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The spin dynamics of geometrically frustrated pyrochlore antiferromagnets Y2Mo2O7 and Tb2Mo2O7 have
been investigated using muon spin relaxation. A dramatic slowing down of the moment fluctuations occurs as
one approaches the spin freezing temperatures (TF522 and 25 K, respectively! from above. BelowTF there is
a disordered magnetic state similar to that found in a spin glass but with a residual muon spin relaxation rate
at low temperatures. These results show that there is a large density of states for magnetic excitations in these
systems near zero energy.@S0163-1829~96!07438-3#

Antiferromagnets which are frustrated or diluted can ex-
hibit novel electronic and magnetic behavior. Recently, there
has been considerable interest in the behavior of systems
where the natural antiferromagnetic coupling between ions is
frustrated by the geometry of the lattice. In two dimensions,
Heisenberg spins on triangular and corner sharing triangular
~kagome´! lattices are simple examples of geometric frustra-
tion, while in three dimensions, the most well studied sys-
tems have a pyrochlore structure, in which the magnetic ions
occupy a lattice of corner sharing tetrahedra. A system of
Heisenberg spins interacting via nearest-neighbor antiferro-
magnetic couplings on the pyrochlore lattice displays a clas-

sical ground state with macroscopic degeneracy, since the
lowest energy spin configuration requires only that
S i51
4 Si50 for each tetrahedron. This feature led Villain to

argue that these systems remain in acooperative paramag-
neticstate with only short-range spin-spin correlations for all
T.0 ~Ref. 1! and this has been confirmed by Monte Carlo
simulations.2 Possibly, the most interesting feature of the
ground state of pyrochlore3 and kagome´4,5 lattice antiferro-
magnets is the prediction of a dispersionless spin-wave
branch~‘‘zero modes’’!. These zero modes manifestly effect
the thermodynamics of these classical systems as demon-
strated by Monte Carlo simulations, where the low tempera-
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ture specific heat,Cv , falls below the classical valuekB
expected from equipartition of energy.2,5,6 Also, again be-
cause of these zero modes, thekagome´ and pyrochlore anti-
ferromagnets display large spin fluctuations down to
T501.7 However, further nearest-neighbor exchange,3 mag-
netic anisotropy and fluctuations8 may lift this classical
ground-state degeneracy.

A wide variety of interesting magnetic behavior has been
observed in real systems. Neutron scattering results on
FeF3 ~Ref. 9! show a transition to a noncollinear long-range
ordered~LRO! state, in which the spins on a tetrahedron
point away from the center. However, a large number of
oxide pyrochlores do not show Ne´el LRO. Bulk magnetic
susceptibility measurements10 on the pyrochlore Y2Mo2O7

show strong irreversible behavior belowTF522 K, charac-
teristic of spin glass ordering, even though the level of dis-
order is immeasurably small. Recent measurements of the dc
magnetization of Y2Mo2O7 show a divergent nonlinear sus-
ceptibility atT'22 K,11 which is a signature of a true ther-
modynamic spin glass phase transition. Inelastic neutron
scattering data12 on Tb2Mo2O7 confirm there is rapid slowing
down of the Tb spins as one approachesTF525 K from
above and the absence of LRO belowTF . The observed
strong diffuse scattering in Tb2Mo2O7 indicates the presence
of short-range correlations between the moments, which are
frozen on a time scale of about 10211 s.

In this article we report an investigation of the low-
temperature magnetic properties of pyrochlores Y2Mo2O7
and Tb2Mo2O7 using the technique of muon spin rotation
and/or relaxation (mSR!, which is sensitive to spin fluctua-
tion rates in the range 104–1011 s21,13 below that detectable
with neutron scattering. We find that, despite its nominally
disorder free structure, the magnetic behavior in Y2Mo2O7 is
close to that observed in conventional random spin glasses.
Specifically, a large static internal magnetic field with a very
broad distribution develops belowTF , such that no coherent
muon spin precession is observed. At the same time, the
muon spin relaxation rate 1/T1 decreases according to a
power law with decreasing temperature. A similar magnetic
transition occurs in Tb2Mo2O7. The most remarkable feature
in the data is the presence of a sizeable residual spin relax-
ation rate at low temperatures, which is not evident from
previous data on conventional metallic spin glasses such as
CuMn ~Ref. 14!, AuMn ~Ref. 15!, and amorphous-FeMn.16

This is direct evidence for a larger density of magnetic exci-
tations near zero energy than in conventional random spin
glasses.

Details on the preparation of the Y2Mo2O7 and
Tb2Mo2O7 samples are given elsewhere.10 Pyrochlores crys-
tallize with an fcc structure containing eight formula units
per conventional unit cell and space groupFd3̄m. The ions
on the 16d site form a network of corner sharing tetrahedra;
the 16c sites constitute an identical sublattice, displaced by
( 12,

1
2,

1
2!. Mo

41 ions occupy the 16c site, Y31 or Tb31 ions the
16d site. The Tb31 ion has a large magnetic moment of
;9mB , roughly nine times larger than that of Mo41,
whereas Y31 is diamagnetic. Y2Mo2O7 and Tb2Mo2O7 are
semiconductors with small band gaps of 0.013 and 0.007 eV,
respectively.17 The samples in this study were characterized
by magnetic susceptibility and x-ray diffraction. Sharp irre-

versibilities in the magnetization were observed at spin freez-
ing temperatures of 22 and 25 K, respectively, consistent
with that seen in other highly stoichiometric samples of
Y2Mo2O7 and Tb2Mo2O7. From Rietveld profile refinements
of neutron diffraction measurements,12 one can say the con-
centration of oxygen vacancies, likely the main source of
crystalline disorder in these materials, is below the detectable
limit of 1%. Since the ionic radii of Y31 and Mo41, as well
as that of Tb31 and Mo41 are very different, there should be
no admixing between the 16c and 16d cations. This is con-
firmed by analysis of x-ray data.

mSR measurements were made at TRIUMF in a4He gas
flow cryostat for temperatures above 2 K and in an Oxford
Instruments Model 400 top loading dilution refrigerator~DR!
for lower temperatures. For the DR measurements the
pressed polycrystalline pellets were varnished onto an Ag
plate and covered in thin Ag foil, which was bolted to the
cold finger. In amSR experiment the observed quantity is the
time evolution of the muon spin polarization, which depends
on the distribution of internal magnetic fields and their tem-
poral fluctuations. In a longitudinal field~LF! geometry an
external magnetic field is directed along the initial polariza-
tion direction. The present measurements were made in a
small longitudinal field to quench any spin relaxation from
static nuclear dipolar fields in the sample holder. Further
details on themSR technique may be found in Ref. 13.

Fig. 1 shows several typicalmSR spectra in Y2Mo2O7.
AboveTF522 K the observed spin relaxation is attributed to
rapid fluctuations of the internal magnetic field due to
Mo41 moments in the paramagnetic phase. When the fluc-
tuation raten@D ~defined below!, the relaxation function
@seePz(t) in Fig. 1# for each magnetically equivalent muon
site i can be described by a single exponentiale2l i t with a
relaxation rate:14

l i52D i
2n i /~n i

21nL
2! , ~1!

where D i5gmBi is the gyromagnetic ratio of the muon
@2p3135.54 (106 rads s21 tesla21)# times the rms internal
magnetic fieldBi at site i . n i is the fluctuation rate of the
internal field andnL5gmBext is the Larmor frequency of the
muon in the external magnetic field. Note thatl i is only
weakly dependent on the applied field providedn i@nL ; this

FIG. 1. The muon spin relaxation function,Pz(t) at various
temperatures in Y2Mo2O7. The inset shows the early time behavior
at T52.5 K.
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is consistent with the absence of any field dependence ob-
served in the spectra forT aboveTF . Figure 2 shows the
average muon spin relaxation rate in Y2Mo2O7 obtained from
fits to a single exponential relaxation function
Pz(t);e2t/T1 over a restricted time interval of 0.05 to 6
ms, wherel51/T1. In the paramagnetic phase one may use
Eq. ~1! to estimate the average fluctuation rate of the mo-
ments. For example, withBi50.066 T ~see below! one ob-
tains fluctuation rates shown in the inset of Fig. 2. Note the
sharp rise in the average 1/T1 and corresponding decrease in
the Mo41 fluctuation rate as one approachesTF522 K.

Just aboveTF , Pz(t) deviates somewhat from a single
exponential~see, for example,T527.5 K spectrum in Fig. 1!
and is better described by a stretched exponential of the form
e2(lt)b, with b near 0.4. Similar behavior has recently been
observed in other dense spin glasses AgMn and AuFe.18

The muon spin polarization function belowTF ~see inset
in Fig. 1! is characterized by rapid depolarization of2

3 of the
initial polarization, followed by slow relaxation of the re-
maining 1

3 component. This is a characteristic signature of a
highly disordered magnetic state in which the moments are
quasi-static on the time scale of the muon lifetime. For ex-
ample, the muon polarization function for a single magnetic
site with a Gaussian distribution of static internal fields is
given by the Kubo-Toyabe function:13

Pz~ t !5@ 1
31 2

3 ~12D2t2!e[2~1/2!D2t2] #, ~2!

The curve in the inset of Fig. 1 shows a fit of the early time
data at 2.5 K to Eq.~2!, modified slightly to include the small
external field of 0.02 T. The best fit gives a value
D/gm50.066(3) T, which corresponds to an average field
strengthA8/p (D/gm)50.105(5) T. Note however that the
dip in Pz(t) at 0.032ms is not as deep as predicted by the
modified Eq.~2!, indicating the distribution of internal fields
is more complicated than a single Gaussian. One can gener-
alize Eq.~2! to include a fluctuating component to the inter-
nal field, which results in relaxation of the13 tail seen in
Fig. 1.

Muon spin relaxation results from the exchange of energy
with magnetic excitations. A first order process, in which the
muon absorbs or creates an excitation with an energy equal
to the muon Zeeman energy, is normally suppressed in con-
ventional systems with LRO, where the density of states
r(E)→0 asE→0, since it requires excitations near zero
energy. In a second order~Raman magnon scattering! pro-
cess involving inelastic scattering of an excitation, applica-
tion of Fermi’s Golden rule gives

1/T1}E
0

`

dE nS E

kBT
D FnS E

kBT
D11GM2~E!r2~E!, ~3!

where the muon Zeeman energy has been neglected and
M (E) is the matrix element for inelastic scattering of an
excitation of energyE causing a muon spin flip. In a spin
glass,n(E/kBT) is the probability distribution~assumed to
be Bose! for ‘‘intravalley’’ excitations, i.e., spin excitations
within one of the macroscopic number of metastable states or
valleys. From Eq.~3!, the temperature-dependent behavior of
1/T1 is primarily determined by the energy dependence of
r(E)M (E). The low-temperature linear specific heat ob-
served in Y2Mo2O7 ~Ref. 10! suggestsr(E) is flat or at least
weakly dependent on energy. Ifr(E) and M (E) have
power-law dependences with powersl andm, respectively,
then Eq. ~3! implies that 1/T1 varies asT2(l1m)11 below
TF . In other words, belowTF , 1/T1 decreases gradually as
the magnetic excitations freeze out. The curve in Fig. 2
shows the best fit of the data below 12 K to a simple power-
law forml5l01ATn with exponentn52.1(3).This power
law behavior and the small value ofn indicate that
M (E)r(E) in Eq. ~3! has a very weak energy dependence
~i.e., l1m is less than 1!. Intervalley transitions, involving
reorientations of finite-sized spin clusters, are thought to be
important only in the mK range,19 where 1/T1 is independent
of temperature in this sample. There is a small residual re-
laxation rate (l050.02 ms21) at the lowest temperatures,
which implies there is a nonzero density of excitations close
to zero energy. Such relaxation is just above the resolution
limit of the mSR technique.

A similar spin freezing transition is observed in
Tb2Mo2O7, but the residual 1/T1 at low temperatures is
much larger. Figure 3 shows the muon spin relaxation rate
measured in a small longitudinal field of 5 mT. As in
Y2Mo2O7, a critical slowing down of the moment fluctua-
tions occurs as one approachesTF525 K from above. Using
a value forBi50.7 T ~see below! we obtain the spin fluc-
tuation rates (n) aboveTF shown in the inset of Fig. 3. For
comparison, we include some of the corresponding Tb31

spin fluctuation rates determined from inelastic neutron
scattering.12 Considering the fluctuation rates measured by
neutron scattering are at the lower experimental limit and the
systematic errors in both measurements, the agreement is
reasonable. From this we can conclude that both techniques
are sensitive to the same quantity in this sample, i.e., the
Tb31 moment fluctuation rates. The fact thatTF is about the
same in Tb2Mo2O7 and Y2Mo2O7 supports the proposal that
the spin freezing temperature in Tb2Mo2O7 is determined
mainly by the Mo41 ions, which provide an effective cou-
pling between the larger but more localized rare earth Tb31

moments.

FIG. 2. The muon spin relaxation rate 1/T1 vs temperature for
Y2Mo2O7 in a small applied field of 0.02 T. The solid line is the
best fit to the data assuming a power-law functional form. The
Mo41 spin fluctuation rate vs temperature aboveTF is shown in the
inset.
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Figure 3 shows that 1/T1 initially begins to decrease as
T falls belowTF but recovers below 1 K and stays constant
at a relatively large value of 5ms21. The initial amplitude of
the relaxing1

3 component increases as the ratio between the
external magnetic field and internal static field. This depen-
dence was used to estimate the magnitude of the static com-
ponent of the internal magnetic fieldBi50.70(6) T which is
about an order of magnitude larger than in Y2Mo2O7,

20 as
expected from the ratio of Tb31 and Mo41 magnetic mo-
ments. This confirms that the Tb31 moments are involved in
the 25 K freezing transition. Note the ratio of residual relax-
ation rates in Y2Mo2O7 and Tb2Mo2O7 is roughly equal to
the ratio of the square of the respective internal fields. The
large residual 1/T1 in Tb2Mo2O7 establishes there is a non-
zero density of low energy excitations, which cause relax-
ation either by a first or second order process. Computer
simulations by Chinget al.21 on insulating Heisenberg spin
glasses EuxSr12xS (x50.54 and 0.40) have indicated the
density of statesr(E) may be peaked at low energies and
r(0) finite.

We emphasize here that we find convincing evidence for
a limiting temperature independent 1/T1 in Y2Mo2O7 and
Tb2Mo2O7 only in the temperature rangeT/TF,0.05. Previ-

ous mSR experiments14–16 found a strong temperature de-
pendence of 1/T1 in the temperature rangeT/TF
P@0.121.0#, with no sign that 1/T1 was approaching a lim-
iting and temperature independent value limT→ 0@1/T1(T)#
above the experimentalmSR resolution limit and in any case,
did not probe the temperature rangeT/TF,0.1. It is interest-
ing to note that other spin glasses such as Cd12xMn xTe
~0.27<x< 0.65! ~Ref. 22! and La1.94Sr0.06CuO4 ~Ref. 23!
show indications of low-temperature spin dynamics but
again, these insulating Heisenberg spin glasses have not been
studied in the important region below 0.1TF . The geometri-
cally frustratedkagome´ lattice system SrCr8Ga4O19 has also
recently been studied usingmSR. Dynamics spin fluctuations
are observed without static freezing, even at 100 mK, well
belowTF53.5 K.24 There is however some controversy over
SrCr8Ga4O19,

25,26as it has been suggested that this material
does not show a thermodynamic freezing transition at
TF .

26 In this case, one would expect to find spin dynamics
persisting down to zero temperature. This is not the case for
Y2Mo2O7 where we have strong evidence for acollective
freezing transitionatTF as seen in the critical slowing down
seen inmSR and the divergent nonlinear susceptibility.11

In conclusion, despite the nominal absence of disorder,
the freezing process in Y2Mo2O7 and Tb2Mo2O7 appears
similar to that expected for a dense spin glass. In particular
we observe a critical slowing down of the spin fluctuations
and nonexponential muon spin relaxation nearTF , while be-
low TF there is evidence for a highly disordered magnetic
structure. The most striking feature in both systems is the
presence of a residual, temperature independent spin relax-
ation which persists down to very low temperatures. This
shows there is an appreciable density of states for low energy
magnetic excitations which is much larger in these systems
than in conventional randomly frustrated spin glasses. It is
possible that the residual low-temperature dynamics in these
systems are ‘‘remnants’’ of the zero modes predicted theo-
retically for nearest-neighbor Heisenberg spins on a pyro-
chlore lattice.3–6
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FIG. 3. Dynamical muon spin relaxation rate 1/T1 vs tempera-
ture for Tb2Mo2O7 in an applied field of 5 mT. The inset shows the
Tb31 moment fluctuation rate vs temperature aboveTF . The in-
verted triangles indicate neutron scattering data~Ref. 8!.
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