PHYSICAL REVIEW B, VOLUME 64, 224416

Neutron scattering studies of the cooperative paramagnet pyrochlore T{1i,0-

J. S. Gardnet, B. D. Gaulin, A. J. Berlinsky, and P. Waldron
Department of Physics and Astronomy, Canadian Institute for Advanced Research, McMaster University, Hamilton,
Ontario, Canada L8S 4M1

S. R. Dunsiger
Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia, Canada V6T 171

N. P. Raju and J. E. Greedan
Brockhouse Institute for Materials Research, McMaster University, Hamilton, Ontario, Canada L8S 4M1
(Received 21 February 2001; published 21 November 001

We have carried out extensive neutron-scattering studies on the pyrochlore antiferroma@ing;Tib both
polycrystalline and single-crystal form. This insulating material belongs to a family of rare-earth titanate
pyrochlores R,Ti,O,, whose magnetic rare-earth ions reside on a network of corner sharing tetrahedra. Such
a local geometry is known to give rise to geometrical frustration in the presence of antiferromagnetic interac-
tions. Earlier studies have shown ;iO, to be an Ising system with large moments constrained to point
along local 1, 1, 1] directions; that is, into and out of the tetrahedra. It displays a cooperative paramagnetic or
spin liquid state at low temperatures, with neither long-rangel Nigler nor spin glass ordering at temperatures
as low as 0.07 K. Our elastic neutron-scattering measurements show that very short-range correlations develop
below ~100 K. At 4 K a checkerboard pattern of diffuse magnetic scattering within[titigl] plane in
reciprocal space is observed, consistent with spin correlations over near neighbors only. Inelastic scattering
measurements on both powder and single-crystal samples show three bands of magnetic excitations. At tem-
peratures above-20 K, these bands are dispersionless, but at low temperature an appreciable softening in the
lowest band of excitations occurs at those wave vectors which characterize the development of the very
short-range magnetic order, qualitatively consistent with theoretical expectations derived from the single-mode
approximation.
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[. INTRODUCTION tion. The sublattice of each of the two metal ions form infi-
nite, interpenetrating, networks of corner-sharing tetrahedra,
Materials containing antiferromagnetically coupled mag-as shown in Fig. 1.
netic moments which reside on geometrical units, such as The literature on this problem goes back to Anderson’s
triangles and tetrahedra, that inhibit the formation of a col-classic theoretical treatment of the problem in 1856d
linear ordered state, often display phenomena known broadlgxperimental studies have been carried out for more than 15
as geometrical frustratiohThe best-known example occurs years. The last decade has seen much attention paid to this
for the two-dimensional triangular net and unidirectional,area, and substantial experimental and theoretical progress
classical, antiferromagnetically-coupled magnetic moments.has been made®>=° It is now clear that classical Heisenberg
In such a system, any two moments can align in a spin-upspins coupled with near-neighbor AF interactions on such a
spin-down arrangement, but the third cannot satisfy both itfattice show no transition to long-range &leorder at any
nearest neighbors simultaneously. In three dimensions with temperaturé®* while numerical calculations of quantum-
tetrahedral coordination, the situation is similar with at leastmechanical S=3 moments are suggestive of the same
two antiferromagnetidAF) “bonds” frustrated at any one result!? These low-temperature states have been referred to
time. The ground state of such systems can have a very largss either “collective paramagnets” or “spin liquids” depend-
spin degeneracy, as it is only constrained by the conditionng on whether one is referring to classical or quantum-
that the vector sum of the spins on a frustrated building blocknechanical states, respectively. Such states are quite distinct
(the triangle or tetrahedrdnis zero. Such combinations of from those pertaining to the antiferromagnetic, two-
antiferromagnetism and geometries based on triangles ardimensional kagoméattice, a network of corner-sharing tri-
tetrahedra are in fact common in nature. Antiferromagnetisnangles, for which an order-by-disorder, spin nematic order
is more common than ferromagnetism, and many closeeccurs at low temperaturés.
packed crystal structures are based on triangles. Many experimental studies have recently been carried out
The oxide pyrochlore family, with chemical composition on pyrochlore and related systems:}4~2"Many of these
A,B,0;, crystallizes into a face-centered-cubic structurehave revealed classic spin-glass behavior at low tempera-
with eight formula units per conventional unit cBlfThe A tures, as characterized, for example, by history dependent
site is occupied by a trivalent rare-earth ion with eightfoldand nonlinear susceptibilities. These includgM6,0-,%°
oxygen coordination, while th8 site is occupied by a tet- Tb,M0,0,,” and Y,Mn,0-,2 as well as the disordered pyro-
ravalent transition-metal ion with sixfold oxygen coordina- chlore CsNiCrk,° the disordered kagomeor pyrochlore-
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more metallic. Bulk magnetic properties are varied even
among the insulating or semiconducting members of this
family, where, with a relatively open structure, only near
% neighbor magnetic exchange interactions should be relevant.
In addition to the spin glass ground states found in

Y ,M0,05,>81819 Th,M0,0,,” and Y,Mn,0,,® insulating
compounds such as Hi,0; (Ref. 20 display a Nel-
ordered ground state, and a singlet, nonmagnetic ground
state has been shown to exist in 0.2

This paper focuses on one of the three materials known
for which no transition of any kind is observed at low tem-
/ peratures, potentially consistent with a “cooperative para-

magnetic” or “spin liquid” ground state. Extensive measure-
ments on polycrystalline THi,O; (Ref. 22 showed that the
system remains in a paramagnetic state to temperatures as
FIG. 1. The pyrochlore lattice. Thi& andB atom sublattices for  |ow as 0.07 K, despite deve|oping Short-range antiferromag-
cubic pyrochlores of the chemical compositiapB,0; each, inde-  petic correlations as high as 50 K. Measurements on other
pendently, reside on such a network of corner-sharing tetrahedra.such systems, H@i,0, (Ref. 23 and D»Ti207,24 have been
interpreted as evidence of a “spin ice” ground state. This

Gd,Ga0;,. 32 In oxide pyrochlores, this is a surprising result state arises most naturally in a classical system with ferro-
as it is generally assumed that a spin-glass ground state r 1agnetic interactions and strong single ion anisotropy, which

quires chemical or bond disorder in addition to competingt en give rise to a disordered ground state. Recent

. 4 . . .
(or frustratedl interactions’ All diffraction studies to date on calculations* showed that the spin ice ground state is more

oxide pyrochlore systems have found them to be periodicrobust, and that it can exist at low temperatures even in the

chemically ordered compounds to within the sensitivity ofPresence of \_Neak gntiferrqmagnetic exchange, coupled with
such measurementsoughly 1% for oxygen nonstoichiom- '0”9'raf‘ge dipolar interactions. : .
etry). Recent x-ray-absorption fine-structures measurements In this paper we report detailed neutron-scattering studies

on Y,Mo,0, suggested that subtle bond disorder may beof Th,Ti,O; in both single-crystal and polycrystalline forms

present® at temperatures down to 2 K. These measurements signifi-
Theé site of the cubic spinels with compositichB,0 cantly extend earlier bulk and neutron measurements on
4 . L .
also resides on a network of corner-sharing tetrahedra. If thigolycrys_talllne sample_%z, and will ?”OW for a meanmgful
site carries a magnetic moment which is antiferromagnetipompar'son to theoretical calculations of the magnetic struc-

cally coupled, similarly interesting behavior is expected. A'_[Il_Jk:e factor in the C(:optlaratlve pallramag[]nettljc gtrou(Td stlate.
recent study of ZnGO, (Ref. 27 reports on a lattice insta- €se measurements aiso compliement and extend eariier re-

; 1

bility and a local spin resonance at low temperatures, driver‘i’OrtS on smgle crystaljé: ’ . . . .
by the frustrated magnetic interactions. Th,Ti,O; is an insulator vv_h|ch crystallizes in the cubic,

Although the twoA and B metal ion sublattices in the face-centered space grom3m, with a lattice parameter
pyrochlore structure are identical, the surrounding oxyger@=10.15(1) A, at 300 K. At high temperatures the*Tb
ions are different. TheA atom has eightfold coordination i0ns on theA site possess almost the full magnetic moment
forming a distorted cube of oxygen neighbors. The six oxy-expected for the freé=s Tb>* ion (9.6ug), as determined by
gen atoms Surrounding thB atoms form regu]ar octahe- Curie-Weiss fits to the high-temperature susceptibility. The
drons. TheB-O distances are all equal and tBeO-B angle  Ti*" ion, like the G~ ion, is diamagnetic and plays no role
is between 130° and 135° for most pyrochlores. The networl? the magnetic nature of this system. Measurements of sus-
surrounding theA atom is more complicated. The atoms ~ ceptibility and heat capacity in both 7H,0; and
are in the center of a hexagon of oxygens with the two re{Tb;—4Y,)2Ti;O7, as well as neutron spectroscopic measure-
maining oxygen atoms, labeled’, above and below this ments of crystalline electric fieldCEP levels in polycrys-
hexagona| p|ane_ Th®' atoms are Considerab|y closer to talline szTi207 are fU”y consistent with CEF calculations
the A site than are the six equatorial oxygens and form avhich show the ground and first excited states of Tin this
quasi-one-dimensional network of zig-zag chains with anglegnvironment both to be doublets, separated by roughly 18
of approximately 109.5° and 180°. K.1® Both these doublets display very anisotrogi¢ensors

With these differences in mind, and the wide variety ofwith the principal eigenvalues directed aloftfl1] direc-
different magnetic species that can occupy thand/or B tions. The ground-state moment is large, estimated to be
sites, it is not surprising that many physical properties differ~5ug, While the contribution to the Curie-Weiss constant
from pyrochlore to pyrochlore. Transport studies on pyro-from exchange interactions 8¢y~ — 13K, antiferromag-
chlore compounds showed that the electrical properties aneetic. Therefore, the Th moments residing on the corner-
strongly dependent on the atomic radius of th@tom. In  sharing tetrahedra lattice in J1i,0; should be well de-
general for a giverB atom, as the atomic radius & de-  scribed by classical, Ising spins constrained to point along
creases, the electrical properties of the compound becomecal [111] directions(that is, directly into and out of the

slab, system SrGgGay, o,019 (Refs. 28—3)and the garnet
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local tetrahedraand these moments interact with each other
via near-neighbor antiferromagnetic exchange interactions
and longer range magnetic dipole interactidhs.

Il. EXPERIMENTAL DETAILS

Polycrystalline samples of i, O; were prepared by fir-
ing stoichiometric amounts of T,®; and TiO, at 1350° for
several days with intermittent grindings to ensure a complete
reaction. Large, high-quality, single crystals of ,ThO,
were subsequently grown by the floating zone method under
a controlled atmosphere in an optical image furnace, using
the polycrystalline material in the single-crystal growth. Sev-
eral single crystals, approximately 3—5 mm in diameter and
up to 20 mm in length, were grown from a small seed crystal
in an overpressure of oxygen. Details of this crystal growth
were described elsewheYe. The phase purity, room-
temperature lattice parameters and crystal structure of the
polycrystalline and single crystals were confirmed by x-ray
diffraction. Susceptibility measurements on both the poly-
crystalline and single-crystal samples were carried out be-
tween 350 and 0.5 K, to confirm earlier muon spin relaxation

and specific-heat resutfs’’that ThTi,0; remains in a para- FIG. 2. Top panel: A neutron powder diffraction pattern from
magnetic state down to at least 0.5 K. Tb,Ti,O, at 2.5 K is shown. Bottom panel: The difference between

The neutron-scattering experiments on polycrystallinegiffraction patterns taken at 2.5 and 100 K, corrected for th& Tb
samples employed a 20-g powder sample placed in a sealeglagnetic form factor, is shown. The solid line is a fit to the net
thin walled aluminum can with a helium exchange gas toscattering expected from spins correlated over a single near-
provide thermal contact. The single crysfall cc sample neighbor distance in a powder, as described in the text by(Hg.
was mounted on an aluminum pin and wrapped in aluminum
foil to improve the thermal stability of the entire sample. The Bragg position of~0.02 THz. By changing the detector po-
sample was then mounted in either a helium cryostat or aitions it is possible to cover & range of 0.5XQ
closed-cycle refrigerator to achieve the desired temperature2.5 A1,
range.

The polycrystalline diffraction studies were carried out on
the DUALSPEC C2 high resolution powder diffractometer at
the NRU reactor at the Chalk River Laboratories, with an
incident neutron wavelength of 2.37 A, and a pyrolitic graph-  Neutron powder diffraction data from ¥H,0, at 2.5 K
ite (PG filter in the incident beam to remove higher orderis shown in the top panel of Fig. 2. One clearly sees two
contamination. The 80° detector bank of this diffractometeibroad, liquidlike, distributions of scattering centered at
was moved between two positions in order to obtain dataoughly 1.2 and 3 A, on which is superimposed a large
from 3° to 115° in scattering angle. Data were collected for humber of sharp diffraction features originating from the
h at several temperatures between 100 arK and at each crystalline lattice. The sharp powder Bragg peaks due to the
detector position. Inelastic neutron-scattering experimentiattice are characteristic of resolution-limited diffraction fea-
were performed on the C5 triple axis spectroméf&S) at  tures, and it is clear, even in this “raw” data, that the broad
Chalk River, as well as on the Quasi-elastic spectrometediffraction features are many times resolution width, and
(QENS at the Intense Pulsed Neutron SoufteNS), Ar-  consequently arise due to very short-range spin correlations.
gonne National Laboratory. The TAS measurements were The bottom panel of Fig. 2 shows the same low-
performed in constant scattered energy mode viithih temperature data set collected at 2.5 K, as shown in the top
=3.52 THz and a PG filter in the scattered bdaesulting in  panel, but with a 100-K data set subtracted from it. Measure-
low energy resolution of-0.20 THz full width of half maxi- ments of the temperature dependence of the diffuse scatter-
mum (FWHM)], as well as witlE’/h=1.2 THz and a cooled ing, to be discussed below, show that this scattering contin-
Be filter in the scattered beainesulting in a high-energy ues to evolve with temperature, at temperatures as high as
resolution~0.09 THz(FWHM). The high-energy resolution 100 K. Consequently, this relatively high temperature data
time-of-flight experiments on QENS used a larger 50-g poly-set was employed as a background. The resulting net scatter-
crystalline sample. QENS is an inverse-geometry spectroming shows a diffuse, temperature-dependent signal which we
eter that accepts a white beam from the cold methane moddentify as magnetic in origin, peaked up né&,.d~1.2
erator at the IPNS. Bragg reflections from an array ofand 3.2 A, as the raw data suggested, but now with the
graphite crystals select 15.1 THz neutrons in the scatteredonsiderable nonmagnetic background removed. It is clear
beam. These two features result in an energy resolution at ththat scattering in the forward direction, nd@{~0 A1, is
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Ill. NEUTRON SCATTERING FROM POLYCRYSTALLINE
SAMPLES
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depleted at low temperatures compared to high temperatures 350 : , . . —
indicating the absence of ferromagnetic correlations. The % 01=2 A7 b
magnetic structure factor resulting from the subtraction be- 300 Ql= ]
tween the two data sets is roughly consistent with an expres: —~  ,5 £ ++ 3
sion used to model the scattering from powders where short: 8 : ]
range, isotropic spin correlations exist out to the first few ; 200 | .
coordination shells of neighbors. This expres3ida D ]
on C ﬁ 7
sin(Qr; ;) ~ #% ]
'(Q)NziJ‘(SSOT.”’ @ 2 100 ¢ 5 * ¢ E
i :
which simplifies to | 2 Y a8 i : % éﬁﬁ#ﬁ;
P ° OM“‘.‘.’M‘,H?H.‘.‘!'
|(Q)~M " = -1 jo | K1 2 | 3 4
Qri; Rz ® =07 A" {f 4 Q=164
. . . =150 O g=124" 1 P =224
if spins are correlated over nearest neighbors, and conse & %g{, ou‘jo
quently only one value of; ; (the distance between spins at 5 100 otpty 1t 8
sitesi andj) is employed. ol 43 : 5@ LI
This expression, multiplied by the magnetic form factor e Be |} & Yo
appropriate to the T8 ion,* has been fit to the net intensity Ol wane® T
shown in the bottom panel of Fig. 2, and the result is the 02 03 0405 06 522508
solid line in the figure. While the fit does not provide a E (THz)

guantitative account of the diffuse magnetic structure factor,

it does place the peaks and valleys at the correct wave vec- FIG. 3. Top panel: A representative constf@} scan from the

tors, and indicates that, whatever spin correlations ar@owder sample at 12 K showing modes-a0.36, 2.53, and 3.50

present, they must be of very short range, extending out ovérHz. The scattering near 3.5 THz in this plot shows both a mag-

near neighbors only. netic excitation and an optical phonon. Bottom panels:|@jede-
Inelastic neutron-scattering measurements, with both relakendence of the two lowest-lying magnetic excitations are shown

tively high- and low-energy resolutions, were also carriedfr the powder sample, again at 12 K.

out on the powder sample, and a representative low-energy

resolution, triple-axis scan at 12 K is shown in the top panept T3+ i the A-site environment of the pyrochlore structure

of Fig. 3. In this plot, excitations are e_wdentﬂQ.SS, 3.50, __appropriate to T§Ti,0,. A level scheme for théF ion with

and 3.90 THz. The latter two are difficult to resolve at thISJ=6 has been determined in which the ground state and first

low-resolution configuration. The excitations a2.53 and ) : . X
3.50 THz are identified as magnetic in origin, and the 3_90_ex0|ted states are both doublets, with wo higher-energy sin-

THz excitation as an optical phonon, on the basis of tj@lir glet excited states as shown in F|g. SThese low-lying
states are then well separated in energy from the other

dependence. Closer examination of the low-frequency re= _ . .
gime of this scan indicates a low-energy band of excitationS"yStal-field states. The ground-state doublet is made up pri-
eigenstate$+4) and|*1), and the first excited

near~0.38 THz, which requires a higher-energy resolution™arily of J* €
to properly resolve. This low-energy excitation is also iden-doublet of eigenstatels=5)and |£2). One of the other two

tified as being magnetic in origin, again due to|@ depen- ~ Singlets corresponds exclusively [to6) and|=3), while the
dence. remaining singlet corresponds ta6), |=3), and|0). The
These measurements, performed on a powder sample, rground state is connected to all of these low-lying excited
veal excitations which are well defined in energy, implying states by A|S*|0) dipole matrix elements, and hence all of
that the excitations must be relatively dispersionless, as ithese transitions are expected to be visible with neutron spec-
expected of crystalline electric field excitations. Close ex-troscopy.
amination of the energy@| relation for these excitations, An interesting feature of these magnetic dispersion rela-
obtained by fitting inelastic scans as a functiorl@f, bears tions is that the lowest-energy baatbnedevelops an easily
this out. Such representative inelastic scans, focusing on theeasurable dispersion as the temperature is lowered below
two lowest-energy bands of magnetic excitations, are shown-25 K, that is, below the temperature for which the low
in the bottom panel of Fig. 3. The resulting dispersion reladying mode would be thermally populated. This dispersion
tionships for each of the three bands of magnetic excitationsorresponds to a dip in the energy of the excitations at the
are shown in Fig. 4, at both relatively low temperaturg, ( wave vector which characterizes the very short-range order
=12K) and at a higher temperaturé = 30 K). which the material displays at low temperatures. This is
As can be seen in Fig. 4, above25 K (roughly the clearly seen in Fig. 4, where a minimum in the dispersion
energy of the lowest-energy band of magnetic excitajialls  relation occurs atQ|~1.2 A~%, and the dispersion relation
three bands of magnetic excitations are dispersionless, coappears headed toward a second dip as the wave vector
sistent with crystal-field excitations. Indeed, these powdecomes close to one corresponding to the second minimum in
measurements motivated calculations of single-ion propertieS(Q),~3 A~! (measurements at high-energy resolution and
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3530 « 12K © 30K tion with the CEF scheme described above, while the two
- ; dispersionless bands &t2.53 and 3.50 THz correspond to
351 ¢ i f I I S doublet-singlet transitions.
a9 ' R R
347 3 E IV. NEUTRON SCATTERING FROM SINGLE-CRYSTAL
SAMPLES
— 257 I .
= E 4 The availability of the large single-crystal samples of
£ 255} 1l ; 5 Th,Ti,O; allow a more detailed examination of both the
8 253 L e T ‘ T % l static and dynamic magnetic behaviors of this material. Mea-
) b ﬁf : | surements of bottg(Q) and S(Q,#w) can be made, with
Ho251 directional dependencies @ revealed directly, as opposed
‘ , to being averaged out, as occurs in measurements on poly-
0.39 j . . 3 crystalline samples.
037 F &%i B g}‘ é ii g 2 g Measurements of the magnet® Q) from the single-
Fot 4 o * o crystal sample of Tf¥i,0; are shown in the upper panel of
0.35 3 ) E Fig. 6. This color contour map of the scattering is made up
033 | %i‘ | i from the difference between two energy-integrated scans at 9
05 i i3 5 75 3 and 100 K, performed in théh,h,)) scattering plane. For a
Q(AY cubic system, such a scattering plane is most often em-

ployed, as it contains three high-symmetry directions:
FIG. 4. The dispersion relation of the three lowest-lying mag-(0,0]), (h,h,0), and(h,h,H. As can be seen, the diffuse

netic excitations in the polycrystalline sample, at both 12sKlid scattering is clearly anisotropic, roughly made up of a check-
symbolg and 30 K(open symbols Data from both the high-energy orpoard pattern of interconnected squares of scattering which
resolution triple axis as well as from time-of-flight measurementsg,+ods across entire Brillouin zones. It is now clear why the
are presented. Note that only the lowest energy branch displaygh1e theoretical description, based on an isotropic, liquid-
dispersion beAIc_>\1N~20_ K, with a partial softening at the wave vec- o " i cture factor for powder§Eq. (2)], failed to ad-
togx(%rwsié | Qs’egk:__'ich ;haractenzes the short-range order in theequately describe the diffuse scattering from the polycrystal-
P P g line samples—the scattering is not isotropic.

) . ) ) . The temperature dependence of this energy-integrated dif-
relatively h|gh\Q_| are kinematically restricted; consequently f;se scattering is shown in Fig. 7, where the diffuse scatter-
our high-resolution inelastic scattering data do not extend t(png intensity atQ=(0,0,2.25), near the strongest maximum
higher|Q). , , in S(Q), is shown. While the scattering decreases with in-

Flgure.4 §hows the dispersion for the three ba_m_ds of MaGsreasing temperature, most rapidly belev20 K, a gradual
netic excitations on the same energy scale, and it is clear thglacrease in scattering continues to temperatures as high as
the dispersion which develops at low temperature for the_100 K. |t is for this reason that the 100-K scattering data
lowest energy band is not present for the higher two. It is noget \as employed as the “background” for the determination
at all clear why this should be the case. The band of excitapf the magnetic diffuse scattering shown in the upper panel
tions near 0.38 THz corresponds to a doublet-doublet transjy¢ Fig. 6.

The ~20-K energy scale is manifest repeatedly in our

E(THZ) measurements on 3bi,O,. The dispersion in the lowest-
A energy excitation appears only below20 K, the average
3.5 -[+3>+ -3> energy of the lowest-energy mode~+20 K, the temperature

dependence in T as measured ipSR experiments exhib-
its a plateau at-20 K; and the temperature dependence of
the diffuse magnetic scattering changes slope in a pro-
nounced manner at20 K.

[+3> + |-3> Representative constaf)t- inelastic scattering scans as a

2.5 function of temperaturé&op panel and wave vectotbottom
pane) are shown in Fig. 8. These data were taken on the
single-crystal sample, along the (@)0direction in recipro-

04| =——— |£5> cal space. The bottom panel explicitly shows the dispersion

0 s | 14> in the low-lying magnetic excitation at low temperatures,
with a minimum in the dispersion relation at the wave vector
FIG. 5. Energy-level scheme and approximate eigenve¢sees ~ Which characterizes the peak 8(Q) (atl=2 in this direc-

Ref. 16 for the precise eigenvectpfer the lowest-energy muitiplet  tion). The top panel shows a neutron group at the minimum
corresponding to TH in a crystalline environment appropriate to Of the dispersion relation, as a function of temperature. Taken

Th,Ti,O;. This scheme is based, in part, on the measurementtogether, these two panels show the development of the mini-
shown in Fig. 4. mum in E(Q) as the temperature is lowered belev20 K.
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Measurement '§ 30 '
é 3 fg 0, 0,2.25) -
- 28F 7%
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£ g
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S 26f
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= > o)
= B7
2 ER
- g 22 PP
— 0 20 40 60 80 100 120 140
Temperature (K)
FIG. 7. The temperature dependence of the diffuse scattering
from the single-crystal sample é9,0,2.25 is shown. Note that it
develops strong growth with decreasing temperature below 20 K,
but continues to evolve with temperature at temperatures as high as
100 K.
. figure. Also plotted on the same figure is the dispersion re-
Calculation lation for the lowest-energy band of magnetic excitations at
4.2 K, as determined from consta@t-scans of the form
shown in Fig. 8. The axis and labels appropriate to these
dispersion relations are on the right side of Fig. 9. In all three
symmetry directions, differenE(Q) dependencies are ob-
served, mirroring the anisotropic nature®(fQ). That is for
= 2
= 70
=) A
_C‘ 1
= 50f
i L
g 30F
0 é s
0TS | 2 k| 4 Ug]
— 10k
[ Q.00 [rlu) =
E : ' ; :
FIG. 6. (Color) Upper panel: A color contour plot of the mea- g 80r —=(0,0,1.2) |
sured diffuse scattering in the single-crystal sample within the e —==(0,0,1.6)
. ; 2 ——(0,0,2.2)
(h,h,l) plane @ 9 K is shown. A high-temperatureTE& 100 K) "5‘ 601 —D—(OO p
background has been subtracted, so as to isolate the magnetic cor- 5 (0.0.32)
relations. Bottom panel: The form & Q) calculated on the basis =
of near-neighbor correlations alone on the pyrochlore laftite = 40t .
(3)] is shown. This form differs from Eq2), which assumes iso-
tropic near-neighbor spin correlations, and well describes the check- 20l ]
erboard pattern of magnetic scattering within leh,) plane in
reciprocal space, as observed experimeniaiye upper panglThe
intensity scale in the calculatiofiower panel has been chosen to 0 - L L ' L
match that of the experimeliipper panél 01 02 03 04 05 06 07
E (THz)

Relatively high counting statistic, energy-integrated, line

FIG. 8. Constan@ scans from the single-crystal sample, reveal-

scans in reCIpropaI Space were performed along th? th”ﬁﬁg the temperature an@ dependence of the low-lying magnetic
high-symmetry directions at both 4.2 and 100 K. Their dif- excitation entered at-0.38 THz, is shown. The top panel shows
ference, again multiplied by a magnetic form factor appro-how this mode softens with decreasing temperature clog@,ig.
priate to TB*, is plotted in the three panels of Fig. 9. The The Q dependence at 4.3 K, for wave vectors along (J,0is
axis and labels for thes®(Q) data are on the left side of the shown in the bottom panel. The lines are a guide to the eye.
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0.44 this result is similar to the results of theoretical studies of the
classical Heisenberg antiferromagnet on a pyrochlore lattice,
there are important differences. Fir§(,Q) calculated using

4 Monte Carlo methods displays a pattern of interconnected

: triangles, as opposed to the checkerboard, or interconnected

1036 square, pattern we observd 8 K from single-crystal

Th,Ti,O,. This comparison suggests that we are observing

spin correlations which are even shorter range than those

6000

4000

2000 1032 displayed by the classical cooperative paramagnetic ground
] state of the Heisenberg antiferromagnet on the pyrochlore
o _— lattice. _ _ _
0 ) We have carried out a simple calculation f8(Q) based

on near-neighbor spin correlations alone, the least correlated
spin system we can imagine. FQr=2(h,k,l), the struc-

4000 - i
ture factor is given by

3000 S(Q)=1+a{cog hw/2)cogk/2) + coghm/2)coq | 7/2)

+cogkm/2)coq 1 7/2)}, 3)

wherea is the nearest-neighbor spin-spin correlation func-
tion, which has the value-1/3 atT=0.

This expression does indeed produce a checkerboard pat-
tern for S(Q) within the (h,h,l) plane in reciprocal space, as
can be seen in the lower panel of Fig. 6, and as experimen-
tally observed in our color contour plot shown in Fig. 6. It is
quantitatively compared to the line scans along the three
symmetry directions in Fig. 9. As can be appreciated by ex-
amination of Eq(3), the amplitude o5(Q) is the same in all
three high-symmetry directions, while the observed scatter-
ing amplitude is strongest along (0)0, Nonetheless the
overall pattern of the calculate®{Q), and the excellent de-
scription of the reciprocal-space widths of the diffuse scat-
tering peaks, implies that the spins within,TiO; are cor-
related over near neighbors, that is, within a single
tetrahedron only, at these temperatures.

The simple form for the spin correlations given by Eq.
(3), does not include the neutron-scattering cross section’s
sensitivity to components of moment which lie in a plane
FIG. 9. The open symbols show data from line scans in recip_]t)erpegdlcglar L@hodnly' TQ'S _express,lorl{_Eq_afsk)] dlf_fers )
rocal space performed on a single crystal, for the three high-rom. 9.(2), w Ich describes Isotropic, liquidiike spin cor
symmetry directions: from top to bottom, (@), (h,h,0), and rglatlons, as the dlreCt.lonal depen_deme of the spin corrgla-
(h,h,h. The solid lines are fits of a theoretical expression describingtlons dug to the ,local S'Xf0|d_ qoor,d'nat'on 9f each spin by its
minimal near-neighbor antiferromagnetic spin correlations on thd'€ar neighbors is now explicitly included in the model.
pyrochlore lattice[Eq. (3)]. The label and scale for this intensity _ E@rlier neutron-scattering measurements on single-crystal
data are on the left side of the panels. The filled symbols show thd P2Ti,0; samples were analyzed and interpreted in terms of
dispersion relation for the lowest-lying branch of magnetic excita-& Short-range ordered structure in whictTimoments were
tions atT=4.2 K. Note that in all directions, the minima in the aligned along loca[0,0)], or cube edge, directions, with
dispersion relations occur at wavevectors for wii¢p) is a maxi-  correlations over a seven spin unit made up of two connected
mum. tetrahedra. While such a correlated droplet-ef spins is

consistent with the present measureméitftat is, strong cor-
all Q, the minimum in the dispersion relatioB(Q) clearly  relations present between the spin at the vertex of the two

2000

1000

Intensity/(form factor)2

4000}

3000

2000

1000

corresponds to the maximum B(Q). tetrahedra and its near neighbprthe details of the local
structure(moment direction proposed by Kanadet all® is
not.

V. DISCUSSION . . .
It is possible that further cooling to lower temperatures

The color contour map of the measurg@) in the upper  will cause the measure8(Q) to evolve to a form more
panel of Fig. 6 clearly shows diffuse magnetic scatteringsimilar to the interconnected triangle pattern, characteristic
distributed across entire Brillouin zones, therefore originat-of the classical Heisenberg antiferromagnet. However, there
ing from a substructure within a single primitive cell. While are important differences between,ThO; and the classical
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Heisenberg pyrochlore antiferromagnet. As discussed, allingle crystals which display an anisotrof86Q). We also
magnetic measurements, and in particular those reporteglearly see that a similar dispersion does not develop for the
here, which show a gapped magnetic excitation spectrum thigher-energy bands of excitations-aR.53 and 3.50 THz,
frequencies as low 0.18 THzee Figs. 3 and)&re consis- both of which correspond to transitions from the doublet
tent with strong Ising anisotropy with the spins pointing into ground state to singlet excited states within the crystal
and out of the local tetrahedra at low temperatures. In addielectric-field scheme appropriate to *fbin the TiyTi,O;
tion, although the exchange interactions are antiferromagenvironment.
netic and likely well approximated as near neighb@hse to In magnetic systems, an incomplete softening of well-
the open nature of the pyrochlore struciyipolar interac- defined excitations has not been observed in other geometri-
tions are expected to be relatively strong at temperatures beally frustrated magnets, or chemically disordered spin
low 20 K, due to the large moments present at th&'T8ite.  glasses. However, such a behavior has been observed in the
Somewhat counterintuitively, while antiferromagnetic amorphous ferromagnet @38 A related behavior was also
near-neighbor exchange interactions between isotropic clagbserved in praseodymium-based intermetafficasherein
sical spins on the pyrochlore lattice lead to a spin liquid orboth the ground state and first excited state of Pr in isolation
collective paramagnetic ground state, the presence of strorig this environment are singlets. Similar effects also occur in
single ion anisotropy directed along locdll,l) directions the acoustic-phonon spectrum associated with materials near
again favors a Nel-ordered ground state, albeit a noncol-a martenitic structural phase transitihlt is not clear
linear one in which spins at the vertices of the tetrahedra alvhether useful analogies to any of these systems can be
point directly into or out of the individual tetrahedra. Such amade.
noncollinear long-range-ordered ground state occurs in The observed behavior of the dispersion of the low-lying
FeR,%” whose magnetic Fe ions reside on a pyrochlore latmagnetic mode is most reminiscent of the roton minimum in
tice. Dipolar interactions are anisotropic, depending as theghe single-particle excitation spectrum of liquide, wherein
do on the dot product between the unit vector joining twothe energy of the excitations dip at those wave vectors char-
spins and the vector spin itself. We believe it is the compeacteristic of the very short-range translational order in liquid
tition between these anisotropic interactions, the antiferro®He. An elegant explanation of this behavior in liguide
magnetic exchange interactions, and the striofg] anisot-  was provided by Feynmarfhwho used the single-mode ap-
ropy due to CEF effects, which is most likely the mechanismproximation (SMA) to calculate the qualitative features of
for the absence of a transition to long-rangeeNerder at the entire phonon spectrum in liquftHe.
temperatures of order 10 K. Indeed, recent theoretical argu- Within this framework, the dispersion relatide(Q) is
ments based on Monte Carlo calculations, including thesgiven by the ratio of the oscillator strength to the structure
competing interactions, place an upper bound on the tenfactor S(Q), both of which are properties of the static equi-
perature at which such Neordering can occut librium correlations, and are calculable by, for example,
We naively expected our neutron-scattering measurementdonte Carlo techniques. In the case of liqdide, the oscil-
of the single-crystal magnetic structure factor to be describethtor strength goes lik€?, while the structure factor rises
by short-range order based on the Eefoncollinear Nel  only linearly with Q at smallQ. The result is the familiar
state3’” This would correspond to expectations for classical,phonon branch in liquid*He, going to zero energy a®
Ising moments, antiferromagnetically coupled to near neigh=0, but displaying the roton minimum i&(Q), at the wave
bors, and pointing either into or out of the tetrahedra. How-vector for which the structure factor peaks, about 2'4n
ever, it is easy to see that such a simple local structure canntite case of liquid*He.
be correct, as the most intense diffuse scattering occurs SMA calculations using classical averages for the Heisen-
around(0,0,2. Scattering at this reciprocal space point is dueberg AF on the pyrochlore lattice have been perforffeahd
to pairs of spins,r out of phase from each other, across aindicate thatboth the oscillator strength and the structure
tetrahedron. However the net spins, added together with a factor go asQ? at low Q, resulting in agappedexcitation
phase factor for scattering €2,0,2, are themselves aligned spectrum with a minimum irfE(Q) at thoseQ’s for which
along(0,0,2. Such correlations are not visible to the neutronthe structure factor is maximum. This theoretical result is
experiment due to its already mentioned sensitivity to comqualitatively consistent with the experimental dispersion pre-
ponents of moment which lie in a plaperpendicularto Q. sented in this paper. While it is important to bear in mind the
The details of the local structure suggested by Kanadsignificant differences between the model employed in the
et al™® have related difficulties. Further, their proposed localSMA calculation for the pyrochlore AF, and the nature of the
structure is based on ¥b moments aligned along cube Th moments in THTi,O, it is encouraging that much of this
edges, which is inconsistent with the CEF calculations apintriguing phenomena is captured by this relatively simple
propriate to TB" in the Tl Ti, O, environment. approach. We hope this work will motivate further studies,
The dispersion observed at temperatures below 20 K ifoth experimental and theoretical, which can fully clarify the
the low-lying band of magnetic excitations is particularly nature of these excitations and their dispersion.
intriguing. The measurements on single-crystal samples
show that the energ¥(Q), of these excitations dips at those
wavevectors for whicls(Q) is a maximum. This is the same
conclusion which was reached on the basis of the polycrys- Neutron scattering on both polycrystalline and single-
talline data, but we now see that the this relationship holds ircrystal samples of Tdi,0,; show the development of very

VI. CONCLUSIONS
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short-range spin correlations for temperatures beld@® K.  responds to a transition from the ground state to a doublet
The onset of this diffuse magnetic scattering is surprisinglyexcited state. The nature of this dispersion is unclear, but the
high, ~100 K. The diffuse magnetic scattering within the minima in energy occur at wave vectors for whisfQ) is a
(h,h,)) reciprocal-space plane displays a checkerboard, interelative maxima, even in the single crystals wh&(®) is
connected square pattern which has some similarities to th@nisotropic. This dispersion vanishes at temperatures above
results of Monte Carlo calculations f& Q) of the classical which the mode is thermally occupied.
Heisenberg antiferromagnet on a pyrochlore lattice. How-
ever, the measurements are better described by a simple
model in which spins are minimally correlated, that is only to
near neighbors on the corner-sharing tetrahedral lattice. A Itis a pleasure to acknowledge contributions from Z. Tun,
detailed understanding of the local short-range spin arrangé- Swainson, R. Donaberger, M. D. Lumsden, D. McK. Paul,
ment implied by the checkerboard form f& Q) remains F. Trouw, and C. V. Stager to these studies. We thank B. den
elusive. We know, however, that a simple ké¥pe local Hertog, M. Gingras, M. Harris, and C. Kallin for many use-
noncollinear Nel structure, with tetrahedra corresponding toful discussions. This research was funded by NSERC of
either all spins in or all spins out, fails to descriBgQ). Canada under the Collaborative Research Grant Geometri-
Inelastic neutron measurements on both powders andally Frustrated Magnetic Materials. This work has benefited
single crystals reveal three bands of magnetic excitationdrom the use of the Intense Pulsed Neutron Source at Ar-
two of which are dispersionless at2.53 and 3.50 THz, and gonne National Laboratory. This facility was funded by the
correspond to transitions between the ground-state doublét.S. Department of Energy, BES-Materials Science, under
and singlet excited states. The low-lying band of excitationgContract No. W-31-109-Eng-38. The work at Los Alamos
develops easily measurable dispersion below 20 K, and cowas carried out under the auspices of the U.S. D.O.E.
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