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Transition to long-range magnetic order in the highly frustrated insulating pyrochlore
antiferromagnet Gd2Ti2O7
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Experimental evidence from measurements of the ac and dc susceptibility, and heat-capacity data show that
the pyrochlore structure oxide, Gd2Ti2O7, exhibits short-range order that starts developing at 30 K, as well as
long-range magnetic order atT;1 K. The Curie-Weiss temperature,uCW529.6 K, is largely due to exchange
interactions. Deviations from the Curie-Weiss law occur below;10 K while magnetic heat-capacity contri-
butions are found at temperatures above 20 K. A sharp maximum in the heat capacity atTc50.97 K signals a
transition to a long-range-ordered state, with the magnetic specific accounting for only;50% of the magnetic
entropy. The heat capacity above the phase transition can be modeled by assuming that a distribution of
random fields acts on the8S7/2 ground state for Gd31. There is no frequency dependence to the ac suscepti-
bility in either the short-range- or long-range-ordered regimes, hence suggesting the absence of any spin-glass
behavior. Mean-field theoretical calculations show thatno long-range-ordered ground state exists for the
conditions of nearest-neighbor antiferromagnetic exchangeand long-range dipolar couplings. At the mean-field
level, long-range order at various commensurate or incommensurate wave vectors is found only upon inclusion
of exchange interactions beyond nearest-neighbor exchange and dipolar coupling. The properties of Gd2Ti2O7

are compared with other geometrically frustrated antiferromagnets such as the Gd3Ga5O12 gadolinium gallium
garnet,R2Ti2O7 pyrochlores whereR5Tb, Ho, and Tm, and Heisenberg-type pyrochlore such as Y2Mo2O7 ,
Tb2Mo2O7, and spinels such as ZnFe2O4. @S0163-1829~99!03321-4#
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I. INTRODUCTION

There has been in the past eight years an enorm
amount of theoretical and experimental activity devoted
the study of highly geometrically frustrated antiferroma
netic materials.1 The main reason for this interest stems fro
the suggestion that a high degree of frustration can ind
sufficiently large zero-temperature quantum spin fluctuati
as to destroy long-range Ne´el order even in three dimen
sions. This could give rise to new exotic and intrinsica
quantum-mechanical magnetic ground states such as di
ized ground states, ‘‘spin nematics,’’ or fully disordere
states ~e.g., resonating-valence-bond-like! with no broken
spin or lattice symmetries.2–4 Frustration arises when a mag
netic system cannot minimize its total classical ground-s
energy by minimizing the bond energy of each spin-s
interaction individually.5 This is the case, for example, i
systems where antiferromagnetically coupled spins resid
a network made of basic units such as triangles or tetrahe
On a triangular plaquette, vector~i.e., XY or Heisenberg!
spins can manage the frustration better than Ising mom
PRB 590163-1829/99/59~22!/14489~10!/$15.00
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by adopting a noncollinear structure with the spins mak
an angle of 120° from each other. Triangular or tetrahed
units can be put together to form a regular lattice such t
they are eitheredge sharingor corner sharing. For example,
the space-filling arrangements of edge-sharing triangles
tetrahedra form the well-known triangular and face-center
cubic lattices in two and three dimensions, respectively.
two dimensions, a network of corner-sharing triangles for
the kagome´ lattice.1–3 In three dimensions, a lattice o
corner-sharing tetrahedra forms the structures found
spinels, Lave phases, and pyrochlore crystals,4,6,7 while
corner-sharing triangles give the familiar garnets.8–12

Among highly frustrated antiferromagnets, the thre
dimensional pyrochlore lattice of corner-sharing tetrahedr
a particularly interesting system~see Fig. 1!. Theory7,13,14

and Monte Carlo simulations14,15show that classical Heisen
berg spins residing on the vertices of the pyrochlore latt
and interacting only via nearest-neighbor antiferromagn
exchange do not show a transition to long-range magn
order at nonzero temperature. This is very different from
also frustrated classical nearest-neighbor fcc Heisenberg
14 489 ©1999 The American Physical Society
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14 490 PRB 59RAJU, DION, GINGRAS, MASON, AND GREEDAN
tiferromagnet where long-range order occurs at finite te
perature via a first-order transition driven by thermally
duced order by disorder.16–18 Because of their failure to
order even at the classical level, the high-frustration pres
in pyrochlore antiferromagnets would appear to make th
systems excellent candidates to search for novel th
dimensional quantum-disordered magnetic ground states
deed, recent numerical calculations suggest that the quan
S51/2 pyrochlore Heisenberg antiferromagnet may be
quantum spin liquid.4

In all real systems there exist perturbations$H8% beyond
the nearest-neighbor Heisenberg Hamiltonian such as fur
than nearest-neighbor exchange, single-ion and exchang
isotropy, and magnetic dipolar couplings. For a classical s
tem, one generally expects that such perturbations will se
a unique classical ground state to which a transition at n
zero temperature can occur. It is also possible that the e
getic perturbations$H8% can sufficiently reduce the classic
degeneracy such that ‘‘additional’’ order by disorder v
thermal7,19,20 and/or weak quantum fluctuations,21 such as
occur in the fcc antiferromagnet,16–18 can ‘‘complete’’ the
ground-state selection and give rise to a transition to conv
tional long-range Ne´el order at nonzero temperature. How
ever, in the presence of quantum fluctuations~i.e., finite S
spin value!, one expects that for small spin valueS and/or
sufficiently weak $H8%, a quantum-disordered phase m
occur.4,21

What is perhaps one of the most interesting issues in g
metrically frustrated antiferromagnet systems is that a la
number of highly frustrated antiferromagnetic insulators
hibit spin-glass behavior rather than spin-liquid behavi
For example, in a number of antiferromagnetic pyrochlo
oxides, such as Y2Mo2O7 ~Refs. 22–24! and Tb2Mo2O7,22,25

spin-glass behavior is observed similar to what is seen
conventional randomly disordered and frustrated spin-g
materials,26 even though the measured disorder level is i
measurably small in the pyrochlores.27,28

Pyrochlores oxides, of which two examples have j
been cited, present a number of opportunities for study
geometrically frustrated antiferromagnets. In this struct
both cation sites inFd3̄m, the 16c site normally occupied by

FIG. 1. Pyrochlore lattice of corner-sharing tetrahedra.
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a transition element and the 16d site normally occupied by a
lanthanide, have the same ‘‘pyrochlore’’ topology, i.e., t
three-dimensional network of corner-sharing tetrahe
shown in Fig. 1. Thus materials exist with only the 16c site
magnetic (Y2Mo2O7),22–24 with both sites magnetic
(Tb2Mo2O7),22,25 and with only the 16d site magnetic~the
R2Ti2O7 materials, for example!. This latter series has at
tracted attention very recently with studies forR5Tm, Ho,
and Tb.29–35TheR2Ti2O7 materials are generally quite wel
ordered crystallographically, with oxygen nonstoichiome
and 16c/16d site cation admixing at or below the limit o
detection by neutron diffraction.28

Gd2Ti2O7 has not yet been studied in detail and there ex
some compelling reasons to do so.36 Previous reports for
Gd2Ti2O7 indicate no long-range order down to 1 K.36 The
Gd31 ion (4f 7) is spin only with a 8S7/2 ground state and
thus, crystal-field splittings and anisotropy, which play
large role in the properties of the aforementioned Tm31,
Ho31, and Tb31 materials, as will be discussed later, a
expected to be relatively unimportant. Gd2Ti2O7 then, should
be an excellent approximation to a classical Heisenberg
tiferromagnetic system with dipole-dipole interactions
leading perturbations$H8%. In addition it is important to
compare this material to the Gd3Ga5O12, gadolinium gallium
garnet ~GGG!, where the Gd31 ions reside on a three
dimensional sublattice of corner-sharing triangles.8–12 GGG
has been found to possess a very unusual set of therm
namic properties with anomalous specific-heat behav
spin-glass magnetic properties, and no true long-ra
order,9,10 but incommensurate short-range order develop
at very low temperatures.11 Interesting properties are als
observed for applied magnetic fields in the range, 0.1–
T.12 At the same time Monte Carlo simulations for GG
have found some intrinsic~e.g., disorder-free! glassy behav-
ior with no evidence for the development of short-ran
order.9,11 Hence, one further motivation for studyin
Gd2Ti2O7 was to bridge a gap between the peculiar behav
of GGG and the transition-metal pyrochlores, such
Y2Mo2O7 and Tb2Mo2O7 that show spin-glass behavior an
hence, possibly indirectly gain some insight on the therm
dynamic behavior of both GGG and the insulating antifer
magnetic Heisenberg pyrochlore systems.

In this work a detailed study of Gd2Ti2O7 has been carried
out including both ac and dc susceptibility and heat-capa
studies. To complement the experimental work, results fr
mean-field theoretical calculations are presented that
into account exchange and dipolar interactions.

II. EXPERIMENTAL METHOD

A. Sample preparation

A polycrystalline sample of Gd2Ti2O7 was prepared by
high-temperature solid-state reaction. Starting mater
Gd2O3 and TiO2 were taken in stoichiometric proportion
and mixed thoroughly. The mixture was pressed into pel
and heated in an alumina crucible at 1400 °C in air for 12
The powder x-ray diffraction pattern of the sample obtain
using a Guinier-Hagg camera indicates that the sam
formed is single phase with the cubic pyrochlore structu
The size of the conventional cubic unit cell isa0
510.184(1) Å.
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B. dc and ac magnetic susceptibility measurements

The dc magnetic susceptibilityx was measured using
superconducting quantum interference device magnetom
~Quantum Design, San Diego! in the temperature rang
2–300 K. The ac susceptibilityxac was measured at differen
frequencies by the mutual inductance method. The prim
coil of the mutual inductor is energized by a frequency g
erator~DS 335, Stanford Research Systems! and the output
across the two identical secondary coils, wound in oppo
directions, was measured using a lock-in amplifier~SR-830
DSP, Stanford Research Systems!. The sample susceptibility
was determined from the difference in the outputs with
sample in the middle of the top secondary coil and with
the sample. The cryostat used for the temperature variatio
described in the section below.

C. Specific-heat measurements

The specific heat of the sample in the form of a pell
('100 mg) was measured in the temperature range 0.6
K using a quasiadiabatic calorimeter and a commercial
liox sorption pumped3He cryostat supplied by Oxford In
struments. The sample was mounted on a thin sapphire p
with apiezon for better thermal contact. Underneath the s
phire plate a strain gauge heater and a RuO2 temperature
sensor were attached with G-E varnish. The temperatur
the calorimetric cell was controlled from the3He pot on the
Heliox. The sample temperature was measured using an
700 ac resistance bridge at a frequency of 16 Hz. The s
cific heat of the sample was obtained by subtracting the c
tribution of the addendum, measured separately, from
total measured heat capacity.

III. EXPERIMENTAL RESULTS

The dc susceptibilityx @Fig. 2~a!# measured at an applie
field of 0.01 T vs temperature is found to obey the Cur
Weiss behavior in the range 10–300 K. An effective ma
netic moment of 7.7mB /Gd31 obtained from the Curie-
Weiss fit is close to the expected value of 7.94mB /Gd31 for
the free ion 8S7/2, and a paramagnetic Curie temperatu
uCW of 29.6(3) K indicates antiferromagnetic interactio
between the Gd31 spins. It is worth noting thatx starts de-
viating at a temperature of the order ofuCW as it ought to be
for a ‘‘conventional’’ system undergoing a transition to lon
range order. ThatuCW is predominantly due to exchang
interactions as opposed to crystal-field effects is confirm
by measurements on the magnetically diluted sys
(Gd0.02Y0.98)2Ti2O7, for which uCW is much reduced and o
the order of;20.9 K @Fig. 2~b!#. The absence of any mag
netic ordering down to 2 K in theconcentrated system, eve
thoughuCW is about five times larger than this temperatu
suggests the presence of important magnetic frustration
hibiting the occurrence of magnetic long-range order.

In search of a possible magnetic ordering below 2 K,
susceptibilityxac was measured down to 0.3 K. The tempe
ture variation ofxac for different frequencies~Fig. 3! exhibits
two features, a broad peak centered at about 2 K and a sharp
down turn below about 1 K, the latter possibly signaling
transition to long-range antiferromagnetic order.xac(v) ap-
pears to be independent of frequency that would seem to
ter
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out a spin-glass state, as opposed to what has been fou
other pyrochlore oxides such as Y2Mo2O7,22–24

Tb2Mo2O7,22,25 and the frustrated Gd3Ga5O12 garnet.9,10,12

The specific heatCp as a function of temperature i
shown in Fig. 4. There is a broad peak centered around

FIG. 2. ~a! Inverse molar susceptibility 1/x of Gd2Ti2O7 against
temperature in the temperature rangeT52 –25 K, and in the tem-
perature rangeT52 –300 K in the inset.~b! Inverse molar suscep
tibility 1/x of (Gd0.02Y0.98)2Ti2O7 against temperature in the tem
perature rangeT52 –25 K, and in the temperature rangeT
52 –300 K in the inset.
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and a very sharp peak slightly below 1 K indicating the
presence of short-range correlations and, in agreement
the ac susceptibility data, the development of long-ran
magnetic order via a sharp transition at 1 K. The solid l
corresponds to the estimated lattice specific heatCl of
Gd2Ti2O7, determined by scaling the specific heat f
Y2Ti2O7, which is insulating, nonmagnetic, and isostructu
to Gd2Ti2O7. The magnetic specific heatCm was obtained by
subtractingCl from Cp and its temperature variation i
shown in Fig. 5.

The Gd31 ion has an isotropic spin ofS57/2 with no
orbital magnetic moment contribution and the degenerac
the eight-level ground state cannot be lifted by the crys
electric field beyond a fraction of a Kelvin. The presence
Cm up to about 30 K clearly indicates that the ground-st
degeneracy is lifted by magnetic interactions.

The magnetic entropySm was obtained by extrapolatin
the Cm /T behavior to 0 K and numerically integrating i
versus temperature. The total magnetic entropy
33.8 J mol21 K21 which is close to the expected 2R ln(8)
534.6 J mol21 K21 for an S57/2 system. The entropy re

FIG. 3. Real part of the ac susceptibilityx8 vs temperature
measured at different frequencies.

FIG. 4. Specific heatCp of Y2Ti2O7 as function of temperature
The solid line corresponds to the lattice specific heatCl estimated
from the measurements on the nonmagnetic Y2Ti2O7.
ith
e
e

l

of
l
f
e

is

covered at the long-range order temperature is about 50%
the total value, which indicates that a sizable fraction of
entropy is due to the short-range correlations present ab
T51 K.

An attempt was made to fit theCm data above 1 K. A
zeroth-order model consisting of a simple Schottky anom
based on a splitting scheme of eight equally spaced disc
levels, i.e., assuming a unique value for the internal magn
field at each Gd31 site, gives a poor fit, as might be ex
pected. A much better fit is obtained by assuming a conti
ous range of energy-level splittings with a truncated Gau
ian distribution. The probability distribution is normalize
such that the area under the curve is unity. The resulting fi
shown in Fig. 5. This model is equivalent to assuming
distribution of internal magnetic fields, i.e., an array of ra
dom fields as appropriate to a thermal regime dominated
quasistatic short-range magnetic order. A similar appro
has been used before to model the specific-heat anomaly
to the Gd sublattice in Gd2Mo2O7.37 In this pyrochlore struc-
ture material the Mo41 sublattice undergoes a spin-glass ty
of order at 60 K while the Gd31 specific-heat contribution is
a broad peak centered about 9 K.

In summary, experimental results obtained from ac and
susceptibility measurements as well as specific-heat m
surements give strong compelling evidence for a single sh
transition to a long-range-ordered state atTc50.97 K pre-
ceded by a short-range-ordered regime that extends to
proximately 30Tc;3uCW. The heat capacity in this regim
can be modeled in terms of a distribution of random e
change fields acting on the8S7/2 ground state of Gd31.

IV. MEAN-FIELD THEORY

A. Model and method

Our aim in this section is to determine, within mean-fie
theory, what the expected magnetic properties and type
magnetic-ordered phase~s! for a classical spin model o
Gd2Ti2O7 are.

FIG. 5. Magnetic specific heatCm ~obtained by subtractingCl

from Cp) against temperature. The solid line represents the theo
ical fit ~see text for details!. The inset shows a blown-up region o
Cm in the low-temperature regime.
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We first consider the following classical spin Hamiltonia
for Gd2Ti2O7:

H5
1

2 (
( i , j )

2Ji j Si•Sj1
1

2 (
( i , j )

S mi•mj

r i j
3

23
mi•r i j r i j •mj

r i j
5 D .

~4.1!

The first term is the isotropic Heisenberg exchange inte
tion, and the second term is the dipolar coupling between
Gd magnetic moments. For the open pyrochlore lattice st
ture, we expect very small second and further near
neighbor exchange coupling,Jn>2, compared to the neares
neighborJ1 (Jn>2,0.05J1).38 Hence, we first consider th
case where the sum in the first~exchange! term of Eq.~4.1!
above is restricted to the nearest-neighbor exchangeJ1
only.39

Gd31 has a spinS57/2, which gives an effective dipole
moment ofm(Gd31)5gmBAS(S11)57.94mB , with g52,
in good agreement with the Curie constant determined
Sec. III. This gives an estimate for the nearest-neigh
strength of the dipole-dipole interaction Ddd

563mB
2m0 /(4pr nn

3 ), wherem0 is the magnetic permeability
With a Gd31 at r5(0,0,0) and a nearest-neighbor atrnn
5(a/4,a/4,0), wherea510.184 Å is the size of the con
ventional cubic unit cell, we findDdd'0.84 K.

An estimate of the nearest-neighbor exchangeJ1 can be
found from the measured Curie-Weiss temperature~see be-
low!. We haveuCW;29.6 K. This gives for the effective
classical nearest-neighbor exchange,J1

cl5J1S(S11);24.8
K using uCW5zJ1S(S11)/3, wherez56 is the number of
the nearest neighbor. We henceforth use a classical app
mation of Eq.~4.1! above, where we use unit length vecto
Si , and replacemi by Si(Ddd)

1/2, and expressr i j in units of
the nearest-neighbor distance. We setJ1524.8 K and a
strength of 0.84 K for the nearest-neighbor dipole coupli
Below, we take Ddd /J150.2.40 Hence, unlike in the
transition-metal pyrochlores, dipole-dipole interactions is
major perturbation at play beyond the nearest-neigh
Heisenberg exchange coupling in Gd2Ti2O7.

We now proceed along the lines of Reimers, Berlinsk
and Shi in their mean-field study of Heisenberg pyrochl
antiferromagnets.13 We consider the mean-field order param
eters,B(r i) at siter i , in terms of Fourier components. Th
pyrochlore lattice is a non-Bravais lattice, and we use
rhombohedral basis where there are four atoms per unit
located at (0,0,0), (1/4,1/4,0), (1/4,0,1/4), and (0,1/4,1
in units of the conventional cubic unit cell. We relabel t
spins,S(r i), in terms of unit cell coordinates, and a sublatti
index within the unit cell, and take advantage of the trans
tional symmetry of the lattice, and expand the order para
eters B(r i) in terms of Fourier components. In this ca
Ba(r i) on theath sublattice site of the unit cell located atr i
can be written as

Ba~r i !5(
q

Ba~q!exp~ iq•r i !. ~4.2!

The spin-spin interaction matrixJab(ur i j u), including
both exchange and dipolar interactions, reads
c-
e

c-
t-

in
r

xi-

.

e
r

,
e

a
ell
)

-
-

J ab
ab ~ ur i j u!5J1dabd r i j ,r nn

1DddH dab

~r i j
ab!3

23
r i j ,a

ab r i j ,b
ab

~r i j
ab!5 J ,

~4.3!

wheredab is the Kronecker delta, anda andb refer to the
x,y,z Cartesian components ofSi and r i j

ab . r i j ,a
ab denotes the

a components of the interspin vectorr i j that connects spin
Si

a to spinSj
b . We writeJab in terms of its Fourier compo-

nents as

J ab
ab ~ ur i j u!5

1

n (
q
J ab

ab ~q!exp~2 iq•r i j !, ~4.4!

whereN is the number of unit cells with four spins per un
cell.

The quadratic part of the mean-field free-energyF (2)(T)
then becomes13

F (2)/N5
1

2 (
q,(ab),(ab)

Ba
a~q!$3Tdabdab2J ab

ab ~q!%

3Bb
b~2q!. ~4.5!

Diagonalizing F (2)(T) requires transforming to norma
modes of the system

Ba
a~q!5(

i
(
b

Uab
a,i Fb

i ~q!, ~4.6!

whereFb
i (q) are the eigenmodes, andU(q) is the unitary

matrix that diagonalizesJ(q) in the spin-sublattice space
with eigenvaluesl(q),

(
b

(
b
J ab

ab ~q!Ubg
bi ~q!5lg

i ~q!Uag
ai ~q!. ~4.7!

Henceforth we will use the convention that indices (ab) la-
bel sublattices, that indices (i jk ) label the normal modes
and that (abg) labels spin components. We expressF (2)(T)
in terms of normal modes

F (2)/N5
1

2 (
q

(
i

(
g

Fg
i ~q!Fg

i ~2q!$3T2lg
i ~q!%.

~4.8!

The first-ordered state of the system occurs at the temp
ture

Tc5
1

3
max
q,i ,a

$la
i ~q!%, ~4.9!

where maxq,i ,a$la
i (q)% indicates a global maximum of th

spectrum ofla
i (q) for all q.

Let us briefly explain how we proceed using the above
of equations to determine the ‘‘soft mode~s!’’ of the system
at Tc . First, the Fourier transform ofJ ab

ab (ur i j u) is calculated
using Eq.~4.3!.41 For the rhombohedral basis used above,
space is of dimensionDS^Dsl , where the spin-componen
subspaceDS is of dimension 333 and the sublattice sub
spaceDsl is of dimension 434. The eigenvalues$la

i (q)%
and eigenvectorsFa

i (q) are determined by reshapin
J ab

ab (q) into a 12312 array. The pyrochlore lattice has



hi
es
ac

e
ie
re
s
e

n-
r
d
u

sic

n-

-
-

s
e

c-
ie

te

lu

-
el
t

ag
o
e

e
ch
he

ra
-

o

ra
io

r-

c
n

-

-

er
r
ave

re
e
ap-
s:

to
n
or
a

r

lar
, the

sly
infin-

14 494 PRB 59RAJU, DION, GINGRAS, MASON, AND GREEDAN
symmetry of inversion with respect to a lattice point and t
implies thatJ ab

ab (q) is real and symmetric. The eigenvalu
and eigenvectors are found using a standard numerical p
age for eigenproblems of real symmetric matrices.

B. Results

For Ddd50, we recover the results of Ref. 13. Before w
present the results with the dipolar interactions, we rev
the mean-field results found for the isotropic pyrochlo
class Heisenberg antiferromagnet depending on the value
the second,J2, and third, J3, nearest-neighbor exchang
couplings.13 For J25J350 there are two dispersionless u
stable or critical modes throughout the Brillouin zone. The
are therefore no selected wave vectors for long-range or
Numerical work has shown that no long-range order occ
at nonzero temperature in the nearest-neighbor clas
Heisenberg pyrochlore antiferromagnet.14,15 For J350, fer-
romagneticJ2.0 gives rise to an ordering at an incomme
surate wave vector, while for antiferromagneticJ2,0, the
system orders atq* 50. For J250 and ferromagneticJ3
.0, the system also orders atq* 50, while there are disper
sionless~degeneracy lines! along certain symmetry direc
tions for J250 and antiferromagneticJ3,0. In the overall
parameter space$J2 /J1 ,J3 /J1%, long-range order is alway
expected to occur at nonzero temperature within mean-fi
theory, except forJ2[0 and antiferromagneticJ3<0 ~Fig. 6
in Ref. 13!.

We now consider the case whereDdd /J150.2, and first
setJ25J350. Naively, one might have thought that~i! the
long range and~ii ! anisotropic nature of the dipolar intera
tions would lift all macroscopic ground-state degenerac
that occur in the isotropic nearest-neighbor (J1,0) Heisen-
berg antiferromagnet and give rise to a uniquely selec
wave vectorq* , at which long-range order would occur.13

This is not the case. We find that the largest eigenva
la

i (q) that controls the mean fieldTc @Eq. ~4.9!# is disper-
sionless along the star of the@111# direction in the cubic
basis~Fig. 6!. The figure showslmax(q) as a function ofq1
in the@110# andq2 in the@001#, wherelmax(q) is the largest
eigenvalue ofla

i (q) at a givenq. Hence, no long-range or
der is to be expected in this system within the mean-fi
approximation.41 In this context, it is interesting to note tha
the combined long-range dipolar and Ruderman-Kittel-
Kasuya-Yosida interactions in the problem of nuclear m
netism in Cu and Ag do not lead either to a full selection
a unique classical long-range-ordered state below the m
field Tc .42 Such ‘‘degeneration lines’’ as found in th
present system also occur in other frustrated systems su
the nearest-neighbor Heisenberg fcc antiferromagnet w
there are degeneration lines along thep/a(1,q,0)
direction.16–18 Degeneration~spiral! lines also occur in the
more complicated case of the rhombohed
antiferromagnet.43 By analogy with the work on the frus
trated fcc~Refs. 16–18, and 42! and rhombohedral43 antifer-
romagnets, we expect that for degeneration lines~as opposed
to degenerationzoneas in the case of the nearest-neighb
pyrochlore antiferromagnet13,14!, thermal and/or quantum
fluctuations will restore long-range order at finite tempe
ture via a process of order by disorder. Work in that direct
is in progress and will be reported elsewhere.39
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We find that for either nonzero ferromagnetic or antife
romagnetic,uJ2u!Ddd and/oruJ3u!Ddd , that the line degen-
eracy along the@111# direction is lifted and that a specifi
valueq* along that direction is picked up, giving rise to a
absolute maximum ofla

i (q). For sufficiently largeuJ2u
and/or uJ3u compared toDdd , a different selected wave
vector direction is chosen, as found by Reimerset al.,13 ex-
cept that here there is no degeneration line occurring forJ2
50 and J3,0, as found in Ref. 13 whenDddÞ0, Ddd
!uJ2u, andDdd!uJ3u. In other words, all nonglobal degen
eracies are lifted in the case whereDddÞ0, J2Þ0, andJ3
Þ0.

In summary, we would expect that long-range ord
should occur in Gd2Ti2O7, either via an order-by-disorde
mechanism, or via energetic selection of an ordering w
vector via superexchange couplings beyondJ1 and dipolar
interactionsDdd .

V. DISCUSSION

It is useful to compare Gd2Ti2O7 with related systems
such as the remainingR2Ti2O7 materials, Gd3Ga5O12
~GGG!, Gd2O3, cubic-Gd2O3 (C-Gd2O3), and also GdAlO3
for reasons that should soon become clear.

C-Gd2O3 crystallizes in the so-called bixbyite structu
Ia3 with two distinct crystallographic sites. However, th
sublattice of the two sites taken together is an excellent
proximation to an fcc lattice. Its properties are as follow
Curie-Weiss behavior is observed withuCW5217 K, but
magnetic order of undetermined range is not found down
1.6 K.44 In fact, the description of the neutron-diffractio
data for C-Gd2O3 bears a striking resemblance to that f
GGG.11 The heat capacity from 1.4 to 18 K shows only
broad ‘‘Schottky’’-type anomaly peaked near 2 K with mag-

FIG. 6. Largest eigenvaluelmax(q) as a function of wave vecto
q for Ddd /J150.2 andJ25J350. A degeneration line occurs forq
in the star of the@111# direction. The small ‘‘ripples’’ seen on the

degeneration lines along (111) and (111)̄ directions are due to the
finite number~500! of nearest neighbors considered in the dipo
interactions. When considering more than ten nearest neighbors
maximum of l(q) always occurs on the star of@111# with the
amplitude of the modulations due to the dipolar cutoff continuou
decreasing as the number of nearest neighbors is increased to
ity.
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netic contributions extending to about 20 K.44 Neutron-
diffraction data in the form of diffuse scattering confirm th
the short-range magnetic correlations do extend to at leas
K.44 It is clear thatC-Gd2O3 should be reconsidered as
geometrically frustrated antiferromagnet material althou
the original interpretation of its properties was not presen
in those terms. In particular, it is important to determi
whetherC-Gd2O3 does indeed undergo true long-range
der, as seems to be the case for Gd2Ti2O7, and if the suscep-
tibility is frequency dependent.

GGG has been recognized as a geometrically frustra
antiferromagnet since 1979.8 Its properties are an amalga
of those of Gd2Ti2O7 andC-Gd2O3 scaled to lower energies
For example,uCW522.3 K and the maximum in the hea
capacity occurs at 0.8 K. True long-range order is not es
lished down to 43 mK but incommensurate short-range or
on a;100-Å length scale is found at the lowest temperat
studied.11 The extended short-range order starts develop
rapidly at ;140 mK, which is close to the temperature
which the nonlinear coefficientx3(T) peaks as found in Ref
10. Coexistence of spin-glass and long-range order in
form of a frequency-dependent susceptibility is found, wh
contrasts sharply with the lack thereof in Gd2Ti2O7. At this
point it is useful to point out that Gd2Ti2O7, GGG, and
C-Gd2O3 represent anomalies in the context of magne
Gd31 oxides. For example, monoclinic Gd2O3 in which the
Gd sublattice is not fcc, unlikeC-Gd2O3, is a normal anti-
ferromagnet withTc53.8 K and greater than 90% entrop
removal belowTc .45 In GdAlO3, the Gd ions are on a simpl
cubic lattice anduCW524.8 K, Tc53.8 K, and nearly 100%
of the entropy is removed belowTc .45

At present, the strong contrast in behavior betwe
Gd2Ti2O7 and GGG remains unexplained. On the subject
why Gd2Ti2O7 orders and GGG does not, one can on
speculate. For example, for the very specific topology of
garnet lattice, there may remain degenerate or quasidege
ate dispersion lines or surfaces of zero mode inq space that
survive even upon the inclusion of perturbations such as
polar and or higher than first-neighbor exchange interactio
Thus the selection of an ordering wave vectorq* for GGG
may be much less robust than for the much different top
ogy presented by Gd2Ti2O7 for perturbations$H8% of similar
order of magnitude.39

Returning to theR2Ti2O7 series, as mentioned, Gd2Ti2O7
offers the opportunity to study a system in which the crys
field and anisotropy perturbations are minimized. As this
certainly not the case forR5Tb, Ho and Tm, some commen
on the symmetry of the local environment at theR site is in
order. The 16d rare-earth site is coordinated by two sets
oxygen atoms, six O1(48f ) and two O2(8b), giving eight-
fold coordination overall. It is important to note that theR
site symmetry is strongly distorted from cubic, which wou
imply eight equalR-O distances~for R5Gd, the sum of the
ionic radii gives 2.42 Å! and O-R-O angles of 70.5°, 109.5°
and 180°. InR2Ti2O7, the six O1 atoms form a puckere
ring about theR ~Gd-O distance of 2.55 Å! and the two O2
atoms a linear O2-R-O2 unit oriented normal to the mea
plane of the puckered ring with extremely shortR-O2 dis-
tances~Gd-O distance is 2.21 Å!. This Gd-O distance is
among the shortest, if not the shortest, such distance kn
in Gd-oxide chemistry and implies a very strong interactio
20
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This observation suggests that a crystal field of axial sy
metry might be an even better approximation than cubic. T
O2-Gd-O2 angle is, of course, 180° while the O1-Gd-O
angles are 62.7°, 117°, and 180°, and the O1-Gd-O2 an
are 81° and 100°. Thus, it is best, when thinking about thR
site crystal field, to consider the true symmetr
23m(D3d), rather than relying on cubic or axial approx
mations.

The known situation with respect to the presence or
sence of long-range order in theR2Ti2O7 pyrochlores is sum-
marized in Table I. One obvious correlation is that tho
R2Ti2O7 pyrochlores that contain a Kramers~odd electron!
ion nearly always show long-range order~Dy being the ex-
ception! while those with a non-Kramers~even electron! ion
do not. A ‘‘zeroth-order’’ interpretation of the trends i
Table I is then that the action of the relatively low-symme
crystal field induces a true singlet ground state in the n
Kramers ions and this is the explanation of the absence
long-range order~LRO!. There is good evidence that such
the case forR5Tm from a combination of susceptibility,29,30

inelastic neutron scattering,30 and crystal-field calculations
~using the correct23m symmetry!.46 Experimentally,30 the
singlet state is well separated by 120 K from the near
excited state, which is in remarkable agreement with
aforementioned crystal-field calculations that predict 1
K.46

The other two non-Kramers ions are not so simple. F
Ho2Ti2O7 the ground state is thought to be an Isin
doublet,32 in agreement with crystal-field calculations,46 and
the nearest-neighbor exchange is weakly ferromagnetic. H
it has been argued that the strong Ising-like single-ion ani
ropy along the@111# frustrates the development of long
range ferromagnetic order.31,32 However, recent studies sug
gest a more complex picture where dipolar interactio
competing withantiferromagneticexchange are responsib
for the behavior observed in Ho2Ti2O7.49 This material also
exhibits spin dynamics and spin freezing reminiscent of
disorder-free, intrinsic glassy behavior exhibited by the ‘‘i
model’’31,32 with an exponential decrease of the spin-latti
relaxation rate suggestive of Orbach processes.33 In contrast,
Gd2Ti2O7 exhibits no apparent dynamics or spin glassines
any temperature even aboveTc .

A detailed study of Tb2Ti2O7 will be described in a sub-
sequent publication.35 The salient facts are that the Tb31

ground state also appears to be a doublet but not so
isolated from several other levels within 15–100 K. The e
change interactions are relatively strongly antiferromagne
comparable to Gd2Ti2O7, and short-range magnetic correl

TABLE I. Presence or absence of long-range order inR2Ti2O7

pyrochlores.

Rare earth n in 4 f n Long-range order (Tc) Ref.

Gd 7 YES,~0.97 K! This work
Tb 8 NO Refs. 34 and 35
Dy 9 NO Refs. 47, 48, and 49
Ho 10 NO Refs. 31, 48, and 49
Er 11 YES,~1.25 K! Ref. 47
Tm 12 NO Refs. 29 and 30
Yb 13 YES,~0.21 K! Refs. 47, 48, and 49
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tions persist up to at least 30 K, also similar to what is fou
in Gd2Ti2O7 . Tb2Ti2O7 does not order down to 70 mK.34

The lack of LRO in this system is difficult to understand35

Indeed, as argued in Refs. 20 and 50, a nearest-neig
Heisenberg antiferromagnet with a@111# easy axis is a
trivial problem with an effectively nonfrustrated and uniq
~twofold Ising-like globally degenerate! classical ground
state, and should therefore show a phase transition at
zero temperature in the limit of sufficiently strong crysta
field level splitting compared to the superexchangeJ.

From the above discussion we can conclude that e
R2Ti2O7 material presents its own special set of circu
stances where details of the finely tuned relative strengt
crystal-field parameters, exchange, and dipolar coupli
play a crucial role, and a blanket explanation for the appa
systematics of Table I will not be found. It is worth noting a
interesting paradox. Gd2Ti2O7 represents the case for whic
some of the perturbations that might be thought to aid in
selection of a unique ground state, i.e., crystal fields
anisotropy, are largely absent, yet it orders. On the ot
hand, Tb2Ti2O7 and Ho2Ti2O7, in which crystal fields and
anisotropy are clearly important, do not order and it is like
that these perturbations, in fact, inhibit the occurrence
long-range order by competing with important interactio
other49 than nearest-neighbor Heisenberg antiferromagn
exchange.20,32,50 Some other interesting recent results ha
been found in the Yb2Ti2O7 and Dy2Ti2O7 pyrochlores.48

It is also useful to compare Gd2Ti2O7 with other Heisen-
berg pyrochlores such as Y2Mo2O7 ~Refs. 22–24! and
Heisenberg spinels such as ZnFe2O4.51 Y2Mo2O7 is a well-
known geometrically frustrated antiferromagnet spin-gl
material withuCW/Tf>10, Tf being the spin freezing tem
perature of 21 K.23 Here too, only a speculation can be o
fered for the differences as follows: Because of the high le
of degeneracy across the zone, the nearest-neighbor He
berg pyrochlore antiferromagnet is expected to be fra
against a small random disorder levelx, and will have a
propensity to develop adisorder-drivenspin-glass ground
state the smaller the perturbations$H8% beyond the nearest
neighbor exchange interaction.7,20 We expect that the critica
disorder level for the Ne´el to spin-glass transitionxc will go
to zero as$H8% goes to zero.7 For example, in Y2Mo2O7,
there is preliminary evidence that the second-neighbor
change parameterJ2 is only a few percent ofJ1.52 In
Gd2Ti2O7, on the other hand, the leading corrections$H8%
are dipolar interactionsDdd and of order 20% ofJ1. In other
words $H8%/J1 is not small in Gd2Ti2O7 and the anisotropy
of the dipolar interactions will possibly introduce sizable s
bilizing anisotropy gaps to the spin-wave excitations out
the selected long-range-ordered ground state. Both the
tive size of Ddd /J1 and the ‘‘spin-holding’’ effect of the
anisotropy of dipolar interactions will result in a much i
creasedxc compared to more isotropic Heisenberg syste
with small $H8%.7 In summary, in this picture weak disorde
drives the spin-glass transition in Y2Mo2O7, while the strong
and anisotropic dipolar interaction ‘‘helps’’ stabilize long
range order in Gd2Ti2O7. In this context the existence of
very weakly dispersive line along@111# restored by order by
disorder, or perturbativeJ2 andJ3, would suggest that, as i
the fcc antiferromagnet,16 weak random disorder would rap
idly drive Gd2Ti2O7 into a spin-glass state.
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Finally, it is interesting to compare the behavior
Gd2Ti2O7 with the frustrated ZnFe2O4 antiferromagnet spi-
nel, where Fe31 is a 6S5/2 closed-shell ion for which single
ion anisotropy should be negligible as is the case for
8S7/2 Gd31 ion in Gd2Ti2O7. In the insulating normal
Heisenberg spinel ZnFe2O4, where the Fe31 magnetic mo-
ments occupy a lattice of corner-sharing tetrahedra, m
spin relaxation and neutron studies have revealed that lo
range antiferromagnetic order develops belowTN510.5 K.
However, already at temperatures of aboutT'10TN a short-
range antiferromagnetic order~SRO! develops that extend
through'70% of the sample volume just aboveTN . Below
TN antiferromagnetic SRO and LRO coexist. At 4.2 K, st
'20% of the sample are short-range ordered. The reg
exhibiting SRO are very small,'30 Å. The physical origin
of the SRO as well as partial glassy behavior in ZnFe2O4
remains an enigma. Hence, while it appears that Gd2Ti2O7
displays conventional antiferromagnetic long-range or
and Y2Mo2O7 shows full-blown spin-glass behavio
ZnFe2O4 exhibits a combination of both short- and lon
range antiferromagnetic order, as well as spin-glass beha
The origin of the difference between the Gd- and Fe-ba
pyrochlore lattice antiferromagnets in terms of their coex
ence of long-range order and spin-glass behavior is
known. Possibly different range of interactions, the prese
of strong dipolar anisotropy in Gd2Ti2O7 compared to a
much more overall isotropic spin-spin interaction
ZnFe2O4 may play some role. In light of this, it would b
interesting to study in further detail the magnetic propert
of Gd2Ti2O7 using muon spin relaxation and neutro
scattering methods.

VI. CONCLUSION

Evidence has been presented from ac and dc susceptib
and specific-heat measurements, that the frustrated Gd2Ti2O7
insulating pyrochlore exhibits a transition to a long-rang
ordered state at 0.97 K as opposed to a spin-glass or s
liquid state as often observed in other pyrochlore materi
From specific-heat measurements, short-range magnetic
relations have been found to extend toT.30Tc and the en-
tropy removal belowTc is only about 50%. From a mean
field theoretical study it is concluded that no long-ran
order should exist for the pyrochlore lattice for neare
neighbor antiferromagnetic interactionsJ1 only, even upon
inclusion of long-range anisotropic dipolar couplingsDdd .
Long-range order at various commensurate or incommen
rate wave vectors is predicted to occur only upon includin
finite second,J2, and/or third,J3, nearest-neighbor exchang
interactions beyondJ1 and Ddd . Long-range order could
also be driven by thermal and/or quantum fluctuations via
order-by-disorder mechanism. The exact wave vector
pends on the relative signs and magnitudes ofJ2 , J3, and
Ddd . It would be of interest to investigate further the natu
of the ordered state in zero and applied fields in Gd2Ti2O7 by
neutron scattering and muon spin-relaxation methods.
nally, we argued above that the related fcc antiferromag
material, cubic-Gd2O3, should be reconsidered as a ge
metrically frustrated antiferromagnet and is worthy of furth
study.
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