
VOLUME 69, NUMBER 22 PH YSICAL REVIEW LETTERS 30 NOVEM BER 1992

Spin Freezing in the Geometricall Frusy rustrated Pyrochlore Antiferromagnet Tb2Mo 0
B. D. Gaulin, ' J. N. Reimers, ' " T. E. M

~ (1)B ',', ' . . ason, ' J E Greedan, and Z.
Department of Physics and Astronom In

an . un

s ronomy, Institute for Materials Research M M Uc aster Unit ersit)',

(2)D
Hamilton, Ontario, Canada L85 4MI

epartment of Chemistr lnsy, stitute for Materials Research, McMaster Unit ersit HJ
a iver Laboratories, Chalk Riter, Ontario, Canada KOJ I JO

(Received 12 3une l 992)

The magnetic metal ions in the cubic pyrochlore Tb2Mo207 form an in

romagnetism. We have performed n

a e ra wit a very high potential for frustra tion in the presence of antifer-
orrne neutron scattering measurements whi

correlations that develop continuousl " d

s w ich show short-range spatial
inuous y with decreasing temperature whi

for the fluctuating moments d

ure, w ile the characteristic time scale
s ecreases dramatically below T -25 K.

'
h f h

atu res.
g al in origin, displays a spin-glass state at low temper-

PACS numbers: 75.25.+z, 75.40.Gb, 75.50.Ee, 75.50.Lk

Materials containing antiferromagnetically coupled
magnetic moments on geometrical units that frustrate the
ormation of a collinear ordered t t fs a e o ten exhibit

unusual behavior at low temperatures. The experimental
realizations of these structures are m d f
of locall fruo ocally frustrated building blocks: triangles and tetra-
hedra. Inn two dimensions such lattices can be formed by
a network of edge-sharing triangles to make the familiar

triangular lattice [I], or by a network of corner-sharin

triangles to make the kagome lattice [2]. In three dimen-

sions edge-sharing tetrahedra give rise to the face-
centered-cubic lattice, while a network fwor o corner-sharing
tetrahedra [3] form structures found in spinel, Laves, and

py roch lore crystals.
The frustration inherent in the combination of antifer-

romagnetic interactions and a network of tetrahedra can

be ap reciated b
cou

y considering four antiferromagnetic 11ica y

oupled sptns on a single tetrahedron. For s I

iscuss the Ising case, although frustration occurs for vec-

two spins into an up-down pair does not allo~ the other

spins to align up or down without frustrating two of the

six interactions. The ground state for such 1 tta a ice

erefore has a greater spin degeneracy (which depends

on the number of degrees of freedom of the individual

spins) than in a comparable unfrustrated lattice.
2 2 7Many pyrochlores have the chemical formula A B 0

and most of them crystallize in the cubic space group
Fd3m. Both the A and 8 metal sublattices form an

infinite three-dimensional network of corner-sharing
tetrahedra, as shown in Fig I (b). S - Ipin-g ass-like be-

havior has been obs erved in the pyrochlore magnets

2 0207 [4], Y2Mn207 [51, and Tb2Mop07 [4] as evi-

ence by susceptibility cusps, irreversibilities, and dif-

use magnetic neutron scattering over an extended range
of temperature. Neutron and x- d fI-ray i raction measure-
ments on all three compounds show no evidence of posi-
tional disorder. I n particular, cation disorder can be
ruled out on the basis of a bond-length argument; the
rare-earth ion simply does not fit

'
thin e transition metal

s ite [6]. N

the
onstoichiometric oxygen content sn seems to e

e most likely form of structural disorder. However,
i raction profile refinements indicate that any such non-

stoichiometry must be below the 1% level. These results
strongly suggest that the spin-glass-like behavior is in-
trinsic to the pure pyrochlore magnets.

We have carried out a detailed neutron tt
s u y of the static and dynamic behavior of Tb2Mo207 in

powder form. To our knowledge, single-crystal sam les

of su%cient sizee &or neutron scattering have not yet been
pcs

produced. We chose to study Tb M 0 d02 7 ue to the very

large moment present at the Tb 't (-9si e —pq . Both of
the metal ions are magnetic but th Tb +e moment is ap-
proximately 9 times larger than that at the Mo + site.
The neutron scatterin g experiment measures dynamical
spin correlation functions of the form (S (0)S ( )), h

represents a thermal average. Therefore the con-
tri ution to the
Tb+ c
t neutron scattering signal from Tb +-

correlations is almost 2 orders fr ers o magnitu e
stronger than that from Mo +-M +

1o - o correlations and an

order of magnitude stronger than that from Tb +-Mo +

correlations. The exexperiment is thus sensitive primarily

3.65 A

a = &&&.&& A

FIG. l. (a he frustration inherent between four antifer-

romagnetically coupled spins on a single tetrahedron is illustrat-

e . b The three-dimensional network f - h

e ra e ra formed by one of the metal atom sublattices in the

pyrochlores. An outline of the cube cu ic unit cell with room-

s own.
temperature lattice dimensions displayed for TbzMo207) is also
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to Tb +-Tb + correlations and it is reasonable to think of
the magnetism associated with the Mo + sites as contrib-
uting an additional interaction path for the Tb mo-
ments. This large moment of Tb + allowed us to study
the inelastic magnetic spectrum from a powder sample
with relatively high-energy resolution. Since the spin-
glass-like behavior seen in the bulk properties of the pyro-
chlores with a single magnetic site (YqMn207 and

YqMo207) is similar in that seen in Tb2Mo207, we expect
the results reported in this Letter to be generally applic-
able to this entire class of frustrated magnets.

Measurements were performed on the N5 triple axis
neutron spectrometer of the NRU reactor at Chalk River
Laboratories. Scans were made with the spectrometer in

two diA'erent configurations. Low and high frequency
resolution scans were performed using a constant scat-
tered neutron frequency of Ef/h =3.52 and 1.10 THz, re-
spectively. The low frequency resolution mode was
achieved using the (1,1,1) reflection of a Si monochroma-
tor and the (0,0,2) reflection of pyrolitic graphite (PG) to
analyze the frequency of the scattered beam. The (1,1,1)
reflection of Si has a systematic absence for A,/2 neutrons.
Also, a PG filter was placed in the scattered beam to
reduce higher-order contamination. Collimation before
and after the sample was 0.66' and 0.8', respectively.
This configuration resulted in a measured frequency reso-
lution of -0.28 THz. The high frequency resolution
mode was achieved using the (0,0,2) reflection of PG as
both monochromator and analyzer. A cooled beryllium
filter was placed in the scattered beam to eliminate
higher-order contamination. The incident and scattered
beam collimation was 0.44 and 0.24, respectively. This
configuration resulted in a measured instrumental fre-
quency width of -0.045 THz. All measurements were
made on the same sample of Tb2Mo207 used in Ref. [4].
The powder sample was loaded in a vanadium sample can
with a helium exchange gas to provide thermal contact.
It was then mounted in a closed-cycle helium refrigera-
tor. In the high-resolution mode, data were collected at
ten temperatures between 11 and 50 K, with particular
emphasis on the region near previously measured anom-
alies at Tf-25 K.

Wave-vector scans made in the low frequency resolu-
tion mode with the analyzer set to accept zero frequency
scattering are shown as a function of temperature in Fig.
2. Two sharp peaks, identified as the (111) and (113)
nuclear Bragg peaks, could be observed near Q-I and 2

' at all temperatures.
Strong diAuse scattering, reminiscent of a liquid struc-

ture factor, is seen to develop continuously below 50 K,
with the growth of this scattering being most pronounced
below 30 K. The measured intensity is seen to grow with
decreasing temperature at all wave vectors studied. At
low temperatures, strong diffuse peaks are seen near Q
=1.0 and 2.0 A ' with a minimum between them at
—1.5 A . This diffuse scattering is qualitatively similar
to the energy-integrated diAraction data previously re-
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FIG. 2. Low-resolution (see text) elastic wave-vector scans
are shown for four temperatures in Tb2Mo207. Strong diffuse
scattering peaks, with approximately temperature-independent
wave-vector widths, develop continuously below 50 K. The in-

tensity at 50 K is due primarily to nuclear incoherent scattering
from the vanadium sample cell, and to magnetic incoherent
scattering from the sample itself.

S(Q, v) = I —exp
hv —hv

kgT kgT v2+ vc2
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ported [4]. Very interestingly, the width in Q space of
the diffuse peaks is approximately temperature indepen-
dent at the temperatures presented here even though the
strength of the scattering increases with decreasing tem-
perature. This indicates that while the static (relative to
the inverse of the frequency resolution of the measure-
ment) magnetic moment within a correlation volume is
markedly increasing with decreasing temperature below
50 K, the spatial extent of the correlated regions is not
changing with temperature. The wave vector of the
diffuse peaks is consistent with a short-range ordering of
the Tb + moments with a (111) wave vector. The half-
width of the difl'use peak can be taken as a measure of
the correlation length which we estimate at 5+ I A. A
correlated droplet of Tb + spins therefore includes spins
on nearest-neighbor tetrahedra only.

Constant-iQi, high-resolution frequency scans were
performed near the strongest diffuse peak at Q=1.0

but carefully avoiding the (111) nuclear Bragg
peak, and near a minimum of the profile at Q =1.5 A
Representative frequency scans at Q =1.0 A ' are shown
in Fig. 3 ~ An empty sample cell scan has been subtracted
from these data sets. The frequency distributions are
dominated by a quasielastic peak which increases in in-
tensity as the temperature is lowered. The measured line
shape is well described by a detailed balance factor times
a Lorentzian in frequency:

r
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FIG. 3. High-resolution (see text), inelastic, constant

~Q~ =1.0 A ' scans are shown for three temperatures in

TbzMo&07. An empty sample cell data set has been subtracted
from the signal. The solid lines are fits to the data described in

the text. The horizontal lines in the top and bottom panels indi-

cate the resolution width of the measurement. The inset in the
middle panel shows raw data from identical scans taken in the
wings of the scattering some 15 h apart at 24 K, demonstrating
extremely slow dynamics near Tf.

This expression was then convoluted with the frequency
resolution function corresponding to the appropriate spec-
trometer configuration and fit to the data. Fits to S(Q, v)
of this form are shown as the solid lines in Fig. 3. The
values for the peak intensity at v =0 and for v~, the
characteristic frequency describing the width of the dis-
tribution, extracted from this fitting procedure are shown
in Figs. 4(a) and 4(b). These values are not particularly
sensitive to the range of v included in the fit.

As can be seen from Fig. 4(a), the diA'use peak intensi-

ty approximately doubles between 50 and 11 K, but
evolves as a smooth function of temperature. Over the
entire range of temperature investigated, its behavior is
well described by S(g, v=0) ——ln(TlTp), where Tp
-200 K. There is no anomaly present in the S(g, v

=O, T) data near Tf-25 K, although the behavior in the
immediate vicinity of Tf will be discussed separately. At
the minimum of the Q-dependent scattering, g =1.5

the frequency width of the distribution is only
weakly temperature dependent, if at all. This is as ex-
pected for scattering dominated by nuclear incoherent
processes, and these v~ values are indicative of the
minimum frequency width which this experiment can dis-
cern. Below —25 K, the magnetic scattering at Q=1.0

' is characterized by roughly the same v~ values as
that at Q =1.5 A ', indicating the frequency width of
the scattering has dropped below the resolution limit.

Temperat, ure (K)

FIG. 4. (a) Fit values for S(Q = I.O A ', v=0) are shown

as a function of temperature. The data at 24 and 27 K show

signs of nonequilibrium behavior and are labeled separately
from the other temperature data points. (b) The fit values of
vg are shown as a function of temperature at the maximum and
minimum of the magnetic scattering, Q= I.O and 1.5 A ', re-

spectively As .the frequency width of the Q=1.5 A ' data is

resolution limited, these data show the spins to be fluctuating on
the time scale of [vc(T ~ 20 K)) ' above Tf-25 K, and static
below.

However, above Tf-25 K, v~ at Q= I.O A ' rises well
above that at Q=1.5 A ', demonstrating that the mo-
ments at these temperatures are fluctuating on a time
scale comparable to that of the measurement. This eflect
is seen qualitatively by comparing the resolution limit full
width at half maximum with the data well above and
below Tf, and is shown in Fig. 3 for the 11 and 50 K data
at Q =1.0 A

It should be noted that frequency-dependent contam-
ination of the incident beam with higher-order (Xln) neu-
trons [7] makes the absolute values extracted for vr
somewhat inaccurate. However, this correction is only
weakly frequency dependent over the range of energies
probed and is temperature independent.

The inelastic data, shown in Fig. 3, taken at v&0. 1

THz are the result of two scans taken —15 h apart and
then added together to improve counting statistics. At all

temperatures except 24 and 27 K these scans were identi-
cal. However, we found that in the vicinity of Tf the
data did not reproduce, with systematically higher
scattering measured in the later of the two scans per-
formed after changing the temperature from either 21 to
24 K, or 24 to 27 K. This is shown in the inset to the
middle panel of Fig. 3 for the 24 K data, in which the
early and late time data are displayed as squares and cir-
cles, respectively. Similar behavior is seen at 27 K. Con-
sequently we see that the cooperative behavior near Tf is

such that extremely slow spin dynamics are relevant and
true equilibrium behavior is never observed during the
course of the measurement. This is at least qualitatively
similar to the extreme critical slowing down observed [8]
in the random-field Ising system Fe046Znoq4Fq near its
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transition temperature. Scans around v=0 were not re-

peated. Values for S(Q =1.0 A ', v=0) at 24 and 27 K
are included in Fig. 4(a) as open circles, and it can be
seen that they follow the same continuous behavior de-

scribed above. One should bear in mind, however, that
these values may also display very slow time dependence.

These measurements strongly suggest that the spin-

glass-like anomaly observed in the dc susceptibility at
-25 K is a dynamical phase transition. At this transi-
tion the short-range ordered spins transform from being
dynamic roughly on the time scale of —[vc(T~ 20
K)-0.005 THz] ' =2X10 ' sec to being static on

that time scale. Since the anomalies which are seen in

the bulk properties occur at the same temperature and at
much lower frequencies, including the dc response [4],
the slowing down of the characteristic time scale for the

spin fluctuations must be very dramatic near this temper-
ature.

The ground-state properties of geometrically frustrated
magnets is a longstanding problem in theoretical physics
of considerable current interest. Anderson was the first

to consider the problem of antiferromagnetically coupled

spins on a lattice of corner-sharing tetrahedra [3]. He ar-

gued that no long-range ordered state should exist for
classical Ising spins at low temperature. Recent mean-

field theory [9] and Monte Carlo simulations [10] support
this conclusion. A similar picture emerged from Villain's

work on classical Heisenberg spins on this lattice and he

coined the term "cooperative paramagnet" [11] to de-

scribe the low-temperature state of such a system. These
conclusions have also received support from Monte Carlo
simulation techniques [12]. Initial work [13] regarding
quantum Heisenberg spins on a lattice of corner-sharing
tetrahedra suggests unconventional, long-range dimer or-
dering with a sublattice structure.

Experimentally, spin-glass-like behavior has recently
been observed in the weakly disordered, stacked kagome
lattice compound SrCrs „Ga4+„Ot9 (SCGO) [14],
where diffuse neutron scattering has been observed from

powder samples down to 1.5 K. The frequency width of
the inelastic spectrum in SCGO extends out past 2 THz
(-90 K) even at the lowest temperature examined. Fur-
ther, a total moment sum rule analysis yielded a ratio of
the mean-square fluctuating moment to frozen moment at
low temperatures in excess of 4. The low-temperature
state described by these measurements is therefore
strongly fluctuating.

The picture that emerges from our measurements con-
trasts with that described above for SCGO. The Tb +

spins on the corner-sharing tetrahedral lattice in Tb2-
Mo207 order locally into short-range ordered droplets at
relatively high temperatures (compared to Tf). The
characteristic size of these short-range ordered regions
does not increase with decreasing temperature. However,
the characteristic time scale of the fluctuating moments
slows down as the temperature is lowered, with a dramat-
ic spin freezing occurring below Ty —25 K. At low tem-

peratures, all of the magnetic scattering appears to be
elastic.

The behavior of this pure, geometrically frustrated
magnet is reminiscent of that seen in chemically disor-
dered spin glasses such as CuMn [15] and amorphous
MnSi [16] in which neutron scattering identification of
the occurrence of a phase transition is highly dependent
on the frequency resolution of the experiment.
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