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Neutron scattering studies of the cooperative paramagnet pyrochlore Tb2Ti2O7
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We have carried out extensive neutron-scattering studies on the pyrochlore antiferromagnet Tb2Ti2O7 in both
polycrystalline and single-crystal form. This insulating material belongs to a family of rare-earth titanate
pyrochlores,R2Ti2O7, 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 Tb2Ti2O7 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-range Ne´el order 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 the@h,h,l# 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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I. INTRODUCTION

Materials containing antiferromagnetically coupled ma
netic moments which reside on geometrical units, such
triangles and tetrahedra, that inhibit the formation of a c
linear ordered state, often display phenomena known bro
as geometrical frustration.1 The best-known example occu
for the two-dimensional triangular net and unidirection
classical, antiferromagnetically-coupled magnetic momen2

In such a system, any two moments can align in a spin
spin-down arrangement, but the third cannot satisfy both
nearest neighbors simultaneously. In three dimensions w
tetrahedral coordination, the situation is similar with at le
two antiferromagnetic~AF! ‘‘bonds’’ frustrated at any one
time. The ground state of such systems can have a very l
spin degeneracy, as it is only constrained by the condi
that the vector sum of the spins on a frustrated building bl
~the triangle or tetrahedron! is zero. Such combinations o
antiferromagnetism and geometries based on triangles
tetrahedra are in fact common in nature. Antiferromagnet
is more common than ferromagnetism, and many clo
packed crystal structures are based on triangles.

The oxide pyrochlore family, with chemical compositio
A2B2O7, crystallizes into a face-centered-cubic structu
with eight formula units per conventional unit cell.3 The A
site is occupied by a trivalent rare-earth ion with eightfo
oxygen coordination, while theB site is occupied by a tet
ravalent transition-metal ion with sixfold oxygen coordin
0163-1829/2001/64~22!/224416~10!/$20.00 64 2244
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tion. The sublattice of each of the two metal ions form in
nite, interpenetrating, networks of corner-sharing tetrahe
as shown in Fig. 1.

The literature on this problem goes back to Anderso
classic theoretical treatment of the problem in 1956,4 and
experimental studies have been carried out for more than
years. The last decade has seen much attention paid to
area, and substantial experimental and theoretical prog
has been made.1,5–9 It is now clear that classical Heisenbe
spins coupled with near-neighbor AF interactions on suc
lattice show no transition to long-range Ne´el order at any
temperature,10,11 while numerical calculations of quantum
mechanical S5 1

2 moments are suggestive of the sam
result.12 These low-temperature states have been referre
as either ‘‘collective paramagnets’’ or ‘‘spin liquids’’ depend
ing on whether one is referring to classical or quantu
mechanical states, respectively. Such states are quite dis
from those pertaining to the antiferromagnetic, tw
dimensional kagome´ lattice, a network of corner-sharing tri
angles, for which an order-by-disorder, spin nematic or
occurs at low temperatures.13

Many experimental studies have recently been carried
on pyrochlore and related systems.5–9,14–27 Many of these
have revealed classic spin-glass behavior at low temp
tures, as characterized, for example, by history depend
and nonlinear susceptibilities. These include Y2Mo2O7,

5,6

Tb2Mo2O7,
7 and Y2Mn2O7,

8 as well as the disordered pyro
chlore CsNiCrF6,

9 the disordered kagome´, or pyrochlore-
©2001 The American Physical Society16-1
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slab, system SrCr9pGa1229pO19 ~Refs. 28–31! and the garnet
Gd3Ga5O12.

32 In oxide pyrochlores, this is a surprising resu
as it is generally assumed that a spin-glass ground stat
quires chemical or bond disorder in addition to compet
~or frustrated! interactions.33All diffraction studies to date on
oxide pyrochlore systems have found them to be perio
chemically ordered compounds to within the sensitivity
such measurements~roughly 1% for oxygen nonstoichiom
etry!. Recent x-ray-absorption fine-structures measurem
on Y2Mo2O7 suggested that subtle bond disorder may
present.18

The B site of the cubic spinels with compositionAB2O4
also resides on a network of corner-sharing tetrahedra. If
site carries a magnetic moment which is antiferromagn
cally coupled, similarly interesting behavior is expected.
recent study of ZnCr2O4 ~Ref. 27! reports on a lattice insta
bility and a local spin resonance at low temperatures, dri
by the frustrated magnetic interactions.

Although the twoA and B metal ion sublattices in the
pyrochlore structure are identical, the surrounding oxyg
ions are different. TheA atom has eightfold coordinatio
forming a distorted cube of oxygen neighbors. The six o
gen atoms surrounding theB atoms form regular octahe
drons. TheB-O distances are all equal and theB-O-B angle
is between 130° and 135° for most pyrochlores. The netw
surrounding theA atom is more complicated. TheA atoms
are in the center of a hexagon of oxygens with the two
maining oxygen atoms, labeledO8, above and below this
hexagonal plane. TheO8 atoms are considerably closer
the A site than are the six equatorial oxygens and form
quasi-one-dimensional network of zig-zag chains with ang
of approximately 109.5° and 180°.

With these differences in mind, and the wide variety
different magnetic species that can occupy theA and/or B
sites, it is not surprising that many physical properties dif
from pyrochlore to pyrochlore. Transport studies on py
chlore compounds showed that the electrical properties
strongly dependent on the atomic radius of theA atom. In
general for a givenB atom, as the atomic radius ofA de-
creases, the electrical properties of the compound bec

FIG. 1. The pyrochlore lattice. TheA andB atom sublattices for
cubic pyrochlores of the chemical compositionA2B2O7 each, inde-
pendently, reside on such a network of corner-sharing tetrahed
22441
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more metallic. Bulk magnetic properties are varied ev
among the insulating or semiconducting members of t
family, where, with a relatively open structure, only ne
neighbor magnetic exchange interactions should be relev
In addition to the spin glass ground states found
Y2Mo2O7,

5,6,18,19 Tb2Mo2O7,
7 and Y2Mn2O7,

8 insulating
compounds such as Er2Ti2O7 ~Ref. 20! display a Ne´el-
ordered ground state, and a singlet, nonmagnetic gro
state has been shown to exist in Tm2Ti2O7.

21

This paper focuses on one of the three materials kno
for which no transition of any kind is observed at low tem
peratures, potentially consistent with a ‘‘cooperative pa
magnetic’’ or ‘‘spin liquid’’ ground state. Extensive measur
ments on polycrystalline Tb2Ti2O7 ~Ref. 22! showed that the
system remains in a paramagnetic state to temperature
low as 0.07 K, despite developing short-range antiferrom
netic correlations as high as 50 K. Measurements on o
such systems, Ho2Ti2O7 ~Ref. 23! and Dy2Ti2O7,

24 have been
interpreted as evidence of a ‘‘spin ice’’ ground state. Th
state arises most naturally in a classical system with fe
magnetic interactions and strong single ion anisotropy, wh
then give rise to a disordered ground state. Rec
calculations34 showed that the spin ice ground state is mo
robust, and that it can exist at low temperatures even in
presence of weak antiferromagnetic exchange, coupled
long-range dipolar interactions.

In this paper we report detailed neutron-scattering stud
of Tb2Ti2O7 in both single-crystal and polycrystalline form
at temperatures down to 2 K. These measurements sig
cantly extend earlier bulk and neutron measurements
polycrystalline samples,22 and will allow for a meaningful
comparison to theoretical calculations of the magnetic str
ture factor in the ‘‘cooperative paramagnetic’’ ground sta
These measurements also complement and extend earlie
ports on single crystals.14,15

Tb2Ti2O7 is an insulator which crystallizes in the cubi
face-centered space groupFd3̄m, with a lattice parameter
a510.15(1) Å, at 300 K. At high temperatures the Tb31

ions on theA site possess almost the full magnetic mome
expected for the free7F6 Tb31 ion (9.6mB), as determined by
Curie-Weiss fits to the high-temperature susceptibility. T
Ti41 ion, like the O22 ion, is diamagnetic and plays no rol
in the magnetic nature of this system. Measurements of
ceptibility and heat capacity in both Tb2Ti2O7 and
(Tb12xYx)2Ti2O7, as well as neutron spectroscopic measu
ments of crystalline electric field~CEF! levels in polycrys-
talline Tb2Ti2O7 are fully consistent with CEF calculation
which show the ground and first excited states of Tb31 in this
environment both to be doublets, separated by roughly
K.16 Both these doublets display very anisotropicg tensors
with the principal eigenvalues directed along@111# direc-
tions. The ground-state moment is large, estimated to
;5mB , while the contribution to the Curie-Weiss consta
from exchange interactions isQCW

ex ;213 K, antiferromag-
netic. Therefore, the Tb moments residing on the corn
sharing tetrahedra lattice in Tb2Ti2O7 should be well de-
scribed by classical, Ising spins constrained to point alo
local @111# directions ~that is, directly into and out of the

.
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NEUTRON SCATTERING STUDIES OF THE . . . PHYSICAL REVIEW B 64 224416
local tetrahedra! and these moments interact with each oth
via near-neighbor antiferromagnetic exchange interacti
and longer range magnetic dipole interactions.16

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Tb2Ti2O7 were prepared by fir-
ing stoichiometric amounts of Tb4O7 and TiO2 at 1350° for
several days with intermittent grindings to ensure a comp
reaction. Large, high-quality, single crystals of Tb2Ti2O7
were subsequently grown by the floating zone method un
a controlled atmosphere in an optical image furnace, us
the polycrystalline material in the single-crystal growth. Se
eral single crystals, approximately 3–5 mm in diameter a
up to 20 mm in length, were grown from a small seed crys
in an overpressure of oxygen. Details of this crystal grow
were described elsewhere.14 The phase purity, room
temperature lattice parameters and crystal structure of
polycrystalline and single crystals were confirmed by x-r
diffraction. Susceptibility measurements on both the po
crystalline and single-crystal samples were carried out
tween 350 and 0.5 K, to confirm earlier muon spin relaxat
and specific-heat results16,22 that Tb2Ti2O7 remains in a para-
magnetic state down to at least 0.5 K.

The neutron-scattering experiments on polycrystall
samples employed a 20-g powder sample placed in a se
thin walled aluminum can with a helium exchange gas
provide thermal contact. The single crystal~;1 cc! sample
was mounted on an aluminum pin and wrapped in alumin
foil to improve the thermal stability of the entire sample. T
sample was then mounted in either a helium cryostat o
closed-cycle refrigerator to achieve the desired tempera
range.

The polycrystalline diffraction studies were carried out
the DUALSPEC C2 high resolution powder diffractometer
the NRU reactor at the Chalk River Laboratories, with
incident neutron wavelength of 2.37 Å, and a pyrolitic grap
ite ~PG! filter in the incident beam to remove higher ord
contamination. The 80° detector bank of this diffractome
was moved between two positions in order to obtain d
from 3° to 115° in scattering angle. Data were collected fo
h at several temperatures between 100 and 2 K and at each
detector position. Inelastic neutron-scattering experime
were performed on the C5 triple axis spectrometer~TAS! at
Chalk River, as well as on the Quasi-elastic spectrome
~QENS! at the Intense Pulsed Neutron Source~IPNS!, Ar-
gonne National Laboratory. The TAS measurements w
performed in constant scattered energy mode withE8/h
53.52 THz and a PG filter in the scattered beam@resulting in
low energy resolution of;0.20 THz full width of half maxi-
mum~FWHM!#, as well as withE8/h51.2 THz and a cooled
Be filter in the scattered beam~resulting in a high-energy
resolution;0.09 THz~FWHM!. The high-energy resolution
time-of-flight experiments on QENS used a larger 50-g po
crystalline sample. QENS is an inverse-geometry spectr
eter that accepts a white beam from the cold methane m
erator at the IPNS. Bragg reflections from an array
graphite crystals select 15.1 THz neutrons in the scatte
beam. These two features result in an energy resolution a
22441
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Bragg position of;0.02 THz. By changing the detector po
sitions it is possible to cover aQ range of 0.5,Q
,2.5 Å21.

III. NEUTRON SCATTERING FROM POLYCRYSTALLINE
SAMPLES

Neutron powder diffraction data from Tb2Ti2O7 at 2.5 K
is shown in the top panel of Fig. 2. One clearly sees t
broad, liquidlike, distributions of scattering centered
roughly 1.2 and 3 Å21, on which is superimposed a larg
number of sharp diffraction features originating from t
crystalline lattice. The sharp powder Bragg peaks due to
lattice are characteristic of resolution-limited diffraction fe
tures, and it is clear, even in this ‘‘raw’’ data, that the bro
diffraction features are many times resolution width, a
consequently arise due to very short-range spin correlati

The bottom panel of Fig. 2 shows the same lo
temperature data set collected at 2.5 K, as shown in the
panel, but with a 100-K data set subtracted from it. Measu
ments of the temperature dependence of the diffuse sca
ing, to be discussed below, show that this scattering con
ues to evolve with temperature, at temperatures as hig
100 K. Consequently, this relatively high temperature d
set was employed as a background. The resulting net sca
ing shows a diffuse, temperature-dependent signal which
identify as magnetic in origin, peaked up nearuQmaxu;1.2
and 3.2 Å21, as the raw data suggested, but now with t
considerable nonmagnetic background removed. It is c
that scattering in the forward direction, nearuQu;0 Å21, is

FIG. 2. Top panel: A neutron powder diffraction pattern fro
Tb2Ti2O7 at 2.5 K is shown. Bottom panel: The difference betwe
diffraction patterns taken at 2.5 and 100 K, corrected for the T31

magnetic form factor, is shown. The solid line is a fit to the n
scattering expected from spins correlated over a single n
neighbor distance in a powder, as described in the text by Eq.~1!.
6-3
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J. S. GARDNERet al. PHYSICAL REVIEW B 64 224416
depleted at low temperatures compared to high temperatu
indicating the absence of ferromagnetic correlations. T
magnetic structure factor resulting from the subtraction
tween the two data sets is roughly consistent with an exp
sion used to model the scattering from powders where sh
range, isotropic spin correlations exist out to the first f
coordination shells of neighbors. This expression35 is

I ~Q!;S i , j^SiSj&
sin~Qri , j !

Qri , j
, ~1!

which simplifies to

I ~Q!;
sin~Qri , j !

Qri , j
~2!

if spins are correlated over nearest neighbors, and co
quently only one value ofr i , j ~the distance between spins
sitesi and j! is employed.

This expression, multiplied by the magnetic form fact
appropriate to the Tb31 ion,36 has been fit to the net intensit
shown in the bottom panel of Fig. 2, and the result is
solid line in the figure. While the fit does not provide
quantitative account of the diffuse magnetic structure fac
it does place the peaks and valleys at the correct wave
tors, and indicates that, whatever spin correlations
present, they must be of very short range, extending out o
near neighbors only.

Inelastic neutron-scattering measurements, with both r
tively high- and low-energy resolutions, were also carr
out on the powder sample, and a representative low-en
resolution, triple-axis scan at 12 K is shown in the top pa
of Fig. 3. In this plot, excitations are evident at;2.53, 3.50,
and 3.90 THz. The latter two are difficult to resolve at th
low-resolution configuration. The excitations at;2.53 and
3.50 THz are identified as magnetic in origin, and the 3.
THz excitation as an optical phonon, on the basis of theiruQu
dependence. Closer examination of the low-frequency
gime of this scan indicates a low-energy band of excitati
near;0.38 THz, which requires a higher-energy resoluti
to properly resolve. This low-energy excitation is also ide
tified as being magnetic in origin, again due to itsuQu depen-
dence.

These measurements, performed on a powder sample
veal excitations which are well defined in energy, implyi
that the excitations must be relatively dispersionless, a
expected of crystalline electric field excitations. Close e
amination of the energy-uQu relation for these excitations
obtained by fitting inelastic scans as a function ofuQu, bears
this out. Such representative inelastic scans, focusing on
two lowest-energy bands of magnetic excitations, are sho
in the bottom panel of Fig. 3. The resulting dispersion re
tionships for each of the three bands of magnetic excitati
are shown in Fig. 4, at both relatively low temperature,T
512 K) and at a higher temperature (T530 K).

As can be seen in Fig. 4, above;25 K ~roughly the
energy of the lowest-energy band of magnetic excitations! all
three bands of magnetic excitations are dispersionless,
sistent with crystal-field excitations. Indeed, these pow
measurements motivated calculations of single-ion prope
22441
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of Tb31 in theA-site environment of the pyrochlore structu
appropriate to Tb2Ti2O7. A level scheme for the7F6 ion with
J56 has been determined in which the ground state and
excited states are both doublets, with two higher-energy
glet excited states as shown in Fig. 5.16 These low-lying
states are then well separated in energy from the o
crystal-field states. The ground-state doublet is made up
marily of Jz eigenstatesu64& and u61&, and the first excited
doublet of eigenstatesu65&and u62&. One of the other two
singlets corresponds exclusively tou66& and u63&, while the
remaining singlet corresponds tou66&, u63&, and u0&. The
ground state is connected to all of these low-lying exci
states bŷ AuS1u0& dipole matrix elements, and hence all
these transitions are expected to be visible with neutron s
troscopy.

An interesting feature of these magnetic dispersion re
tions is that the lowest-energy bandalonedevelops an easily
measurable dispersion as the temperature is lowered b
;25 K, that is, below the temperature for which the lo
lying mode would be thermally populated. This dispersi
corresponds to a dip in the energy of the excitations at
wave vector which characterizes the very short-range o
which the material displays at low temperatures. This
clearly seen in Fig. 4, where a minimum in the dispers
relation occurs atuQu;1.2 Å21, and the dispersion relation
appears headed toward a second dip as the wave ve
comes close to one corresponding to the second minimum
S(Q),;3 Å21 ~measurements at high-energy resolution a

FIG. 3. Top panel: A representative constantuQu scan from the
powder sample at 12 K showing modes at;0.36, 2.53, and 3.50
THz. The scattering near 3.5 THz in this plot shows both a m
netic excitation and an optical phonon. Bottom panels: theuQu de-
pendence of the two lowest-lying magnetic excitations are sho
for the powder sample, again at 12 K.
6-4
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relatively highuQu are kinematically restricted; consequen
our high-resolution inelastic scattering data do not extend
higher uQu!.

Figure 4 shows the dispersion for the three bands of m
netic excitations on the same energy scale, and it is clear
the dispersion which develops at low temperature for
lowest energy band is not present for the higher two. It is
at all clear why this should be the case. The band of exc
tions near 0.38 THz corresponds to a doublet-doublet tra

FIG. 4. The dispersion relation of the three lowest-lying ma
netic excitations in the polycrystalline sample, at both 12 K~solid
symbols! and 30 K~open symbols!. Data from both the high-energ
resolution triple axis as well as from time-of-flight measureme
are presented. Note that only the lowest energy branch disp
dispersion below;20 K, with a partial softening at the wave vec
tor, uQu;1.2 Å21, which characterizes the short-range order in
powder sample~see Fig. 2!.

FIG. 5. Energy-level scheme and approximate eigenvectors~see
Ref. 16 for the precise eigenvectors! for the lowest-energy multiple
corresponding to Tb31 in a crystalline environment appropriate
Tb2Ti2O7. This scheme is based, in part, on the measurem
shown in Fig. 4.
22441
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tion with the CEF scheme described above, while the t
dispersionless bands at;2.53 and 3.50 THz correspond t
doublet-singlet transitions.

IV. NEUTRON SCATTERING FROM SINGLE-CRYSTAL
SAMPLES

The availability of the large single-crystal samples
Tb2Ti2O7 allow a more detailed examination of both th
static and dynamic magnetic behaviors of this material. M
surements of bothS(Q) and S(Q,\v) can be made, with
directional dependencies onQ revealed directly, as oppose
to being averaged out, as occurs in measurements on p
crystalline samples.

Measurements of the magneticS(Q) from the single-
crystal sample of Tb2Ti2O7 are shown in the upper panel o
Fig. 6. This color contour map of the scattering is made
from the difference between two energy-integrated scans
and 100 K, performed in the~h,h,l! scattering plane. For a
cubic system, such a scattering plane is most often
ployed, as it contains three high-symmetry direction
(0,0,l ), (h,h,0), and ~h,h,h!. As can be seen, the diffus
scattering is clearly anisotropic, roughly made up of a che
erboard pattern of interconnected squares of scattering w
extends across entire Brillouin zones. It is now clear why
simple theoretical description, based on an isotropic, liqu
like structure factor for powders@Eq. ~2!#, failed to ad-
equately describe the diffuse scattering from the polycrys
line samples—the scattering is not isotropic.

The temperature dependence of this energy-integrated
fuse scattering is shown in Fig. 7, where the diffuse scat
ing intensity atQ5(0,0,2.25), near the strongest maximu
in S(Q), is shown. While the scattering decreases with
creasing temperature, most rapidly below;20 K, a gradual
decrease in scattering continues to temperatures as hig
;100 K. It is for this reason that the 100-K scattering da
set was employed as the ‘‘background’’ for the determinat
of the magnetic diffuse scattering shown in the upper pa
of Fig. 6.

The ;20-K energy scale is manifest repeatedly in o
measurements on Tb2Ti2O7. The dispersion in the lowest
energy excitation appears only below;20 K, the average
energy of the lowest-energy mode is;20 K, the temperature
dependence in 1/T1 as measured inmSR experiments exhib
its a plateau at;20 K; and the temperature dependence
the diffuse magnetic scattering changes slope in a p
nounced manner at;20 K.

Representative constant-Q, inelastic scattering scans as
function of temperature~top panel! and wave vector~bottom
panel! are shown in Fig. 8. These data were taken on
single-crystal sample, along the (0,0,l ) direction in recipro-
cal space. The bottom panel explicitly shows the dispers
in the low-lying magnetic excitation at low temperature
with a minimum in the dispersion relation at the wave vec
which characterizes the peak inS(Q) ~at l 52 in this direc-
tion!. The top panel shows a neutron group at the minim
of the dispersion relation, as a function of temperature. Ta
together, these two panels show the development of the m
mum in E(Q) as the temperature is lowered below;20 K.

-

s
ys

ts
6-5



ne
hr
if-
ro
e

e

re-
at

ese
ree
-

-
th

c c
s

-
ec

o

ring

K,
h as

al-
ic
s

J. S. GARDNERet al. PHYSICAL REVIEW B 64 224416
Relatively high counting statistic, energy-integrated, li
scans in reciprocal space were performed along the t
high-symmetry directions at both 4.2 and 100 K. Their d
ference, again multiplied by a magnetic form factor app
priate to Tb31, is plotted in the three panels of Fig. 9. Th
axis and labels for theseS(Q) data are on the left side of th

FIG. 6. ~Color! Upper panel: A color contour plot of the mea
sured diffuse scattering in the single-crystal sample within
(h,h,l ) plane at 9 K is shown. A high-temperature (T5100 K)
background has been subtracted, so as to isolate the magneti
relations. Bottom panel: The form ofS(Q) calculated on the basi
of near-neighbor correlations alone on the pyrochlore lattice@Eq.
~3!# is shown. This form differs from Eq.~2!, which assumes iso
tropic near-neighbor spin correlations, and well describes the ch
erboard pattern of magnetic scattering within the~h,h,l! plane in
reciprocal space, as observed experimentally~see upper panel!. The
intensity scale in the calculation~lower panel! has been chosen t
match that of the experiment~upper panel!.
22441
ee

-

figure. Also plotted on the same figure is the dispersion
lation for the lowest-energy band of magnetic excitations
4.2 K, as determined from constant-Q scans of the form
shown in Fig. 8. The axis and labels appropriate to th
dispersion relations are on the right side of Fig. 9. In all th
symmetry directions, differentE(Q) dependencies are ob
served, mirroring the anisotropic nature ofS(Q). That is for

e

or-

k-

FIG. 7. The temperature dependence of the diffuse scatte
from the single-crystal sample at~0,0,2.25! is shown. Note that it
develops strong growth with decreasing temperature below 20
but continues to evolve with temperature at temperatures as hig
100 K.

FIG. 8. ConstantQ scans from the single-crystal sample, reve
ing the temperature andQ dependence of the low-lying magnet
excitation entered at;0.38 THz, is shown. The top panel show
how this mode softens with decreasing temperature close toQmax.
The Q dependence at 4.3 K, for wave vectors along (0,0,l ), is
shown in the bottom panel. The lines are a guide to the eye.
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all Q, the minimum in the dispersion relation,E(Q) clearly
corresponds to the maximum inS(Q).

V. DISCUSSION

The color contour map of the measuredS(Q) in the upper
panel of Fig. 6 clearly shows diffuse magnetic scatter
distributed across entire Brillouin zones, therefore origin
ing from a substructure within a single primitive cell. Whi

FIG. 9. The open symbols show data from line scans in re
rocal space performed on a single crystal, for the three h
symmetry directions: from top to bottom, (0,0,l ), (h,h,0), and
~h,h,h!. The solid lines are fits of a theoretical expression describ
minimal near-neighbor antiferromagnetic spin correlations on
pyrochlore lattice@Eq. ~3!#. The label and scale for this intensit
data are on the left side of the panels. The filled symbols show
dispersion relation for the lowest-lying branch of magnetic exc
tions at T54.2 K. Note that in all directions, the minima in th
dispersion relations occur at wavevectors for whichS(Q) is a maxi-
mum.
22441
g
t-

this result is similar to the results of theoretical studies of
classical Heisenberg antiferromagnet on a pyrochlore latt
there are important differences. First,S(Q) calculated using
Monte Carlo methods displays a pattern of interconnec
triangles, as opposed to the checkerboard, or interconne
square, pattern we observe at 9 K from single-crystal
Tb2Ti2O7. This comparison suggests that we are observ
spin correlations which are even shorter range than th
displayed by the classical cooperative paramagnetic gro
state of the Heisenberg antiferromagnet on the pyroch
lattice.

We have carried out a simple calculation forS(Q) based
on near-neighbor spin correlations alone, the least correl
spin system we can imagine. ForQ52p(h,k,l ), the struc-
ture factor is given by

S~Q!511a$cos~hp/2!cos~kp/2!1cos~hp/2!cos~ lp/2!

1cos~kp/2!cos~ lp/2!%, ~3!

where a is the nearest-neighbor spin-spin correlation fun
tion, which has the value21/3 atT50.

This expression does indeed produce a checkerboard
tern for S(Q) within the ~h,h,l! plane in reciprocal space, a
can be seen in the lower panel of Fig. 6, and as experim
tally observed in our color contour plot shown in Fig. 6. It
quantitatively compared to the line scans along the th
symmetry directions in Fig. 9. As can be appreciated by
amination of Eq.~3!, the amplitude ofS(Q) is the same in all
three high-symmetry directions, while the observed scat
ing amplitude is strongest along (0,0,l ). Nonetheless the
overall pattern of the calculatedS(Q), and the excellent de
scription of the reciprocal-space widths of the diffuse sc
tering peaks, implies that the spins within Tb2Ti2O7 are cor-
related over near neighbors, that is, within a sing
tetrahedron only, at these temperatures.

The simple form for the spin correlations given by E
~3!, does not include the neutron-scattering cross sectio
sensitivity to components of moment which lie in a pla
perpendicular toQ only. This expression@Eq. ~3!# differs
from Eq. ~2!, which describes isotropic, liquidlike spin co
relations, as the directional dependence of the spin corr
tions due to the local sixfold coordination of each spin by
near neighbors is now explicitly included in the model.

Earlier neutron-scattering measurements on single-cry
Tb2Ti2O7 samples were analyzed and interpreted in terms
a short-range ordered structure in which Tb31 moments were
aligned along local@0,0,l #, or cube edge, directions, with
correlations over a seven spin unit made up of two connec
tetrahedra. While such a correlated droplet of;7 spins is
consistent with the present measurements~that is, strong cor-
relations present between the spin at the vertex of the
tetrahedra and its near neighbors!, the details of the local
structure~moment direction! proposed by Kanadaet al.15 is
not.

It is possible that further cooling to lower temperatur
will cause the measuredS(Q) to evolve to a form more
similar to the interconnected triangle pattern, characteri
of the classical Heisenberg antiferromagnet. However, th
are important differences between Tb2Ti2O7 and the classica
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Heisenberg pyrochlore antiferromagnet. As discussed,
magnetic measurements, and in particular those repo
here, which show a gapped magnetic excitation spectrum
frequencies as low 0.18 THz~see Figs. 3 and 8! are consis-
tent with strong Ising anisotropy with the spins pointing in
and out of the local tetrahedra at low temperatures. In a
tion, although the exchange interactions are antiferrom
netic and likely well approximated as near neighbors~due to
the open nature of the pyrochlore structure!, dipolar interac-
tions are expected to be relatively strong at temperatures
low 20 K, due to the large moments present at the Tb31 site.

Somewhat counterintuitively, while antiferromagne
near-neighbor exchange interactions between isotropic c
sical spins on the pyrochlore lattice lead to a spin liquid
collective paramagnetic ground state, the presence of st
single ion anisotropy directed along local~l,l,l ! directions
again favors a Ne´el-ordered ground state, albeit a nonco
linear one in which spins at the vertices of the tetrahedra
point directly into or out of the individual tetrahedra. Such
noncollinear long-range-ordered ground state occurs
FeF3,

37 whose magnetic Fe ions reside on a pyrochlore
tice. Dipolar interactions are anisotropic, depending as t
do on the dot product between the unit vector joining t
spins and the vector spin itself. We believe it is the com
tition between these anisotropic interactions, the antife
magnetic exchange interactions, and the strong@l,l,l # anisot-
ropy due to CEF effects, which is most likely the mechani
for the absence of a transition to long-range Ne´el order at
temperatures of order 10 K. Indeed, recent theoretical a
ments based on Monte Carlo calculations, including th
competing interactions, place an upper bound on the t
perature at which such Ne´el ordering can occur.34

We naively expected our neutron-scattering measurem
of the single-crystal magnetic structure factor to be descri
by short-range order based on the FeF3, noncollinear Ne´el
state.37 This would correspond to expectations for classic
Ising moments, antiferromagnetically coupled to near nei
bors, and pointing either into or out of the tetrahedra. Ho
ever, it is easy to see that such a simple local structure ca
be correct, as the most intense diffuse scattering oc
around~0,0,2!. Scattering at this reciprocal space point is d
to pairs of spins,p out of phase from each other, across
tetrahedron. However the net spins, added together withp
phase factor for scattering at~0,0,2!, are themselves aligne
along~0,0,2!. Such correlations are not visible to the neutr
experiment due to its already mentioned sensitivity to co
ponents of moment which lie in a planeperpendicularto Q.
The details of the local structure suggested by Kan
et al.15 have related difficulties. Further, their proposed lo
structure is based on Tb31 moments aligned along cub
edges, which is inconsistent with the CEF calculations
propriate to Tb31 in the Tb2Ti2O7 environment.

The dispersion observed at temperatures below 20 K
the low-lying band of magnetic excitations is particular
intriguing. The measurements on single-crystal samp
show that the energy,E(Q), of these excitations dips at thos
wavevectors for whichS(Q) is a maximum. This is the sam
conclusion which was reached on the basis of the polyc
talline data, but we now see that the this relationship hold
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single crystals which display an anisotropicS(Q). We also
clearly see that a similar dispersion does not develop for
higher-energy bands of excitations at;2.53 and 3.50 THz,
both of which correspond to transitions from the doub
ground state to singlet excited states within the crys
electric-field scheme appropriate to Tb31 in the Tb2Ti2O7
environment.

In magnetic systems, an incomplete softening of we
defined excitations has not been observed in other geom
cally frustrated magnets, or chemically disordered s
glasses. However, such a behavior has been observed i
amorphous ferromagnet Co4P.38 A related behavior was also
observed in praseodymium-based intermetallics,39 wherein
both the ground state and first excited state of Pr in isola
in this environment are singlets. Similar effects also occu
the acoustic-phonon spectrum associated with materials
a martenitic structural phase transition.40 It is not clear
whether useful analogies to any of these systems can
made.

The observed behavior of the dispersion of the low-lyi
magnetic mode is most reminiscent of the roton minimum
the single-particle excitation spectrum of liquid4He, wherein
the energy of the excitations dip at those wave vectors c
acteristic of the very short-range translational order in liqu
4He. An elegant explanation of this behavior in liquid4He
was provided by Feynmann,41 who used the single-mode ap
proximation ~SMA! to calculate the qualitative features o
the entire phonon spectrum in liquid4He.

Within this framework, the dispersion relationE(Q) is
given by the ratio of the oscillator strength to the structu
factor S(Q), both of which are properties of the static equ
librium correlations, and are calculable by, for examp
Monte Carlo techniques. In the case of liquid4He, the oscil-
lator strength goes likeQ2, while the structure factor rise
only linearly with Q at small Q. The result is the familiar
phonon branch in liquid4He, going to zero energy atQ
50, but displaying the roton minimum inE(Q), at the wave
vector for which the structure factor peaks, about 2 Å21 in
the case of liquid4He.

SMA calculations using classical averages for the Heis
berg AF on the pyrochlore lattice have been performed,42 and
indicate thatboth the oscillator strength and the structu
factor go asQ2 at low Q, resulting in agappedexcitation
spectrum with a minimum inE(Q) at thoseQ’s for which
the structure factor is maximum. This theoretical result
qualitatively consistent with the experimental dispersion p
sented in this paper. While it is important to bear in mind t
significant differences between the model employed in
SMA calculation for the pyrochlore AF, and the nature of t
Tb moments in Tb2Ti2O7, it is encouraging that much of thi
intriguing phenomena is captured by this relatively simp
approach. We hope this work will motivate further studie
both experimental and theoretical, which can fully clarify t
nature of these excitations and their dispersion.

VI. CONCLUSIONS

Neutron scattering on both polycrystalline and sing
crystal samples of Tb2Ti2O7 show the development of ver
6-8
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short-range spin correlations for temperatures below;20 K.
The onset of this diffuse magnetic scattering is surprisin
high, ;100 K. The diffuse magnetic scattering within th
~h,h,l! reciprocal-space plane displays a checkerboard, in
connected square pattern which has some similarities to
results of Monte Carlo calculations forS(Q) of the classical
Heisenberg antiferromagnet on a pyrochlore lattice. Ho
ever, the measurements are better described by a si
model in which spins are minimally correlated, that is only
near neighbors on the corner-sharing tetrahedral lattice
detailed understanding of the local short-range spin arran
ment implied by the checkerboard form forS(Q) remains
elusive. We know, however, that a simple FeF3-type local
noncollinear Ne´el structure, with tetrahedra corresponding
either all spins in or all spins out, fails to describeS(Q).

Inelastic neutron measurements on both powders
single crystals reveal three bands of magnetic excitatio
two of which are dispersionless at;2.53 and 3.50 THz, and
correspond to transitions between the ground-state dou
and singlet excited states. The low-lying band of excitatio
develops easily measurable dispersion below 20 K, and
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responds to a transition from the ground state to a dou
excited state. The nature of this dispersion is unclear, but
minima in energy occur at wave vectors for whichS(Q) is a
relative maxima, even in the single crystals whereS(Q) is
anisotropic. This dispersion vanishes at temperatures ab
which the mode is thermally occupied.
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