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Experimental evidence from measurements of the ac and dc susceptibility, and heat-capacity data show that
the pyrochlore structure oxide, &ld,O;, exhibits short-range order that starts developing at 30 K, as well as
long-range magnetic order &t-1 K. The Curie-Weiss temperaturég,= — 9.6 K, is largely due to exchange
interactions. Deviations from the Curie-Weiss law occur bete®0 K while magnetic heat-capacity contri-
butions are found at temperatures above 20 K. A sharp maximum in the heat capdgity®97 K signals a
transition to a long-range-ordered state, with the magnetic specific accounting for 6056 of the magnetic
entropy. The heat capacity above the phase transition can be modeled by assuming that a distribution of
random fields acts on th&S;,, ground state for Gt . 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 thatlong-range-ordered ground state exists for the
conditions of nearest-neighbor antiferromagnetic exchamgéong-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 propertj@s,6f Gd
are compared with other geometrically frustrated antiferromagnets such as{8e;Gg gadolinium gallium
garnet,R,Ti,O; pyrochlores wherd®=Tb, Ho, and Tm, and Heisenberg-type pyrochlore such #40yO,,
Th,M0,0;, and spinels such as Znje,. [S0163-182809)03321-4

I. INTRODUCTION by adopting a noncollinear structure with the spins making
an angle of 120° from each other. Triangular or tetrahedral
There has been in the past eight years an enormousmits can be put together to form a regular lattice such that
amount of theoretical and experimental activity devoted tathey are eitheedge sharingr corner sharing For example,
the study of highly geometrically frustrated antiferromag-the space-filling arrangements of edge-sharing triangles and
netic materials. The main reason for this interest stems fromtetrahedra form the well-known triangular and face-centered-
the suggestion that a high degree of frustration can induceubic lattices in two and three dimensions, respectively. In
sufficiently large zero-temperature quantum spin fluctuationswo dimensions, a network of corner-sharing triangles forms
as to destroy long-range ‘HMeorder even in three dimen- the kagomelatticel™® In three dimensions, a lattice of
sions. This could give rise to new exotic and intrinsically corner-sharing tetrahedra forms the structures found in
quantum-mechanical magnetic ground states such as dimespinels, Lave phases, and pyrochlore crystéis while
ized ground states, “spin nematics,” or fully disordered corner-sharing triangles give the familiar garrf&ts’
states(e.g., resonating-valence-bond-ljkviith no broken Among highly frustrated antiferromagnets, the three-
spin or lattice symmetries.* Frustration arises when a mag- dimensional pyrochlore lattice of corner-sharing tetrahedra is
netic system cannot minimize its total classical ground-stata particularly interesting systerfsee Fig. 1L Theory 134
energy by minimizing the bond energy of each spin-spinand Monte Carlo simulation$®show that classical Heisen-
interaction individually> This is the case, for example, in berg spins residing on the vertices of the pyrochlore lattice
systems where antiferromagnetically coupled spins reside oand interacting only via nearest-neighbor antiferromagnetic
a network made of basic units such as triangles or tetrahedraxchange do not show a transition to long-range magnetic
On a triangular plaquette, vectgre., XY or Heisenbery  order at nonzero temperature. This is very different from the
spins can manage the frustration better than Ising momentso frustrated classical nearest-neighbor fcc Heisenberg an-
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a transition element and the d 8ite normally occupied by a
/ lanthanide, have the same “pyrochlore” topology, i.e., the

three-dimensional network of corner-sharing tetrahedra

shown in Fig. 1. Thus materials exist with only theclgite
),22—24

magnetic  (%Mo0,0; with both sites magnetic
(Tb,M0,0;),%%?° and with only the 168 site magnetiqthe
R,Ti,O; materials, for examp)e This latter series has at-
tracted attention very recently with studies fee=Tm, Ho,
and Tbh?°~**The R,Ti, O, materials are generally quite well-
) ordered crystallographically, with oxygen nonstoichiometry
and 1&/16d site cation admixing at or below the limit of
detection by neutron diffractioff.

Gd,Ti,0; has not yet been studied in detail and there exist
some compelling reasons to do ¥oPrevious reports for
Gd,Ti, O, indicate no long-range order down to 1°KThe
Gd®* ion (4f7) is spin only with a®S;, ground state and
thus, crystal-field splittings and anisotropy, which play a
large role in the properties of the aforementioned>Tn

FIG. 1. Pyrochlore lattice of corner-sharing tetrahedra. Ho®**, and TB* materials, as will be discussed later, are

expected to be relatively unimportant. 3@,0- then, should

tiferromagnet where long-range order occurs at finite tembe an excellent approximation to a classical Heisenberg an-
perature via a first-order transition driven by thermally in-tiferromagnetic system with dipole-dipole interactions as
duced order by disordéf® Because of their failure to leading perturbationgH'}. In addition it is important to
order even at the classical level, the high-frustration preserdompare this material to the @8a;0,,, gadolinium gallium
in pyrochlore antiferromagnets would appear to make thesgarnet (GGG), where the Gd" ions reside on a three-
systems excellent candidates to search for novel threetimensional sublattice of corner-sharing triandle$. GGG
dimensional quantum-disordered magnetic ground states. Imas been found to possess a very unusual set of thermody-
deed, recent numerical calculations suggest that the quantunamic properties with anomalous specific-heat behavior,
S=1/2 pyrochlore Heisenberg antiferromagnet may be apin-glass magnetic properties, and no true long-range
quantum spin liquid. order?® but incommensurate short-range order developing

In all real systems there exist perturbatidié’} beyond  at very low temperatures. Interesting properties are also
the nearest-neighbor Heisenberg Hamiltonian such as furthe@bserved for applied magnetic fields in the range, 0.1-0.7
than nearest-neighbor exchange, single-ion and exchange an? At the same time Monte Carlo simulations for GGG
isotropy, and magnetic dipolar couplings. For a classical syshave found some intrinsi.g., disorder-freeglassy behav-
tem, one generally expects that such perturbations will selegbr with no evidence for the development of short-range
a unique classical ground state to which a transition at nonerder®!! Hence, one further motivation for studying
zero temperature can occur. It is also possible that the eneGd,Ti,O; was to bridge a gap between the peculiar behavior
getic perturbationgH'} can sufficiently reduce the classical of GGG and the transition-metal pyrochlores, such as
degeneracy such that “additional” order by disorder viaY,Mo0,0; and ThMo,0; that show spin-glass behavior and,
thermal**° and/or weak quantum fluctuatiofs;such as hence, possibly indirectly gain some insight on the thermo-
occur in the fcc antiferromagnét;*® can “complete” the  dynamic behavior of both GGG and the insulating antiferro-
ground-state selection and give rise to a transition to convermagnetic Heisenberg pyrochlore systems.
tional long-range Nel order at nonzero temperature. How-  In this work a detailed study of G#li,O; has been carried
ever, in the presence of quantum fluctuatigne., finite S out including both ac and dc susceptibility and heat-capacity
spin valug, one expects that for small spin val$eand/or  studies. To complement the experimental work, results from
sufficiently weak{H'}, a quantum-disordered phase maymean-field theoretical calculations are presented that take

occur?t into account exchange and dipolar interactions.
What is perhaps one of the most interesting issues in geo-

metrically frustrated antiferromagnet systems is that a large Il. EXPERIMENTAL METHOD

number of highly frustrated antiferromagnetic insulators ex- )

hibit spin-glass behavior rather than spin-liquid behavior. A. Sample preparation

For example, in a number of antiferromagnetic pyrochlore A polycrystalline sample of Gii,O, was prepared by
oxides, such as ¥0,0; (Refs. 22—2fand ThMo,0;,°**°  high-temperature solid-state reaction. Starting materials
spin-glass behavior is observed similar to what is seen iGd,0, and TiO, were taken in stoichiometric proportions
conventional randomly disordered and frustrated spin-glasgnd mixed thoroughly. The mixture was pressed into pellets
materials;® even though the measured disorder level is im-and heated in an alumina crucible at 1400 °C in air for 12 h.
measurably small in the pyrochlor&s® The powder x-ray diffraction pattern of the sample obtained
Pyrochlores oxides, of which two examples have justysing a Guinier-Hagg camera indicates that the sample
been cited, present a number of opportunities for studyingormed is single phase with the cubic pyrochlore structure.
geometrically frustrated antiferromagnets. In this structurerhe size of the conventional cubic unit cell ia

_ 0
both cation sites iffrd3m, the 1& site normally occupied by =10.184(1) A.
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B. dc and ac magnetic susceptibility measurements 2.5 T T T T r T T T

The dc magnetic susceptibility was measured using a )
superconducting quantum interference device magnetomett 1 GdzTI207
(Quantum Design, San Diepan the temperature range
2-300 K. The ac susceptibility,. was measured at different
frequencies by the mutual inductance method. The primary
coil of the mutual inductor is energized by a frequency gen-
erator(DS 335, Stanford Research Systeraad the output =
across the two identical secondary coils, wound in opposite
directions, was measured using a lock-in amplifi@R-830 ) |
DSP, Stanford Research SystemEhe sample susceptibility %
was determined from the difference in the outputs with the & i
sample in the middle of the top secondary coil and without
the sample. The cryostat used for the temperature variation i "_x
described in the section below.

S

0.5+
C. Specific-heat measurements

The specific heat of the sample in the form of a pellet o 100 200 %00
(=100 mg) was measured in the temperature range 0.6—3 0.0 . . . ' .
K using a quasiadiabatic calorimeter and a commercial He: 0 5 10 15 20 o5
liox sorption pumped®He cryostat supplied by Oxford In-
struments. The sample was mounted on a thin sapphire plat (a)
with apiezon for better thermal contact. Underneath the sap
phire plate a strain gauge heater and a Ru€nperature 100
sensor were attached with G-E varnish. The temperature c 900+
the calorimetric cell was controlled from th#e pot on the 1
Heliox. The sample temperature was measured using an Lk 6001
700 ac resistance bridge at a frequency of 16 Hz. The spe 80+
cific heat of the sample was obtained by subtracting the con 300
tribution of the addendum, measured separately, from the
total measured heat capacity.

60
lll. EXPERIMENTAL RESULTS

The dc susceptibilityy [Fig. 2(a)] measured at an applied
field of 0.01 T vs temperature is found to obey the Curie-
Weiss behavior in the range 10-300 K. An effective mag-.
netic moment of 7.4g/GH" obtained from the Curie- '
Weiss fit is close to the expected value of Tu@4Gd®* for
the free ion8S;,, and a paramagnetic Curie temperature 20
Ocw of —9.6(3) K indicates antiferromagnetic interactions
between the Gt spins. It is worth noting thay starts de-
viating at a temperature of the order @4, as it ought to be
for a “conventional” system undergoing a transition to long- 0 ' : ' : ' : . : .
range qrder. Thatcy is predomlna_ntly due to_excha_nge 0 5 10 15 20 25
interactions as opposed to crystal-field effects is confirmec
by measurements on the magnetically diluted system ®) T (K)

(Gdy 92Y 099 2 Ti5O7, for which ¢y, is much reduced and of o . )
the order of~ — 0.9 K [Fig. 2(b)]. The absence of any mag- FIG. 2. (a)_lnverse molar susceptibility ¥/of Gd2T|2Q7 against
netic ordering downd 2 K in theconcentrated system, even €mperature in the temperature ranige 2-25 K, and in the tem-
though 6y, is about five times larger than this temperature,PErature rangd =2-300 K in the inset(b) Inverse molar suscep-
suggests the presence of important magnetic frustration irjiPility 1/ of (GdE-OZYO-%)ZT'ZO7 against temperature in the tem-
hibiting the occurrence of magnetic long-range order. piezratg(r)% }ia;gtir—ig—%s K, and in the temperature range

In search of a possible magnetic ordering below 2 K, ac € Inset.
susceptibilityy .. was measured down to 0.3 K. The tempera-
ture variation ofy . for different frequencieéFig. 3 exhibits ~ out a spin-glass state, as opposed to what has been found in
two features, a broad peak centered at 420k and a sharp other  pyrochlore  oxides such as ,Mo0,0,,%7%*
down turn below about 1 K, the latter possibly signaling aTb,M0,0;,°2?°and the frustrated GGa,0,, garnet %12
transition to long-range antiferromagnetic ordgsd w) ap- The specific healC, as a function of temperature is
pears to be independent of frequency that would seem to rulghown in Fig. 4. There is a broad peak centered around 2 K

E)
S
o

=
o

E

401

(Gd ,Y gg)2T1507 7




14 492 RAJU, DION, GINGRAS, MASON, AND GREEDAN PRB 59

130

120 Gd,Ti, 0, -

-

-

o
1

=

(=]

o
1

133 Hz
1333 Hz
904 ¢ 2666Hz

x' (arb. units)

80

T T

T T
0 4 8 12 18
TK)

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

T (K)

and a very sharp peak Sllghtly.ba!ol K I.ndlcatlng the ... FIG. 5. Magnetic specific he&,, (obtained by subtracting,
presence of short-range correlations and, in agreement W"I’Pom C,) against temperature. The solid line represents the theoret-

the ac susceptibility data, the development of long-rangg.y) fit (see text for details The inset shows a blown-up region of
magnetic order via a sharp transition at 1 K. The solid linec_ i the low-temperature regime.

corresponds to the estimated lattice specific h@atof

Gd,Ti,O;, determined by scaling the specific heat for covered at the long-range order temperature is about 50% of

to GG, Ti,O,. The magnetic specific he@t, was obtained by entropy is due to the short-range correlations present above

subtractingC, from C, and its temperature variation is |1 K. .
shown in I%igl. 5. P P An attempt was made to fit th€, data above 1 K. A

The G&* ion has an isotropic spin d8=7/2 with no zeroth-order model consisting of a simple Schottky anomaly

. X . ased on a splitting scheme of eight equally spaced discrete
orbital magnetic moment contribution and the degeneracy t?evels, i.e., assuming a unique value for the internal magnetic

the eight-level ground state cannot be lifted by the crystal. : . i . i
electric field beyond a fraction of a Kelvin. The presence of leld at each GU" site, gives a poor fit, as might be ex

I ected. A much better fit is obtained by assuming a continu-
Cr Up to ab(.)ut.30 K clearly mdpates th‘f"t the ground-statt%us range of energy-level splittings with a truncated Gauss-
degeneracy is lifted by magnetic interactions.

The magnetic entrop@,, was obtained by extrapolating ian distribution. The probability distribution is normalized
the C,./T behavior © 0 K and numerically integrating it such that the area under the curve is unity. The resulting fit is

versus temperature. The total magnetic entropy iSshown in Fig. 5. This model is equivalent to assuming a
L distribution of internal magnetic fields, i.e., an array of ran-
33.8 Jmol*K~1 which is close to the expectedRan(8) g y

_ dom fields as appropriate to a thermal regime dominated by
— 1 1 —
=34.6 Jmol “K™* for an S=7/2 system. The entropy re- guasistatic short-range magnetic order. A similar approach

has been used before to model the specific-heat anomaly due

e L e p to the Gd sublattice in Gi0,0-.5” In this pyrochlore struc-
1 ture material the Mb" sublattice undergoes a spin-glass type
20 - GdzTi207 of order at 60 K while the Gt specific-heat contribution is
a broad peak centered about 9 K.
— In summary, experimental results obtained from ac and dc
W 151 susceptibility measurements as well as specific-heat mea-
- surements give strong compelling evidence for a single sharp
g 10 transition to a long-range-ordered stateTat=0.97 K pre-
= ] ceded by a short-range-ordered regime that extends to ap-
:Q ‘ proximately 30’ .~38c. The heat capacity in this regime
5 lattice can be modeled in terms of a distribution of random ex-
change fields acting on th&s,,, ground state of Gt .
04—+ IV. MEAN-FIELD THEORY
0 5 10 15 20 25 30

T (K) A. Model and method
Our aim in this section is to determine, within mean-field
FIG. 4. Specific heaE, of Y,Ti,0; as function of temperature. theory, what the expected magnetic properties and type of
The solid line corresponds to the lattice specific l@aestimated magnetic-ordered phase for a classical spin model of
from the measurements on the nonmagneti€iYO;. Gd,Ti,O; are.
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We first consider the following classical spin Hamiltonian Bup pab rgbﬁ
: . ab _ @ ij,a"ij,
for Gd2T|207- jaﬁ(|rij|)_“]l§a,35rij ’rnn+ Ddd r?‘,b)3_3 (r?b)g’ y
i i

(4.3
H=3 > —JiiS-S5+35 > 1= 3 3= ”5” 3B where 5,4 is the Kronecker delta, and and g refer to the
D L) rij 4q %Y.z Cartesian components &f andri®. r3°, denotes the

4. a components of the interspin vectgg that connects spin

to spinSf’. We write 7,4 in terms of its Fourier compo-

The first term is the isotropic Heisenberg exchange interac§a
tion, and the second term is the dipolar coupling between thgents as
Gd magnetic moments. For the open pyrochlore lattice struc- 1
ture, we expect very small second and further nearest- ji%(|rij|)= - j‘z%(q)exp(—iq Fij)s 4.9
neighbor exchange coupling,-,, compared to the nearest N g
neighbord; (Jn=,<0.05J;).* Hence, we first consider the whereN is the number of unit cells with four spins per unit
case where the sum in the firgxchangeterm of Eq.(4.1)  cell.
abovg% is restricted to the nearest-neighbor exchahge The quadratic part of the mean-field free-eneFd§)(T)
only. then becomés

Gd®* has a spirS=7/2, which gives an effective dipole
moment of u(GAE")=gugVS(S+1)=7.94ug, with g=2, 1
in good agreement with the Curie constant determined in F(Z)/NZE 2 Bi(q){ST&ab5aB—j3%(q)}

. . . . .(ab),(aB)
Sec. lll. This gives an estimate for the nearest-neighbor v
strength of the dipole-dipole interaction Dyq XB%(—q). (4.5
=63uiuo/(47r3.), whereu, is the magnetic permeability. _ o . .
With a G+ at r=(0,0,0) and a nearest-neighbor ra, Diagonalizing F®®)(T) requires transforming to normal

— (a/4,a/4,0), wherea=10.184 A is the size of the con- Modes of the system
ventional cubic unit cell, we find 44~0.84 K.

An estimate of the nearest-_neigh_bor exchadgean be Bz(q):z 2 Uiki%(piﬁ(q), (4.6)
found from the measured Curie-Weiss temperatsez be- ]

Iow)._We haveecwj—9.6 K. This gives for the effective whereCDiB(q) are the eigenmodes, and(q) is the unitary
classical nearest-neighbor exchangfe=J,S(S+1)~—4.8 oy thar diagonalizes7(q) in the spin-sublattice space,
K using 6cw=23S(S+1)/3, wherez=6 is the number of . eigenvalues\ (q)
the nearest neighbor. We henceforth use a classical approxi- '
mation of Eq.(4.1) above, where we use unit length vectors . . _
S, and replacqu; by S(Dyq)¥2 and express;; in units of % > TS (@)= (@)U (q). 4.7
the nearest-neighbor distance. We S¢t—-4.8 K and a k
strength of 0.84 K for the nearest-neighbor dipole couplingHenceforth we will use the convention that indices) la-
Below, we take Dyq/J;=0.2%° Hence, unlike in the bel sublattices, that indicesjk) label the normal modes,
transition-metal pyrochlores, dipole-dipole interactions is theand that ¢87) labels spin components. We exprésé)(T)
major perturbation at play beyond the nearest-neighboin terms of normal modes
Heisenberg exchange coupling in $d,0;. L

We now proceed along the lines of Reimers, Berlinskly, NNy i i i
and Shi in their mean-field study of Heisenberg pyrochlore FEIN= 2 zq: 2,: Ey: (P~ {3T-N (@)}
antiferromagneté'?’ We consider the mean-field order param- (4.9
eters,B(r;) at siter;, in terms of Fourier components. The
pyrochlore lattice is a non-Bravais lattice, and we use
rhombohedral basis where there are four atoms per unit ceftre
located at (0,0,0), (1/4,1/4,0), (1/4,0,1/4), and (0,1/4,1/4) 1
in units of the conventional cubic unit cell. We relabel the TC=—max{>\ia(q)}, 4.9
spins,S(r;), in terms of unit cell coordinates, and a sublattice 3qi.a
index within the unit cell, and take advantage of the transla- h N indicat lobal . f th
tional symmetry of the lattice, and expand the order param\—N ere may,; ,{A,(Q)} indicates a global maximum of the

|
eters B(r;) in terms of Fourier components. In this case SPEC'UM OfA,(q) for all g. _
B2(r;) on theath sublattice site of the unit cell located rt Let us briefly explam how W? proceed L,Jsmg the above set
can be written as of equations to determine the “soft magdg’ of the system

atT.. First, the Fourier transform in%(|rij|) is calculated
using Eq.(4.3.*! For the rhombohedral basis used above, the
Ba(r,)= >, BA(q)exp(iq-r;). (4.2)  space is of dimensio®s® Dy, where the spin-component
q subspaceDs is of dimension X3 and the sublattice sub-
spaceDy is of dimension 4« 4. The eigenvalue$\,(q)}
The spin-spin interaction matri)gaﬁ(|rij|), including and eigenvectors®!(q) are determined by reshaping
both exchange and dipolar interactions, reads Ji%(q) into a 12<12 array. The pyrochlore lattice has a

ol he first-ordered state of the system occurs at the tempera-
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symmetry of inversion with respect to a lattice point and this
implies thatji%(q) is real and symmetric. The eigenvalues
and eigenvectors are found using a standard numerical pack

age for eigenproblems of real symmetric matrices. 20
285"
2.8+

B. Results o5
T 274

For D4q=0, we recover the results of Ref. 13. Before we =
present the results with the dipolar interactions, we review <<Ez':6‘
the mean-field results found for the isotropic pyrochlore .-
class Heisenberg antiferromagnet depending on the values 0 zs-|
the secondJ,, and third, J;, nearest-neighbor exchange 2%~
couplings® For J,=J3=0 there are two dispersionless un- s
stable or critical modes throughout the Brillouin zone. There
are therefore no selected wave vectors for long-range order o5 Te
Numerical work has shown that no long-range order occurs oot

at nonzero temperature in the neareSSt-neighbor classical g1 6. Largest eigenvaluie,.,(q) as a function of wave vector
Heisenberg pyrochlore antiferromagnet® For 3;=0, fer- ¢ forp,,/3,=0.2 andl,=J,=0. A degeneration line occurs far
romagneticl,>0 gives rise to an ordering at an inCOMMeN-n the star of thé 111] direction. The small “ripples” seen on the
surate wave vector, while for antiferromagnefig<0, the  yegeneration lines along (111) and (}idirections are due to the
system orders ag*=0. For J,=0 and ferromagnetids finite number(500 of nearest neighbors considered in the dipolar
>0, the system also ordersgit =0, while there are disper- interactions. When considering more than ten nearest neighbors, the
Sionless(degeneracy Iine)salong certain symmetry direc- maximum of A(q) always occurs on the star ¢L11] with the
tions for J,=0 and antiferromagnetid;<0. In the overall amplitude of the modulations due to the dipolar cutoff continuously
parameter spacgl,/J;,J3/J,}, long-range order is always decreasing as the number of nearest neighbors is increased to infin-
expected to occur at nonzero temperature within mean-fieldy.
theory, except fod,=0 and antiferromagnetig; <0 (Fig. 6
in Ref. 13. We find that for either nonzero ferromagnetic or antifer-
We now consider the case whebg4/J;=0.2, and first romagnetic|J,| <D 44 and/or|J;|<Dgq, that the line degen-
setJ,=J;=0. Naively, one might have thought th@j the  eracy along thd¢111] direction is lifted and that a specific
long range andii) anisotropic nature of the dipolar interac- valueq* along that direction is picked up, giving rise to an
tions would lift all macroscopic ground-state degeneraciesabsolute maximum of\!(q). For sufficiently large|J,|
that occur in the isotropic nearest-neighbd;{<€0) Heisen-  and/or |J;] compared toDyy, a different selected wave-
berg antiferromagnet and give rise to a uniquely selectegector direction is chosen, as found by Reimetrsl,*® ex-
wave vectorg®, at which long-range order would occtlr.  cept that here there is no degeneration line occurringlfor
This is not the case. We find that the largest eigenvalue-0 and J;<0, as found in Ref. 13 wheD 4#0, Dyq
\,(q) that controls the mean field, [Eq. (4.9)] is disper-  <|J,|, andD44<|Js5|. In other words, all nonglobal degen-
sionless along the star of tHd11] direction in the cubic eracies are lifted in the case whebgu#0, J,#0, andJ;
basis(Fig. 6). The figure showsa ,,,,(q) as a function ofy; #0.
in the[110] andq, in the[001], where\ ,,,(q) is the largest In summary, we would expect that long-range order
eigenvalue of\! (q) at a giveng. Hence, no long-range or- should occur in GgTi,O;, either via an order-by-disorder
der is to be expected in this system within the mean-fieldnechanism, or via energetic selection of an ordering wave
approximatiorf! In this context, it is interesting to note that vector via superexchange couplings beydhdand dipolar
the combinedlong-range dipolar and Ruderman-Kittel- interactionsD yq.
Kasuya-Yosida interactions in the problem of nuclear mag-
netism in Cu and Ag do not lead either to a full selection of V. DISCUSSION
a unique classical long-range-ordered state below the mean
field T..*? Such “degeneration lines” as found in the It is useful to compare Gdi,O; with related systems
present system also occur in other frustrated systems such aigch as the remainingR,Ti,O; materials, GgGa;O;,
the nearest-neighbor Heisenberg fcc antiferromagnet wher@&GG), Gd,03, cubic-Gd0O; (C-Gd,0s3), and also GAAIQ
there are degeneration lines along the/a(1,q,0) for reasons that should soon become clear.
direction®~18 Degeneration(spira) lines also occur in the C-Gd,05 crystallizes in the so-called bixbyite structure
more  complicated case of the rhombohedralla3 with two distinct crystallographic sites. However, the
antiferromagnet® By analogy with the work on the frus- sublattice of the two sites taken together is an excellent ap-
trated fcc(Refs. 16—18, and 42and rhombohedr&l antifer-  proximation to an fcc lattice. Its properties are as follows:
romagnets, we expect that for degeneration li@ssopposed Curie-Weiss behavior is observed withy=—17 K, but
to degeneratiorzoneas in the case of the nearest-neighbormagnetic order of undetermined range is not found down to
pyrochlore antiferromagn€t'¥, thermal and/or quantum 1.6 K** In fact, the description of the neutron-diffraction
fluctuations will restore long-range order at finite tempera-data for C-Gd,O; bears a striking resemblance to that for
ture via a process of order by disorder. Work in that directionGGG! The heat capacity from 1.4 to 18 K shows only a
is in progress and will be reported elsewhéte. broad “Schottky”-type anomaly peaked rmeaK with mag-

q110
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netic contributions extending to about 20 *K.Neutron- TABLE I. Presence or absence of long-range ordeRjii,O;
diffraction data in the form of diffuse scattering confirm that pyrochlores.

the short-range magnetic correlations do extend to at least 26
K.* It is clear thatC-Gd,O; should be reconsidered as a Rare earthnin 4f" Long-range orderT.) Ref.
geometrically frustrated antiferromagnet material althoug

o : - . . 7 YES,(0.97 This work
the original interpretation of its properties was not presente 8 ,EIO K Refs. 34 and 35
in those terms. In part_lcular, it is important to determlneD 9 NO Refs. 47, 48, and 49
whetherC-Gd,O; does indeed undergo true long-range or- 10 NO Refs. 31. 48 and 49
der, as seems to be the case fo,@gD;, and if the suscep- 11 YES.(1.25 K 'Re]; 47‘
tibility is frequency dependent. 12 ’Né Ref 2‘9 nd 30
GGG has been recognized as a geometrically frustrated™ €ls. 29 a
13 YES,(0.21 K) Refs. 47, 48, and 49

antiferromagnet since 197dlts properties are an amalgam
of those of GdTi,0; andC-Gd,O; scaled to lower energies.
For example,fcy=—2.3 K and the maximum in the heat Thjs observation suggests that a crystal field of axial sym-
capacity occurs at 0.8 K. True long-range order is not estabmetry might be an even better approximation than cubic. The
lished down to 43 mK but incommensurate short-range orde2-Gd-02 angle is, of course, 180° while the 01-Gd-O1
on a~100-A length scale is found at the lowest temperatureangles are 62.7°, 117°, and 180°, and the 01-Gd-O2 angles
studied!! The extended short-range order starts developingre 81° and 100°. Thus, it is best, when thinking abouRhe
rapidly at ~140 mK, which is close to the temperature at sjte crystal field, to consider the true symmetry,
which the nonlinear CoeﬁiCier)(t:;(T) peaks as found in Ref. _3m(D3d), rather than re|ying on cubic or axial approxi_
10. Coexistence of spin-glass and long-range order in thgations.
form of a frequency-dependent susceptibility is found, which  The known situation with respect to the presence or ab-
contrasts sharply with the lack thereof in 3&0O;. At this  sence of long-range order in tRa Ti,O; pyrochlores is sum-
point it is useful to point out that G#i,O;,, GGG, and marized in Table I. One obvious correlation is that those
C-Gd,0;3 represent anomalies in the context of magneticr,Ti,0, pyrochlores that contain a Kramefsdd electroh
Gd®* oxides. For example, monoclinic G, in which the  jon nearly always show long-range ord@y being the ex-
Gd sublattice is not fcc, unlik€-Gd,Os, is @ normal anti-  ception while those with a non-Kramer@ven electropion
ferromagnet withT.=3.8 K and greater than 90% entropy do not. A “zeroth-order” interpretation of the trends in
removal belowT;.*> In GJAIOs, the Gd ions are on a simple Table | is then that the action of the relatively low-symmetry
cubic lattice anddcy=—4.8 K, T,=3.8 K, and nearly 100% crystal field induces a true singlet ground state in the non-
of the entropy is removed belowW, .*° Kramers ions and this is the explanation of the absence of
At present, the strong contrast in behavior betweenong-range orde(LRO). There is good evidence that such is
Gd,Ti,0; and GGG remains unexplained. On the subject ofhe case foR=Tm from a combination of susceptibility;*°
why G4,Ti,O; orders and GGG does not, one can onlyinelastic neutron scattering,and crystal-field calculations
speculate. For example, for the very specific topology of thusing the correct-3m symmetry.*® Experimentally®® the
garnet lattice, there may remain degenerate or quasidegenaiinglet state is well separated by 120 K from the nearest
ate dispersion lines or surfaces of zero mode Bpace that excited state, which is in remarkable agreement with the
survive even upon the inclusion of perturbations such as diaforementioned crystal-field calculations that predict 118
polar and or higher than first-neighbor exchange interactiong 4®
Thus the selection of an ordering wave veadr for GGG The other two non-Kramers ions are not so simple. For
may be much less robust than for the much different topolHo,Ti,O, the ground state is thought to be an Ising
ogy presented by Gli,O; for perturbationgH'} of similar  doublet®? in agreement with crystal-field calculatioffsand
order of magnitudé? the nearest-neighbor exchange is weakly ferromagnetic. Here
Returning to theR,Ti,O; series, as mentioned, &d,0; it has been argued that the strong Ising-like single-ion anisot-
offers the opportunity to study a system in which the crystaltopy along the[111] frustrates the development of long-
field and anisotropy perturbations are minimized. As this isrange ferromagnetic ordét32 However, recent studies sug-
certainly not the case fd=Tb, Ho and Tm, some comment gest a more complex picture where dipolar interactions
on the symmetry of the local environment at Reite is in  competing withantiferromagneticexchange are responsible
order. The 16 rare-earth site is coordinated by two sets offor the behavior observed in HBi,0,.*° This material also
oxygen atoms, six O1(48 and two O2(®), giving eight-  exhibits spin dynamics and spin freezing reminiscent of the
fold coordination overall. It is important to note that tRe  disorder-free, intrinsic glassy behavior exhibited by the “ice
site symmetry is strongly distorted from cubic, which would model”®}*2 with an exponential decrease of the spin-lattice
imply eight equalR-O distancegfor R=Gd, the sum of the relaxation rate suggestive of Orbach proces3és.contrast,
ionic radii gives 2.42 Aand OR-O angles of 70.5°, 109.5°, Gd,Ti,O; exhibits no apparent dynamics or spin glassiness at
and 180°. InR,Ti,O, the six O1 atoms form a puckered any temperature even aboVe.
ring about theR (Gd-O distance of 2.55 and the two 02 A detailed study of TTi,O; will be described in a sub-
atoms a linear OR-02 unit oriented normal to the mean sequent publicatiof® The salient facts are that the b
plane of the puckered ring with extremely sh®tO2 dis- ground state also appears to be a doublet but not so well
tances(Gd-O distance is 2.21 A This Gd-O distance is isolated from several other levels within 15—-100 K. The ex-
among the shortest, if not the shortest, such distance knowrhange interactions are relatively strongly antiferromagnetic,
in Gd-oxide chemistry and implies a very strong interaction.comparable to GA@'i,O;, and short-range magnetic correla-
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tions persist up to at least 30 K, also similar to what is found Finally, it is interesting to compare the behavior of
in Gd,Ti,O;. Th,Ti,O, does not order down to 70 m¥.  Gd,Ti,O; with the frustrated ZnF©, antiferromagnet spi-
The lack of LRO in this system is difficult to understafid. nel, where F&" is a 8S;/, closed-shell ion for which single-
Indeed, as argued in Refs. 20 and 50, a nearest-neighbfwn anisotropy should be negligible as is the case for the
Heisenberg antiferromagnet with [d11] easy axis is a 8s,, G ion in G4,Ti,O;. In the insulating normal
trivial problem with an effectively nonfrustrated and unique Heisenberg spinel Zng®,, where the F&" magnetic mo-
(twofold Ising-like globally degenerateclassical ground ments occupy a lattice of corner-sharing tetrahedra, muon
state, and should therefore show a phase transition at noBpin relaxation and neutron studies have revealed that long-
zero temperature in the limit of Sufficiently strong crystal- range antiferromagnetic order deve|ops be['ﬁM/: 10.5 K.
field level splitting compared to the superexchadge However, already at temperatures of ab®&t10T a short-
From the above discussion we can conclude that eactange antiferromagnetic ordéBRO develops that extends
R,Ti,O; material presents its own special set of circum-through~70% of the sample volume just aboVg . Below
stances where details of the finely tuned relative strength of  antiferromagnetic SRO and LRO coexist. At 4.2 K, still
crystal-field parameters, exchange, and dipolar couplings-209 of the sample are short-range ordered. The regions
play a crucial role, and a blanket explanation for the apparenéxhibiting SRO are very smalk-30 A. The physical origin
systematics of Table | will not be found. It is worth noting an of the SRO as well as partial glassy behavior in Zi@ze
interesting paradox. Gli,O, represents the case for which remains an enigma. Hence, while it appears thasTG0,
some of the perturbations that might be thought to aid in thgjisplays conventional antiferromagnetic long-range order
selection of a unique ground state, i.e., crystal fields angng Y,M0,0, shows full-blown spin-glass behavior,
anisotropy, are largely absent, yet it orders. On the othegnrgQ, exhibits a combination of both short- and long-
hand, TBTi,O; and HQTi,O;, in which crystal fields and range antiferromagnetic order, as well as spin-glass behavior.
anisotropy are clearly important, do not order and it is likely The origin of the difference between the Gd- and Fe-based
that these perturbations, in fact, inhibit the occurrence ofyrochiore lattice antiferromagnets in terms of their coexist-
long-range order by competing with important interactionsence of long-range order and spin-glass behavior is not
other® than nearest-neighbor Heisenberg antiferromagnetignown. Possibly different range of interactions, the presence
exchangé? " Some other interesting recent resultgs haveot strong dipolar anisotropy in Gli,O, compared to a
been found in the Yfi,O; and DyTi,O; pyrochlores much more overall isotropic spin-spin interaction in
Itis also useful to compare Gfi,O; with other Heisen-  znre,0, may play some role. In light of this, it would be
berg pyrochlores such as,Mo,0; (Refs. 22-24 and nteresting to study in further detail the magnetic properties
Heisenberg spinels such as ZpBg"" Y,;M0,0; is a well-  of Gq,Ti,0, using muon spin relaxation and neutron-
known geometrically frustrated antiferromagnet spin-glasscattering methods.
material with ¢\, /T;=10, T; being the spin freezing tem-
perature of 21 K2 Here too, only a speculation can be of-
fered for the differences as follows: Because of the high level
of degeneracy across the zone, the nearest-neighbor Heisen-
berg pyrochlore antiferromagnet is expected to be fragile Evidence has been presented from ac and dc susceptibility
against a small random disorder lewel and will have a and specific-heat measurements, that the frustratedigal
propensity to develop aisorder-drivenspin-glass ground insulating pyrochlore exhibits a transition to a long-range-
state the smaller the perturbatiofts’} beyond the nearest- ordered state at 0.97 K as opposed to a spin-glass or spin-
neighbor exchange interactiéi® We expect that the critical liquid state as often observed in other pyrochlore materials.
disorder level for the Nal to spin-glass transitior, will go From specific-heat measurements, short-range magnetic cor-
to zero as{H'} goes to zerd.For example, in YMo,0;, relations have been found to extendTio- 30T and the en-
there is preliminary evidence that the second-neighbor extropy removal belowT. is only about 50%. From a mean-
change parameted, is only a few percent of];.? In  field theoretical study it is concluded that no long-range
Gd,Ti,0O, on the other hand, the leading correctidié’}  order should exist for the pyrochlore lattice for nearest-
are dipolar interactionb 44 and of order 20% of;. In other  neighbor antiferromagnetic interactiods only, even upon
words{H’}/J; is not small in GdTi,O; and the anisotropy inclusion of long-range anisotropic dipolar couplinBgy-
of the dipolar interactions will possibly introduce sizable sta-Long-range order at various commensurate or incommensu-
bilizing anisotropy gaps to the spin-wave excitations out ofrate wave vectors is predicted to occur only upon including a
the selected long-range-ordered ground state. Both the reléinite second,),, and/or third,J;, nearest-neighbor exchange
tive size of Dyy/J; and the “spin-holding” effect of the interactions beyond; and D4y. Long-range order could
anisotropy of dipolar interactions will result in a much in- also be driven by thermal and/or quantum fluctuations via an
creasedx, compared to more isotropic Heisenberg systemorder-by-disorder mechanism. The exact wave vector de-
with small{H'}.” In summary, in this picture weak disorder pends on the relative signs and magnitudes)gf J;, and
drives the spin-glass transition ib,M0,0;, while the strong Dgq. It would be of interest to investigate further the nature
and anisotropic dipolar interaction “helps” stabilize long- of the ordered state in zero and applied fields in gD, by
range order in GgTi,0O,. In this context the existence of a neutron scattering and muon spin-relaxation methods. Fi-
very weakly dispersive line alord 11] restored by order by nally, we argued above that the related fcc antiferromagnet
disorder, or perturbativé, andJ;, would suggest that, as in material, cubic-GgD;, should be reconsidered as a geo-
the fcc antiferromagnéf weak random disorder would rap- metrically frustrated antiferromagnet and is worthy of further
idly drive Gd,Ti,O; into a spin-glass state. study.

VI. CONCLUSION
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