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In a recent papdr. S. Gardneet al, Phys. Rev. Lett82, 1012(1999] it was found that the Th" magnetic
moments in the THT,O, antiferromagnetic pyrochlore lattice of corner-sharing tetrahedra remainaties-
tive paramagneticstate down to 70 mK. In this paper we present results from dc magnetic susceptibility,
specific-heat data, inelastic neutron-scattering measurements, and crystal-field calculations that strongly sug-
gest that(i) the TG ions in ThTi,O; possess a moment of approximativelys, and(ii) the ground state
g-tensor is extremely anisotropic below a temperatur®¢f0®) K, with Ising-like To®" magnetic moments
confined to point along a local cub{@11) diagonal(e.g., towards the middle of the tetrahedroBuch a very
large easy-axis Ising-like anisotropy along{#B11) direction dramatically reduces the frustration otherwise
present in a Heisenberg pyrochlore antiferromagnet. The results presented herein underpin the conceptual
difficulty in understanding the microscopic mechanisnresponsible for TpTi,0; failing to develop long-
range order at a temperature of the order of the paramagnetic Curie-Weiss tempégatsre 100 K. We
suggest that dipolar interactions and extra perturbative exchange cqgpbegond nearest neighbors may be
responsible for the lack of ordering of 76,0;.

I. INTRODUCTION tice appear to be excellent systems in which to seek exotic
gquantum-mechanical ground states. For example, numerical
In magnetic systems, competition between magnetic intercalculations suggest that ti&=1/2 pyrochlore Heisenberg
actions, combined with certain local lattice symmetries in-antiferromagnet may be fully quantum disordered, giving
volving triangles, give rise to the notion ofeometric rise to a state that is commonly referred to as “spin liqurd.”
frustration'? Geometrically frustrated antiferromagnets areBoth terms “collective paramagnet” and “spin liquid” are
currently attracting much interest within the condensed-
matter community:®> The main reason for this interest is that
geometric frustration can cause sufficiently large zero-
temperature quantum spin fluctuations as to drive a systen
into intersting types of intrinsically quantum-mechanical
magnetic ground states with no classical equivatent.
Among three-dimensional systems, the pyrochlore lattice
of corner-sharing tetrahedfaee Fig. 1 with antiferromag-
netic nearest-neighbor exchange interaction is particularly
interesting. For this system, the6r§ and Monte Carlo
simulation§® show that for classical Heisenberg magnetic
moments interacting with a nearest-neighbor antiferromag-
netic coupling, there is no transition to long-range magnetic
order at finite temperature. This is unlike the two-
dimensionalkagomelattice antiferromagn&t®!! where a
thermally driven order-by-disorder of spin nematic order oc-
curs. Villain coined the name “collective paramagnet” to
describe theclassical stateof the pyrochlore lattice at low
temperature§.
Because of their low propensity to order even for classical FIG. 1. Pyrochlore lattice of corner-sharing tetrahedra. The
spins, antiferromagnetic materials based on a pyrochlore latnagnetic moments occupy the corners of the tetrahedra.

0163-1829/2000/620)/649616)/$15.00 PRB 62 6496 ©2000 The American Physical Society



PRB 62 THERMODYNAMIC AND SINGLE-ION PROPERTIES 6. .. 6497

meant to emphasize that despite such a system remaining #pin-spin Hamiltonian for T§Ti,0,. Indeed, we show below

a paramagnetic phase down to absolute zero temperature, eyt crystal-field anisotropy renders the description of
properties of such a state involve very strong and nontriviah—bz-rizo7 in terms of an isotropic Heisenberg antiferromag-
short-range spin correlations, analogous to the nontriviahetic model completely inappropriate.

position-position correlations present in an ordinary atomic ¢ gne neglects the axial oxygen distortion around the

or Qor!i%tlgrﬂg;déx erimental studies on insulai Tb®" sites, and assumes that the local environment of the
pern udi Insulaling pyro-ry;3+ g perfectly cubic, one would expect, based on point-

chlore materials have been reported in the past ten years .
Interestingly, it has been found that such systems do n hagrge calculayons, that t_he ground state of bo_tﬁ*Tbnd
m>" should either be a singlet or a nonmagnetic doutilet.

typically form such a spin liquid state that remains paramag- i : .
netic down to zero temperature. Most often, these SystemIgor example, as mentioned above, experimental evidence for

either display long-range antiferromagnetic order; such a& nonmaggetlc singlet ground state has been found in
FeR, 2 Gd,Ti,0,,° 1% ZnFe,0, 18" and ZnCy0,, 18 or  TM:Tiz07. Based on this naive picture, one can see that the
enter a spin-glass-like state below some nonzero spirEXPerimental evidence of a moment for’Thin Tb,Ti,O; is
freezing temperature as exhibited by ,M0,0,,297%* therefore a nontrivial issue that needs to be understood.
Tb,M0,0,,%2% Y,Mn,0,,2® as well as the disordered A simple possibility is that corrections beyond the point-
CsNiCrF; pyrochlore?* charge approximation and/or the known axial oxygen distor-
Recently, several studies of the pyrochlore rare-earth titions around each of the d6sites cause the b cations to
tanates, RETi,O;, have been published.In these com- acquire a permanent magnetic moment. Another and more
pounds, the trivalent rare-earth ions, REoccupy the 18 interesting possibility is that the moment on the’ Tisite in

sites of theFd3m space and form a pyrochlore latti¢gig. ~ Tb2Ti>O; is induced by a collective bootstrapping of the
1). The behaviors displayed in this family of pyrochlores aremagnetic(exchange and/or dipolginteractions as occurs in

much varied indeed. Gi,O, develops true long-range or- the tetragonal LiTbf material’® In Th,Ti,O, a priori, it is
der at a critical temperature of about 1*K!° Tm,Ti,0, theoretically possible that there could be no moment on the

possesses a trivial nonmagnetice., spin singlet ground Tb®" site for a concentratior of Tb®* less than some criti-
state separated by an energy gap of about 120 K to the negél concentrationx. in (Tb,Y;_,),Ti,O;, as occurs in
crystal-field leveR® Ho,Ti,0, is well described by an Ising LiTh,Y;_,F,.*° This is an important issue. Indeed, one could
doublet?’” In that system, it was originally argued that the imagine that for the highly frustrated pyrochlore lattice, the
nearest-neighbor  exchange interaction is  weaklycollective development of a permanent ground-state moment
ferromagnetié’ and that the strong Ising-like single ion an- would not give rise to homogeneous moments on th&"Th
isotropy along(111) directions frustrates the development of sites, but to a kind of “modulated moment structure”
long-range ferromagnetic ord®r-3* This material also ex- (MMS). This idea is conceptually similar to what is found in
hibits low-temperature thermodynamic properties reministhe frustrated tetragonal TbR@e, material’* but where for
cent of Pauling’s “ice model,® an equivalence proposed Tb,Ti,O; there might be instead a quantum-disordered state,
by Harris and co-worker&*2~**Recently, it has been found possibly an MMS state, “intervening” between a trivial sin-
that Dy, Ti,O; (Refs. 31 and 3pis also a very good example glet ground state and a long-range ordered one, with the
of “spin ice,”?"~3* and that the application of a magnetic quantum-disordered state extending all the way-al.
field can restore much of the ground-state entropy and drive In the case where a permanent moment does exist on
magnetic phase transitions. Most recently, den Hertog an@ib®" even in absence of interactighe., the limitx—0 in
Gingras have argued that the spin ice physics in botl{TbY;_,),Ti,O;], the important issue is to determine the
Ho,Ti,O; and DyTi,O; is not driven by nearest-neighbor wave-function decomposition of the ground state in terms of
ferromagnetic exchange, but is rather due toltrg-range  |J,M;) states and the symmetry, Heisenberg or otherwise, of
1/r® nature of magnetic dipole-dipole interactiois? the resulting effective spin variable. The goal of such a pro-
In contrast to the long-range ordered, spin ice, or spirgram is to construct a low-energy effective spin Hamiltonian
glass states mentioned above, strong evidence for collectivie order to tackle theoretically why Tii,O; does not order
paramagnetism, or spin liquid behavior, was recently ob-at nonzero temperature. Consequently, it is very important to
served in the insulating pyrochlore JH,0,.57% It was  understand in more detail the magnetic nature of th&" Tb
found using neutron scattering and muon spin-relaxatiorsingle-ion ground state in Bhi,O;.
methods that this material remains paramagnetic dowatto The main purpose of this paper is to examine the mag-
leasy 70 mK despite the fact that the paramagnetic Curienetic nature of the T ion in the Tl Ti,O; pyrochlore in
Weiss temperaturéc,, is —19 K, and that short-range an- order to assess whether or not there is indegetrananent
tiferromagnetic correlations begin to develop-ab0 K. At moment at the Tb site as the temperature goes to zero, and
first sight, one could argue that it is “pleasing” to have determine the nature of this momeetg., level of effective
found at last the spin liquid state anticipated by theory for aspin anisotropy. We present in Sec. |l experimental evi-
highly frustrated pyrochlore antiferromagrie?. However, dence, based on results from dc susceptibility, heat capacity,
the situation for ThTi,O; is not as simple as it might na- and powder inelastic neutron studies that show there is a
ively appear. permanent moment at the Tb site, but that its approximate
In Th,Ti,O; the T" ions have a partially filled’Fg  5ug value is less than the value of @uf estimated from the
shell, and one must first understand their crystal-field levetic susceptibility measurements above 20% Kt the 9.72i5
scheme and, in particular, the nature of the single-ion mag’Fg free ion value. To complement the experimental work,
netic ground state before constructing a correct effectiveesults fromab initio crystal-field calculations that take into
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(Tbg.02Y 0.092 TioO; material vs temperature.
FIG. 2. Inverse molar susceptibility x./of Th,Ti,O; vs tem-

perature. temperature CW temperature, 6cw=—19 K, which

. indicates the dominance of antiferromagnetic interactions
account covalent and electrostatic effects are presented {fhe Curie-Weiss fits are done above 200 Reviation from
Sec. Ill and Appendix B. We discuss in Sec. IV the possi-the Curie-Weiss law sets in at a rather high temperaflire,
bility that dipole-dipole interactions and extra perturbative~70 K. This is consistent with elastic neutron-scattering re-
exchange couplings beyond nearest neighbor may be respogy|ts reported previously, which showed evidence for short-

sible for the lack of ordering in TATi,0;. range magnetic correlations at temperatures up to 80 K.
Recognizing that for TH", an ’F¢4 even electron and non-
Il. EXPERIMENTAL METHOD AND RESULTS S-state ion, there may be “crystal field” as well as exchange

contributions to the experimentally determinég,, a mag-
netically dilute sample, (TdnoY o992 Ti,0;, was also stud-

Samples of TETi,0; and (TR oY 009, Ti,O; were pre- ied. The data for this sample are shown in Fig. 3 along with
pared in the form of polycrystalline pellets by high- a Curie-Weiss fit giving again a value close to the free ion
temperature solid-state reaction. Starting materialsOFp ~ value for the effective paramagnetic moment,.8;6Tb*",
Y,0s;, and TiQ, were taken in stoichiometric proportions, and 6cyw~—6 K. This finite value is in contrast to the es-
mixed thoroughly, pressed into pellets, and heated in an alwsentially zeroc, value obtained for a similarly diluted
mina crucible at 1400°C for 12 h in air. J®; was prepared sample of GdTi,O; which contains the isotropic “spin
by hydrogen reduction of TJ®,. The powder x-ray- only” 8S;,Gd* ion**and therefore indicates that a signifi-
diffraction patterns of the samples, obtained with a Guiniercant crystal-field contribution tofc, exists in the
Hagg camera, indicate that they are single phase with cubi€b®"-based material. Thus to a first approximation one can
unit-cell constantsa, of 10.149 A for TRTi,O; and estimate that the portion df.,y for Th,Ti,O; which can be
10.104 A for (Tl o,Y 992 Ti»O5. The value for the concen- attributed to magnetitteractionsis
trated sample is in excellent agreement with previous
reports’>43 Ocw{ T2 Ti207} — Ocwd (Tbo.02Y 0.09 2 Ti207}~ — 13 K,

Some of this high quality polycrystalline material was
then used as starting material for a successful single-cryst
growth using an optical floating zone image furnace. DetaiI%
of the crystal growth are described elsewH¥re.

A. Sample preparation

value similar to thedc,,~—10 K found for GgTi,0;.1

his approach can be made more rigorous by noting that in a

igh-temperature series expansion, one finds that the mag-

netic susceptibility isy=C;(1/T+C,/T?) whereC,= 6w

can be “decomposed” as a simple sum of terms that are
B. dc Magnetic-susceptibility measurements ascribed to exchange interactions, dipolar interactions, and

As a first step towards determining the magnetic nature o€rystal-field termgsee Appendix A Note also that, down to

the electronic ground state of the 3'bcations in ThTi,0,, @ temperature of =2 K, neither Fig. 2 nor Fig. 3 show any

we have investigated the dc magnetic susceptibility ofsign of a singlet ground state which would manifest itself as

Tb,Ti,O; and (Th ¢, 0,99, Ti,O;. The dc magnetic suscep- an approach to a constant susceptibility with decreasing tem-

tibility was measured using a superconducting quantum inperature, as found in the single ground state of the

terference devicéSQUID) magnetometefQuantum Design, Tm,Ti,0,.2% A more detailed analysis concerning this issue

San Dieg9 in the temperature range 2—300 K. The inversels presented in Sec. IIl.

susceptibilityy ~* of Tb,Ti,O; measured at an applied field ~ While it is tempting to use the magnetic interaction con-

of 0.01 T is shown in Fig. 2. A fit of the data to the Curie- tribution (8cw— 62,)~—13 K (with fcw~—19 K and

Weiss (CW) law above 200 K gives an effective paramag- ng~—6 K), to extract the approximate value of the

netic moment of 9.65/Th®" and an effective(high- nearest-neighbor exchange, an estimate of the nearest-
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neighbor dipole-dipole interaction for ¥b ions indicates an 3.6 —
energy scale of about 1 K. Given the long-range nature of 34k s L2 { 1
dipolar forces, it becomes clear that the classical nearest- R Q=24

neighbor exchange constant cannot be obtained from a mea- 32 = 3
surement of the Curie-Weiss temperature until the effects of N 30°L - ]
long-range dipolar interactions ofiy, have been under- é [

stood. We find via a high-temperature series expansion E 28 ¥ “,:_2 o et ¥ ]
analysis of the long-range dipolar contributioﬁgﬁ, to the S o266 E(THa) i
Curie-Weiss temperaturésee Appendix A that the esti- § L e e Lt
mated upper bound oAl is ferromagnetic and-1.2 K = L { i
(for needle-shaped powder crystallitesvhile the lower @038 L [ { { _
bound is antiferromagnetic and —2.4 K (for slab-shaped 2 L ]
powder crystallites Consequently, we find that antiferro- M

sible for the @cw— HCCfW =—13 K value determined above 034
T=200 K, with a resultingdd, e[ —14.2-10.6] K. L
0.32

036 | { } :
magnetic exchange interactions are predominantly respon- L { ‘ _

06 08 1.0 12 14 16 1.8 2.0
A-l
. . o QA™)
Inelastic neutron scattering allows us to determine with

reasonable precision the energy value of the crystal-field en- FIG. 4. Inelastic neutron-scattering data obtained at a tempera-
ergy levels of TRHTi,O;. The inelastic neutron-scattering tureT=12 K. The inset of the top panel of Fig. 4 shows a transfer
measurements were carried out on a 50-g sample of polyenergy scan aQ=2 A~!. Data showing representative neutron
crystalline ThTi,O, loaded in a sealed Al cell with a he- groups as well as the dispersion relation for these excitations at
lium exchange gas present. The cell was mounted in a closed2.5 and 3.5 THz is shown in the top panel of Fig. 4. The disper-
cycle helium refrigerator with a base temperature of 12 K.sion of the low-lying excitation is shown in the lower panel.
The sample was the same as used in Ref. 37. Measurements itation is sh i the | | of Fig. 4. O
were performed on the C5 triple axis spectrometer at th(lzylng excitation 1s shown n the lower panel of Fig. 4. Une

Chalk River Laboratories in constant scattered neutron enc2"? S€€ that this partial softening of the excitation branch

ergy mode. Two spectrometer configurations were emoccurs only for the lowest lying mode. As we show in the

ployed, appropriate for relatively high- and low-energy reso_nexttsectlog, th('jS f's Tanlfetsr;[e;i n thltta h]?at-gapaglty'mea?%e—
lution, respectively. Both configurations employed pyrolitic ments as broad Teatures that result ol a broadening ot the

graphite(PG) as both monochromator and analyzer. The |0Wsingle-i0n energy levels via these short-range magnetic cor-
relation effects.

resolution measurements, appropriate for relatively high- Th s ol traint lculati

energy transfers, were performed usiig/h=3.52 THz f these measuremen:[n ? P acfesrclons :ﬁm S O': Sn%ct"; cutations

(1 THz=48 K), open-60-80-open collimation, and a PG or the energy eigenstates o as they set both the en-
ergy spacing of the levels, and require that magnetic dipole

filter in the scattered beam. The high-resolution configura frix el ¢ A ' th d state with th
tion usede’'/h=1.2 THz, open-40-60-open collimation, and matrix elements must connect the ground staté wi ese
| vels in order that they be visible in the inelastic neutron-

a cooled Be filter in the scattered beam. These results clear . . . o
indicate excitations aE~0.36 and 2.5 THz and a broad cattering experiment. In particular, this indicates nonzero
(0]J*|1), (0]37|1), or{0]|J* 1) matrix elements connecting

neutron group centered at 3.5 THeorrsponding to 16.8, . :
u group A ponding the ground stat¢0) and the first excited stad) at an en-

120, and 168 K, respectively
The low-energy-resolution inelastic neutron-scatteringergy ~0.36 THz~18 K above the ground state. In other

measurements at 12 K with’/h=3.52 THz revealed the words, there must be 'afdd"\"ﬁ components ir{0) and
presence of twaQ-independent modes with frequencies 1) whgre some Of.thMJ involved for the ground state and
~2.5 and 3.5 THz. Representative neutron groups, as well &{Qe excited state differ by Qr1.
the dispersion relation for these two excitations are shown in
the top panel of Fig. 4. These excitations are identified as
being magnetic in origin due to the temperature &hde- Low-temperature  specific-heat measurements  on
pendence of their intensity. Their flat dispersi@ ifidepen-  Th,Ti,O; were performed using a thermal-relaxation micro-
dence of their energigsindicates that they are crystal calorimeter. The single-crystal sample was mounted on a
electric-field levels for TB" in the environment appropriate sapphire holder which was isolated from the bath by four
for Th,Ti,O,. copper-gold alloy wires. The relative precision and absolute
The high-energy-resolution inelastic neutron measureaccuracy of the calorimeter were confirmed by measuring
ments at 12 K witlE’/h=1.2 THz shows the presence of a copper and gold standards. In principle, specific-heat mea-
low-lying magnetic excitation near~0.36 THz. This mode surements on a dilute (FB,Y 992 Ti»O; sample would be
is also dispersionless above a temperature-@5 K, but  useful. Unfortunately, this is not technically easily feasible
partially softens in energy at the wave vector which characas the magnetic contribution to the total specific heat would
terizes the very short-range spin correlations, which develope too small to be determined accurately.
below 50 K. The development of this interesting dispersion The total specific heaC, of Th,Ti,O; was measured
has been described previouslyThe dispersion of the low- from 0.4 to 30 K at applied fields of 0, 2, and 5(3ee Fig.

C. Neutron-scattering experiments

D. Specific-heat measurements
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temperature. In contrast, the position of the second peak does
not change but increases in magnitude as the lower tempera-
ture feature begins to overlap with it.tA% T the low-
temperature feature disappears completely and the remaining
peak is shifted to higher temperatures.

The crystal-field calculations described in Sec. Il and
Appendix B(see Table Il indicate a level scheme consisting
of a ground-state doublet with another doublet as the first
excited state. Attempts to fit the,,, data to Schottky anoma-
lies using a unique doublet-doublet level scheme for the
Tb®" ions and varying the ground-state—excited-state energy
splitting failed, since important magnetic short-range corre-
lations are present in this system as observed in neutron
scattering’’ and discussed above. Consequently, we interpret
the anomaly at-6 K as a remnant of the excited doublet
that is “broadened” by exchange correlation fields, while
the 1.5 K anomaly is presumably due to these same correla-
tion effects, but now acting on the single-ion ground-state
doublet. In other words, the buildup of short-range correla-

FIG. 5. Specific hea€, of Th,Ti,O; as function of temperature
for the indicated magnetic fields of 0, 2, and 5 T. The solid line
corresponds to the lattice specific heat o5 ThO,, C,, estimated
from the measurements on the nonmagneti€iYO, that is isotruc-
tural to ThTi,O; (Ref. 47).

tions in the low-temperature sector of the effective Hamil-
tonian for ThTi,O; results in a specific heat anomaly at 1.5
K. This low-temperature anomaly at 1.5 K that results from
correlations is akin to the broad specific heat bump:at K
found in GgTi,0,.1* However, GdTi,0; is an S, spin-

5). The zero-field data exhibits two broad peaks centered &N ion, and there are no crystal-field levels at high energy,
about 1.5 and 6 K. The data are in agreement with those dfor are there correlation remnants of crystal-field Ievel_s.
Ref. 28, above a temperature of 0.4 K. Hyperfine contribu2P0ve the ground state such as those that cause the specific-
tions to the specific heat become important below 0.4 K foi’®at anomaly 86 K in Th,Ti,O;. Another distinction be-
Th-based compound&?®® as found for example in the tween ThTi,O; and Gg@Ti,O; is that the latter shows a very

Th,(GaSn)Q pyrochlore®® and this is presumably the rea- sharp specifi_c_ heat anomaly at 0.9%and therefore presum-
son for the sharp increase 6f(T)/T found in Fig. 4 of Ref. ably a transition to Iong-range order at that temperature as
28 below 0.5 K. The solid line in Fig. 5 corresponds to theSudgested by recent theoretical calculatibrand neutron-
estimated lattice heat capaci® for Tb,Ti,O,, determined ~Scattering experiments. Down to 0.4 K, no such sharp

by scaling the heat capacity for,Yi,O-, which is insulating, ~SPecific-heat anomaly is found in JTi,0,. From the fit of
nonmagnetic, and is isotructural to 6,0, the dc susceptibility and the crystal-field calculations pre-

The magnetic specific he@, obtained by subtracting, sented in Sec. II[ and Appen.dix B, good evidence is obtain_ed
from C, is shown in Fig. 6 for the three applied fields. With that the magnetic moment in the ground state and the first

the application of a 2-T field the magnitude of the lower €Xcited state is~5ug and ~6ug, respectively. Given_a
temperature peak diminishes and moves to a slightly highefuPlet-doublet energy gap of about 18 K, we can estimate

C_(J mol™ K7

FIG. 6. Magnetic specific heat,, of Th,Ti,O; as function of

the strength of the magnetic field where the separation be-
tween the doublets is equal to the magnetic-field energy, and

6 1 ' ' H=(I)T b find a magnetic field of about 5 T. For an applied field of that
4+ 7 strength, the ground state and excited states merge and are
5] R strongly mixed. This explains the disappearance of the low-

. 1 temperature specific-heat anomaly in Fig. 6 for a field
04— — H~5 T.

=2T

| T T T T
5 10 15 20 25 30
T(K)

It is usual to estimate the magnetic entraBy(T) in a
system by integratin€,,(T)/T between the lowest tempera-
ture reached and the temperatiref interest. Although it is
straightforward to integrat€,,(T)/T, the interpretation of
the results for ThTi,O; is difficult. The main reasons for
this are:

« The hyperfine interaction is large for Tb and the
nuclear specific-heat contribution becomes significant with
respect to the magnetic contribution below a temperature of
0.4 K645

 There is a doublet crystal-field excitation at an energy of
approximately 18 K. Hence one can hardly integrate
Cw(T)/T abowe 5 K without “already” embedding in the

temperature for the indicated magnetic fields of 0, 2, and 5 T. Théesulting entropy a contribution from excitations to the first
solid lines are guides to the eye.

excited doublet.
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Ill. SINGLE-ION PROPERTIES

As discussed in the Introduction, it is very important to
determine whether the existence of a moment at th&" Th
site in T Ti,O; is intrinsic, or driven by magnetic interac-
tions. Consequently, we have investigated in detail the prob-
lem of single-ion properties of T8, both theoretically and
via dc susceptibility measurements, of,Ti,O; and of the

1| # dilute (Thy oY g.99 2 TioO; material where the Tb-Tb interac-
O 1.0-08 1 tions should be negligible. The main conclusion from this
107 investigation is that the T3 cation does indeed carry an
intrinsic moment inherent to its environment in ,Mb,0-,
. R and that moment is not due to a bootstrapping effect from
0 5 10 15 20 25 30 magnetic exchange and/or dipole-dipole interactions.
Temperature The results from inelastic neutron-scattering and specific-
FIG. 7. Magnetic specific hea,(T) of Tb,Ti,O, in zero ap- heat measurements presented in the previous section already

plied field (circles, and entropyS,(T) (squares are shown. The proylde some evidence for a doublet ground state and an
entropy values for two, three, and four states are indicated by thg*Cited doublet state at an energy-e18 K. The purpose of
horizontal dashed linesR is the molar gas constaR=Nyks  thiS section is to investigate further from a theoretical point
=8.3145 J mol? K~L. The solid lines are guide to the eye. of view the question of the existence of a magnetic ground-
state doublet for TH" in Tb,Ti,O,. In short, both a simple
Spoint-charge calculation and a more sophisticaaedinitio

* From our neutron resu_lts_, and crystal-field calculation method confirm that a doublet-doublet scheme is the most
presented in Appendix B, it is known that there are other,.

levels at an energy-1(® K. Hence one cannot integrate likely low-energy level structure for 9. We have con-

: : structed a van Vleck equation based on such a doublet-
Cn(T)/T to obtainS,(T) up to a high enough temperature . X -
above the excited doublet at18 K without having to con- doublet scheme in order to parametrize the dc suceptibility of

sider the specific-heat contribution from the states aﬂ}e d”?te (-I]:QﬁZYO-%) 211207 powderfsargplf], znd to exéract
~0(1®) K e value of the magnetic moment for both the ground-state
' and excited-state doublets. We find that experimental results

By integratingC,,(T)/T up to~30 K one enters a re- f . ; .
: . . o or the dc susceptibility of (T§g,Y ¢.992TioO; are in reason-
gime where the lattice contribution to the specific heat,ably good agreement with thab initio calculations.

Ci(T), becomes sizeablgee Fig. 5. In that case the sub-
traction of C,(T) from the totalC,(T) using rescaled results

(J mol™ K™)

m

from the isostructural nonmagnetic, ¥i,O, leads to inher- A. Crystal-field effects
ent systematic u_ncertainties which increase dramatically Experimental evidence of a doublet-doublet structure for
above 10 K(see Fig. 5. the low-temperature crystal-field levels of *Tbin Tb,Ti,O,

With these provisions in mind, we have determinedcan be understood by considering the crystal-field environ-
Sw(T) (see Fig. 7. We find that the recovered entropy ment surrounding the ion. Pyrochlore oxid&sB,O, are
Sm(T) at 12 K is already larger than that expected for agjescribed by the space groEmi?m with A3* . the trivalent
singlet-doublet energy-level schem&y(12 K)>RIn(3).  rare-earth in 16, B4*, the tetravalent transition-metal ion,
Since 12 K is much less than the excited states 400 K, in 16c, O1 in 4& and 02 in &. The A3, or T+ site in
there should be little contribution §,(12 K) coming from  ig case, is coordinated to six O1 ions at about 2.5 A in the
states aff=100 K. Consequently, the results presented ingoym of a puckered ring and to two O2 ions at a distance of
this figure support further the picture that the two lowests 5 A in the form of a linear 02-Tbh-O2 chain oriented nor-
energy levels in TPTi,O; consists of two doublets. HOW- 1z to the mean plane of the O1 ring. The 02-Th-O2 units
ever, it is interesting to note that at a temperature of 30 Kgye parallel to thé111) directions within the cubic unit cell.
the recovered entropy is not yet equalRdn(4), the total  gyerall, thelocal geometry at the TH' site can be described
entropy for two doublets. Either 30 K is not yet at high a5 5 severe trigonal compression along the body diagonal of
enough temperature to have recovered the full doublety simple cube.
doublet entropy, or there exists macroscopic entropy in the gased on symmetry considerations, the cubic plus axial

ground state of THTi,0; as occurs in DyTi,0,.**°For the  gistortion surrounding the Fi5 ion may be expressed by a
four reasons mentioned above, it is difficult to make the distystal-field Hamiltonian of the general form

cussion about the recovered entropy above 30 K iliiD,

much more quantitative. - ~ HY=B2C2+BiCE+Bi(Ci—C* ) +BECE+BS(CS-C8 )
In summary the magnetic specific-heat data are consistent
with the inelastic neutron-scattering results in that the two +BQ(Ce+CP%), (3.9

lowest lying energy levels for T in Tb,Ti,O; consist of K . )
two doublet energy levels separated by an excitation energffhere theBy's are yet to be determined crystal-field param-

of ~15-20 K. As we will show in the next section and eters, and thGC;’S are tensoLigl operators defined aé
Appendix B, our crystal-field calculations strongly suggest=[4/(2k+1)]"?Y}!, whereYy is a normalized spherical
that these two lowest lying levels are magnétiging) dou-  harmonic. In general, thB'é’s represent an effective one-
blets. body potential which lifts the degeneracy of the angular mo-
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mentum states in question. In practice, they may be deter  100.0 .
mined experimentally by spectroscopic or thermodynamic

probes, or theoretically within various levels of approxima- O experimental data A
tion. 80.0 | —— doublet-doublet model ]
i imati ald i A ab-initi
In the simplest approximation of the crystal-field interac- a-inttio
tions, one often uses the so-called point chdRf© approxi- 3

mation where the crystal field is simply assumed to beg 60.0 1 1

caused by the Coulomb field of point charges situated ai®
neighboring sites. In such a picture, the crystal-field eigen-=
states and eigenvalues have been determined for a number &
rare earths by Leat al. for systems with cubic symmetry

(i.e., without trigonal distortion®® For TB**, the lowest 200 |
three energy levels in a cubic environment ale;asinglet, a
nonmagnetid™, doublet and &' triplet, with their precise

40.0 - b

ordering in terms of lowest energy states dependent upor 0.0 :

variation of the point-charge crystal-field paramef@rén 0 T (K) 200 800
general, the addition of the trigonal distortion splits ﬂ*@)

triplet into a singlet and doublet, while tH& andI’, states FIG. 8. Inverse susceptibility of (BR,Y 9.09Ti»O5. Circles in-

are preserved. Hence we expect that the crystal-field groundicate measured values while the solid line is a fit using B
state of the TB" ion in Th,Ti,O; will be a competition using a doublet-doublet gap 4f=18 K. The solid triangles are the
between two doublets and two singlets. values obtained from the theoretical calculations of Appendix B.
Some notion regarding the difficulty of determining the
precise ordering of these states and the size of their assod ; of a crystal-field eigenstate varies with the values of the
ated magnetic moments may be obtained by diagonalizingrystal-field parameters, some other general features do
the crystal-field HamiltoniarH®" using Stevens’ operator emerge. In particular, one singlet contains ohty6) and |
equivalent®® of the Cg within a fixedJ manifold?® and by ~ *+3) states while the other is a combination|af6),| = 3),
using the point-charge approximation for the Coulomb ef-and|0). On the other hand, both sets of doublets ruag-
fects of the surrounding oxygen ions. The resulting crystalhetic (e.g., they have a nonzero quantum expectation value
field point-charge Hamiltoniarh-lgfC with quantization axis of J), and also contain components of exclusively different

along the appropriatél11) direction can be expressed as J* values(the J* operator does not connect the ground state
to the excited staje One doublet has large-4) and|=1)

components, while the other has laige5) and|=2) com-
ponents. Hence the two doublets haMg components that
differ by = 1, and a neutron spin-flip-induced transition from
~o(188+3247) | 35/2 . 77 ¢ one to the other is allowed, consistent with what is found in
+7:Bs 512 O+ 4 Os+ g 6|’ the inelastic neutron-scattering results presented above.
We have confirmed these conclusions based on our point-
3.2) charge analysis by performing a more sophisticated first-
wherer =R, /R, andR; ,R, are the Th-O distances for oxy- Principles calculation that take into account both electrostatic
gen ions situated on the puckered ring and on the distortiog"d covalency effects as well as the intra-atomic and con-
axis, respectively. Th©". represent crystal-field operators figurational interactions. This approach, described in Appen-

as discussed by HutchingSwhile «,, 3,, andy, are the dix B, does not restrict the decomposition of the electronic
Steven's coefficient®0 Trivalent T is an ’F, ion and ~ €Nergy levels into &ixed|J,M ;) manifold as is usually done

thus the fixed) manifold isJ=6 (L=3,S=3J=L+ S=6) using the Steven’s operator equivalents, as discussed above.

for the operator equivalent point-charge calculation. The prell the results presented in Appendix B, we find that the two

. . . . ~ lowest energy doublets have a leadiMy==*=4 and M,
cise relationship between the point charge paramete{B@t +5 components, respectivelglose to 90% of the weight

and the more ge_ner@Bg} IS d|s_cus§ed by Kassméh. i Table Il in Appendix B lists three very similar energy level

Although a point-charge estimation of the crystal-field pa-g¢,ctures given for slightly different constraints on the
rameters is in most cases unreliable in predicting the actuglysta|field parameters. The theoretically determined energy
crystal-field level spacing of rare-earth ions, we find thatioya|s with mean values: 0, 13, 60, and 83 dmthat is, 0,
varying the point-charge parameter §&} indicates that 19, 86, and 119 K, respectively, can be favorably compared
the ground state can be confirmed to be a competition bewith the experimental levels determined by inelastic neutron
tween two singlets close in energy and two magnetic doudiffraction: 0, 18, 115, and 168 K. The corresponding wave
blets, which are well separated from the other crystal-fielfunctions allow for a good estimate of the magnetic suscep-
states. These levels are indeed the remnants of'th&€;, tibility of the diluted and concentrated compounds as shown
andT'{?) states of the cubic environment eluded to earlier. by Table Ill and Fig. 8.

In general, we find that in a large region of the crystal- From these results, a picture of the low-temperature
field parameter space, the two doublets form the lowest ersingle-ion properties of T can be deduced. Considering
ergy levels, although their precise ordering may change. Althe structure of the eigenstates of the two lowest doublets, a
though the weight of each angular momentum componentalculation of theirg tensors indicates extremely strong

(27r°+1)

58 09-20y203

Hpe= a,B3(r°~1)03+ 8,8}
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Ising-like anisotropy along the appropriatell) axes(the
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We have performed a least-squares fit to the susceptibility

axis formed by joining the two centers of the tetrahedra todata of (Tl .Y 092Ti,O; UP to a temperature-30 K,

which the ion belongsfor each TB* ion at low tempera-
tures. In summary, based on both point-charge améhitio

which is approximately where thermal contributions from a
crystal-field level at~100 K become non-negligible. Be-

calculations, we have strong evidence of a doublet-doubletause of the narrow energy spacing between the ground-state

scheme for TB', and a substantial single-ion anisotropy in
Tb,Ti, 0,3 making the the Th" moment effectively Ising
like for T=O(10') K. The consequences of this result will
be discussed in Sec. IV.

B. Susceptibility

The zero-field susceptibility measurements of the Tb
diluted powder compound (BR,Y o992 Ti,O7 shown in Fig.
3 enables us to gain a more concise understanding of t
nature of the crystal-field levels of ¥b in Tb,Ti,O,, and
the single ion properties of PH. Indeed, the dilute concen-
tration of TB"ions in the system removes the effect of mag-
netic interactions and, in principle, leaves only crystal-fiel
contributions to the magnetic susceptibility. Having obtaine
strong evidence for a doublet-doublet scheme for th&" Th

ions we now proceed further and analyze the dc magneti

susceptibility by constructing a phenomenological expres

sion for the susceptibility based on a van Vleck equation for

such a doublet-doublet energy level structtfr@his allows

us to extract the size of the magnetic moments of both dou
blets from experiment, as well as check for consistency Wiﬂ’{

the conclusions based on our crystal-field calculations of Ap
pendix B.
Due to the powder nature of our (J§Yo992Ti207

parallel and transverse contributions to the susceptibility a

sample, the random orientation of the grains can lead to botE
first and second order. For the doublet-doublet structure a

low temperature eluded to earlier, the van Vleck equation fo
the susceptibility has the general form

alT+b+e 2T(c/T—d)
1+e 4T

_ 9%ugN
X T 3kg

. (33

whereg is the Landdactor, equal to 3/2 for TH", ug is the
Bohr magneton ani1,=0.04N,, whereN, is Avogadro’s
constant. The adjustable parameterd,c,d are defined
through second-order perturbation theory to be

a= Z [{nolJ%Imo) 2, c= E <n1|~]a|m1>|21
@,Ng, Mg @,ny,mg
nolJ%m:)|?
b=2 2 |< O| | |>| ’
a,Ng,Mj o Ao,i
ny|J¢/m)|?
e 3 (mivIm?
a,Ny,Mjq A1,i

where ny,my label states within the ground-state doublet,
ny,my label states in the excited doublet while the index
defines any state from thigh crystal-field level. TheA’s
represent crystal-field energy level differen¢esK) and «
=X,Y, or z. The fitting parametera and c are due to first-
order terms in perturbation theory whileand d are from

%of this interval yields a noticeably poorer goodness of fit. In

and excited-state doublegll four adjustable parameters
a,b,c,d are important in fitting the susceptibility data. Based
on the crystal-field calculations of the previous section, the
specific-heat analysis of the doublet-doublet gap in the con-
centrated ThTi,O;, sample, and the evidence of an anisot-
ropy gap of~18 K observed in inelastic neutron measure-
ments on the same sampfewe have carried out the fit of

the low-temperature behavior of the susceptibility using a
ublet-doublet gap ranging from 12-24 K. We find that

0
r}%e goodness of fit is quite flat in this range for However,

the magnitude of the adjustable parameters do not deviate
strongly and can be determined to a reasonable degree of
accuracy over this interval. Using values of the gap outside

Fig. 8, we show our best fit to susceptibility data for the
dilute (Thy oY 0 99 2 T1,0O; sample using an anisotropy gap of
18 K as well as the results for thab initio crystal-field

calculations.

We can interpret the fitted results for the susceptibility
data by making use of our crystal-field results and Bf3).

Due to the strong Ising like nature of tgensors of the two
heoretically calculated doublets, transverse terms such as

{(ni]3*|m;) between two statewithin a doublet are negli-

gible compared to(n;|J%n;). Thus we expect thaia
[{no|J%ng)|? andc=|(n,|JI%n,)|? and, consequently, both
ea andc terms represergermanentmoment contributions
the susceptibility. For the same reason, ghtensor char-
Iacterizing the ground state is extremely anisotropic with es-
sentially only agj component along the loc&l1]) direction
with very little g, component. As a result, and this is the
most important point of the paper: At a temperature
<0O(10Y) K, Tb®' ions can be considered to a very good
approximation agclassical Ising magnetic moments con-
fined to point parallel or antiparallel to their locdl11) di-
rections.

Over the range mentioned above for the doublet-doublet
gapA, we have found that the magnitude of the moment in
the doublet ground state to be 5:10.3ug . Overall, we find
that our best fit for the susceptibility data givas11.6
+0.1p=1.53+0.04 K 1,¢c=157+4.0, and d=0.71
+0.05 K 1. The value ofc gives a magnitude for the mo-
ment of the first excited doublet of 5:90.8ug. These re-
sults are consistent with the ground state being largely
formed by the| = 4) states, and the excited formed by the
+5) states.

Both fitted moments are compatible with the eigenstate
structures of the doublets determined from the crystal-field
calculations presented in Appendix B. Additionally, the val-
ues of the paramagnetic terrhsandd in the susceptibility
are also consistent with our crystal-field results. In particular,
from the J* components of our calculated low-energy dou-
blet and singlet eigenstates, there will be predominant con-
tributions tob and d coming from transverse angular mo-
mentum matrix elements connecting the two doublets, as

second-order terms and give rise to temperature independewkll as additional contributions involving transverse matrix

van Vleck paramagnetism contributions o

elements between the doublets and the higher energy singlet
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states at=100 K. The doublet-doublet coupling will give netic exchange. As discussed in Refs. 32, 52, and 53, such a
equal(in magnitude contributions tab andd while coupling ~ model is not frustrated. Indeed, if we pick one spin, and
to the singlets will give further positive contributions ko ~ choose either an “in” or “out” orientation for it, then the
while reducing the value af. This can be simply understood three other spins on the same tetrahedron must also take the
in terms of the signs of the denominators for each of thes@ame in or out configuration to minimize the exchange inter-
virtual excitation processes in our definitionstandd. actions. Since the pyrochlore lattice can be described as an

In summary, we are able to successfully fit thefcc lattice with a tetrahedron as the basis cell, either an “all
(Tho 0sY 0,99 2 Ti,O7 susceptibility measurements at low tem- in” or “all out” configuration repeats identically on all basis
perature using a doublet-doublet picture consistent with outnits; one refers to such a magnetically long-range ordered
crystal-field calculations. We find reasonable agreement istructure as @=0 ground state® as found in the long-
terms of calculated moments and paramagnetic contributioni@nge ordered FeFpyrochlore material?
between that expected from theory and our fitted values. In The observation that Ti,0; remains paramagnetic
particular, we find a permanent moment in the ground statdown to at least 70 mK, while sustaining important short-
of approximately 5.4g. This moment isintrinsic to the  range magnetic correlations, is therefore very puzzling. We
Tb®* ion and isnot driven by exchange and/or dipolar inter- believe that a plausible explanation is that the exchange in-
actions as occurs in LiThE° This value is also compatible teractions in ThTi,0O; involve those at distances beyond fur-
to what is estimated from the limiting low-temperature muonther nearest neighbal,,. The presence of these interac-
spin-relaxation rate T found in Ref. 37, assuming a dipole tions, as well as the long-range dipolar interactions, could
coupling between a positive muan”™ bounded to an oxygen “reintroduce” sufficiently large frustration in the spin
at~2.5 A away from a~5ug Th®" moment(see Appen- Hamiltonian describing Tp’izp7, and conspire to destroy
dix C). the “would-be” long-range Nel Q=0 ground state, thus
giving rise to a collective paramagnetic—spin liquid ground
state. In recent theoretical work, den Hertog and Gingras
found that long-range dipolar interactions competing with

Combining together our results from dc susceptibility nearest-neighbor antiferromagnetic exchange gives rise to
measurements, specific-heat data, inelastic neutron-scatterifigipolar spin ice” behavior in classical Ising systerfisAs
data, and crystal-field calculations, the following picturediscussed in Ref. 31, the estimated valud gfand magnetic
emerges: moment for TE™ place T Ti,O; very close to the boundary

« The TB" ion in Th,Ti,O; carries a permanent magnetic between the long-range ‘HeorderedQ=0 phase and the
moment of approximately &g . That moment isntrinsicto  dipolar spin ice state, but on the long-range ordered phase
the TB* ion and is not driven by magnetic correlation from side of the phase diagram, albeit with a “predicted’;
exchange and/or dipolar interactions. ~1.1 K. Clearly, there is no evidence of a transition to a

» The ground state is well described as an Ising doubletong-range ordered state atl K in Th,Ti,O;. Conse-
with extremely anisotropig tensor. In other words, the mo- quently, other effects in addition to long-range dipole inter-
ments in the single-ion ground state are predominantly conactions must be present account to explain the failure of
fined to point along the locdll1l) directions. Th,Ti,O; to order down to 70 mK. It would be useful to

« The first excited state is at an energy of approximatelyinvestigate how quantum fluctuations due the finite energy
15-20 K above the ground state, which is also characterizegiap between the ground-state doublet and the excited doublet
by a very anisotropic Ising-likg tensor. modify the results of Ref. 31. Perhaps,Ti,O, corresponds

« Consequently, in the absence of interactions, th&" Th to a “variety” of spin ice material distinct from that exhib-
ions should be very well modeled beloli=O(10') K by ited by Hg, Ti,O; and Dy, Ti,O; due to the combined effects
effectiveclassical Ising spins confined to point along the lo-of (i) quantum fluctuations angi) beyond nearest-neighbor
cal (111) directions. exchange interactioné.

From dc susceptibility measurements at high temperature,
we know that the magnetic interactions are predominantly
antiferromagnetic, with92<'"9% — 13 K. Although the in-
teractions are not small compared to the first excitation en- In conclusion, we have presented results from dc suscep-
ergy gap of 18 K, let us momentarily ignore the exchangdibility, specific-heat, inelastic neutron-scattering, and
coupling between the ground state and the excited doubletyystal-field calculations for the pyrochlore lattice antiferro-
and consider only the Ising-like ground-state doublet. Wemagnet ThTi,O,. We have obtained strong evidence that
then have a classical model with effective Ising spins pointthe TB" magnetic moment on the d6site atT<2 K is
ing along their locak11l) directions. In other words, spins intrinsic and is not induced by magnetiexchange and/or
that can only point either inward or outward on a tetrahe-dipolar interactions or correlation effects such as found in
dron. LiTbF,,%° and is of the order of ag. All evidence points

Because of the open structure of the pyrochlore lattice, wéowards a very strong Ising-like anisotropy for the doublet
expect that the nearest-neighbor exchange interactions prground state which forces the resulting classicat Tising
dominate. If we make the further approximation that onlymoments to point either parallel or antiparallel to their local
nearest neighbors contribute to the antiferromagnetic interag111) direction. For antiferromagnetic exchange interactions,
tions, we arrive at a scenario where,TiO; is effectively  such strong anisotropy largely removes all local ground-state
described by classical Ising spins pointing along ¢th&1)  spin degeneracy, and should naively force the system to pos-
directions and coupled via nearest-neighbor antiferromagsess an Ising-like long-range-order ground state with all

IV. DISCUSSION

V. CONCLUSION
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spins in or out on a tetrahedron basis cell. The reason for the QZMZBNJ(J+ 1) gZMéJ(J+ 1)
failure of Th,Ti,O5 to order at a temperature 10°-10" K X= 3KT TTTaNKT ;
set by the exchange part of the Curie-Weiss temperature re-
mains unresolved at this time. The results presented here
point towards the need to consider the role that exchangand consequently that
interactions beyond nearest-neighbor and dipolar interactions
play in ThTi,O5.

We have recently become aware of two publications , QZMZBJ(J-i- 1)
which report evidence for single ion anisotropy for the’Th 020,=— —ank v (A1)
ion in Th,Ti,O;. Rosenkranet al.”” have found by rescaling
appropriately the set of crystal field parameters deduced fafhere
Ho®*" in Ho,Ti,0;, that TB" shows Ising-like anisotropy
with a doublet-doublet gap of10 K, in general agreement 1 3|2 |2
with the conclusions of this work. Kanada al,”® using in- A=S =T

elastic neutron scattering measurements, have also detected a T |rg; E [T 15
finite single-ion anisotropy energy.

(A2)

We see from the above analysis that the evaluatioff.f
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’ Indeed, if we approximate the powder grains of the
(Tbo.02Y 0992 Ti,O; as spherical, then the sum E@2) is
identically zero. This can be understood by imagining Eq.

The contribution from dipolar interactions ., may be ~ (A2) as a sum over parall¢hlong thez axis) dipoles mo-
determined from a high-temperature series expansion of th@ents of magnitude unity. For a spherical object, it can be
long-range dipole-dipole Hamiltonian to first order j ~ Shown that such asugl)gmust be identically zero for a system
That is to say, given the additive property of crystal-field With cubic symmetry>°? Accordingly, there would be no

effects, exchange, and dipolar interactions @g,, i.e., dipolar contribution to the measured value@f,,.°° On the
di other hand, we do not expect that the geometry of the pow-

Oeyw= 0%+ 62+ 69P we may determingl®, from an ex-
pg\;]\lsiori:vovf cwe Tew y cw der grains is, in fact, sphericédditionally, there is also the
possibility of effects from intergranular interaction3 here-
fore to gain an estimate on thgper boundof the dipolar
> contribution, we carry out the lattice sum E@Z2) for an
Hdip

APPENDIX A: DIPOLE CONTRIBUTIONS TO Oy

2 2
gk'L_IL_B infinitely long cylinder(needle shapealong thez direction
where surface effects are zero. This allows us to gain an
approximate upper bound on the dipolar contribution as there
where z defines some global direction and we assufme are effectively no demagnetization effects. This calculation
> ogw, i.e., isotropic spins. The angular brackets reflect arcan be carried out rather simply by noting that for a spherical
expectation value with respect to the dipole-dipole Hamil-SgpFﬂe, Eq(A2), can be written using the Ewald method

X:

<E NENE

ij

tonianHYP defined by a
1 33 33-r)dr)
dip_ = 2, 2 itdj OUi T ) (- T
A=20res ( Irijl® Irijl® Asphere= AP+ Aiere ) (A3)
To first order ing this yields where
M aH(a|Ry(n)])+ (2alme “TRiOF  _ 3a|RE(n?)|?H(a|Ry(n)))e~ TR

Abulk:

32

17]

R

>

n IRij(n)|2 n IR;;(n)|*

—

(2a/ ) |RE(N)[2(3+ 207 R;; ()]~ IR (W1
IR;;(n)|*

+E 477(n2/|n|)2e—772\n\2/a2627rin-rij /L , (A4)
n#0
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M 4
face_ N T "= K Kt + +1)+
Agggefge_Lsizj T (A5) H(") Ek FEEO) 4 () Asot el (L+1)+ BG(Gy)
The Rj(n)=r;;/L+n, i,j label the dipole (TB") sites +yG(R7)+kE BKCE. (B1)
q

within the cubic unit cellL is the length of the conventional

cubic cell for ThTi,O;, andM is the number of cells in the | et us explain first what are the different termsHif").
sample. The functiorH(y)=(2/y\/F)f;°e‘x dx while n « TheF¥'s (k=2,4,6) are the electrostatic integréBiat-
=(k,I,m) such thatk,I,m are integers andv is suitably er’s parametejswhich split the 4" configurations into terms
chosen to ensure rapid convergence of the summations ové?P™ 'L where S is the total spin and. is the total orbital
n. Based on the previously mentioned result that,,ee  angular momentum. Thi’s are the associated two-electron
should vanish for a spherical sample, this implies that theperator$?

first four terms in the above expressioh®!'X, must sum to « £(f) is the spin-orbit interaction integral which splits the
the opposite value of the last term\iggg‘?:e, the surface terms into?S*1L; levels. Ay, is the associated one-electron
term), and indeed we have verified that this is the case nuspin-orbit operato?”

merically. For an infinitely cylindrical sample, the surface ¢ «, B, and y are parameters associated with effective
term,Aﬁ;‘l{r{ggre:O, and thus one finds two-body correction terms for interconfiguration
interaction®® G(G,) andG(R;) are the Casimir's operators
for groupsG, andR,. When 2<n<12, there can be several

Avyiinger= APUIK+ ASurace_ s bulk_ _ M s am terms 257 1L with the sameSandL values in thef" configu-
Y eyineer L3i7 3 ration. For instance there are thré& terms in 48 while
there exists only one termiF. The states may differ by the
M 4 M way they are built from the parent configuratiéfi 1. An
T ?(16>< 19~- 1005L_3' (AB)  additional classification of the states is therefore necessary. It

is done according to the irreducible representations of the
On the other hand, for a slab geometry, we have groupsG, andR; and bestows additional quantum numbers
to the states.

e The B('f] are the coefficients of the one-electron crystal-
field interaction which acts betweéf®"1LIM;) sublevels.
They can be theoretically predicted or extracted from fits of
the energy levels from experiments. In the point-charge elec-
trostatic model, their expression is

Aslab:AbUIk+ Azll;lrbface, (A7)

where

M
Asurface:_z 4,
B3 Bg=(4w/2k+1)1’2(rk>; (Q/RETHYE* (6, ¢)),

thus arriving at where(r¥) is a 4f electron radial integralQ; is the point
charge of ligand, andR;, 6;, and¢;, are the polar coor-
M S dinates of ligand. The derivation of thag for the covalent
Asa=—3 > 3 (A8) interactions is more involvet. The C§= (4m/2k+1)Y2y{,
L= =) are the tensorial one-electron crystal-field operators.

The evaluation of the matrix elements @f the electro-
static interaction(ii) the spin-orbit interaction(jii) the free-
ion configuration interaction, an@v) the crystal-field inter-
action, between the states of the basis set chosen fdi"the

Combining Eqs(Al), (A6), and(A8), and using a cubic cell
length of L~10.104 A3" we arrive at upper and lower
bounds for dipolar contributions to the Curie-Weiss tempera:

_ dip . . . . . .
ture, namely,—2.4< 6y = +1.2 K. configurations is necessary in order to determine the eigen-
values and eigenvectors of the latter. The matrix elements are

APPENDIX B: CRYSTAL-FIELD CALCULATIONS calculated by the means of tensorial algebr&esides, if

coupled|>*"1LJIM,) states are chosen as the basis set, the
Our aim in this appendix is to pursue in further detailsone- or two-electron operators which are involved in the
using a more sophisticatedb initio) approach the calcula- Hamiltonian cannot act directly on them. The calculation re-
tions of the magnetic susceptibilites of ;M,O;, and quires intermediate mathematical quantities known as re-
(Tbg.g2Y 0092 Ti,O;. To do so, we need to determine the duced matrix elements which are tabulated for standard
electronic structure of the grourfdF ¢ level of the TB™ (4f8  configuration$* Once evaluated, the complete matrix ele-
configuration in these two compounds, deduce the wavements are multiplied by the associated parameters before di-
functions and from there infer the value of the magnetic mo-agonalization. The parameters are then determined by trial
ment of the ground-state level. The determination of thé 4 and error by successive diagonalizations and comparison of
electronic configuration is obtained by diagonalizing the fol-the eigenvalues with experimental energy levels. In the
lowing Hamiltonian for a generid" configuration without —present case our main concern is the structure of the Tb
making the fixed) manifold approximation used in Sec. Ill ground level, so that the only specific material dependent
A: parameters which have to be determined before diagonaliz-
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TABLE 1. Empirical CFP’s deduced by the covaloelectrostatic model for,Ti}®©, and
(Thg.02Y 0092 Ti207, and “experimental” CFP’s for THTi,0,. The latter are obtained using two approaches.
All values are in K.(PCEM = point-charge electrostatic model.

BS Bg B3 BS BS BS
PCEM 471 708 —187
Th,Ti,0; Cov. 610 1599 —227 1261 314 482
Total 1081 2307 —414 1261 314 482
PCEM 407 731 —210
(Thg.02Y 0.092TiO7 Cov. 609 1711 —288 1324 389 571
Total 1016 2442 —498 1324 389 571
Experimental 622 3691 —1698 1737 1665 784
avalue of Bg obtained by transposing to Tb the value ofBg determined from spectroscopic data of
EwTi,O;.
bVaIueng24 obtained by transposing to b the values oB'a24 determined from inelastic neutron data on
Ho,Ti,Os.

ing H(f") are theB: crystal-field interaction parameters. As Th,Ti,O; and (Tl .Y .99, Ti»O; utilizing the wave func-
already mentioned, the most convenient way to deduce thgons derived from the previous step II.

electronic structure of a rare-earth ion in a solid compound, These steps are detailed in the following:

and hence determine the crystal-field parameters, is usually (IA) Ab initio calculation of the CFP’s.

via analysis of its electronic spectrum by fitting tBé to An ab initio determination of the CFP’s is obtained by
match the frequency of the observed transitions. The stroradding an electrostatic and a covalent contribution along
gest lines are due to electronic transitions partly allowed byines similar to the ones developed in Refs. 63 and 68 for
the mixing of the ground-state configuration with oppositeoxygen ligands. The crystal structure, the ionic charges, and
parity configurationgJudd-Ofelt mechanispf®®® However, the ionization energies of the ligands are used. In Ref. 69,
in the case of pyrochlores, the site symmetry at the rare-eartexperimental and predicted values of the parameters calcu-
site is centrosymmetrical. The odd parity crystal-field paramiated by the “covaloelectrostatic” model were compared for
eters vanish, the mixing of opposite parity configurations isten compounds. The mean deviation between experimental
impossible, hence no electric dipole transitions are detectablend calculated values is

in t5he spectrum. Indeed, only the wedk,— °D, and ’F

— °Dg magnetic dipole transitions were observed previously K K K

in the absorption spectra of the pyrochlore compounds ABY/B'= _k;qsk (Bge™ ch)zl_k;qgk (qu)2
Ew,Ti,O, and EySn,0,.5” Hence a complete set of “phe-

nomenological” crystal-field parametefCFP cannot be =[1+1/(S)?~ 2 cogR¥)/S]*?,

determined from optical absorption or emission spectra.

K k o N
However, recent inelastic neutron-scattering experimenty/heéreS” andR" are the scale and reliability factors listed in

kipk i
have been able to give information on the lowest electronic @0l€ 7 of Ref. 69ABY/B" is found to be equal to 52, 30,

levels of HgTi,0;.2% From these neutron results, some @nd 23% fork=2, k=4, andk=6, respectively. Such is the
CFP’s can be deduced. CFP’s can also be calcukséditio ~ Uncertainty which can be expected from a "blind eyed” pre-

from the compound structure and the atomic data of the cor@iction of the CFP’s of TBTi;07. _
stituents. Therefore, in what follows, two different ap- S mentioned earlier, the space group of rare-earth titan-

proachegdiscussed in paragraphs IA and) [Bave been used ates with the pyrochlore structure Fd3m. The eight oxy-
to determine the CFP's of TBBi,0;, and gen first neighbors form a distorted cubic polyhedron. Two

1/2

(Tho.02Y 0.99 2 Ti,07: oxygens occupy ideal positions on opposite summits of the
(IA) A full ab initio calculation of the CFP’s utilizing the cubic threefold axis. The three sides of the cube originating
structural data of the compounds. from each of these two summits are equally elongated.arhe

(IB) The fit of the CFP’s from the Hd'i,0; (Ref. 28 and cubic lattice parameter is equal to 10.15 and 10.09 A and
Eu,Ti,O, (Ref. 67 data and a transposition to the,T,0,  the positional parameter for the six displaced oxygens to 0.3

and (Tl oY .99 Ti,O; compounds. and 0.2968 for the dense and dilute compound,
The next two steps for the calculations of the magnetid espectively’®
susceptibility are The site symmetry at the rare-earth site is reduced from

(I1) The calculation of the # electronic configuration O (cubic) to D3q4. The remaining threefold order symmetry
utilizing plausible free ion parameters, and the fitted or cal-2xis imposes for the crystal-field parameters the condition
culatedab initio values of the CFP’s. g=0, modulo 3, so that the nonzero evelCFP’s areB3,

(1) The calculation of the magnetic susceptibility of Bj, B3, BS, BS, andBS. The predicted CFP values are re-
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TABLE II. Lowest energy levelsin K), irreducible representations in (&Y 092 Ti,0; and ThTi,O,

and leading compositions of the corresponding eige

nvectors. Lines lataeladd (b) are for thepredicted

projections for the dilute (T¢noY o992 TioO; and dense THTi,0-, respectively, using the CFP’s listed in
Table I. Lines labeledc) are for the predicted projections for the densgTikO; using the experimental

CFP’s listed in the last line of Table I.

(E) En  "Fg, +/—4 "Fg, +/—1 "Fg, —/+5 5Gg(1), +/—4 5G4(3), +/—4

(a 0 -0.97 +/-0.06  —/+0.06 +0.15 -0.14

(b) 0. -0.97 +/-0.05  —/+0.06 +0.15 -0.14

(0 0 —-0.95 +/-013  —/+0.13 +0.14 -0.13

(E) En  'Fg, +/—-5 'Fg, +/—2 "Fg, —/+4 5G4(1), +/—5 5G4(3), +/-5

(@ 18.7 —0.96 +/-013  —/+0.07 +0.14 -0.13

(b) 15.9 -0.97 +/-011  —/+0.06 +0.14 -0.14

(0 21.6 -0.92 +/-028 —/+0.14 +0.14 -0.13

(A2) En Fe,—3 Fe.3 Fe,—6 "Fe,6 5G4(1),—3  5Gg(3).,3
(a 86.5 +0.67 +0.67 +0.16 -0.16 -0.10 -0.10
(b) 87.9 +0.67 +0.67 +0.16 —-0.16 —-0.10 —-0.10
(0 85.0 +0.65 +0.65 +0.22 -0.22 —-0.10 -0.10
(A1) En Fg,—3 Fe.3 Fg,—6 "Fe,6 "Fg,0

(@ 121.1 +0.66 —0.66 +0.21 +0.21 +0.07

(b) 1182  +0.66 —0.66 +0.20 +0.20 +0.06

(0 119.6  +0.64 -0.64 +0.25 +0.25 +0.11

we fitted the CFP’s of Hb" while maintaining the ratio be-

the oxygens on the threefold axis is sh@20 and 2.18 A tween CFP’s with the samle value close to the theoretical

for the dense and the dilute compound, respectjvelile ratio. The progranATOME was used for the refinemefftin

the distances to the six peripheral oxygens are much largehis program, the basis set is composed of Slater determi-
(252 and 2.49 A, respectively This explains why the nants which makes unnecessary the use of tables of reduced

ported in Table I. The distances between thé Ton and

“axial” B'g parameters are much larger than the “azi-
muthal” B’s.
(IB) Experimental determination of the CFP’s.

matrix element§? The evaluation of the matrix elements is
straightforward, but the configuration cannot be truncated.
Indeed, each eigenvector being a linear combination of a

The CFP’s can be determined by fitting the energy levelgarge number of Slater determinants, none of the latter can be

of the f" configuration either using spectroscopic or inelastic

omitted. As a consequence, all the 1001 statesfof don-

neutron-scattering data from other pyrochlore compoundsiguration are included in the diagonalization matrix. The

Here, we can use th&% from spectroscopic data on
Eu,Ti,O; (Ref. 67 and the otheB‘(‘]| from neutron-scattering
data on HgTi,0,.%

e Determination of BS from spectroscopic data on
Ew,Ti,0;.

The ‘F;— °D, and 'Fo— °D; magnetic dipole transi-

basis is larg€1001) but still tractable. The final mean devia-
tion between experimental and calculated levels was equal to
7.8 K. The fitted CFP's are :Bj=3173 K, B3=
—1459 K, BS=1343 K, B$=1292 K, andBS=609 K.

As pointed out above, the CFP’s were then scaled according
to the ratio between the radial integrals ofHlcand TB* to

tions were observed previously in the electronic absorptioqyive the experimental CFP’s for Jbi,0;. Namely,

spectrum of EsiTi,0,.%7 In the latter, the’F, and °D; split-
tings amount to 291 and 51.9 K, respectively. A fit if®4
(EL*T) yields B3=684 K. The transposition to Pb is

B(Th®") =Bg(HO® ") X (r*)(TL*)/(r*)(Ho®**).  These
“experimental values” are are listed in Table I, and referred
to as(b). The experimentat=4 andk=6 CFP’s are 1.7 and

made assuming the crystal-field parameter is scaled by.9 times larger than the theoretical values which is some-

the ratio of radial integrals: B5(Th®")=B3(EW*")
X (r2)(Tb*")/(r?)(Ew") =B3(Ew*") X 0.91=622 K. This
“experimental” value, listed in Table I, and referred to as

what unusual.
(1) Calculation of 48 electronic configuration.
The calculation of the # electronic configuration is done

(@), has the same sign, but it is about half of the predictedy the means of prograrfi’ (Ref. 71 utilizing the Hamil-

value. As pointed out above, the uncertainty on the calcu
latedk=2 parameters is large.

e CFP determination in Hdi,0.

Siddhartharet al?® recently reported results from ineleas-
tic neutron scattering at low temperature in,fiO;. They
determined the six lowe& irreducible representations of the
%l ground-state level. Utilizing their experimental values,

tonian H(f") in Eq. (B1) acting on coupled state®" 1L ;.
Contrary to progranATOME previously mentioned, program

f" can work on a truncated basis, which is necessary to re-
solve the 48 configuration of TB*with a large number of
states(3003 states The interaction matrix is built on a 387

X 387 basis set comprising the followirf§* 1L terms of the
Th3*(4f8)  configuration: ‘F, °D(1,2,3), °F(1,2),
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5G(1,2,3), °P(1,2,3,4,5,6), and'S(1,2,3,4). The conjugate TABLE Ill. lonic magnetic momeniin Bohr magnetonsand
configuration of TB* is that of EG" with 41+2—8=6 inverse molar magnetic susceptibility as a function of temperature.
electrons. The # (n=6) configuration of E&" contains

exactly the same number of basis statesg., [4] T (K) {u) (ne) L (molefemy  1/y (mole/emy
+2]1/[[4l+2—n]'n!]=3003 states as TB", the same Tho02Y 00871207 Tho2Y 0.98T1207 Th,Ti,0;
terms, and the same levels. The interactions involving an odg 5.90 58 0.11

. 8 . . .
number of electrons have a reverse sign ffi d4nd 48. For 6.84 214 0.41
; St+1 ; : : .
instance the?>* 1L, levels appear in a reverse order, and so 758 34.8 0.67
do the crystal-field sublevels. In addition, the terms deter-1 7'97 47'3 0'92
mined by the electrostatic interactigtwo electron interac- ' ' '

. . + 20 8.20 59.5 1.17
tion) appear up in the same order foruand TE ™. 0 8.47 83.5 165
For EZ* the above quoted basis had proved large enougllﬁ3 ' ' '

9.22 706 14.09

to allow a simulation of the levels up toD, (30219 K
without drastic truncation effecté. The F¥'s were assigned

the G values given in Ref. 73, that is 147 289, 102 479, compounds at low temperature cannot be accounted for by a

and 55868 K fok=2, 4, and 6, respectivelyy, B, y Were  iterence in the individual characteristics of 'bin the
ascribed the N values fitted in Ref. 74, that is, 30.98 K, ganse TBTi,0, and the dilute (TBosY o.09,Ti,O-.

—1005.03 and 2510.48 K, respectively. The spin-orbit cou-

pling constantZ(f) was 7s5et 2equal to 2446.30 K which is a APPENDIX C: MAGNETIC MOMENT IN Tb ,Ti,O,
standard value for T .” B was assigned the transposed ESTIMATED FROM MUON SPIN RELAXATION

value quoted hereabove, and the other CFP’s the values

listed in Table | obtained after rescaling ti extracted In Ref. 37 a temperature-independent muon spin-lattice
from fits to the levels of Hb". The diagonalization of the relaxation rate I/; of approximatively 2 MHz was observed
interaction matrix gives the energy levels and the correbetween 70 mK ah 1 K for Th,Ti,O;. Usually, a
sponding leading eigenvectors listed in Table II. The lowestemperature-independent muon spin lattice relaxation rate is
levels are two doublets. Both states are rather Ising-like, witta measure of the magnetic spin-fluctuation rate viiiere 7
nearly exclusive £0.95) M;=+4 andM,=+5 compo- is the mean-correlation time for spin fluctuations. In the fast
nents. This is caused by the very “axial” crystal-field pa- fluctuation limit, the spin-lattice relaxation rate is

rameters. In other words, thd ;=*+4 andM ;= =5 carry, 2

respectively, about 90% of the weight of the ground-state Ty ~A%T, (€Y

and first excited-state doublet wave functions. WhereA2/7i2<H|20c>- Here(HZ2 ) is the second moment of
(M) Calculation of the magnetic susceptibility of the local internal magnetic field experienced by the muon,
Th,Ti,O7 and (TR .02Y 0.09 2Ti207. and y, is the muon gyromagnetic ratioy,/(2m)

The dc magnetic susceptibility is by van Vleck's =1355 MHz. The mean-correlation time for spin fluctua-

formula®** using the eigenvectors determined in the previ-tions can be described by an effective Th-Th magnetic spin
ous step, interactionsJ" | with 7~7#/J%". Assuming that the muon
N2 (2 o wt is located at a nearby oxygen site of a®Tbmoment,
x= _2652)}8 B /kgT that is at a dlstanc_er,Tb,M of abou_t 2.5 _A, ano! that the
D o EOrgrl kgT muon is coupled via magnetic dipole interactions to the
I

~5ug Tb*" moment, we get foH,,.

whereN is the number of moles of 9, ug is the Bohr

magnetonkg is the Boltzmann constanE(") is the energy Hioe™ 73 (C2
of theith level. Besides, (o1
- 5% ~15T. C3
= (wi|C+28 ), ©9
. Using Jﬁf{~0( 10°) K, an effective low-temperature
) (gL +29] zpj))z exchange/dipole energy scale suggested by the magnetic
D=3 _ ° . : , :
T EO— E](O) specific-heat and inelastic neutron-scattering data, we obtain

1/T,~1-10 MHz, which is the correct order of magnitude
The results as a function of the temperature are given imf 1/T, found experimentally. Thus we conclude that a mag-
Table Ill. The values fof«(T)) are very similar for the netic moment of~5ug is consistent with the temperature-
Th,Ti,O; and (TR oY o092TioO; compounds. Therefore independent muon spin-lattice relaxation measured in
any large experimentally stated difference between the twdb,Ti,O, below 2 K3’

*Present address: NRC Canada, NPMR, Chalk River Laboratories!G. Toulouse, Commun. Phyg, 115 (1977.

Building 459, Stn. 18, Chalk River, Ontario, Canada K0J 1J0.  ?For recent reviews see: A.P. Ramirez, Annu. Rev. Mater. Zci.
"Present address: Department of Physics, The Ohio State Univer- 453(1994); Magnetic Systems with Competing Interactioer-
sity, Columbus, Ohio, 43210-1106. ited by H.T. Diep (World Scientific, Singapore, 1994 P.
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