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Field-driven transitions in the dipolar pyrochlore antiferromagnet Gd,Ti,O,
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We present a mean-field theory for magnetic-field-driven transitions in dipolar coupled gadolinium titanate
Gd,Ti,O; pyrochlore system. Low-temperature neutron scattering yields a phase that can be regarded as a
eight sublattice antiferromagnet, in which long-ranged ordered moments and fluctuating moments coexist. Our
theory gives parameter regions where such a phase is realized, and predicts several other phases, with transi-
tions amongst them driven by magnetic field as well as temperature. We find several instdocakdiorder
parameters describing the transitions.
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[. INTRODUCTION that this requires going beyond the nearest-neighbor ex-
change model studied previously.
The pyrochloreS=7/2 Heisenberg spin system gil, O, The second particularly interesting feature of gadolinium

is currently very popular. In addition to magnetic ordering attitanate is the presence of magnetic-field-driven phase
1 K (Ref. 1) which is not expected for a Heisenberg pyro- transitions> For cupic systems one expects exotic phases
chlore systend,it displays magnetic-field-driven phase tran- connected by continuous transitions, as compared to well-
sitions that are intriguing, and have been ascribed to thé&tudied first-order spin-flop-type transition on uniaxially dis-
competition between dipole-dipole-d) interactions and the torted systems, such as MaFAlthough the four-sublattice
Zeeman energy on frustratedd undistorted cubic systenis. mean-field theory is in conflict with the neutron-scattering
The exchange energy has been argued to be relatively Smaqgsults_, it gives such fleId-<_jr|ven transitions with critical
due to the compadtshell of Gd, but nevertheless plays an fields in rough agreement with those observed on a powder

important role in lifting the degeneracy between various possamples- _ _
sibilities, as we show in this work. The aim of the present paper is to show that a model that

Earlier examples of similarly low-energy scales areincludes exchange energies beyond the nearest neighbors not
known, but on the diamond lattifand the gadolinium gal- only explains the magnetic structure observed by neutron

lium garnet; thus lacking the complexity of the pyrochlores. Scattering at low temperatures but also exhibits magnetic-
Theoretical interest in d-d coupled systems is quite’dtt, ~ field-driven transitions whose features can be checked by

cusing on its long-ranged nature. further experimentation. We present the results of the expan-

Gd,Ti,O; is intriguing, first by the magnetic order it dis- Sion of the free energy neafy together with a low-
plays at low temperatures and zero magnetic field, as ogemperature mean-field theory using *hard spirdiat de-
served by neutron scatteriigthe magnetic order has been Scribes the fixed length constraint wethat is, hence, valid
assigned a propagation vectqe {7, 7, 7)== at 50 mK, at all temperatures, although limited by the sublattice struc-
and the interstitial momerftare zero on average, thus show- turé imposed at the outset. The earlier anafysigosed a _
ing a partially ordered state despite the very |0Wfpur—sublatt|ce or_der, here we go to thg next level of descrip-
temperaturé. This structure is consistent with the correla- tion, namely a eight-sublattice order, in order to accommo-
tions observed at higher temperatures in electron spin resélate theq=s state. This allows us to find other stable
nance(ESR.° This turns out to be in direct conflict with Phases. o .
previous theoretical works that assumed a nearest-neighbor We begin by summarizing the results of the hard-spin
Heisenberg system with d-d interactions. The expansion oftéan-field theory. The 8-sublattice system consists of two
the free energy to quadratic order in the order parameter ne#gtrahedra(see Fig. 1, the second one being obtained by a
the ordering temperatufBy, tells us that all the states with a translation of the first one along the primitive vector (110).
propagation vector along the (111) direction become un]'_here are four other such equalent dlrectlons that would
stable simultaneouslySuch a degeneracy is in fact not quite 9ive €quivalent results, in particular with regards to the
exact; refined numerics and analytical work show that théPropagation vectorr. Without loss of generality, we con-
q= state is very slightly preferreld. Nevertheless, below Sider only one of them in the following, namely (111).

Ty the fourth-order term in the free energy expansion be-

comes important and favorscg=0 st.atel,l which has been Il. ZERO-MAGNETIC-FIELD PHASES

confirmed by a real-space mean-field theory employing a

four-sublattice decomposition of the pyrochlore latfice.  The pyrochlore lattice sustains various phases. We have
From these works, however, it is not clear as to how this alluded to theg=0 phase previously, which we denote &s
=47 state can be realistically arrdbustlyrealized. We find in the present work. It has a sixfold degeneracy according to
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sumy is increased, the curves converge to a smooth curve which
minimum is at, or very close t@= .

FIG. 1. On the left, the eight sublattices used in the mean-field

calculation are shown. The state ((=0) is shown(sixfold degen-  defined on the pyrochlore lattice

eratg. On the right, the spins of thB state(degeneracy 2belong

to the Kagomeplanes; the sublattices 1 and have no magnetic 1

moment in average. ThB state is identical td except that the H= 5 Z JiiS- Sj—guBE_ S-H+(gug)?

magnetizations of the sublattices 1 and dre finite and opposite g :

from one Kagomeplane to the nex{continuous degeneracyC

does not have any simple descriptitee text xS S '381' _3(rij : S)érii 'S) ’ o
ij ~ r

I’i]

ij
the three planes of the cubic structure and the time-reversal
symmetry'2n addition, there are three other phases that wévhereS; is a quantum spin operator for spiis-7/2 on site
call B, C, andD, that break translation invariance. i. J;j is the Heisenberg exchange between the neighbors: we
At finite temperatures, and for differefiexchange pa- ~ are in fact considering the first neighbors at a distaage
rameters, we find a distinct phaBewhich can be described =3.59 A (J), the second J,, distancey/3a,), and third
as aq= s state. In this phase, the interstitial sites have, orneighbors {5, distance 2,). We note that there are in fact
average, no magnetic moment. The spins of the Kagom#vo types of third-neighbor exchanges according to the crys-
planes, on the other hand, are ordered in a 120 deg structur@l structure. The difference of them being another small pa-
each of them being parallel to the opposite edge in order teameter, we will neglect it in the following. Let us first de-
minimize the d-d interactions. This is the phase that has beescribe the k-space” mean-field theory. We have studied the
found experimentally in Gdi,0. stability of the paramagnetic state towards a state with a
There is also a phase that we d@lwhich does not have modulation vectok, extending Ref. 1 to includé, andJ,.
a simple description: the interstitial spins{1') are paral- By expanding the free energy neag, we get a 1X12
lel to each other and the other spins break translational synmatrix, its lowest eigenvalue determingg and the corre-
metry and are not coplanar. There are 12 such degenerasponding eigenvector describes theodulation of the state.
states. It seems plausible that fhaéype phases are in reality We find that the degeneracy along (11Refs. 1,1} for J,
the “projection” onto the eight-sublattice of incommensurate =J3;=0 is actually weakly lifted when the dipolar sums in-
states. clude a larger number of neighbors compared with previous
In addition to these phases which all have a finite degenworks, as previously noticel§. The selected mode is at, or
eracy, we have found a phaBe which is particularly inter-  very close tog= # (see Fig. 2 New numerical work using
esting in that it has a continuous degeneracy. We emphasizbBe Ewald summation technique has indeed clearly shown
here that we actually start from a strongly frustrated systenthat this mode is selectéd.Nevertheless, in order to ro-
whose huge degeneracy is lifted by the d-d interactions. It ibustly lift what remains a quasidegeneracy, it is important to
therefore surprising to obtain a continuously degeneraténclude J, and J;. As soon as),<0, q= is robustly se-
ground state in a wide range of parameters when furthelected. The corresponding eigenvector tells us that it corre-
neighbor interactions are switched on. In thephase, the sponds to theB state. There are two other regions of the
spins of the Kagomelanes are identical to those of tlBe  phase diagram where th& phase and an incommensurate
phase. The interstitial moments, however, are finite. Theyphase are preferred. The phase diagram of the first instability
may point in any direction in a plane parallel to the Kagomeis given in dashed lines in Fig. 3. Since the above approach
planes, giving a large degeneracy, and they are antiparallel wan only give the first instability that is encountered on cool-
each other from plane to plane. This is actually the zeroing, i.e., at Ty, nothing is known about the lower-
temperature analog of th® phase, but occurs at low tem- temperature behavior of the system. We therefore proceed to
peratures. a real-space mean-field theory following Ref. 3, but enlarg-
To find those phases, we have considered the Hamiltoniaimg the unit cell to eight sublattices, as already specified.
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phase is indistinguishable at the PMiransition. To ro-

0.2 r1s PM i bustly select thé phase in a wide range of temperatutas
o1 Ez A 5 i experimentally observedit is necessary to include other in-
' 0 teractions, the simplest assumption being the next-nearest

4 Heisenberg couplings. Indeed, whég is increased oW,

2 o ©°B g 0,25/
- ’ decreased, the region where we have AkB succession of

AB 7/
7

01 | A / . phases widensgsee inset of Fig. 3 before the onset of the
other phases. For these other phasesCi transition line
02 | 1 appears to be first order, wherdasB is second order.
_0"2 .0I.1 We can now compare in more detail these results with

those of thek-space mean-field theory, i.e., the stability
analysis of the paramagnetic state. For large portions of the
FIG. 3. Phase diagrams showing the first unstable modes of thehase diagrantwhere the last capital letter coincides with
paramagnetic phase &, (dashed line, small lettersj*forincom-  the small lettey, the two approaches give the same result.
mensuratg and from the eight-sublattice mean-field thedgsplid ~ There is, however, a region of parametéesg., largeJs)
line, capital letters In the inset, the phase diagram as a function ofwhere the first unstable mode is incommensurate, while for
temperature is shown fal,=0.1). Ty is the temperature to enter the same parameters we find a transition from the paramag-
the B phase at intermediat®;. J=0.4 K. netic state to thd3 state in the eight-sublattice calculation.
The eight-sublattice calculation cannot capture the first tran-
Within the mean-field theory, the magnetizations of thesition to the incommensurate state because of the sublattice

sublattices are given b{S,) = Sh,B<(8h,S) with the defi- decomposition. On the other hand, such a calculation re-
nitions of the local fieldsh“=gu;H“—EzBJ“§(S€> where SPects the fixed length constraint of the spins at low tempera-
vaT a ’ — . " . .
Bs is the Brillouin function ang3 is the inverse temperature. tures. Within this point of view, two scenarios may take place
3% couples the sublattices andb, running from 1 to 8. A when the temperature is lowered. In both of them there is
a 1 .

straightforward wav of solving the problem consists of iter_first a transition from the paramagnetic state to the incom-
raig . y 9 p . . _mensurate state. Then the incommensurate state may exist
ating numerically these self-consistent equations, startin

from many random configurations and selecting the set of o o zero temperature and the occurrence oBibeate is
ny 9 . 9 a pure artifact of the sublattice calculation. Alternatively, the
states with the lowest free energy. This leads to the pha

diagram given in Fig. 3solid lines. The phases, C, andD B stateis stabilized at low temperature. In this case there
gram g 9- ' P P .. must be a phase transition between the incommensurate state
described above are found at zero temperature in quite

. . &nd theB state when the temperature is lowered. In order to
narrow and physically reachable region of parameters. How:

" . rule out one scenario, one would need to study the stability
ever, there is no sign at zero temperature of Bh@hase . S
. . of the phases at low temperature bypassing the limitations of
found in the mode analysis.

In Fig. 3, we give the labels for the sequence of phases okhe sublattice decomposition.

increasingT prior to reaching the paramagnetic phase. De-

tails of the transition temperatures for the eight-sublattice I1l. MAGNETIC-FIELD-DRIVEN TRANSITIONS
problem are given in the inset of Fig. 3 for a givéa
=0.1J (solid lineg. ForJ,=J;=0, as another example, the
A phase is definitely chosen beloVy, in agreement with
Refs. 11 and 3. The transition to tlBestate atTy, as sug-
gested in the mode analysis given abdkeg. 2), is in fact
immediately followed by a transition to thephase when the
temperature is decreasésb that on the scale of Fig. 4, tie

I3

A magnetic field is an interesting probe of these phases.
We highlight here the main results on all four phases since
we believe that thé\, C, andD phases might be useful for
other materials. ThéA phase gives rise to multiple phase
transitions, as previously reported for=0.2 We note, how-
ever, several new elements arising from the effect of finite
temperatures. In Fig. 4, we give the example of the complete
phase diagram when the field is along (110). For small
'3 "y | enough fields, a raise in temperature drives the system
s PM 5,0 through two phase transitions, a result which also holds for
=0 ] the fields along the other crystallographic directions, (100)
] and (111), with, in the latter case, a first transition which is
weakly first order.

Although the two successive phaskg for a field along
(110) are separated by a transition liteee Fig. 4, they
cannot be distinguished by a differegeometricalbroken
symmetry. They basically bear the samg broken symme-
try, but none of the other geometrical symmetries is broken

FIG. 4. Phase diagramH(T) for a magnetic field parallel to in €ither phase. The effect of thermal fluctuations turns out to
(110), showing the broken symmetriéa brackets. A, represents be crucial in distinguishing them. Indeed, at any finite tem-
the A phase under field. Thg phase occurs in a very narrow region peratures, this transition is associated with the occurrence of
nearTy atH=0 (see text a disorder parameter—a quantity which is zero in the or-

T(K)

(04 + local
moment)

S =N Wk VNN
L e
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FIG. 5. Local magnetic moments averaged by the thermal fluc-
tuations as function of temperature. Above the first transition, we

see a difference in the moments of the two sublattices that are T H//(IOO) > H//(100)

inequivalent because of the field. The difference disorder pa- T l

rameter for one transition, with a critical exponent numerically

close to 4/3. g
C.B D —B

dered phase and nonzero in the disordered phase, which we FIG. 6. Evolution of the degeneracies as a function of an exter-

now describe. When we look at the value of the magnetiG,,| magnetic field along the main crystallographic directions. The
moment(smaller tharS as soon ag>0), it appears that in - proken symmetries and the symmetries that connect the distinct
the ordered phase all the magnetic moments of the four sultates are also giverT(is the translation operationr a mirror
lattices are the same, while they are different above the firsilane, andC, a threefold rotation Dark shading indicates continu-
transition(Fig. 5. We can thus define disorder parameter ous degeneracy of the state.

by the difference of two of these momeriisset of Fig. 5.

Moreover, we have found that the disorder parameter has e B phase and undergoes the transitions described above.
critical exponent~4/3. This is in contrast with the other For the D phase, the continuous degeneracy is preserved
linear order parameters which follow the usual 1/2 exponenyyith a field along (111), until th& phase is reached. For the

of the Landau theory. One remarkable feature to note is thajther directions, the degeneracy is lifted at an infinitesimal
our disorder parameters atecal. This is quite unlike the field by a spin-flop transition for the interstitial moments. For
familiar disorder parameters that arise in theories with dualthe C phase, the situation is very similésee Fig. 6.

ity that lead naturally to highly nonlocal disorder parameters,
such as are known for the 2-d Ising model.

We note that these transitions are quite different from the
classical spin-flop transitions of the uniaxial antiferromag- We now compare our theoretical calculations with experi-
nets. In addition to those unconventional mean-field expomental results on Gdi,0;. The success of this approach is
nents, the response of the spins themselves is worth mentiote predict the existence of thee= 7r phase in a wide range of
ing. When a field along (100) is increased, for instance, theemperatures and parameters. Although it is not the ground
spins 1 and 2 of thé phase(or 3 and 4 which are perpen- state of the problen{since onlyA, C, and D phases are
dicular to each other at zero field, remain exactly perpendicuebtained at zero temperatiiréhe B phase may be stabilized
lar while the sum of both spins twist towards the field. Thisat very low temperatures, as observed experimentally. This is
is not obvious and in particular cannot be understood bybtained with parameteid, andJ; typically of the order of
considering partial couples, since it is a real four-sublattice9.1J which are physically reasonable. Next-nearest-neighbor
coupled system. Heisenberg interactions may indeed take place in these ma-

The effect of a magnetic field on thigphase is to induce terials, especially if we think of an exchange mechanism in
back a net magnetic moment on the previously zero-momentrms of a magnetic exchange betweenftakectrons and the
interstitial sites. At higher fields along the (111) or (100) more extendedl electrons which may carry the spin polar-
directions, there is a unique transition to the paramagnetiization at distances larger than the nearest neighionge
phase with a merging of the two degenerate stéfés 6).  give the phase diagram for typical parameters in Fig. 7,
For the (1_1)) direction, however, there is a reentrance of awhich reproduces the number of field-driven transitions ob-
less symmetric phase when the magnetic field is increasegerved experimentally. We have two free parametiss)

This phase is fourfold degenerate and breaks the mirror plar@ndJz/J, chosen typically as-0.125 and 0.1, and is then
symmetry. At larger fields the twofold degenerate state idit to the measured high-temperature susceptibility. The val-
recovered before reaching the transition to the paramagneti¢es of the critical fields measured at low temperatures, (3
state. In total, there are three main distinct transitions whe®T, and 7T) are then well reproduced. Spin susceptibilities
the field is increased from zero because the critical field ofire given in the inset of Fig. 7. Note that the powder-
the paramagnetic transition depends very weakly upon thaveraging susceptibility is almost featureless and does not
direction of the field. account for the complexity of the transitions.

Regarding theC or D phases, we have to describe what Also interesting are the ESR results in the paramagnetic
happens to the interstitial moments before the system entephase. In addition to anisotropic properties, the ESR signal

IV. COMPARISON WITH EXPERIMENTS
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(Fig. 3 may be relevant to other compounds as well. The
chemical replacemenpf Ti by Sn, for instancg or an ex-
ternal pressure could well drive the system into either of the
other phases because of the modifications in the magnetic
exchange paths, and hence the relative strengtbslef and
J;. A different behavior has indeed been found experimen-
tally in Gd,Sn,0; at low temperature¥: Although this sys-
. . . . tem orders at a similar temperature, the moments were sug-
6 1 2 3 4 5 6 7 8 gested to be perpendicular to the local (111) directions on
H(T) the basis of Mesbauer measuremenfsSuch a magnetic
ordering, if confirmed by neutron scattering, would be more
compatible with theA phase.

H// (110) 202k k] |
PM N

3,=-0.125F
35=0.1

FIG. 7. Phase diagramH(T) for a magnetic field parallel to
(110), showing the various phases and the broken symmdtries
bracket$. Dy, represents th® phase under field. Insert: Spin sus-
ceptibility for H||(110), convoluted with a Gaussian functi¢solid V. CONCLUSION
line) and powder-averaged susceptibiliashed ling

In summary, we have found several phases and phase
shows two lines, revealing the existence of two inequivalentransitions in the dipolar pyrochlore lattice by taking into
sites, though since no structural distortions have been reaccount the magnetic exchange beyond the nearest-neighbor
ported, the four sites of the unit-cell should be equivalentHeisenberg coupling. One of them is precisely Ehghase of
We note, for example, that distortions that would strengther3&Ti,O; seen in neutron scatterifigiVe find that it is not
the magnetic interactions in the Kagbmhnes would natu- the ground state, but a finite temperature state. We obtain, as
rally help to select th& phase. Even in the absence of dis- ground states, th&, C, or the degenerat® phase. When a
tortions, the applied magnetic fielavhich is necessary to Mmagnetic field is applied, we find that tBephase undergoes
perform the ESR studigsreaks some symmetries of the three transitions, as appeared in specific-heat measurements.
lattice. In this respect, and although the sublattices ar&Ve have predicted the corresponding magnetic structures
equivalent at zero magnetic field, we have found differen@nd the broken-symmetry phases that could be checked by
a\/eraged magnetic moments on two different sites undemeutron-diffraction experiments. Sound velocity and absorp-
magnetic field. Therefore, we naturally expect two lines totion studies, as well as calorimetric studies with aligned crys-
appear in the high-temperature ESR spectrum. Note in pafﬂ'S in magnetic fields, should shed ||ght on the nature of the
ticular that the difference of magnetic moments is preciselyphases predicted here.
what we found to be a disorder parameter in one transition at
low temperature(Fig. 5). In any case, it is an intgresting ACKNOWLEDGMENTS
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