opportunity to study frustration effects, as the fcc latti
forms a network of edge-shared tetrahedra. Traditiona
most fcc materials enter long-range ordered ground sta
and it is indeed this lattice that was first studied as the
nonical example of an ordered antiferromagnet in early n
tron scattering measurements on binary oxides such
MnO.14 However, in the binary oxides, near-neighbor a
further-neighbor interactions compete and eventually fa
the formation of an ordered ground state. This problem
somewhat alleviated in the double perovskites, as the lat
is much more dilute with nearest neighbors separated by;5
Å and a correspondingly diminished role for further neig
bors. The choice of a Re cation on theB sites is essential to
provide good overlap between the sites relying on the lar
spatial extent of the 5d orbitals. Incidentally, the magnetism
of the 5d electrons in the Re cation has recently attrac
considerable attention. For example, the metal-insulator t
sition in Sr2FeReO6 ~Ref. 15! and the superconducting pyro
chlore Cd2Re2O7 ~Ref. 16! have been objects of fruitfu
study as of late.
©2003 The American Physical Society10-1
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C. R. WIEBEet al. PHYSICAL REVIEW B 68, 134410 ~2003!
This paper details an in-depth study of the ordered per
skite, Sr2MgReO6, which presents the combination of qua
tum magnetism with a topologically frustrated sublattic
The related material Sr2CaReO6, which is a distorted perov
skite of monoclinic symmetry, shows spin glass behav
with TG;14 K.17 Several conventional spin-glass-like fe
tures were seen, such as a cusp in the dc susceptibility
lack of long-range magnetic order, magnetic hysteresis,
spin freezing noted by muon spin relaxation~mSR! experi-
ments. However, a few unusual properties were discove
as well. The appearance of a low-temperature fie
independent specific heat anomaly with aT3 dependence in
particular suggested that a spin singlet ground state ma
present that is stabilized by strong 3D spin fluctuations. T
magnetic character of Sr2MgReO6, which has tetragona
rather than monoclinic symmetry, is markedly different fro
the Ca material, but these new properties can be unders
by investigating the differences in the crystal structure a
the magnetic exchange paths. The properties of these
materials will be compared toS51 analogs (Sr2NiMO6,
M5W or Te! to emphasize the role of quantum effects
this low-spin system.

II. EXPERIMENTAL PROCEDURES

The original structural report on this material was by F
retti, Rogers, and Goodenough,18 who made samples by fir
ing stoichiometric amounts of SrCl2 , KReO4, Re, SrO, and
MgO in sealed evacuated tubes followed by washing w
with water to remove KCl:

3SrCl216KReO41Re111SrO17MgO

→6KCl17Sr2MgReO6. ~1!

Attempts to synthesize the sample by this method were
successful.

Powder samples of Sr2MgReO6 were synthesized by
combining stoichiometric amounts of SrO~99.9%, Fisher!,
MgO ~99.95%, Alfa-Aesar!, and ReO3 ~99.9%, Rhenium Al-
loys, Inc.!, and then firing under vacuum for 60 h in platinu
crucibles at 900 °C:

2SrO1MgO1ReO3→Sr2MgReO6. ~2!

The starting materials SrO and MgO were prefired un
vacuum for 12 h at 400 °C in separate ceramic container
remove any absorbed water or surface impurities.

The phase purity of the final product was tested usin
focusing Guinier-Ha¨gg camera with copperKa1 radiation
and Si powder as an internal standard. After several firin
no impurities were detected using this technique. Therm
gravimetric analysis was used to determine the oxygen
ichiometry by reducing the sample in a hydrogen atmosph
at 900 °C.

A Bruker D8 diffractometer using CuKa1 radiation was
used to obtain high-resolution x-ray diffraction patterns. I
tial analysis of powder x-ray diffraction data using the sea
routine19 DICVOL indicated that the sample was single pha
The software package20 FULLPROF was used to refine the
room temperature crystal structure.
13441
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This material was also examined using neutron diffract
at the C2 beamline of the National Research Council’s N
tron Program for Materials Research in Chalk River, Cana
Using data collected with neutron wavelengths ofl
51.3285(3) Å and 1.32812~4! Å, the crystal structure was
refined at 6 K and room temperature usingFULLPROF.20 Neu-
tron diffraction measurements showed that there was ind
a small MgO impurity~0.6%! in the sample not detecte
with x rays. Since no other impurities were found, this w
assumed to be due to either a small weighing error or
incomplete reaction.

The dc magnetic susceptibility was measured using
Quantum Design MPMS SQUID magnetometer at McMas
University. Field-cooled~FC! and zero-field-cooled~ZFC!
scans were made over a temperature range of 2 K to 35
under various applied magnetic fields. Isothermal magnet
tion scans were also obtained at 5 K and 250 K over the field
range60.4 T.

An Oxford Instruments calorimeter probe in the Oxfo
Instruments MAGLAB apparatus was used to measure
heat capacity of this sample. A pellet of mass 12.19 mg w
attached to the probe using a measured portion of Wake
grease~for which a correction was made using software p
vided by Oxford Instruments!. The measurements were mad
between 3 K and 70 K using the relaxation method. Me
surements were also completed on the lattice stand
Sr2MgWO6 over the same temperature range to estimate
lattice contribution to the specific heat. The measureme
were carried out in a similar fashion with a pellet of ma
9.80 mg.

mSR experiments were completed at the M15 beamlin
TRIUMF in Vancouver, Canada. The measurements w
made over a temperature range of 2.5 K to 130 K in a sm
applied longitudinal field of 65 G. A series of longitudina
field measurements up to 2065 G were made at 5 K.

III. RESULTS AND DISCUSSION

A. Crystal structure

Ferrettiet al. reported the structure of Sr2MgReO6 to be
tetragonal, but no cell constants or space groups w
given.18 Indexing of the Bragg peaks determined the spa
group to beI4/m. Our room temperature lattice paramete
as determined from Rietveld refinement of x-ray diffracti
data, werea55.5670(1) Å andc57.9318(2) Å.

Structure refinements were done at 6 K and 295 K using
neutron diffraction data. The results are listed in Table I, w
the full diffraction pattern displayed in Fig. 1. The sma
MgO impurity is noted as the second set of tick marks in
diffraction pattern. The calculated weight percentage of M
was found to be 0.6% by Rietveld refinement.

As these samples were prepared under vacuum, there
some concern about the oxygen stoichiometry. A def
structure would be difficult to detect by x-ray diffraction o
with the limitedQ space surveyed by our neutron diffractio
experiments~which were primarily used to detect magnet
ordering and disorder on the cation sites!. Several thermal
gravimetric analysis~TGA! experiments were conducted u
0-2



l
h

ay
e
os
w
io
b
th

pt

ul
ro
th
r

r
e

ts
n
fc
th
t

ni
m

r-
1

nd
re

ic

r
io
i-

f

FRUSTRATION-DRIVEN SPIN FREEZING IN THE . . . PHYSICAL REVIEW B 68, 134410 ~2003!
to 900 °C to reduce Sr2MgReO6 to SrO, MgO, and Re meta
under flowing hydrogen to measure the weight loss, and t
the oxygen stoichiometry:

Sr2MgReO613H2→2SrO1MgO1Re13H2O. ~3!

The final solid state products were confirmed by x-r
powder diffraction using a Guinier-Ha¨gg camera to ensur
that the reaction was complete. The theoretical weight l
was 9.96%. The average of several of these reactions
9.75~10!% weight loss. Thus, the sample is nearly stoich
metric with respect to oxygen. The slight deficiency may
due to the small amount of excess MgO remaining in
sample, which would lower the expected weight loss.

The crystal structure of Sr2MgReO6 is shown in Fig. 2.
Several detailed refinements of the structure were attem
using models of disorder upon theB andB8 sites~see Table
II !. The site occupancies were refined to within 1% of f
occupation by Mg and Re, respectively, in both the neut
and x-ray work. The electrostatic repulsion between
Re61 and Mg21 species is thought to be a significant orde
ing mechanism. The significant difference in ionic radii~0.86
and 0.69 Å for Mg and Re with VI coordination!21 will also
aid the cation ordering. The relatively large size of the S21

cation excluded the possibility of disorder on this site as w
~which is 1.18 Å for VI coordination!. The occupation of the
oxygen sites were allowed to vary in the final refinemen
but they did not change appreciatively from full occupatio

The ideal material to study the magnetic properties of
magnetic sublattices would be the cubic case, as all of
bond angles and exchange paths would be identical for
interconnected tetrahedra. In the case of Sr2MgReO6 the
structure is tetragonal, and the exchange paths are a
tropic. The Re-O-Mg bond angles are fixed to 180 ° by sy
metry along thec direction, but they are distorted in theab
plane to 165.57~19!°, as shown in Fig. 2~b! and Table III~at
6 K!. The tetragonal distortion also results in slightly diffe
ent Re-Re bond distances, but these vary by less than
~see Fig. 3!. The significant differences in bond angles, a
thus 5d orbital overlap, are believed to play a much mo
important role.

It is worth noting that this distortion away from cub
symmetry has been observed for the Ca analog Sr2CaReO6.
It is believed that the relatively small size of theA cation

TABLE I. Lattice parameters for Sr2MgReO6 at 6 K ~neutron
data! and 295 K~neutron and x-ray data! as determined by powde
diffraction. The material used as a model for the lattice contribut
to the heat capacity, Sr2MgWO6 , is referenced as well for compar
son ~x-ray data!.

Neutron data X-ray data
Sr2MgReO6 ,

6 K
~Å!

Sr2MgReO6 ,
295 K

~Å!

Sr2MgReO6 ,
295 K

~Å!

Sr2MgWO6 ,
295 K

~Å!

a 5.5350~6! 5.5647~3! 5.5670~1! 5.5816~1!

c 7.9724~9! 7.9323~5! 7.9318~2! 7.9420~1!
13441
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FIG. 1. ~a! Powder x-ray diffraction refinements of Sr2MgReO6

at T5298 K with Cu Ka1 radiation. (Rp512.2, Rwp517.4). ~b!
Powder neutron diffraction refinement of Sr2MgReO6 at T56 K
with l51.3285(3) Å. (Rp52.86, Rwp54.06). The second set o
tick marks is for a small MgO impurity.~c! Powder neutron diffrac-
tion refinement of Sr2MgReO6 at T5295 K with l
51.32812(4) Å. (Rp53.17, Rwp54.03.) The second set of tick
marks is for a small MgO impurity.
0-3
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C. R. WIEBEet al. PHYSICAL REVIEW B 68, 134410 ~2003!
facilitates this distortion to a monoclinic structure. Indee
Ba2CaReO6, with its larger Ba21 cation ~1.61 Å compared
to Ca21 of 1.44 Å! is cubic.

The structural difference between Sr2CaReO6 and
Sr2MgReO6 is due to the relative sizes of theB site cations.
In the monoclinic case (Sr2CaReO6), the difference between
Ca21 and Re61 is large ~1.00 Å and 0.69 Å respectively!,
which leads to a distortion of their respective octahedra to
space. In the case of Mg21 and Re61, the sizes are more
similar ~0.86 Å for Mg21), and thus the distortion is only
slight twisting in theab plane.

Due to the centrosymmetric crystal structure presen
here, the previously reported room-temperature ferroelec

FIG. 2. ~a! The crystal structure of Sr2MgReO6 as viewed ob-
lique to theac plane. ~b! The crystal structure of Sr2MgReO6 as
viewed normal to theab plane.
13441
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phase22 and the associated Jahn-Teller distortions are diffic
to imagine. Neutron data suggest that there is a slight e
gation of the Re-O bonds in thec direction, but this small
variation@1.930~9! Å for Re-O1 and 1.882~5! Å for Re-O2 at
6 K# makes it hard to justify Re61 as a true Jahn-Telle
active ion in this material. However, it should be noted th
Re-O bond distances are significantly more distorted than
Sr2CaReO6Re octahedra@1.907~4! Å for Re-O1, 1.921~5! Å
for Re-O2, and 1.904~4! Å for Re-O3#. There is no such
distortion for the Mg-O distances, which change very lit
from 6 K to 295 K. Ingeneral, Jahn-Teller effects are mo
subtle fort2g

1 configurations than foreg
1, and it is difficult to

confirm whether or not this is a real effect in this mater
based upon this study alone. The literature of Jahn-Te
effects in Re61 species is very sparse.

B. Magnetic susceptibility experiments and neutron diffraction

Although Sr2MgReO6 has been known for some time
there are no detailed reports of the magnetic properties.
retti et al. found that Sr2MgReO6 had a room-temperatur
resistivity that is in the semiconductor to insulator regime
at least 105 V cm.18 The conclusion was that thed electrons

TABLE II. Refined lattice positions and temperature factors
Sr2MgReO6 @l51.3285(3) Å# at 6 K @and 295 K, l
51.32812(4) Å in parentheses#.

x y z B~Å2! Site

Sr 0 0.5 0.25 0.456~10! 4d
„0.62~3!…

Mg 0 0 0.5 0.10~1! 2b
„0.18~2!…

Re 0 0 0 0.07~1! 2a
„0.13~1!…

O1 0 0 0.242~1! 0.493~8! 4e
„0.2426~9!… „0.72~7!…

O2 0.2700~9! 0.2066~7! 0 0.565~10! 8h
„0.2657~7!… „0.2140~5!… „0.69~4!…

TABLE III. Bond distances and angles for Sr2MgReO6 at T
56 and T5295 K as determined by powder neutron diffractio
There are no appreciable changes due to the phase transitio
TG;50 K. The average distances for the Re-O and Mg-O bonds
in good agreement with the values listed by Shannon~Ref. 21! for
Re61-O ~1.90 Å! and Mg21-O ~2.07 Å!.

6 K 295 K

Re-O1~Å! 1.930~9! 1.926~8!

Re-O2~Å! 1.882~5! 1.901~4!

Mg-O1 ~Å! 2.056~9! 2.040~8!

Mg-O2 ~Å! 2.063~5! 2.055~4!

Re-Re~Å! 5.5830~6! 5.5647~3!

5.5864~4! 5.5869~2!

Re-O2-Mg~deg! 165.57~19! 168.17~16!

Re-O1-Mg~deg! 180 180
0-4
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FRUSTRATION-DRIVEN SPIN FREEZING IN THE . . . PHYSICAL REVIEW B 68, 134410 ~2003!
were localized on the rhenium sites rather than formin
band structure such as that in the parent compound Re3 .
Other than this brief entry, there are no other published
sults on this material.

Even with full localization on the Re sites, the magne
susceptibility was expected to be weak, since the electro
configuration is 5d1 and the magnetic ions are quite dilute.
was found that a Curie-Weiss regime did not develop in t
sample until temperatures of at least 450 K. The resulting
in Fig. 4 was made to the following relationship:

x5C/~T2u!1a, ~4!

wheremeff5(8C)1/2, u is the Weiss temperature, anda is a
temperature-independent paramagnetic term~TIP!. A correc-

FIG. 3. The fcc ordered sublattice of Sr2MgReO6 . The two
different Re-Re bond distances are marked as 5.5350~6! Å ~black
bonds! and 5.5864~4! Å ~grey bonds!.

FIG. 4. dc magnetization measurements as a function of t
perature atH5100 G. Note the cusp at;50 K and broad feature a
;175 K. The inset shows the Curie-Weiss fit to the hig
temperature data, which as taken in a field ofH510000 G.
13441
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tion for the diamagnetism of the sample was made before
Curie-Weiss fits were completed. In the range of 450 K–6
K and under a field of 1 T, the Weiss temperature was fou
to be u52426(58) K andmeff51.72(9)mB . A very small
TIP of a50.00009(2) EMU/mol was found. These valu
are similar to those for Sr2CaReO6 @where meff
51.659(6)mB andu52443(6) K], reinforcing the similari-
ties of these two materials. With similar exchange paths
Re-Re distances, it is no surprise that such a comparison
be made. The large and negative Weiss temperature indic
the presence of strong antiferromagnetic interactions, and
value for the effective moment agrees well with the ide
spin-onlyS5 1

2 case of 1.73mB .
The lack of a Curie-Weiss regime until very high tempe

tures is somewhat unusual, as most geometrically frustra
materials tend to exhibit this behavior to temperatures m
lower thanu. The reason for this discrepancy is that there
a weak feature in the susceptibility that appears at;175 K
~see Fig. 4!. This broad maximum is only present at lo
fields, and believed to have a long tail that persists to h
temperatures. In fields greater than;500 G, the feature is
lost in the background but a clear FC/ZFC divergence is s
that persists to;250 K ~see Fig. 5!.

The other notable feature in the data is the cusp
strong FC/ZFC divergence at;50 K. This is most prominent
in the 100 G data set, but evidence is clearly seen in hig
fields as a broad maximum. Neutron diffraction measu

-

FIG. 5. dc magnetic susceptibility runs forH5500 G and 1000
G. Note the disappearance of the 50 K feature and the loss o
broad maximum at 175 K as the field increases.
0-5
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C. R. WIEBEet al. PHYSICAL REVIEW B 68, 134410 ~2003!
ments were made at 6 K and room temperature using sho
wavelength neutrons@l51.3285(3) Å# to search for mag-
netic ordering. There were no magnetic Bragg peaks fo
upon inspecting the 298 K and 6 K data~see Fig. 6!. There is
a small anomaly at 2u;29°, but this is due to a detecto
problem. Upon changing the wavelength, this feature d
not move in 2u, demonstrating that it is an artifact of th
instrument. However, a caveat is needed here when prec
ing the existence of magnetic ordering: the Re61 (S5 1

2 )
moment size is very small, and the magnetic ions comp
only 10% of the atoms in the lattice. Even if the transition
;50 K in the magnetic susceptibility were a signature o
long-range ordered ground state, it might be difficult to d
cern such a feature using neutron scattering at a medium
reactor~and with a small sample size of;4 g!. Simulations
show that for an ordered Re61 moment of 1.00mB , the re-
sulting magnetic Bragg peaks from a type-I structure typi
of fcc lattices would be on the order of;1% of the strong
structural peaks.17 While these would be observable, any r
duction in the ordered moment~common for a frustrated
system! or a more complex magnetic structure would rend
these reflections indistinguishable from the background. A
result, other methods were needed to elucidate the natu
the magnetic ground state.

One can compare this system to theS51 analog
Sr2NiWO6, which has a Weiss constant of2175 K.23 As
described in the work on Sr2CaReO6, the difference in these
values can be understood in terms of the more extended
ture of the 5d orbitals as compared to the 3d. According to
mean-field theory, and neglecting further-neighbor inter
tions, the nearest-neighbor exchange constants for an fcc
tice can be calculated by

JNN /k5
uc

12~2/3!S~S11!
. ~5!

Thus, the ratio of JNN /k for Sr2MgReO6 relative to
Sr2NiWO6 is 6:1, which is indicative of the larger spatia

FIG. 6. Powder neutron diffraction scans taken at 6 K and 295
K. The high-temperature run has a slightly higher background
to air scattering. The inset shows a subtraction of the roo
temperature data~corrected for air scattering! from the 6 K data.
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extent of the 5d orbitals. This is comparable to the 5:1 rat
found in Sr2CaReO6.17

The transition at 50 K in Sr2MgReO6 is remarkably simi-
lar to what is seen in Sr2NiWO6, which has a broad maxi
mum in x at a Néel temperature ofTN554 K. However,
there is no FC/ZFC divergence in the Ni analog. This histo
dependence is a common property of frustrated systems
show glassy behavior, such as the pyrochlore Y2Mo2O7.
However, the broad maximum seen at;175 K in
Sr2MgReO6 and the FC/ZFC divergence at 250 K both su
gest that magnetic correlations set in at temperatures m
higher than TG . This phenomenon is also present
Sr2CaReO6, which has a glassy transition at;14 K, but a
FC/ZFC divergence at;23 K. In the case of Sr2MgReO6,
the strong anisotropy of the Re-O-Mg-O-Re exchange pa
which involve 180° linkages alongc but 165.57~19!° Re-
O-Mg pathways in theab plane, might bring a one-
dimensional character to the magnetism, which could ma
fest itself as a broad feature in the susceptibility. Sr2CaReO6
is virtually isotropic, with respect to exchange pathways,
the Re-O-Ca-O-Re bond angles have a mean of;153~2!°. In
this material there is no indication of low-dimensional ma
netism.

Hysteresis loops were also measured at 5 K and 25
~see Fig. 7!. A very small hysteresis was noted in both da
sets. This is further evidence for spin clustering, recall
that the FC/ZFC divergence occurs atT.250 K. There
could also be a small ferromagnetic impurity that was n
detected by either neutron or x-ray diffraction.

C. mSR measurements

The technique ofmSR is well established as a standa
tool in the study of magnetic materials.24 The remarkable
sensitivity of the muon to local fields and fluctuation
thereof, over a wide range of time scales, placesmSR as one
of the best methods to measure both the statics and dyna
of quantum magnetism.25

Measurements were taken in a small applied longitudi
field of 65 G at the M15 beamline at TRIUMF in the tem

e
-

FIG. 7. Magnetic hysteresis runs at 5 K and 250 K for
Sr2MgReO6 . A small temperature-dependent hysteresis is obser
0-6
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perature range 2 K,T,52.5 K; typical spectra are shown i
Fig. 8. The small field served to decouple any relaxat
from nuclear dipole moments~of typical strength of a few
gauss! but was weak enough not to affect the relaxation
electronic origin.

The spectra at all temperatures were well described by
Lorentzian spin-glass relaxation function,26

G~ t !5
1

3
$exp@2~4ad

2t/n!1/2#%

1
2

3 F12
as

2t2

~4ad
2t/n1as

2t2!1/2G
3exp@2~4ad

2t/n1as
2t2!1/2#, ~6!

whereas andad are the static and dynamic portions of th
moment respectively, andn is the fluctuation rate. The deve
opment of a static portion of the moment is apparent fr
the two-component form of the relaxation seen below ab
50 K ~see Fig. 8!. The order parameterQ is

Q5S as

a D 2

, a25as
21ad

2. ~7!

As ad→0, this function reduces to a Lorentzian Kub
Toyabe~KT! function:

G~ t !5 1
3 1 2

3 @12ast#exp~2ast !, ~8!

which is appropriate for a dilute source of randomly align
magnetic moments. The Lorentzian KT function gave an
sentially identical fit to the low-temperature data.

It is worth indicating at this point that several longitudin
field scans were made to confirm the origin of these spec
Field scans up to 1065 G successfully decoupled the sig
as shown in Fig. 9. This directly shows that the respons
from the frozen moments within the sample. The fits to
data are Lorentzians, which, as suggested above, are id

FIG. 8. Longitudinal fieldmSR data as a function of tempera
ture. The fits are to Eq.~6! as described in the text. Note the dr
matic change in line shape belowTG;50 K.
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cal to the spin glass function@Eq. ~6!# in the low-temperature
limit, and easier to handle numerically with a large appli
longitudinal field.

The two-component nature of the low-temperature spe
is readily apparent from the data and is typical of spin-gl
behavior. The appearance of a second component atTG
;50 K agrees well with the dc susceptibility measureme
that indicate a glasslike state at this temperature. This fea
grows over a temperature range of about a decade, in s
contrast to the situation in Sr2CaReO6, in which the line
shape changes dramatically over a few kelvins. Nonethel
the extraction of an order parameter,Q, from the spin glass
function can be made to illustrate the nearly first-order nat
of the transition.

As Fig. 10 shows, the freezing of the moments is ve
abrupt. Power law fits to the order parameter were made,
no sensible exponents could be found. Figure 10 also
plays the fluctuation rate as a function of temperature, wh
is correlated with the appearance of the static order par
eter belowTG . AboveTG , the spins are paramagnetic, lea
ing to a nearly temperature-independent fast fluctuating r
It is quite likely that these measurements are very nea
beyond the detection limits of this technique. However, at
transition itself, there is a rapid drop in the fluctuation ra
From 50 K to 10 K, there is a decrease of over six orders
magnitude. This is a clear signal for spin freezing. Below
K, the fluctuation rate is very small, or virtually undetectab
in this limit, which is evident in the flat background of th
lineshape, which indicates very slow fluctuations. Such
havior is what one would expect for a glassy system: a slo
ing down of moments over a wide range of frequencies27

(;108) and a high-temperature paramagnetic regime~hence
the temperature-independent response in the extremes!. The
line drawn in the figure demonstrates the exponential
crease in the fluctuation rate over a wide range of frequen
below TG .

The abrupt onset of the order parameter may be an art
of the fitting function chosen to analyze the Sr2MgReO6
data. This function is obtained by assuming a single fluct
tion time, a Markovian correlation of spin fluctuations, and

FIG. 9. Longitudinal fieldmSR runs as a function of field atT
55 K. The fits to the data are Lorentzian functions as describe
the text. This shows that the signal is successfully decoupled
moderate fields.
0-7
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FIG. 10. The fluctuation rate as a function o
temperature, indicating moment freezing belo
TG . The line drawn is a guide to the eye, dem
onstrating the exponential nature of the freezin
The inset shows the static order parameter,Q, as
a function of temperature. The line is a guide
the eye.
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Lorentzian distribution of local fields.26 In actual spin
glasses, these assumptions are often violated~for example,
there is usually a distribution of correlation times nearTG ,
and for dense glasses, a Gaussian distribution of local fie!.
A modified function that would, in particular, provide bett
fits to the data nearTG would probably indicate a transitio
that has more second-order character rather than such a
den first-order-like change in the order parameter.

In comparison to other spin glasses, such as Sr2CaReO6,
the data are qualitatively similar. The spin-glass funct
provides an excellent fit, which is further evidence for sp
freezing. However, Sr2MgReO6 has a much more pro
nounced minimum in the spectra. There is also more qua
tative evidence in this work that confirms that the materia
glassy by showing a dramatic fall of the fluctuation rate b
low TG . More measurements are clearly needed in
Sr2CaReO6 material for a proper comparison.

In broader terms, the characteristic spectra of Sr2MgReO6
are similar to what is seen in other geometrically frustra
spin glasses. Y2Mo2O7 has this characteristic at low tem
peratures, with a pronounced minimum at short time sca
and an impressive drop in fluctuation rate belowTG .28 In
contrast though, there are significant dynamics aboveTG in
Y2Mo2O7 that were later identified by neutron scattering
be due to low-energy magnetic excitations. It is difficult
tell if these persistent fluctuations are present
Sr2MgReO6, as the fluctuation rate at low temperatures
approaching the limit of what is detectable bymSR. The
dynamics are certainly much more suppressed
Sr2MgReO6.

No correlation could be found with the high-temperatu
FC/ZFC divergence present in the susceptibility
Sr2MgReO6. If there were short-ranged ordering for e
ample in this sample, this would manifest as a weak prec
sion signal superimposed upon the spectra. Since no
feature is present, we must conclude that, at least, no s
ordering occurs over time scales accessible to both neut
andmSR, which is over nine orders of magnitude. Given t
information, one may propose that the broad maximum
13441
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FC/ZFC divergence in the susceptibility at high temperatu
are due to a ‘‘frustration’’ component, as suggested by Lim
et al. for SCGO.29 Ga-NMR measurements on this mater
indicated that magnetic correlations persist up to an inter
diate temperature scale of;50 K, which is very much higher
than TG;2 K for SCGO. Evidence for this effect is in
weak maximum in the susceptibility, which has been int
preted as due to strong 2D correlations. Likewise, the effe
seen in Sr2MgReO6 at ;175 K may be due to the wea
magnetism associated with the frustrated 3D fcc lattice,
though an analytical term that can describe such a featu
unknown. The absence of these features in the hi
temperature magnetic susceptibility of Sr2CaReO6 suggests
that the anisotropy in Sr2MgReO6 may play a role. Indeed
the preferential exchange path along thec axis may induce
some one-dimensional character to the magnetism, wh
manifests itself in the magnetic susceptibility.

D. Heat capacity measurements

Heat capacity measurements on Sr2MgReO6 are shown in
Fig. 11. As shown in the inset, the low-temperature behav
follows the empirical law

C~T!5gT1bT3, ~9!

where g51.89(24) mJ/(K2 mol) and b50.361(2) mJ/
(K4 mol). Other magnetic insulators such as Li4MgReO6
~Ref. 30! have dramatically increasedg components~by a
factor of 37 in this case!, which have been interpreted as
signature of spin glassiness, as it implies a highly degene
ground state. Theg value reported for Sr2MgReO6, albeit
small, is unusual in a magnetic insulator and it is surpris
that such a good fit could be obtained.

The ordered perovskite Sr2MgWO6 was prepared as a lat
tice standard to permit the isolation of the magnetic com
nent of the specific heat. This material was synthesized
combining stoichiometric amounts of SrCO3 ~99.999%,
Cerac!, MgCO3 ~99.999%, Cerac!, and WO3 ~99.98%, Alfa-
Aesar!, pressing the mixture into pellets, and firing
0-8
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FRUSTRATION-DRIVEN SPIN FREEZING IN THE . . . PHYSICAL REVIEW B 68, 134410 ~2003!
1350 °C in air. The resulting product was confirmed to
single phase and isostructural to Sr2MgReO6 by x-ray dif-
fraction ~see Table I!. This lattice standard was measur
using the same method as Sr2MgReO6. A sample mass of
9.80 mg was mounted with a small portion of Wakefie
grease upon the sample stage. The experiments were
formed over the same temperature range as for Sr2MgWO6.

The resulting heat capacity is shown in the upper inse
Fig. 12. Remarkably, the data are linear over the tempera
range investigated. A scaled lattice portion was calcula
and subtracted from the total heat capacity of Sr2MgReO6,
which is displayed in Fig. 12. It is clear that there is

FIG. 11. The heat capacity as a function of temperature and
for Sr2MgReO6 . The inset is a fit toC5gT1bT3, with g
51.89(24) mJ/(K2 mol) andb50.361(2) mJ/(K4 mol).

FIG. 12. The scaled lattice component is plotted with the r
data, suggesting that a weak magnetic component is present
upper inset shows the linear dependence of the lattice stan
Sr2MgWO6 as a function of temperature. The magnetic spec
heat, as determined by a subtraction of the lattice portion, is sh
in the lower inset. Note the unchanged feature as a function of fi
13441
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anomaly in the vicinity ofTG;50 K. However, the feature is
very weak and broad, thus ruling out al-like anomaly that
would be indicative of long-range ordering. The observ
broad distribution is suggestive of short-range order. T
result is consistent with the neutron diffraction, dc susce
bility, and mSR results, which also point to short-range ord
and possible spin glassiness below 50 K.

It is interesting to note that there appears to be very li
change in the magnetic heat capacity as a function of app
field ~Fig. 12!. This result was seen in the Ca analog, whi
had a very broad field-independent specific heat anom
centered atTG;14 K. The layered kagome´ system SCGO
also has such a feature, which shows a behavior that is ro
to applied fields. Ramirezet al.31 and Sindzingreet al.32

have suggested that such a response is typical of spin-sin
stabilized ground states, which would be impervious to h
magnetic fields due the dynamic nature of the quantum s
tem. If this is true, then this is tantalizing evidence th
Sr2CaReO6 and Sr2MgReO6 have singlet magnetism playin
a role at low temperatures. In Sr2MgReO6, the entropy re-
moval, as calculated from integrating the magnetic com
nent of the heat capacity from 30 K to 60 K,

S5E
0

T

~Cm /T!dT, ~10!

is extremely small: 0.16738 J/~mol K!. This is only about 3%
of the ideal amount ofR ln(2S11)55.7628 J/(mol K). How-
ever, it is comparable to what is observed in the jaros
(H3O)Fe3(SO4)2(OH)6 , which has;6% entropy removal
from the magnetic transition.33 In contrast though, there is n
broad anomaly at the transition in this material. In spite
this absence, (H3O)Fe3(SO4)2(OH)6 is characterized as a
spin glass withTG;19 K, and only short-range order at low
temperatures. The spin-fluid nature of this material is evid
in the T2 heat capacity dependence at low temperatures
contrast Sr2MgReO6 shows aT1 dependence at lowT which
is also field invariant.

On a final note, one can now readily compare theS5 1
2

systems to theirS51 analogs to emphasize the role th
quantum spins play upon frustrated lattices. BothS51 ma-
terials Sr2NiWO6 and Sr2NiTeO6 show a long-range ordere
state atTN554 K and 28 K, respectively.23 In contrast, the
S5 1

2 materials show glassy transitions atTG550 K and 14
K for Sr2MgReO6 and Sr2CaReO6, respectively. The simi-
larities between the two sets of transition temperatures r
force the close structural relationships of the two families
compounds. It is remarkable that the two sets of compou
show similar ordering temperatures yet theS5 1

2 systems
show no long-range magnetic ordering. It is also unusual
the magnetic contribution to the heat capacity shows v
little change as a function of applied magnetic field for t
S5 1

2 materials. Canonical spin glasses, such as CuM
typically show a suppression of the magnetic heat capa
upon application of a field.34 This is convincing evidence
that although theseS5 1

2 systems have been characteriz
as spin glasses in the absence of disorder, their ground s
are poorly understood, and may contain, for examp
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mixtures of frozen spins and spin singlets. At present
behavior is clearly very different from the isostructur
S51 analogs.

IV. CONCLUSIONS

TheB-site orderedS5 1
2 fcc perovskite, Sr2MgReO6, has

been synthesized and characterized. An apparent transiti
;50 K is seen in the magnetic susceptibility, specific he
andmSR. ThemSR data support a spin-glassy state below
K. However, several unusual features, such as a broad m
mum in the susceptibility at;175 K ~seen at low applied
fields!, and the field-independent heat capacity anomaly
TG are suggestive of liquid behavior. The high temperat
~175 K! susceptibility anomaly is not echoed in any oth
measurement, and is hypothesized to be due to o
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