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The spin dynamics of geometrically frustrated pyrochlore antiferromagnets Y2Mo2O7 and
Y2Mo1.6Ti0.4O7 have been investigated using muon spin relaxation. In Y2Mo2O7 a dramatic slowing
down of the Mo41 spin fluctuations occurs as one approaches the spin freezing temperature TF of
22 K from above. At lower temperatures the spins freeze into a disordered magnetic state similar to
that found in a spin glass but with a small residual muon spin relaxation rate at low temperatures.
This residual relaxation rate is larger in Y2Mo1.6Ti0.4O7 where TF515 K. These results suggest that
there is a nonzero density of states for magnetic excitations in these systems near zero energy.
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Recently, there has been considerable interest in the
havior of geometrically frustrated antiferromagnets in whic
the natural antiferromagnetic coupling between ions is u
formly frustrated by the geometry of the lattice. This is un
like the random frustration occurring in conventional diso
dered spin glasses. In three dimensions, the most w
studied systems are pyrochlores, where magnetic ions
cupy a lattice of corner sharing tetrahedra. Monte Ca
simulations1 have shown that Heisenberg spins on a lattice
corner sharing tetrahedra have a classical ground state w
macroscopic degeneracy, since the lowest energy spin c
figuration requires only thatS i51

4 Si50 for each tetrahedron.
Villain argued the classical ground state is a cooperat
paramagnet,2 with only short range spin-spin correlation
and no ordering for T.0 K. However, additional factors
such as magnetic anisotropy, further nearest neighbor
change and thermal fluctuations3 can lift the degeneracy. A
variety of magnetic ground states have been observed in
ferent pyrochlores. These include a non-collinear long ran
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order ~LRO! in which the spins on each tetrahedron poi
away from the center and a dense spin glass where the
ments are frozen with no LRO.

Bulk magnetic susceptibility measurements on the py
chlores Y2Mo2O7

4 and Y2Mo1.6Ti0.4O7 show a cusp-like be-
havior at TF with strong irreversibilities below TF522 K and
15 K, respectively, typical of conventional spin glasse
Strong diffuse scattering, indicating the presence of sh
range correlations, has been observed in wide angle neu
scattering measurements on the isostructural compo
Tb2Mo2O7.

5,6 No LRO is observed below TF .
We report on the results of an investigation of the lo

temperature magnetic properties of Y2Mo2O7 and
Y2Mo1.6Ti0.4O7 using muon spin relaxation. Below TF a
large static internal magnetic field develops which has a v
broad distribution, such that no coherent muon spin prec
sion is observed. At the same time, the muon spin relaxa
rate 1/T1 decreases according to a power law with decreas
temperature. The most remarkable feature in the data is
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presence of a residual spin relaxation rate in both sample
low temperatures, which is evidence for a nonzero densit
magnetic states near zero energy. These results may be
pared withmSR experiments on conventional spin glas
AuFe and CuMn.7

Pyrochlores crystallize with a fcc structure containi
eight formula units per conventional unit cell and spa
group Fd3̄m. The ions on the 16d site form a network
corner sharing tetrahedra; the 16c sites constitute an iden
sublattice, displaced by (1/2,1/2,1/2). Mo41 ions occupy the
16c site, while the Y31 ions occupy the 16d site. Th
Mo41 ion has a magnetic moment of;1mB , whereas
Y31 and Ti41 are diamagnetic. The oxygen vacancy conc
tration, which is likely the main source of crystalline diso
der in these materials, is below the limit of 1% detectable
neutron and x-ray diffraction.

ThemSR measurements on pressed polycrystalline
lets were made at TRIUMF in a4He gas flow cryostat for
temperatures above 2K and in an Oxford Instruments m
400 top loading dilution refrigerator~DR! for lower tempera-
tures. In amSR experiment the observed quantity is the ti
evolution of the muon spin polarization, which depends
the ensemble averaged distribution of internal magn
fields and their temporal fluctuations. The present meas
ments were made in a small external field directed along
initial polarization direction~longitudinal field! to reduce
sensitivity to small random static nuclear magnetic dipo
fields in the sample, sample holder and cryostat. Details
themSR technique may be found elsewhere.8

Figure 1~a! shows several typicalmSR spectra of
Y2Mo2O7 in a longitudinal applied field of 0.02 T. Abov
TF522 K the observed spin relaxation is attributed to ra
fluctuations of the internal magnetic field due to Mo41 mo-
ments in the paramagnetic phase. Whenn@D ~defined be-
low! the relaxation function@see Pz(t) in Fig. 1# for each
magnetically equivalent sitei can be described by a sing
exponentiale2l i t with a relaxation rate8:

l i5
4pD i

2n i
n i
212nL

2 , ~1!

where D i5gmBi is the gyromagnetic ratio of the muo
(2p3135.54 MHz/T! times the rms internal magnetic fie
Bi at sitei . n i is the fluctuation rate of the internal field, an
nL5gmBext is the Larmor frequency of the muon in the e
ternal magnetic field. Note thatl i is only weakly dependen
on the applied field providedn i@nL ; this is consistent with
the absence of any observed field dependence above TF . Just
above TF , Pz(t) deviates somewhat from a single expone
tial @see for example T527.5 K spectrum in Fig. 1~a!# and is
better described by a stretched exponential forme2(lt)b with
b near 0.4. In conventional spin glasses in the limit of ra
spin fluctuations, a square root exponential relaxation
natural consequence of the large number of magnetically
equivalent sites arising from the broad distribution of d
tances to the magnetic moments. In a system of dense
ments such as Y2Mo2O7 it is still possible to have multiple
sites and multi-exponential behavior, but the ratio of am
tudes for the various components and the corresponding
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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laxation rates are temperature independent. The data
Y2Mo2O7 near TF could not be fit with this latter restriction,
indicating that the observed non-exponential behavior pos
bly originates from a distribution of correlation timest i as-
sociated with different finite spin clusters. Similar behavio
has recently been observed in other dense spin glasses Ag
and AuFe.9 mSR spectra for Y2Mo1.6Ti0.4O7 are shown in
Fig. 1~b!, where the diamagnetic Ti41 ions are substitutional
impurities on the B site, introducing random disorder into th
system.

The muon spin polarization function below TF ~see in-
sets in Fig. 1! is characterized by rapid depolarization of 2/
of the initial polarization in the first 0.05ms, followed by
slow relaxation of the remaining 1/3 component. This is
characteristic signature of a highly disordered magnetic st
in which the moments are quasi-static on the timescale of
muon lifetime. For example, the muon polarization functio
for a single magnetic site with a Gaussian distribution
static internal fields is given by a Kubo-Toyabe function8

The curves in the insets of Fig. 1 show a fit of the early tim
data at 2.5 K to this function, modified slightly to include th
small external field of 0.02 T. This does not change the for
of the function appreciably providedBext is much less than
Bi . Note that the 2.5 K spectrum for Y2Mo2O7 was taken
with better statistics. The best fit to the data corresponds
an average field strengthA8/pD/gm50.105(5) T for both
compounds. The dip in Pz(t) at 0.032ms is not however as
deep as predicted by the Kubo-Toyabe function, indicati
the distribution of internal fields is more complicated than
single Gaussian.

Muon spin relaxation results from the exchange of e
ergy with magnetic excitations. A first order process,
which the muon absorbs or creates an excitation with
energy equal to the muon Zeeman energy, is normally s
pressed in conventional long range ordered systems, sinc

FIG. 1. Long-time dependence of the muon polarization, Pz(t). Solid lines
are best fits to the data. The inset shows the short-time behavior atT52.5 K
for ~a! Y2Mo2O7 and ~b! Y2Mo1.6Ti0.4O7 .
6637Dunsiger et al.
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requires excitations at energies less than the smallest gap
a second order process~Raman magnon scattering! involving
inelastic scattering of an excitation, application of Ferm
Golden rule gives:

1/T1}E
0

`

dEnS E

kBT
D FnS E

kBT
D11GM2~E!r2~E!, ~2!

where the muon Zeeman energy has been neglected,r(E) is
the density of states andM (E) is the matrix element for
inelastic scattering of an excitation of energy E causing
muon spin flip. In a spin glass,n(E/kBT) is the probability
distribution for the intravalley excitations, assumed to b
Bose, within one of a macroscopic number of metasta
states or ‘‘valleys.’’ The power law behavior of 1/T1 is pri-
marily determined by the energy dependence
r(E)M (E), as intervalley transitions are thought to be im
portant only in the mK range.10 For example, an energy gap
in r(E) generally leads to an exponential variation o
1/T1;Texp(2Eg /kbT) at low temperatures, whereT is much
less thanEg /kb . If r(E) andM (E) have power law depen-
dences with powersl andm, respectively, then Eq.~2! im-
plies 1/T1 varies asT2(l1m)11. The low temperature linear
specific heat observed in Y2Mo2O7 ~Ref. 4! suggestsr(E) is
flat or at least weakly dependent on energy.

Figure 2~a! shows the average muon spin relaxation ra
in Y2Mo2O7 obtained from fits to a single exponential relax
ation function over a restricted time interval of 0.05 to
ms. There is a sharp rise in the average 1/T1 as one ap-
proaches TF522 K from above. This is attributed to critica
slowing down of the Mo41 fluctuations. Below TF , 1/T1
decreases gradually as the magnetic excitations freeze
The curve in Fig. 2~a! shows the best fit of the data below 1
K to a simple power law form,l 5 l0 1 ATn, with exponent
n52.1(3). A similar analysis of the
Y2Mo1.6Ti0.4O7 data below 12 K yields a value of
n52.03(6), as illustrated in Fig. 2~b!. The spin freezing
temperature, as seen by a peak in 1/T1 , occurs at;15 K in
this sample. The muon spin depolarization rate is rough
temperature independent below 1 K, but at a higher value
;0.05ms21, as compared to 0.02ms21 in Y2Mo2O7. The
small but finite residual relaxation at the lowest temperatu
implies there is an appreciable density of excitations close
zero energy. We suggest that the mechanism giving rise
temperature independent muon spin depolarization is
hanced by the addition of random disorder. However, t
power law behavior is unaffected within the accuracy of t
measurements.

Computer simulations by Chinget al.11 on insulating
Heisenberg spin glasses EuxSr12xS (x50.54 and 0.40) have
indicated the density of statesr(e) may be peaked at low
energies. The geometrically frustrated kagome´ lattice system
SrCr8Ga4O19 has also recently been studied usingmSR. Dy-
namic spin fluctuations are observed without static freezin
even at 100 mK, well belowTF 5 3.5 K.12

In summary the data for Y2Mo2O7 and Y2Mo1.6Ti0.4O7

are consistent with spin glass behavior as shown by:
6638 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996

Downloaded¬28¬Mar¬2003¬to¬128.146.36.45.¬Redistribution¬subje
. In

i’s

a

e
ble

of
-

f

te
-
6

l

out.
2

ly
of

res
to
to

en-
he
he

g,

~1! the critical slowing down of the spin fluctuations and
nonexponential muon spin relaxation near TF ,

~2! a broad distribution of static internal fields below TF and
~3! the weak power law behavior in 1/T1 below TF .

In both systems there appears to be a residual relaxat
which persists down to very low temperatures. This indicat
there is a nonzero density of states for magnetic excitatio
close to zero energy.
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FIG. 2. Dynamical relaxation rate 1/T1 vs temperature for~a! Y2Mo2O7 and
~b! Y2Mo1.6Ti0.4O7in a longitudinally applied field of 0.02 T. The solid line
is the best fit to the data assuming a power law functional form.
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