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The low-temperature magnetic properties of Tb2Mo2O7 have been studied with bulk susceptibility measure-
ments and with elastic and high-resolution inelastic neutron scattering. This system is a spin glass with a
freezing temperature Tg�25 K. A reverse Monte Carlo simulation of the neutron diffraction data shows weak
ferromagnetic near-neighbor spatial correlations that do not extend beyond �10 Å. Neutron measurements of
the spin dynamics reveal a slowing down with decreasing temperature without an anomaly at the glass
transition. A low-lying Q-independent mode is seen at ��0�0.28 meV. This dispersionless crystal electric
field transition is measurable up to 60 K.
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I. INTRODUCTION

Tb2Mo2O7 was one of the first magnets in which the im-
pact of geometrical frustration on the low-temperature mag-
netic properties of a system was realized.1–7 Such frustration
is the consequence of a geometric arrangement of the mag-
netic moments in the lattice in a way that prevents the system
from minimizing the energy of all near-neighbor bonds at the
same time.8–11 As a result, many nearly degenerate ground-
state configurations typically exist in frustrated magnets,
making them particularly susceptible to fluctuations. It is of-
ten observed that, if the system settles into an ordered ground
state, the phase transition occurs only at a temperature much
lower than the Curie-Weiss temperature �which indicates the
energy scale of the various relevant magnetic interactions�.
However, the ground state is typically not one with conven-
tional long-range order, the systems rather tend to enter a
spin-glass or spin-liquid phase �which is to say that they

remain dynamic, even though strong spatial correlations be-
tween magnetic moments may be present�. In cases where
long-range order does develop, exotic ordering patterns are
sometimes observed, for example, in Gd2Ti2O7 �Refs.
12–14� or Tb2Sn2O7,15–18 where long-range ordered and
paramagnetic spin components coexist in the ground state.

The published work on Tb2Mo2O7 established that this
system is a spin glass with a freezing transition of Tg

�25 K �as determined by bulk measurements�. The transi-
tion affects the magnetic moments associated with both sub-
lattices �Tb3+ as well as Mo4+�, as no residual dynamics spe-
cifically due to one magnetic species has been reported.4,7

Bulk measurements showed several key signatures of a spin-
glass transition, such as a shift from the origin of a magnetic
hysteresis loop, a disappearance of the thermoremanent mag-
netization at the glass temperature, and a logarithmic decay
of the remanent magnetization.5 A frequency shift of the sus-
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ceptibility peak, also typical for a spin glass, will be shown
in Sec. III A of this paper.

Tb2Mo2O7 adopts the cubic pyrochlore structure �space
group Fd3̄m�, see Fig. 1. The formation of a spin-glass state
is unexpected, as the samples show very good crystallinity
and the most important form of structural disorder, a nons-
toichiometric oxygen content, is estimated below 1% in good
samples4 �see Sec. II for the characterization of the sample
used in this study�. Traditionally, positional disorder is re-
garded a necessary ingredient for a spin glass to form. For
isostructural Y2Mo2O7, which is also a spin glass, this point
has been extensively addressed.19–23 A more detailed com-
parison between Y2Mo2O7 and Tb2Mo2O7 suggests, how-
ever, that the origin and details of the glassy state may be
rather different between the two materials. First of all, in
Y2Mo2O7 there is only one magnetic lattice, and even though
in Tb2Mo2O7 the Mo-Tb exchange is expected to be weaker
than the Mo-Mo exchange, it must have an impact through
the large Tb moment and the associated internal magnetic
field. Secondly, while Tg is similar for the two, �22 K
�Y2Mo2O7� and �25 K �Tb2Mo2O7�, the Weiss tempera-
tures are very different: For Y2Mo2O7 a large negative value
�CW�−200 K has been reported,20 in contrast to the posi-
tive �CW for Tb2Mo2O7 �see below in Sec. III A�.

Neutron scattering experiments have been published pre-
viously on powder- and single-crystal samples of
Tb2Mo2O7.2,4,7 Diffraction experiments revealed that the
first, third and fourth near-neighbor interactions are all ferro-
magnetic �FM� while the second near-neighbor interaction
�involving only Tb-Mo coupling� is antiferromagnetic
�AFM�. The Tb-Tb correlation length was estimated at
�5�1 Å,4 independent of temperature below the glass tran-
sition. The crystal experiment revealed that the short-ranged
spin arrangement actually resembles the spin ice structure
but the Tb moments are slightly tilted off the local �111�
direction.7 In this study, the authors estimate that the static
moment associated with the diffuse peaks at T=1.6 K is
about �4�B, significantly less than what is expected for a
Tb3+ ionic moment. The same study saw a strong diffuse
background signal which the authors attributed to uncorre-
lated Tb moments.

It is important to realize that the early powder-diffraction
experiment2 missed the first correlation peak, as it occurs at
unusually low wave vector Q, outside the accessible range of
that experiment. Thus, as new data have become available,
and the results of the above-mentioned studies are not in full
agreement, we are motivated to revisit some of the previous
analyses. We perform a reverse Monte Carlo �rmc� simula-
tion of neutron diffraction data to study the ferromagnetic
near-neighbor spatial Tb-Tb and Tb-Mo correlations and to
derive a correlation length. We then present high-resolution
quasielastic neutron scattering data that allow for a precise
determination of the time scale of the spin fluctuations
around the freezing transition.

II. EXPERIMENTAL

Polycrystalline samples were prepared by firing appropri-
ate amounts of MoO2 and Tb4O7 in a tube furnace at
1400 °C for 48 hours with a steady flow of a buffer gas
made up of a 1:1 ratio of CO and CO2. A more detailed
account of the preparation process can be found in the
literature.1 It is important to stabilize the Mo4+ state in this
process which appears to be successful when the cubic lattice
constant is found to be 10.309�1� Å at room temperature
�the correlation between oxygen stoichiometry and lattice
constant has been discussed in Ref. 10� and the field-cooled
and zero-field-cooled dc susceptibilities bifurcate at 25 K. It
should be noted that, if the oxygen stoichiometry is off, cre-
ating defects and/or a different molybdenum valency, the lat-
tice will expand and reveal the stoichiometry in the cubic
lattice parameter. The room-temperature lattice constant, of
our sample, determined by x-ray diffraction �see Fig. 2� was
10.312�5� Å indicating nearly ideal oxygen stoichiometry.

Neutron time-of-flight �TOF� spectra were taken at the
disk chopper spectrometer �DCS� at the NCNR at NIST in

FIG. 1. �Color online� A unit cell of the pyrochlore lattice with
8 f.u. Both the rare earth and the transition metal �shown with large
and small circles� form a lattice of corner sharing tetrahedra.

FIG. 2. �Color online� Sample characterization by susceptibility
�main figure and top left insert� and x-ray diffraction �bottom right
inset�. The main figure shows the inverse susceptibility and the
Curie-Weiss fit with the axis intercept. The top left insert shows the
real part around the freezing temperature at different frequencies
���� 50 Hz, ��� 100 Hz, ��� 103 Hz, and ��� 104 Hz�.
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Gaithersburg.24 An incident neutron wavelength of 5 Å was
chosen, resulting in an elastic energy resolution of 94.3 �eV
full width at half maximum �FWHM� and an accessible Q
range of the scattering up to 2.4 Å−1. A vanadium standard
was used to measure the resolution and to correct the data for
detector efficiency in a standard manner.

In the past it was shown that it is beneficial to combine
neutron TOF with neutron spin-echo �NSE� data for the
analysis of complex dynamics in a system. The strength of
the NSE technique lies in the intrinsic separation of magnetic
and nuclear scattering, and its sensitivity to fluctuations over
a broad range of time scales.25 NSE measurements were per-
formed at the IN11C spectrometer at ILL, Grenoble, with an
incident neutron wavelength of 5.5 Å ��� /�=15%�.26 Two
settings of the multidetector array covered the Q range up to
1.3 Å−1. The time range over which correlations could be
studied extended from 4	10−12 s to 1	10−9 s. Additional
NSE data were taken at NG5 at the NCNR at NIST at Q
=0.85 Å−1 in a time range that extended to 1	10−8 s.

III. RESULTS

A. Susceptibility and specific heat

Figure 2 shows the temperature-dependent magnetic sus-
ceptibility obtained at �0H=1.5 mT. From this measure-
ment, the bulk of the spin system freezes at Tg�25 K and
has a frequency dependence of Tg of �1.5% per decade of
the driving frequency f , a value that compares well with the
canonical spin glass AuFe.27 At high temperature a Curie-
Weiss law is obeyed, 
−1� �T−�CW�. A least squares fit to the
data in the range 150 K�T�300 K gives a paramagnetic
Curie-Weiss temperature �CW= �20�1� K and a squared ef-
fective paramagnetic moment per formula unit of p2

=169�1�B
2 �each formula unit contains two Mo4+ moments

and two Tb3+ moments�. Taking the �S=1� Mo4+ moment
from Y2Mo2O7 as �Mo�2.55�B,20 the �L=3, J=6� Tb3+

moment is computed to �Tb�8.83�B. These results for the
Curie-Weiss temperature and the magnetic moments are in
reasonable agreement with earlier work. Published results for
the Curie-Weiss temperature vary a little between samples:
�CW�+17 K according to Ref. 1 and �CW�+12 K accord-
ing to Ref. 7.

B. Elastic neutron scattering

In order to characterize the time-averaged spin correla-
tions, the scattering function S�Q ,�� measured at DCS was
integrated over the elastic resolution width, in the range
�0.1 meV. This is shown in the upper panel of Fig. 3. The
dominant signature of the spin freezing is the development of
a large correlation peak centered around Q�0.25 Å−1. Two
additional �much weaker� peaks, observed around Q
�1.1 Å−1 and 1.7 Å−1, respectively, were previously re-
ported. Analysis of the temperature dependence of the first
correlation peak suggests that spin-spin correlations develop
between completely uncorrelated �paramagnetic� spins at
120 K.

The elastic scattering was analyzed using a rmc tech-
nique. For powder-averaged data, the scattering arising from

the correlation of a given magnetic moment J0 with near
neighbors arranged in shells at distances Rn can be written as

S�Q� = const. f2�Q�gJ
2J�J + 1�

	�1 + 	
n

Zn
�J0 · Jn�
J�J + 1�

sin�QRn�
QRn


 , �1�

where f�Q� is the magnetic form factor, J is the angular
momentum quantum number, gJ is the Landé factor, and Zn
is the occupation in the nth shell.

If two types of magnetic moments are present in the lat-
tice, such as Tb3+ and Mo4+ here, Eq. �1� can be expanded by
two more sums to include all the �J0

�Tb� ·Jn
�Tb��, �J0

�Tb� ·Jn
�Mo��,

and �J0
�Mo� ·Jn

�Mo�� correlations �with the magnetic form factor
properly adjusted�. In the simulation, the moments were
taken as gJ

�J�J+1�=8.83�B for Tb3+ and gS
�S�S+1�

=2.55�B for Mo4+ �see above�. The Tb3+ form factor was
taken from a standard reference.28 The Mo4+ form factor was
approximated as in Ref. 29.

The DCS data were obtained using unpolarized neutrons,
and therefore the nuclear and magnetic scattering contribu-

FIG. 3. �Color online� Top panel: the elastic scattering measured
at DCS �integration range �0.1 meV�. The strong scattering at
�2.1 Å−1 is from the 222 Bragg peak. The lines represent the rmc
fits. Middle panel: the normalized resulting shell correlations,
�J0

�Tb� ·Jn
�Tb�� and �J0

�Tb� ·Jn
�Mo��, normalized such that “perfect” cor-

relation corresponds to 1. Lower panel: the radial correlation func-
tion G�r� �see text� at base temperature. The positions of the first
four shell distances are marked.
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tions are not separated. Since the total signal is used in the
analysis, reliable results are only obtained if the magnetic
scattering dominates. A comparison to a high-temperature
data set �data at T=100 K, where the spin correlations have
dissipated, are included in Fig. 3� provides an estimate of the
elastic nuclear incoherent contribution to the scattering. In
addition, from the NSE experiment �which uses polarization
analysis� it is estimated that about 50% of the scattering at
100 K is nuclear. The nuclear scattering contribution is there-
fore small compared to the magnetic scattering at low tem-
perature. This nuclear “background” was subtracted from the
data before the simulation but is included in the display of
the data as measured in Fig. 3.

The rmc simulation was performed on a cube of 6	6
	6 unit cells with magnetic moments situated at the 16d
�Tb� and 16c �Mo� sites. The use of a larger ensemble, such
as 8	8	8 unit cells, did not significantly alter the results.
No preferred moment direction in the lattice was assumed.
Starting with an arbitrary spin configuration, a small number
of spins was randomly chosen which were turned in one step
of the simulation to a random new direction. A powder av-
erage of the scattering was then computed and fit with a
single fit parameter �scale factor� to the data. This accounts
for the fact that the measurement did not yield the scattering
cross section in absolute units. The step was then accepted if
the fit to the measured data was improved and repeated if
not. Many individual rmc runs �with typically �105 steps�
were performed until convergence and then linearly com-
bined to produce the final best fit. The resulting fits are also
shown in the upper panel in Fig. 3. The middle panel in the
figure shows the resulting Tb-Tb and Tb-Mo spin correla-
tions for the lowest temperature. These are normalized such
that �J0 ·Jn�= �1 would mean perfect FM/AFM correlation
between two shells.

For a more direct comparison with the earlier result of
such an analysis,2 the real-space pairwise distribution func-
tion G�r� was also computed from the data

G�r� = 2/�
−�

+�

Q�S�Q� − 1�sin�Qr�dQ . �2�

This is shown in the lower panel of Fig. 3. The very limited
Q range means that conclusions can only be drawn with care
but the result agrees with the rmc analysis. Overall, the near-
neighbor Tb-Tb correlations are ferromagnetic and short
ranged, i. e. they do not reach beyond �10 Å distance. The
Tb-Mo correlations are antiferromagnetic in the second shell,
in agreement with the earlier analysis,2 and this seems to be
what drives the system into the spin-glass state. Error bars
resulting from a statistical analysis of the rmc runs �see
above� are generally too small to be seen in the middle panel
of Fig. 3 and therefore the result of an antiferromagnetic
Tb-Mo correlation in the second shell appears to be robust.
Since the Mo moment is much smaller, and thus scatters less,
the Mo-Mo correlation cannot be determined reliably from
the data. We do not see any signature of uncorrelated Tb

moments, a conclusion that was put forward in Ref. 7, as the
total diffuse intensity is accounted for in our analysis.

C. Quasielastic neutron scattering

For the analysis of the quasielastic scattering, the data
were integrated over the Q ranges of the first two correlation
peaks, from 0.1 Å−1 to 0.7 Å−1 �“low Q” peak� and from
0.7 Å−1 to 1.5 Å−1 �“high Q” peak�, respectively. This is
appropriate for the NSE data, which has coarse Q resolution,
and allows for a simultaneous treatment of NSE and TOF
data as described further below.

Figure 4 shows the quasielastic scattering, as obtained in
the DCS measurement, at two temperatures. Here and in the
following, error bars in the figures represent �1� from
counting statistics. Three observations are immediately
made: �i� at base temperature the scattering is clearly very
different from the nearly Gaussian resolution. The most
likely explanation is a low-lying crystal-field excitation giv-
ing rise to the additional scattering marked with arrows. This
is discussed further below. �ii� At higher temperature a quasi-
elastic process provides additional scattering intensity at fi-
nite energy transfer �outside the elastic resolution window�
which is absent at base temperature in the frozen spin-glass
state. �iii� The only Q dependence is in the elastic intensity,
the spin dynamics manifest in the broadening of the spectra
is independent of Q.

The measured intensity S�DCS��E� was analyzed in terms
of a numerical convolution of the scattering function S�E�
and the instrumental resolution R�E�, measured with vana-
dium

S�DCS��E� = S�E�n�E�� � R�E� ,

where n�E�= �E /kBT��1−exp�−E /kBT��−1 is the thermal
population factor and

FIG. 4. �Color online� The background corrected quasielastic
scattering measured at DCS with an energy resolution of 0.1 meV
FWHM. This shows data integrated over both correlation peaks at 8
and at 60 K. Arrows mark the assumed position of the crystal-field
excitation. The dashed line is the instrumental resolution. Fits are
described in the text.
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S�E� = �Imag + Inuc� · ��0� + ICFg�− ��0� + g�+ ��0��

+ IQE · Fexp�− �t/����� �3�

is a sum of three terms: �1� elastic scattering within the res-
olution with magnetic intensity Imag and nuclear intensity
Inuc, �2� a low-energy ���0�0.28 meV� crystal-field excita-
tion with intensity ICF, approximated as a pair of Gaussians
g����0�, and �3� a quasielastic process modeled as a
stretched exponential spin relaxation with an intensity IQE, F
denotes the Fourier transform.

With TOF one measures the sum Imag+ Inuc whereas in an
NSE experiment one separates the two contributions, mea-
suring only Imag. Neglecting n�E�, which is appropriate for
the �1 �eV energy resolution of the NSE measurement at
�2 K and higher, the corresponding intermediate scattering
function I�t� measured with NSE reads

I�t�/I�0� = Imag/I�0� + ICF/I�0� · F−1g����0��

+ IQE/I�0�exp�− �t/���� , �4�

where the sum I�0�= Imag+ ICF+ IQE provides the traditional
normalization of the NSE signal I�t� to 1.

The ultimate goal of the analysis of the quasielastic scat-
tering is to determine the temperature dependence of the
spin-relaxation time �or its distribution�. To achieve this, two
types of fits to the data were performed. �i� The TOF spectra
at all measured temperatures between 8 and 120 K were fit
simultaneously to the model of Eq. �3�, allowing only the
intensities and the parameter � to vary with temperature. In
the second step, the � parameter was then constrained for
each pair �low Q vs high Q peak� of data sets to be the same,
to be consistent with the initial observation of a
Q-independent dynamics. �ii� At temperatures where NSE
and TOF data were both available �20 and 40 K, at higher
temperature the scattering is too inelastic for NSE�, TOF and
NSE data sets were fit simultaneously, minimizing the sum
of the individual 
2 values. The results of these latter fits are
shown in Fig. 5.

As discussed earlier, a dispersionless mode can be seen at
an energy ��0�0.28 meV �3.2 K� at the base temperature
of the inelastic neutron scattering experiment �8 K�. The in-
tensity of this excitation is small compared to the other scat-
tering contributions, ICF / I�0��3% and its inverse Fourier
transform used in Eq. �4� decays to zero at 1	10−11 s, near
the low end of the NSE time range.33 The excitation is too
small to be clearly resolved within the resolution of the TOF
measurement but is phenomenologically described by a
Gaussian g���0� with FWHM�0.51 meV whose param-
eters were determined at base temperature and then fixed for
all fits. The intensity of this mode decreases monotonically
with increasing temperature, tracking the intensity of the first
correlation peak and merges into the quasielastic scattering
above 60 K. The isostructural systems Tb2Ti2O7 and
Tb2Sn2O7 possess a low-lying crystal-field excitation at
�1.5 meV and �1.2 meV, respectively, which corresponds
to the transition from the ground state to the first excited
doublet.18,34,35 In Tb2Mo2O7 such an excitation has previ-
ously been unsuccessfully searched for between 0.5 and 4
meV.7 Our results confirm these earlier findings. The dispar-

ity between Tb2Mo2O7 on one hand and the stannate and
titanate on the other hand is surprising since the local envi-
ronment of the Tb3+ ion is very similar in all three systems.
In both the stannate and titanate, when the electronic spin
system orders, the ground-state doublet splits, resulting in a
low-lying dispersionless mode at a few hundred �eV.18,36,37

The temperature dependence of the 0.28 meV excitation sug-
gests that it is also the result of the Tb ground-state doublet
being split in a molecular field generated by the spin-spin
correlations that develop at low temperature.

The spin relaxation is phenomenologically described by a
stretched exponential function with a temperature-
independent exponent, ��0.5. This provides an adequate
description for our data. This model function is commonly
used for spin glasses and structural glasses, and is a special
case of a more general functional form recently discussed.38

In our case, a more detailed analysis of the line shape cannot
be done mostly because the NSE data lacks dynamic range.

The temperature dependence of the spin-relaxation time
resulting from the fits described above is displayed in Fig. 6.
Fitting with and without NSE data gives consistent results
within the accuracy that can normally be achieved in such an

FIG. 5. �Color online� The quasielastic scattering from both
TOF and NSE analyzed simultaneously at 20 and 40 K. The main
panels show the background corrected TOF spectra at the lower Q
�in the upper panel� and the higher Q �lower panel�, respectively.
The arrows show the position of the excitation associated with a
transition between CEF levels. The insets show the NSE spectra
measured at the same temperature. In the lower inset an NSE data
set from NIST ��� is included that extends the Fourier time range
to 10 ns.
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analysis. As the temperature is lowered, the spin ensemble
becomes increasingly slow, which is expected, but without
noticeable anomaly at the glass temperature Tg�25 K de-
termined by bulk methods.

IV. DISCUSSION

We start by putting Tb2Mo2O7 into context with the entire
R2Mo2O7 series where R is a rare earth. Table I below lists
those ternary systems for which the cubic pyrochlore struc-
ture has been reported. Ionic radii have been taken from Ref.
39. Data for bond angles are from Ref. 40 and our own
unpublished data.

Systems with large rR of the rare earth �including
Eu2Mo2O7� are metallic and ferromagnetic at low tempera-
ture with a reentrant spin-glass phase and anomalous trans-

port properties.30–32 Tb2Mo2O7 is the first insulating and
nonferromagnetic member of the series. All subsequent se-
ries members are also nonmetallic and spin glassy. Of this
latter group, Y2Mo2O7 has been studied in most detail. The
Curie temperatures of the metallic ferromagnets decrease
with decreasing rR as 100 K �Nd�, 93 K �Sm�, and 82 K
�Gd�. In contrast, the spin-glass-transition temperatures are
flat across the second part of the series. For example, Tg

�21 K for Ho2Mo2O7 and Tg�17 K for Yb2Mo2O7.41,42

Detailed studies of the spin-glass states by scattering meth-
ods have only been published for the Tb and Y systems.

It may be argued that the origin and details of the glassy
state should be different between these two materials.
Tb2Mo2O7 is close to the phase boundary to ferromagnetic
systems in the R2Mo2O7 family of compounds. This is re-
flected in the positive Curie-Weiss temperature, �CW�
+20 K �see above�, which is very different from �CW�
−200 K for Y2Mo2O7. Our analysis of the magnetic shell
correlations from the static diffuse neutron scattering data
shows that the near-neighbor Tb-Tb correlations are weakly
ferromagnetic to the fourth shell and the correlation length is
�10 Å in good agreement with the earlier result.4 We do
confirm that the Tb-Mo correlation in the second shell is
strongly antiferromagnetic as previously reported.2 The com-
petition of near-neighbor AFM/FM correlations thus may be
what is driving Tb2Mo2O7 into the spin-glass state. On the
other hand, in Y2Mo2O7 there is only one magnetic lattice
and here the spin-glass state is likely stabilized by bond
length disorder.20–23 The presence of subtle disorder in
Tb2Mo2O7 cannot be ruled out at this stage as relevant stud-
ies do not exist.

New quasielastic neutron scattering data reveal spin dy-
namics independent of momentum transfer Q. There is no
evidence for different time scales of the fluctuations in the
Tb and Mo sublattices although the Mo sublattice is nearly
impossible to detect with the Tb moment dominating the
magnetic signal. The spin-fluctuation rate at the glass tem-
perature Tg is estimated at 1 /2��25 K��1	1010 Hz. This
value is very close to what was found with NSE in Y2Mo2O7
�0.7	1010 Hz at 25 K� with Tg�22 K.43 It is also remark-
ably close to the result of �SR work on Tb2Mo2O7 which
found 0.01 THz at 25 K.6 Cooling the system below the glass
transition leads to a gradual freezing of the moments but at
T=8 K the time scale of the fluctuations is still in the mea-
surement window of the neutron scattering technique. The
muon work followed persistent spin relaxation down to a
temperature of �0.1 K but this cannot be confirmed with
neutrons at the present time.

We have observed the first low-lying magnetic excitation
in this system. Below 60 K a crystal electric field �CEF�
transition from the ground state to the first excited state can
be seen at an energy ��0�0.28 meV. This energy is similar
to that seen in isostructural Tb2Ti2O7 and Tb2Sn2O7 materi-
als when they are magnetically ordered. Although more stud-
ies are required to determine the full crystal-field Hamil-
tonian, it is believed that the doublet ground state splits as an
internal field develops due to the slow, if not static, short-
range spin-spin correlations that develop.

FIG. 6. �Color online� The temperature dependence of the spin-
relaxation time. Open symbols: fits to the DCS data. Full symbols:
combined fits to DCS and NSE data as described in the text. The
line is a guide to the eye. The right axis shows the FWHM �reso-
lution deconvoluted� on the energy axis, which for a stretched ex-
ponential relaxation function with an exponent �=0.5 follows the
empirical relation FWHM�meV�=0.2943 /��ps�.

TABLE I. Structure data for members of the R2Mo2O7 series for
which the cubic pyrochlore structure has been reported. The bond
angle was computed from the oxygen site parameter x, where
available.

R3+ rR �Å� x Mo-O-Mo angle Ground state

Nd 1.109 0.3297�7� 131.5 Metallic

Sm 1.079 0.3300�5� 131.3 Metallic

Eu 1.066 Metallic

Gd 1.053 0.3315�8� 130.5 Metallic

Tb 1.040 0.3363�2� 128.0 Insulating

Dy 1.027 0.3331�6� 129.7 Insulating

Y 1.019 0.3382�1� 126.9 Insulating

Ho 1.015 0.3385�2� 126.8 Insulating

Er 1.004 0.3392�2� 126.4 Insulating

Tm 0.994 Insulating

Yb 0.985 Insulating

Lu 0.977 Insulating
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V. CONCLUSION

Polycrystalline Tb2Mo2O7 with a cubic lattice parameter
of 10.312 Å has been studied by neutron scattering and ac
susceptibility. The glassy, bulk freezing has been investi-
gated. Spin correlations develop below 60 K and never ex-
tend beyond 10 Å. The first and third neighbor correlations
are ferromagnetic but the second shell �involving only
Tb-Mo coupling� is antiferromagnetic. Neutron spin echo
and time-of-flight techniques revealed a multitude of relax-
ation processes with mean spin-relaxation time around
10−9 s at 10 K. Although a study of the local crystal struc-
ture is warranted, our results for the spin-spin correlations,
by reverse Monte Carlo and radial correlation function, sug-

gest that the combination of ferromagnetic near-neighbor and
antiferromagnetic next-nearest-neighbor correlations cause
the glassiness in the system.
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