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Li 4MgReO6: An SÄ1Õ2 antiferromagnet exhibiting spin-glass behavior
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Polycrystalline Li4MgReO6 was prepared by means of solid-state synthesis. The crystallographic structure
was determined from high-resolution powder-neutron-diffraction data. It was found that Li4MgReO6 crystal-
lizes in space groupC2/m with lattice parameters,a55.0978(3) Å,b58.8163(5) Å,c55.0815(3) Å, and
b5109.835(2)°. This structure is an ordered variant of Li2SnO3 in which Li1, Mg21, and Re61 ions occupy
the Sn41 sites, which can be desribed as honeycomb layers. Due to the large differences in formal charge, the
Re61 ions order on half of the Sn sites forming a distorted face-shared tetrahedral sublattice. As Re61 is an
S51/2 ion this material is an attractive candidate for the study of the effects of geometric frustration on a
quantum spin system. The investigation of bulk magnetic susceptibilities and magnetization studies as well as
low-temperature neutron-diffraction experiments reveals a spin-glass behavior with a glass transition tempera-
ture of 12 K. Both heat-capacity and muon spin-relaxation measurements at low temperatures are consistent
with a spin-glass interpretation with no long-range order detectable down toT50.5 K.
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I. INTRODUCTION

Extensive investigations of triangular antiferromagn
have been carried out during the last two decades. The
that not all three antiferromagnetic exchange constraints
be satisfied simultaneously creates a frustrated situa
which is illustrated in Fig. 1. In the past, different magne
ground states were proposed for triangularly frustrated
tices. Most such compounds show a Nee´l ground state,
which can be established if all spins are oriented at an a
of 120° with respect to each other~see Fig. 1 also!. The
resulting net magnetic moment is zero and the structur
chiral. On an ideal triangular lattice each of the chiral co
figurations can form a continuum of degenerate ground st
if all magnetic moments are rotated simultaneously in
x-y plane such that the 120° constraint is still satisfied. E
amples of triangular antiferromagnets are LnMnO3 (Ln
5Ho,Er,Tm,Lu),1 ScMnO3,2 CsMnBr3,3,4 as well as VX2

(X5Cl, Br, and J! andACrX2 (A5Li, Na, K, andX5O, S,
Se!.5 In 1973 a new magnetic ground state was proposed
Anderson.6 For the case of aS51/2 system, Anderson sug
gested a model involving the formation of spin single
based on the pairing of adjacent spins, which satisfies
antiferromagnetic coupling condition. It is easy to imagi
that there exists a large number of combinations of near
neighbor singlet pair formations. Consequently no magn
long-range order is established, but a high degree of de
eracy is achieved upon application of linear combinations
individual spin configurations, which lowers the total energ
In analogy to the chemical bonding models of Pauling, t
was called the resonating valence bond model. This also
resents a spin-liquid type ground state, since no ‘‘conden
tion’’ into either a Nee´l state or a frozen spin or spin-glas
state occurs. The different spin configurations of a spin
PRB 620163-1829/2000/62~10!/6521~9!/$15.00
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uid are separated by a zero-energy barrier. In 1974, Faz
and Anderson7 published a detailed analysis of the triangu
lattice for S51/2 spins. It has been pointed out that a hi
degree of anisotropy is favorable for the formation of t
spin liquid type ground state.

Since 1974 several magnetic systems have been inv
gated experimentally, in a search for real spin liquids, inclu
ing LiNiO2,8 LiCoO2, NaTiO2,9 and SrCr4Ga8O19 ~Ref. 10!
where interesting data concerning the spin dynamics at
temperatures were obtained. In the latter, the paramagn
Cr31 ions are located on akagome´ lattice ~corner-shared
triangular lattice! as well as in layers of edge-sharing tr
angles. Lately, the jarosite family has attracted attenti
since this is the first example of akagome´ structure with no
disorder present, thus representing an interesting model c
pound for spin-liquid behavior.11

Another interesting ground state, already mentioned
the spin-glass state, where the magnetic moments freeze
domly upon cooling the sample below a characteristic te
perature. It is noteworthy that short-range order might
present on the magnetic sublattices. Spin glasses were in
tigated extensively in the 1970’s, in particular dilute metal
spin glasses were considered, whereas interest in spin gla
of magnetic insulators developed in the 1980’s. For m
cases site disorder on the magnetic sublattice is consider
necessary requirement for the formation of a spin-gl
ground state. In the two broad classes positional disorder
prominent feature as the concentration of the magnetic
on its sublattice is below the appropriate percolation lim
There does exist a small class of insulating magnetic m
rials in which the magnetic sublattice appears to be fu
occupied, i.e., with defect levels at or near the limit of d
tection by diffraction methods, and thus, with concentrat
levels well above any percolation threshold, which nonet
less exhibit spin-glasslike behavior. In such materials
6521 ©2000 The American Physical Society
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6522 PRB 62M. BIERINGER, J. E. GREEDAN, AND G. M. LUKE
magnetic sublattice is geometrically frustrated and
nearest-neighbor exchange spin coupling is antiferrom
netic. An example is the pyrochlore oxide Y2Mo2O7.12

Many of the candidate spin-liquid materials mention
above crystallize in an ordered variant of the NaCl structu
with a 1:1 ratio of magnetic to nonmagnetic ions, e.
LiNiO2 , LiCoO2, and NaTiO2. In these cases, order on th
cation sublattice results in a geometrically frustrated m
netic sublattice with layers of edge-sharing equilateral
angles. It is of interest to investigate other ordered Na
structures with different magnetic to nonmagnetic ion rati
One such example is thea-Li 2SnO3 structure type. In this
case the Sn41 sublattice consists of layers with a honeycom
topology. Cation ordering on half of the sites in such a latt
would result in an edge-sharing triangular layer, as in Fig
or a tetrahedral sublattice depending on the layer spac
The problem, then, is to find a combination of ions which a
likely to exhibit charge ordering and one of which is anS
51/2 ion. A solution to the problem may be the mater
Li4MgReO6 in which Re61 @5d ~Ref. 1, S51/2# is paired
with Mg21. This compound was first reported in 1963 alo
with Li5ReO6, which is apparently isostructural, but a d
tailed crystal structure of Li4MgReO6 was not presented.13

Somewhat later Lang14 considered the symmetry of differen
stacking sequences of the Re61 containing layers and sug
gested monoclinicC2/m and C2/c and trigonal space
groups,P3112 andP3212, but again no detailed structur
The availability of only x-ray powder samples has been
impediment to a structure solution. An additional issue w
a Re61 material is whether thed electron will remain local-
ized. ReO3 is well-known to be metallic, but the ordere
perovskite Sr2MgReO6 is insulating.15 Given the level of di-
lution of Re61 in the proposed cation-ordered structure o
would expect Li4MgReO6 to be insulating and magnetic a
well.

In this paper we present the preparation of polycrystall
Li 4MgReO6, and the crystallographic structure o
Li4MgReO6 as derived from powder-neutron-diffractio

FIG. 1. Illustration of a magnetically frustrated triangular latti
~upper figure! with antiferromagnetic coupling constant J1. Only
two spins can be aligned antiparallel, whereas the third spin is f
trated. The lower figure shows the geometrically frustrated situa
on the four vortices of a tetrahedron.
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data. Of central interest is the geometry of the Re61 sublat-
tice and the significance of the disorder of magnetic as w
as nonmagnetic ions in the structure.

The results of a detailed study of the magnetic proper
including bulk magnetic susceptibility and time-depende
relaxation experiments are presented. The observations
supplemented by heat-capacity, low-temperature neut
diffraction, and muon spin-relaxation experiments that
crucial in the characterization of the magnetic ground sta

II. EXPERIMENT

A. Preparation of polycrystalline Li 4MgReO6

Li2O was prepared at 650 °C under vacuum fro
LiOH H2O (>99.9% Smith Chemicals! according to the
following reaction:

2 LiOH H2O→Li2O13H2O. ~2.1!

Li4MgReO6 was prepared from Li2O, MgO ~Cerac,
99.99%), Re2O7 ~Cerac, 99.9%), and Re~Cerac, 99.99%).
Stochiometric amounts of the starting materials were gro
and placed in a Pt crucible, which was placed in a sealed
evacuated quartz tube. The synthesis was carried out for
at 650 °C according to reaction~2.2!.

2 Li2O1MgO1
3

7
Re2O71

1

7
Re→Li4MgReO6. ~2.2!

All preparative steps were carried out in a glove box~Ar
atmosphere!. After completion of the reaction a very sma
amount of white deposit (Li2O or MgO! was found on the
walls of the quartz tube. The polycrystalline product is bla
and homogeneous. A two probe resistance measuremen
dicated insulating behavior.

B. X-ray powder diffraction

The product purity was determined with a focussi
Guinier Hägg camera using CuKa , x-ray radiation, l
51.54060 Å. Accurate unit-cell constants were obtain
and no impurities were identified.

C. Neutron powder diffraction

1. Room temperature neutron-powder-diffraction experiments

Time of flight neutron-powder-diffraction experimen
were carried out at IPNS at Argonne National Laboratory
instrument SEPD using a vanadium sample can, spanning
d-spacing range 0.4 Å –4 Å.

2. Low-temperature neutron-powder-diffraction experiments

Neutron-powder-diffraction experiments at low tempe
tures were carried out on the C2 diffractometer~800 wire
position sensitive detector! operated by the Neutron Progra
for Materials Research of the National Research Counci
Canada at the Chalk River Nuclear Laboratory using a wa
length l51.32632 Å. Powder-diffraction patterns we
taken in a vanadium sample can over the 2u range 3° –83°.
In order to investigate potential magnetic long-range ord
experiments were carried out at 4 K, 20 K, and 40 K us
helium cryostat H8.
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D. Magnetic susceptibility measurements

Bulk magnetic measurements were carried out usin
superconducting quantum interference device~SQUID!,
magnetometer~Quantum design!. Using magnetic fields of
0.1 and 1 T, magnetic susceptibilities were obtained betw
2 K and 500 K. Between 2 K and 350 K the measuremen
were carried out in gelatin capsules within the He cryos
The data for the high-temperature region between 300 K
500 K were collected using a quartz tube within an ov
Furthermore, magnetization curves were taken at 5 K, 10
and 15 K, where the magnetic field was swept from 0 to
T.

E. Magnetic relaxation measurements

Magnetic relaxation measurements were carried out
K, 10 K, and 20 K using a SQUID magnetometer~Quantum
Design!. The sample was cooled to 5 K in zero field. As soon
asT55 K was reached a magnetic field ofH50.1 T was
switched on and the magnetization was monitored as a fu
tion of time. Before measuring the next temperature
sample was warmed toT550 K in order to be far above th
glass transition temperature of 12 K.

F. Heat-capacity measurements at low temperatures

The specific heat in zero field of the sample in the form
a pellet was measured in the temperature range 0.6–3
using a quasiadiabatic calorimeter and a commercial He
sorption pumped3He cryostat. The pulse method was us
for these measurements. The sample was mounted on a
sapphire plate with apiezon for better thermal contact. U
derneath the sapphire plate a strain gauge heater and a2
temperature sensor were attached. The specific heat o
sample was obtained by subtracting the contribution of
addendum, measured separately, from the total meas
heat capacity.

G. Muon spin relaxation measurements

Muon spin relaxation measurements were carried ou
TRIUMF in Vancouver. The zero-field experiments cover
the temperature range 2.5 K–125 K. Furthermore, longitu
nal field experiments using applied magnetic fields of 0.0
and 0.1 T were carried out.

III. RESULTS AND DISCUSSION

A. Diffraction experiments

X-ray powder patterns were collected using a Guin
Hägg camera where Si was used as an internal stand
Using the unit cell search routineVISSER~version 9! a mono-
clinic unit cell with space groupC2/m was found for 20
reflections. The unit-cell dimensions were refined using
least-square minimization programLSUDF. Forty-one reflec-
tions were used for the refinement resulting in the followi
unit-cell constants:a55.0941(3) Å, b58.809(2) Å, c
55.0801(8) Å, andb5109.875(1)°. Theunit cell as well
as the space group found for Li4MgReO6 agrees with
Li5ReO6.16 However, earlier work on Li4MgReO6 ~Ref. 14!
suggested three different possible unit cells based on
space groupsC2/m, C2/c as well asP3112 and P3212.
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Only C2/m accounted for all reflections. This result was co
firmed with neutron-powder-diffraction data as well.

B. Crystallographic structure of Li 4MgReO6

1. Refinement of Li4MgReO6 from powder-diffraction data

The crystallographic structure of Li4MgReO6 at room
temperature was determined from time of flight neutro
powder-diffraction data obtained at Argonne National Lab
ratory on instrument SEPD. 5299 observed data points w
used and 32 parameters refined. The refinements were
ried out sequentially such that the occupancies were refi
at an intermediate stage but held constant during the fi
cycle. Using the refinement packageGSAS ~Ref. 17! the 32
parameters included atomic positions, temperature fact
occupation factors, background parameters, cell consta
the absorption coefficient, and preferred orientation para
eters. The unit-cell parameters determined from the neut
powder-diffraction data are reasonably close to the val
found with the Guinier camera, the unit-cell dimensions a
the agreement factors for the Rietveld refinement are
ported in Table I. Figure 2 shows the Rietveld refinement
the neutron-powder pattern obtained at room temperatur

Rwp5100A(
i

wi@yi2yic#2

(
i

wiyi
2

~3.1!

Rp5100
(

i
uyi2yicu

(
i

uyi u
~3.2!

The occupancies were refined such that all sites are f
occupied and that the Li1 and Mg21 ratio was refined as
well. All possible combinations of cation mixing on the ca
ion sites were tested. The Re61 site did not allow any sub-
stitution by Li1 or Mg21, therefore in the final refinemen
cycles for the occupation factors no Li and Mg was allow
on the Re site. The structural parameters obtained from
etveld analysis of time of flight neutron-powder data are p
sented in Table II.

The stochiometry derived from the occupation factors
Li3.96Mg1.04ReO6, which is in reasonable agreement with th
nominal composition of Li4MgReO6. The crystallographic
structure of Li4MgReO6 is shown in Fig. 3 and is isostruc
tural with Li5ReO6, which was determined from single

TABLE I. Agreement factors and refined lattice parameters
Li4MgReO6 as determined from Rietveld refinement of powde
neutron-diffraction data at room temperature.

Number of data points 5299 a@Å# 5.0979~3!

Number of parameters 32 b@Å# 8.8163~5!

Rwp 5.53 c@Å# 5.0815~3!

Rp 3.66 b @°# 109.835~2!

Reducedx2 1.86 V @Å 3# 214.83~2!

Space group C2/m
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crystal x-ray data.16 Both structures are based ona-Li 2SnO3.
All cations are in slightly distorted octahedral environmen
The cation-oxygen octahedra are edge shared, consequ
the structure is well described as an ordered rock salt st
ture. The cation distribution can be described in terms
layers, which are stacked perpendicular to theab plane. The
first layer contains Li1 and Mg21 ions only. Every other
layer accommodates Li1, Mg21, and Re61 ions. Therefore,
in terms of stacking, the Re61 ion containing layers are sepa
rated by Li1, Mg21 containing sheets, see Fig. 3. Lang d
scribed the structure as a two-dimensional honeyco
structure.14 However, the shortest Re-Re distance is fou

FIG. 2. Room temperature time of flight powder-neutro
diffraction pattern obtained at IPNS.
.
ntly
c-
f

-
b

d

along the stacking direction, e.g., the crystallographicc axis.
Since the Re-Re distances in theab plane are only slightly
larger than along the stacking direction, the Re61 network is
better described as a three-dimensional sublattice. The1,
Mg21 cations are randomly disordered on their sites with
Li1 to Mg21 ratio close to 4:1 as required by the stochiom
etry, see Table II, whereas, the Re61 site does not show any
disorder. The separation of the (Li1,Mg21) sublattice from
the Re sublattice can be rationalized in terms of charge
dering. The high charges on the Re61 ions can be accommo
dated best in the structure by permitting only mono- a
divalent cations in the vicinity of Re61, thus excluding Re61

from these sites. The main focus of this paper is the mag
tism associated with the Re61 sublattice, therefore it is par
ticularly important to look at the topology of that sublattic
The Re61 ions form tetrahedra with edge lengths betwe
5.08 Å and 6.55 Å. These distorted tetrahedra share fa
throughout the structure, thus presenting a highly frustra
situation for antiparallel alignment of spins. The Re61 sub-
lattice is presented in Fig. 4, one tetrahedral face is shade
order to emphasize the connectivity of the Re61 tetrahedra
by faces. The triangular faces in theab plane are nearly
equilateral with angles of 59.962° and 60.075°. The tetra
dra are more distorted in thec axis stacking direction giving
triangular face angles of 54.787°, 70.165°, and 55.048°.

FIG. 3. The crystal structure of Li4MgReO6 can be described a
an ordered NaCl structure having a monoclinic unit cell.
TABLE II. Li 4MgReO6 structural data from the Rietveld refinement for space groupC2/m.

Atom x y z Ui /Ue100 Occupancy

Li ~1! 0 0.666~4! 0 6.4~7! 0.74~2!

Mg~1! 0 0.666~4! 0 6.4~7! 0.26~2!

Li ~2! 1/2 0.315~5! 1/2 6.4~7! 0.84~2!

Mg~2! 1/2 0.315~5! 1/2 6.4~7! 0.16~2!

Li ~3! 0 1/2 1/2 6.4~7! 0.80~2!

Mg~3! 0 1/2 1/2 6.4~7! 0.20~2!

Re~4! 0 0 0 1.01~6! 1.0000
O~5! 0.2598~7! 0.3445~3! 0.7603~5! 0.78~5! 1.0000
O~6! 0.2658~9! 1/2 0.2297~8! 1.12~8! 1.0000
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2. Potential magnetic exchange paths for Re-Re interactions

There are five different Re-Re distances for each R61

tetrahedron 5.0815(3) Å ~001!, 5.0978(3) Å ~100!,
5.0920(6) Å ~220!, 5.8506(3) Å~101!, and 6.5546(3) Å
~221!. The tetrahedral Re framework is indicated in Fig.
and the distances are shown in Fig. 5. The formal excha
path consists of a Re-O-~Li, Mg!-O-Re link. Due to the fact
that all cations are octahedrally coordinated and all octahe
are sharing edges, there exist two basic types of excha
pathways. First, there are six similar Re-O-~Li, Mg!-O-Re
links between two Re ions. Due to the distortion of the o
tahedra these six paths are not equivalent, but are very s
lar. Alternatively the exchange could occur via Re-O-O-R
where there are three different possible paths between ne
boring Re ions in theab layers. However, the O-O distance

FIG. 4. Re61 sublattice in Li4MgReO6. The Re cations form a
highly frustrated three-dimensional sublattice consisting of f
sharing tetrahedra.

FIG. 5. Re-Re distances in Li4MgReO6.
ge

ra
ge

-
i-

,
h-

are rather large (2.7–3.1 Å) and there is no reason to
lieve that there is any contact~overlap! between neighboring
O22 ions.

3. Bond disorder in Li4MgReO6

For the longest time, spin-glass behavior was conside
to depend on disorder within the crystallographic lattice. T
system presented here does not show any Re61 disorder ac-
cording to the Rietveld refinement carried out on t
neutron-powder-diffraction data. However, the~Li, Mg! sites
show disorder thus creating bond disorder, that means
the exchange paths and the orbital overlap depends on
local environment of each of the Re cations.

C. Magnetic susceptibility

Using magnetic fields of 0.1 T and 1 T the magnetic sus
ceptibility of polycrystalline Li4MgReO6 was measured. No
features indicating long-range order are present. Howeve
low temperature, hysteresis behavior is found. The magn
susceptibility data are presented in Figs. 6 and 7. The dat

e

FIG. 6. Magnetic susceptibility measurements carried out us
H51 T. The inset shows the Curie-Weiss plot; the solid line is
best fit for x5C/T2u, the fitting range is indicated by the tw
upward pointing arrows.

FIG. 7. Magnetic susceptibility measurements carried out at
temperatures using a magnetic field ofH50.1 T. The zero-field
cooled and field cooled data diverge below 12 K. The step at 4.
is due to the instrumentation~refilling of the liquid He reservoir in
the SQUID magnetometer!.
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6526 PRB 62M. BIERINGER, J. E. GREEDAN, AND G. M. LUKE
not show the typical maximum inx versusT for antiferro-
magnetic long-range ordering. Furthermore, the true Cu
Weiss region is not reached until about 350 K, the data
the temperature range 350 K to 500 K were fitted to
Curie-Weiss law,

x5
C

T2u
, ~3.3!

where C is the Curie constant andu the Weiss temperature
The fit revealedu52166(3) K indicating strong antiferro
magnetic coupling. The effective magnetic moment was
termined to beme f f51.14(1)BM, whereas the spin only
value for Re61 is 1.73BM. The low value ofme f f may reflect
admixture of an orbital component due to the rather la
spin-orbit coupling expected for a 5d series ion. Using em-
pirical psuedopotential method experiments the anisotropg
values for Re61 in MoO3-Re were determined to be ver
close to 1.6 and almost isotropic.18 When we useg51.6 we
find an expected effective magnetic moment of 1.39B
which is much closer to the experimental value f
Li 4MgReO6. At low temperatures a divergence between z
field and field cooled magnetic susceptibilities is seen. T
divergence sets in at 12 K. No indication of long-range m
netic ordering is present, both traces increase monotonic
with decreasing temperatures, showing only changes in
slopes. No cusp, which is often found for spin-glasses
present, however a cusp is not a necessary requirement
spin-glass. At 4.2 K a step in thex versusT curves is ob-
served, which is caused by a delay during the measurem
which is due to the refilling of the He reservoir in the SQU
magnetometer. Therefore, the step is an experimental art
but at the same time it emphasizes the time dependenc
the magnetization. The inflection point at 12 K and the
vergence below that temperature clearly indicate hystere
which supports the presence of possible cooperative ma
tism. In order to investigate this, hysteresis relaxation m
surements were carried out at 5 K, 10 K, and 20 K. T
sample was cooled in the absence of a magnetic field
after switching on a magnetic field of 0.1 T, magnetic s
ceptibility data were collected over a time of approximate
5 h. At 5 K and at 10 K a biexponential saturation behav
is observed, whereas at 20 K no saturation is seen. No
tempt to explain the saturation behavior at 5 K and 10 K is
undertaken, however, the absence of magnetic saturatio
20 K is in agreement with the proposed cooperative mag
tism below 12 K. The dc-magnetic relaxation measureme
are shown in Fig. 8. In addition, the magnetization vers
magnetic-field strength data~Fig. 9! show a linear behavio
for 5 K, 10 K, and 15 K; the lack of saturation confirms th
absence of ferromagnetic components. The slight curva
at 5 K is inagreement with the associated Brillouin functio
The type of ordering cannot be extracted from bulk magn
measurements. However, neutron-diffraction and muon s
relaxation measurements will help to determine the t
magnetic ground state.

D. Neutron-diffraction experiments at low temperatures

Neutron-powder-diffraction experiments were carried o
at 4 K and 40 K. The powder-diffraction patterns for 4 K a
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40 K are identical as can be seen in Fig. 10. If the inflect
point at 12 K in the magnetic susceptibility data were due
magnetic long-range order, the neutron powder patte
should show magnetic Bragg peaks at 4 K, or the intensi
of the crystallographic peaks should change due to the m
netic contribution. However, no differences are found
these measurements, thus indicating that no magnetic lo
range order is present down to 4 K asalready expected from
bulk magnetic data. Furthermore, the absence of broad
tures at 4 K suggests that no magnetic short-range orde
present at this temperature. However, due to the weak m
netic moment of Re61 (S51/2) and the fact that the samp
resembles a fairly dilute magnetic system, potential bro
features might be too weak to be observable.

FIG. 8. Magnetic relaxation measurements at 5 K, 10 K, and
K using an external magnetic field ofH50.1 T. The data sets
acquired at 5 K and 10 K are fitted using a biexponential relaxa
function. All three data sets are on the same scale using arbit
offsets.

FIG. 9. Magnetization measurements at 5 K, 10 K, and 15
the solid lines are linear fits, only the 5 K data set deviates sligh
from linear behavior~see text!.
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E. Heat-capacity measurements

The heat-capacity data for the temperature range 0.5
6 K are shown in Fig. 11. The measurement was carried
up to 30 K, but the data were unacceptably noisy above 6
However the data did not show any evidence of a lam
anomaly up to 30 K. The data for the temperature range
K to 6 K were fitted to Eq.~3.4!

Cp5gT1bT3, ~3.4!

wheregT describes the electronic contribution andbT3 the
lattice contribution to the heat capacity. Since Li4MgReO6 is
an insulator, as determined from two probe resistivity m
surements, it is assumed that the electronic contribution
the heat capacity is entirely due to the inherent magneti

FIG. 10. Powder-neutron-diffraction data obtained at low te
peratures. The data sets at 40 K and 4 K are identical, indicating
that no magnetic long-range order is present in the sample. D
obtained on powder-diffraction instrument C2 at Chalk River.

FIG. 11. Heat-capacity measurements at low temperatures.
solid line is the best fit for the functionCp5gT1bT3 ~see text!.
The inset shows the same data and best fit plotted asCp /T versus
T2.
to
ut
.
a
.5

-
to

.

For spin glasses a linear temperature dependence of the
netic heat capacity is expected.19 The following coefficients
are found for Li4MgReO6: g50.070(2) J mol21K22 and
b50.0054(8) J mol21K24. The inset in Fig. 11 shows
Cp /T versusT2, which is linear as required according to E
~3.4!, the slope representsb and the extrapolated ordinat
intercept givesg. The magnetic entropy Sm was obtained by
extrapolating Cm /T to 0 K and toTf512 K and integrating
over this temperature range according to Eq.~3.5!.

Sm5E
0

TCm

T8
dT8. ~3.5!

The total magnetic entropy is 0.84 J mol21K21. Whereas,
the expected magnetic entropy is R ln(2)
55.76 J mol21K21, thus the experimental magnetic entrop
below Tf accounts for 14% of the expected entropy. Th
result is not unexpected, as it is well known for spin glas
that most of the magnetic entropy removal takes place ab
the glass transition temperature.19

F. Muon spin relaxation

The muon spin relaxation (mSR) experiments were car
ried out on the M13 surfacem1 beamline at the TRIUMF
facility, Vancouver, Canada. The zero-field~ZF! experiments
were performed at temperatures between 125 K and 2.5
Additional measurements were carried out at 2.5 K in a lo
gitudinal field~LF! of 0.01 T and 0.1 T. Several ZF/LF-mSR
spectra collected at 2.5 K are shown in Fig. 12; clearly
relaxation behavior changes drastically upon increasing
longitudinal field strength. The two component form of th
spin relaxation, along with the decoupling of the relaxati
upon application of a longitudinal field are characteristic fe
tures of a ~quasi!-static distribution of internal magneti
fields, such as would be present in a spin glass. In contras
zero applied field, long-range magnetic order antiferrom
netic or ferromagnetic would have resulted in a super
posed periodic signal due to muon spin precession. The
andH50.01 T data show pronounced relaxation during t

-

ta

he

FIG. 12. Muon spin relaxation spectra for Li4MgReO6 as a
function of a longitudinal magnetic field taken at 2.5 K. The ze
field andH50.01 T data show pronounced relaxation during t
first 200 ns, whereas the data collected withH50.1 T lack this
initial relaxation. The best fits according to Eq.~3.6! are shown as
solid lines.
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FIG. 13. Zero-field muon spin relaxation spectra for Li4MgReO6. The upper figures shows three different temperatures, 10 K, 8.7
and 2.50 K for the time intervals 0 to 10ms. The graph at the bottom shows the details for the first 0.5ms taken at six different
temperatures, the solid lines are the best fits according to Eq.~3.6!. Crosses512.5 K, stars510 K, diamonds58.75 K, down triangles
57.50 K, up triangles55.00 K, and squares52.50 K.
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-

first 200 ns. The data at longer times seem to flatten out w
a fairly small negative slope for the 0.01 T experime
which also indicates that the internal fields are essenti
static. Upon increasing the longitudinal field strength to
T, the initial relaxation is decoupled leaving only weak r
laxation due to remaining slow spin fluctuations, as expec
in a cluster spin glass forT'0.2 Tf . ZF-mSR experiments
were performed in the temperature range 2.5 K,T
,125 K, these data show a marked temperature depend
~Fig. 13! for T,12.5 K, which is in agreement with th
inflection point at 12 K for dc-magnetic susceptibility da
reported earlier. The Gaussian relaxation is in agreem
with the behavior expected for a dense distribution
~quasi!-static randomly oriented spins. This fact is in agre
ment with fully occupied Re61 sites, in contrast to an expo
nential or square-root exponential behavior as expected f
dilute spin system. Furthermore, the increasing amplitude
the Gaussian relaxation function with decreasing tempera
suggests a clustered spin glass, where the clusters gro
size as the temperature is lowered. The ZF data were fitte
a phenomenological fitting function~3.6!, in which the relax-
ation without the typical~Kubo-Toyabe! 1/3 recovery was
resembled using the following fitting function.

Asymcor5A@~12Of rac!exp~2D2t2!exp~2lst !#

1AFOf rac

2

3
exp~2s f

2t2!1Of rac

1

3
exp~2l tt !G ,

~3.6!

wheret is equal to time inms andA is the asymmetry of the
counter that accounts for the efficiencies of the forward a
backward counters and the properties of muon dec
th
,
ly
1
-
d

ce

nt
f
-

a
of
re
in
to

d
y.

Asymcor is the corrected asymmetry and Of rac denotes the
volume fraction of frozen spins;D, ls , s f , andl t are in-
verse relaxation times. The first bracket in Eq.~3.6! describes
the nonordered fraction of the sample, where the source
relaxation is nuclear dipolar fields. This is mainly describ
by the Gaussian function, however, an exponential term
multiplied in order to improve the fit. The exponential fun
tion could reflect the possible existence of multiple mu
sites, which explains the deviation from a truly Gauss
relaxation function, in contrast to a single muon site. T
parametersD andls are temperature independent and we
determined from fits at 125 K, these parameters were h
fixed for the low-temperature fits. The second bracket in

FIG. 14. Volume fraction of frozen spins as a function of tem
perature as derived from muon spin-relaxation measurements.
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~3.5! describes the volume@fraction of frozen spins~fraction
of ~quasi!-static electronic spins# using a Gaussian type func
tion with a characteristic inverse relaxation times f and an
exponential term with parameterl t for the 1/3 tail in the
ordered state. For the temperature range 2.5 K<T<10 K
the inverse relaxation timess f were found to be in the rang
10 to 13 ms21. Using Eq.~3.7!

Blocal5
s f

gm
~3.7!

and the valuegm5861.5 Mrad s21 T21 for the gyromag-
netic ratio for a muon, we obtain an averaged character
internal magnetic field of approximately 0.014 T. The size
the field indicates that the Re61 electronic moments must b
the source of the internal field as any nuclear dipolar fie
would be much smaller and temperature independent.
observed characteristic local field is in agreement with
fact that the muon spin relaxation is completely decoup
upon application of an external longitudinal field of 0.1
whereas the smaller longitudinal field of 0.01 T was not a
to significantly decouple the relaxation~except for that due
to nuclear dipolar fields in the nonordered volume fractio!.
The freezing of the magnetic moments at low temperatu
clearly indicates that the ground state of Li4MgReO6 is best
described as a spin-glass and not as a spin-liquid state
each temperature the volume fraction of frozen spins Of rac
was determined from the fits of function~3.6!; these results
are shown in Fig. 14. The gradual increase of the orde
fraction below 12 K allows the conclusion that the spin-gla
freezing consists of an island growth process. The volu
fraction of frozen spins levels off slightly above 0.8, how
ever, due to systematic errors, the true value might be cl
to 1.0~for example in underestimating the fraction of muo
landing in the sample holder!. The sample is considered to b
completely frozen at 2.5 K.

IV. CONCLUSIONS

The crystallographic and magnetic properties
Li4MgReO6 were investigated. Li4MgReO6 crystallizes in
s
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s
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f

space groupC2/m, having a three-dimensional network o
Re61 ions. The Re61 sublattice is best described as a d
torted face sharing tetrahedral framework. Magnetic b
measurements show hysteresis behavior below 12 K,
indicating possible cooperative magnetism at low tempe
ture. From low-temperature powder-neutron-diffraction e
periments, magnetic long-range order can be ruled out
Li4MgReO6. mSR experiments clearly indicate a spin-gla
ground state, where the spin freezing process is complete
approximately 2.5 K. We found an averaged characteri
internal magnetic field of approximately 0.014 T. Hea
capacity measurements show that most of the entropy
moval occurs aboveTf , thus supporting the finding of a
spin-glass ground state. The spin-glass ground state is a
uted to the high degree of geometric magnetic frustrat
inherent on the Re61 sublattice. Furthermore, bonding diso
der due to Mg, Li disorder favors the spin-glass ground st
Each magnetic exchange path is complicated and involve
total five ions, a simple model based on superexchange
not describe the magnetic interactions.
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