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Muon spin relaxation investigation of the spin dynamics of geometrically frustrated
antiferromagnets Y,Mo0,0, and Th,M0,0,
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The spin dynamics of geometrically frustrated pyrochlore antiferromagndf®X0; and ThMo,0O; have
been investigated using muon spin relaxation. A dramatic slowing down of the moment fluctuations occurs as
one approaches the spin freezing temperatufes-@2 and 25 K, respectivelyfrom above. Belowl ¢ 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 enerd$0163-182@06)07438-3

Antiferromagnets which are frustrated or diluted can ex-sical ground state with macroscopic degeneracy, since the
hibit novel electronic and magnetic behavior. Recently, therdowest energy spin configuration requires only that
has been considerable interest in the behavior of systen®* ,S =0 for each tetrahedron. This feature led Villain to
where the natural antiferromagnetic coupling between ions iargue that these systems remain icamperative paramag-
frustrated by the geometry of the lattice. In two dimensionsnetic state with only short-range spin-spin correlations for all
Heisenberg spins on triangular and corner sharing triangular >0 (Ref. 1) and this has been confirmed by Monte Carlo
(kagome lattices are simple examples of geometric frustra-simulations?> Possibly, the most interesting feature of the
tion, while in three dimensions, the most well studied sys-ground state of pyrochlofeand kagomé? lattice antiferro-
tems have a pyrochlore structure, in which the magnetic ionsnagnets is the prediction of a dispersionless spin-wave
occupy a lattice of corner sharing tetrahedra. A system obranch(“zero modes”). These zero modes manifestly effect
Heisenberg spins interacting via nearest-neighbor antiferrathe thermodynamics of these classical systems as demon-
magnetic couplings on the pyrochlore lattice displays a classtrated by Monte Carlo simulations, where the low tempera-
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ture specific heatC,, falls below the classical valukg 1 —
expected from equipartition of engr@?:G Also, again be- %@@“‘%mm\m,ﬂmm oe 2 5K
cause of these zero modes, tegomeand pyrochlore anti- 0.75 | 50K o4
ferromagnets display large spin fluctuations down to o 0.2
T=0"." However, further nearest-neighbor exchafgeag-
netic anisotropy and fluctuatichanay lift this classical
ground-state degeneracy.

A wide variety of interesting magnetic behavior has been
observed in real systems. Neutron scattering results on
FeF; (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 BeLRO. Bulk magnetic Time (us)

susceptibility measurementson the pyrochlore ¥Mo,0, FlG. 1. Th i relaxation functio.(t) at vari
show strong irreversible behavior beldig=22 K, charac- + 1. The muon spin relaxation functioR,(t) at various
o . . . _temperatures in ¥M0,0;. The inset shows the early time behavior
teristic of spin glass ordering, even though the level of dis- {T=25 K
order is immeasurably small. Recent measurements of the dac D

magnetization of W?§O7 show a divergent nonlinear sus- o sipjjities in the magnetization were observed at spin freez-
ceptibility at T~22 K" which is a signature of a true ther- 4 temperatures of 22 and 25 K, respectively, consistent
modynamic spin glass phase transition. Inelastic neutroth that seen in other highly stoichiometric samples of
scattering datd on Th,Mo,0; confirm there is rapid slowing v ,Mo,0, and ThMo,0,. From Rietveld profile refinements
down of the Th spins as one approachigs=25 K from  of neutron diffraction measuremerifspne can say the con-
above and the absence of LRO beldy. The observed centration of oxygen vacancies, likely the main source of
strong diffuse scattering in Thlo,0; indicates the presence crystalline disorder in these materials, is below the detectable
of short-range correlations between the moments, which argmit of 1%. Since the ionic radii of ¥* and Md**, as well
frozen on a time scale of about 19 s. as that of TB" and Md"* are very different, there should be
In this article we report an investigation of the low- g admixing between the t6and 1@ cations. This is con-
temperature magnetic properties of pyrochloregM¥,0;  firmed by analysis of x-ray data.
and ThMo,O; using the technique of muon spin rotation ;SR measurements were made at TRIUMF ifiHe gas
and/or relaxation ,(LSR), which is sensitive to Spin fluctua- flow Cryostat for tempera’[ures a2 K and in an Oxford
tion rates in the range £610' s™*,** below that detectable |nstruments Model 400 top loading dilution refrigeratBiR)
with neutron scattering. We find that, despite its nominallyfor lower temperatures. For the DR measurements the
disorder free structure, the magnetic behavior iM¥,0;is  pressed polycrystalline pellets were varnished onto an Ag
close to that observed in conventional random spin glasseplate and covered in thin Ag foil, which was bolted to the
Specifically, a large static internal magnetic field with a verycold finger. In auSR experiment the observed quantity is the
broad distribution develops beloW, such that no coherent time evolution of the muon spin polarization, which depends
muon spin precession is observed. At the same time, thgn the distribution of internal magnetic fields and their tem-
muon spin relaxation rate T{ decreases according to a poral fluctuations. In a longitudinal fieltLF) geometry an
power law with decreasing temperature. A similar magneticexternal magnetic field is directed along the initial polariza-
transition occurs in TfMo,0;. The most remarkable feature tion direction. The present measurements were made in a
in the data is the presence of a sizeable residual spin relaxmall longitudinal field to quench any spin relaxation from
ation rate at low temperatures, which is not evident fromstatic nuclear dipolar fields in the sample holder. Further
previous data on conventional metallic spin glasses such afetails on theuSR technique may be found in Ref. 13.
CuMn (Ref. 14, AuMn (Ref. 15, and amorphous-FeMf!. Fig. 1 shows several typicatSR spectra in YMo,0.
This is direct evidence for a larger density of magnetic exci-Above T =22 K the observed spin relaxation is attributed to
tations near zero energy than in conventional random spifapid fluctuations of the internal magnetic field due to
glasses. Mo** moments in the paramagnetic phase. When the fluc-
Details on the preparation of the ,M0,0; and tuation rater>A (defined below, the relaxation function
Tb,Mo,0; samples are given elsewhefePyrochlores crys- [seeP,(t) in Fig. 1] for each magnetically equivalent muon
tallize with an fcc structure containing eight formula units sjtej can be described by a single exponengal' with a
per conventional unit cell and space groag3m. The ions  relaxation raté#
on the 1@ site form a network of corner sharing tetrahedra;
the 1& sites constitute an identical sublattice, displaced by Ni=2A%p/ (V24 vP), 1)
(3,34,%). Mo*" ions occupy the 16site, Y3* or Tb*" ions the
16d site. The TB" ion has a large magnetic moment of where A;=1y,B; is the gyromagnetic ratio of the muon
~9ug, roughly nine times larger than that of Kfg [27x135.54 (16 rads s ! tesla )] times the rms internal
whereas ¥' is diamagnetic. ¥YMo,0, and TiMo,0, are  magnetic fieldB; at sitei. v; is the fluctuation rate of the
semiconductors with small band gaps of 0.013 and 0.007 eVipternal field andv, =y, By is the Larmor frequency of the
respectivelyt” The samples in this study were characterizedmuon in the external magnetic field. Note thatis only
by magnetic susceptibility and x-ray diffraction. Sharp irre-weakly dependent on the applied field providge: v, ; this
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20— Muon spin relaxation results from the exchange of energy
10 F5 01 . with magnetic excitations. A first order process, in which the
4 L £ o ] muon absorbs or creates an excitation with an energy equal
5> L% 1 to the muon Zeeman energy, is normally suppressed in con-
T/; 1 5 0001}« ol | ventional systems with LRO, where the density of states
2 04 § ¥ p(E)—0 asE—O0, since it requires excitations near zero
s 0'2 E = ] energy. In a second ordéRaman magnon scatteringro-
> 01 o | cess involving inelastic scattering of an excitation, applica-
' @ E tion of Fermi’'s Golden rule gives
002 %,
& i om B 9
0.01 L i ?EP “o) 1frlocf dE n(i n(i +1|M?(E)p%(E), (3
| | | | \ | L | | | ] 0 kBT kBT
001 009 0308 2 4 20 80 200 where the muon Zeeman energy has been neglected and
Temperature (K) M(E) is the matrix element for inelastic scattering of an

excitation of energye causing a muon spin flip. In a spin

FIG. 2. The muon spin relaxation rateT}/vs temperature for 91ass,n(E/kgT) is the probability distributiofassumed to

Y,Mo,0; in a small applied field of 0.02 T. The solid line is the be Bosg for “intravalley” excitations, i.e., spin excitations
best fit to the data assuming a power-law functional form. Thewithin one of the macroscopic number of metastable states or

Mo** spin fluctuation rate vs temperature abdyeis shown in the  valleys. From Eq(3), the temperature-dependent behavior of
inset. 1/T, is primarily determined by the energy dependence of
p(E)M(E). The low-temperature linear specific heat ob-
is consistent with the absence of any field dependence olserved in ¥Mo0,0; (Ref. 10 suggest(E) is flat or at least
served in the spectra foF aboveTg. Figure 2 shows the weakly dependent on energy. W(E) and M(E) have
average muon spin relaxation rate ipVo0,0; obtained from  power-law dependences with powérand m, respectively,
fits to a single exponential relaxation function then Eq.(3) implies that 1T, varies asT2(!*™*1 pelow
P,(t)~e~YT1 over a restricted time interval of 0.05 to 6 Tg. In other words, belowl -, 1/T; decreases gradually as
uS, wherex=1/T,. In the paramagnetic phase one may usehe magnetic excitations freeze out. The curve in Fig. 2
Eg. (1) to estimate the average fluctuation rate of the moshows the best fit of the data below 12 K to a simple power-
ments. For example, witB;=0.066 T (see belowone ob- law form\ =X\,+AT" with exponennh=2.1(3).This power
tains fluctuation rates shown in the inset of Fig. 2. Note thdaw behavior and the small value af indicate that
sharp rise in the averageTl/and corresponding decrease in M (E)p(E) in Eq. (3) has a very weak energy dependence
the Md** fluctuation rate as one approachgs=22 K. (i.e.,1+m is less than 1 Intervalley transitions, involving
Just aboveTg, P,(t) deviates somewhat from a single reorientations of finite-sized spin clusters, are thought to be
exponentialsee, for examplel = 27.5 K spectrum in Fig.)L  important only in the mK rang® where 1T, is independent
and is better described by a stretched exponential of the forrof temperature in this sample. There is a small residual re-
e~ with B near 0.4. Similar behavior has recently beenlaxation rate §,=0.02 us™?) at the lowest temperatures,
observed in other dense spin glasses AgMn and AfiFe.  which implies there is a nonzero density of excitations close
The muon spin polarization function belof¢ (see inset t0 zero energy. Such relaxation is just above the resolution
in Fig. 1) is characterized by rapid depolarizationféf the  limit of the #SR technique.
initial polarization, followed by slow relaxation of the re- A similar spin freezing transition is observed in
maining 3 component. This is a characteristic signature of alb,M0,0;, but the residual T7; at low temperatures is
highly disordered magnetic state in which the moments arguch larger. Figure 3 shows the muon spin relaxation rate
quasi-static on the time scale of the muon lifetime. For exmeasured in a small longitudinal field of 5 mT. As in
ample, the muon polarization function for a single magneticY2Mo0,0, a critical slowing down of the moment fluctua-
site with a Gaussian distribution of static internal fields istions occurs as one approachigs=25 K from above. Using

given by the Kubo-Toyabe functiol: a value forB;=0.7 T (see below we obtain the spin fluc-
tuation rates ¢) aboveTg shown in the inset of Fig. 3. For
Pz(t):[%+%(1_A2t2)e[_(1/2)A2t2]], 2 comparison, we include some of the corresponding*Tb

spin fluctuation rates determined from inelastic neutron
The curve in the inset of Fig. 1 shows a fit of the early timescattering> Considering the fluctuation rates measured by
data at 2.5 K to Eq(2), modified slightly to include the small neutron scattering are at the lower experimental limit and the
external field of 0.02 T. The best fit gives a value systematic errors in both measurements, the agreement is
Alvy,=0.066(3) T, which corresponds to an average fieldreasonable. From this we can conclude that both techniques
strength\/8/7 (A/y,)=0.105(5) T. Note however that the are sensitive to the same quantity in this sample, i.e., the
dip in P,(t) at 0.032us is not as deep as predicted by the Tb®" moment fluctuation rates. The fact thgt is about the
modified Eq.(2), indicating the distribution of internal fields same in TbMo,O; and Y,M0,0; supports the proposal that
is more complicated than a single Gaussian. One can gendhe spin freezing temperature in JW0,0; is determined
alize Eq.(2) to include a fluctuating component to the inter- mainly by the Md" ions, which provide an effective cou-
nal field, which results in relaxation of th& tail seen in  pling between the larger but more localized rare earth Tb
Fig. 1. moments.
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Y S — ous uSR experiment$~1¢ found a strong temperature de-
20 L ] pendence of 1T; in the temperature rangeT/Tg
10 |- 4ﬂ¢ 4 e€[0.1-1.0], with no sign that Ir, was approaching a lim-
4 L $ b ¢ # b - g iting and temperature independent value iy 1/T.(T)]
~ 2L @ g e 1 above the experimentalSR resolution limit and in any case,
E R 7 e 4 did not probe the temperature ranfel ¢ <0.1. It is interest-
P oo @ ° ing to note that other spin glasses such as;, Gt¥n,Te
=g L& . % ] (0.27<x=< 0.69 (Ref. 22 and La 4,51 oCu0O, (Ref. 23
0.1 gom ”i* BE'E show indications of low-temperature spin dynamics but
co4l & 3 again, these insulating Heisenberg spin glasses have not been
ooz Lo B e w2, ] studied in the important region below OLA. The geometri-
0.01 0.04 0206 2 47 2050 200 cally frustrateckagomdattice system SrGyGa,O,4 has also

Temperature (K) recently been studied usingSR. Dynamics spin fluctuations
are observed without static freezing, even at 100 mK, well
FIG. 3. Dynamical muon spin relaxation ratel/vs tempera-  belowTg=3.5 K2* There is however some controversy over
ture for ThMo,O in an applied field of 5 mT. The inset shows the SrCrsGa,O 19,25263_3 it has been suggested that this material
Tb** moment fluctuation rate vs temperature abdye The in-  does not show a thermodynamic freezing transition at
verted triangles indicate neutron scattering d&af. 8. Te .26 |n this case, one would expect to find spin dynamics
persisting down to zero temperature. This is not the case for
Y,Mo0,0; where we have strong evidence forcallective
freezing transitiomat T as seen in the critical slowing down

Figure 3 shows that T/ initially begins to decrease as
T falls belowTg but recovers belw 1 K and stays constant
at a relatively large value of Bs™ 1. The initial amplitude of . . ) 7
the relaxings component increases as the ratio between th«?e?n m'“SIR gnd tge dl}{er?hent non'lln?arbsusceptlt;l’rgty. d
external magnetic field and internal static field. This depen- nf conclusion, despi ew'e gommda Ta '\jenge or disorder,
dence was used to estimate the magnitude of the static corme reezing process in J¥0,0; and ThMo,0; appears

ponent of the internal magnetic fiekj=0.70(6) T which is similar to that expected for a dense spin glass. In particular
about an order of magnitude larger than iBM0,0,,2 as we observe a critical slowing down of the spin fluctuations
7

expected from the ratio of P and Md"* magnetic mo- i’ir\]/s _rllont(:]xpr)onientaldm#on fSFiln rﬁ:aﬁ?t'z? n-f(?rrwg'lri ber-] i
ments. This confirms that the Thmoments are involved in  '° F there 1S evidence for a highly disordere agnetic

the 25 K freezing transition. Note the ratio of residual reIax—StrUCture' The mo_st striking feature n both systems_ is the
ation rates in YMo,O, and ThMo,0, is roughly equal to presence of a residual, temperature independent spin relax-

the ratio of the square of the respective internal fields. Thé;l Egcvs"mg; E ear;lzts (rjgz\ilgbltg dV:rgitm\cl)vf ;?;gg;gﬁgivsé;gs
large residual I/, in Th,M0,0;, establishes there is a non- PP y 9y

zero density of low energy excitations, which cause relax—tmhggniﬁt'goi)\(lce'trﬁit?nnj \r,\gr]:gzrlnsi r??f;rg;g derslr?nthelzgsséistﬁr?:
ation either by a first or second order process. Computer y pin g '

simulations by Chincet al?! on insulating Heisenberg spin possible that the residual low-temperature dynam?cs in these
glasses EySr;, S (x=0.54 and 0.40) have indicated the systems are “remnants” of the zero modes predicted theo-

density of state(E) may be peaked at low energies and retically fqr n_eearest-ne|ghbor Heisenberg spins on a pyro-
- chlore lattice®
p(0) finite.

We emphasize here that we find convincing evidence for  This research was partially funded by the NSERC of
a limiting temperature independentT/in Y,M0,0; and Canada under the NSERC Collaborative Research Grant
Th,M0,0; only in the temperature rangéTg<0.05. Previ- Geometrically-Frustrated Magnetic Materials.
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