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Muon spin depolarization has been studied in moderately concentrated 4gMn and AuFe alloys from
the freezing temperature 7y up to 300 K. The muon depolarization function can be analyzed to show
that the temperature dependence of the strongly nonexponential form of the local spin autocorrelation
function in these canonical alloys is similar to that observed in numerical simulations on Ising spin

glasses. The dynamic behavior above T appears to be an intrinsic precursor to spin glass freezing.

PACS numbers: 75.50.Lk, 76.75.+i

It has been known for a long time that the dynamics of
glassy systems is not simple and there is still no overall
explanation of their relaxation behavior. Experimentally,
spin glasses (SGs) below the ordering temperature T,
show slow quasilogarithmic relaxation [1]; the dynamics
has been studied in detail and the behavior has been as-
cribed to a complex phase space structure [2]. For tem-
peratures above T,, the relaxation is much faster but is
still strongly nonexponential, at least close to T, [3]. For
the *+J Ising SG, numerical simulations [4] have shown
a relaxation of the autocorrelation function of the form

q() =1t *expl—(t/7)P], 1)

with the stretched exponential exponent 8 having a value
of about % at Tg and attaining the simple exponential
value of 1 as in a conventional paramagnet only for T
about 4 times T,. It has been conjectured that the SG
transition is analogous to a percolation transition in phase
space so that this type of dynamics could be characteris-
tic of all SGs [5]; further simulations on other Ising and
XY SGs indeed show similar behavior [5]. It is important
to know if the dynamics of real SGs shows the same pat-
tern. We have used the muon spin depolarization tech-
nique to investigate local moment relaxation in metallic
SGs.

Muon spin depolarization (usually referred to as uSR)
is a very effective probe of local moment dynamics and
SGs have been studied by a number of groups using this
technique [6]. In the temperature regime above the or-
dering temperature the muons, initially polarized, are
gradually depolarized by the fluctuating fields coming
from neighboring local moments; the faster these mo-
ments relax, the more slowly the muons are depolarized
—the familiar motional narrowing effect. We have ad-
dressed anew the question of the local spin dynamics
above Ty in canonical noble metal based SGs, using sys-
tems with weak host nuclear moments (4gMn and AuFe)
and choosing fairly high impurity concentration samples.
After initial experiments at the Rutherford Appleton

Laboratory we have made measurements at the Paul
Scherrer Institute in zero field and in longitudinal fields
of 0.1 and 0.6 T with an experimental setup which can
cover a range of muon polarization decay times from
about 10 ns to about 50 us. The data show that there is
a wide distribution of local moment relaxation rates at
temperatures near Tg; right at T, the broad relaxation
time distribution takes up a form which may well be
universal for all SGs. The distribution narrows with in-
creasing temperature until the relaxation becomes ‘‘sim-
ple” (a unique relaxation time for all the local moments)
above about 4 times Ty.

We also obtain information on muon diffusion and
trapping in these alloys.

We studied AgMn samples with S, 7, and 10 at.% Mn,
and a Au(5%)Fe sample. The samples were prepared by
melting and quenching a number of times; they were then
severely cold worked and given a final anneal and quench.
From the known metallurgy of these systems the impurity
concentration should be uniform throughout the sample
after this treatment. The T, values of the samples are
20, 25, 32, and 26 K, respectively. Both Ag and Au have
small nuclear moments (in contrast to Cu) so we can ig-
nore the depolarization of the muon spins by the host nu-
clei; all depolarization will be due to the interactions with
the Mn or Fe local moments.

The muon interaction with a local moment is dom-
inantly of the dipole-dipole type,

H=A[S- 1-3(S-1)I-1)/r?]. )
If the local moment is relaxing exponentially at a rate
1/ then the muon depolarization rate A is proportional to
A%t. Earlier SG uSR data above Ty were analyzed as-
suming a unique relaxation time t for all the local spins
at each temperature, together with a distribution of A4
values due to the random positions of the muons in the al-
loy. For nondiffusing muons in the limit of very dilute al-
loy these assumptions lead to an average muon polariza-
tion decay of the “root exponential” form

0031-9007/94/72(8)/1291(4)$06.00 1291
© 1994 The American Physical Society



VOLUME 72, NUMBER 8 PHYSICAL REVIEW LETTERS 21 FEBRUARY 1994
1.2 v —ry .
B (a) 3 g xloo 3 [ ' |
1 ifi [ 2P usec'] :
it 3 o ]
TS op e E
08 | 3 $3 - E
; oo
0.6 - ¥ - ! 3
. E st E
04 - - [ R .
L] * . °© 9 5 5 o 9,20 B
A T L
0.2 H ] R o1 R N . i
20 100 TE) 3% 20 100  T(K) 300
12 (b') R M T FIG. 2. The temperature dependence of the muon depolari-
B zation rate A as defined in Eq. (3) for ZF data on the three
1 é hi‘}ﬁ‘é AgMn samples (10% sample: squares; 7% sample: open circles;
% ﬂ 5% sample: closed circles). A is in us~'. LF values are again
08 b ; g # | essentially identical above T.
06 I ; i i i.e., with an effective B close to, but rather smaller than,
1.
0 b .; g i In the experiments, the initial muon asymmetry was
’ ’.:“ measured for a pure Ag sample of the same form as the
° “+ . alloy samples, in the longitudinal (or zero) field geometry
02— 100 T &) %0 but in the presence of a small transverse field. The asym-
12— : metry value ag was then held fixed throughout the fitting
B ) procedure on the alloy data. As to be expected from ear-
1 ; PE gt lier muon experiments on SGs [6], the longitudinal field
i ! produced a major change in the depolarization pattern
for temperatures below T, (corresponding to the presence
08 - $ T of static spin moments), but had very little effect for the
. purely dynamic regime above 7, [see Fig. 1(b)]l. From
0.6 - , 7 the usual x? criterion we find at each temperature a sta-
t tistically excellent fit to the stretched exponential form
04 | : 4 for P(1), Eq. (1). A(T) tends to diverge as T tends to Ty,
A with B(T) which varies strongly from near 3 at Ty to
02 . e . . near 1 at higher temperatures (Fig. 1, 2, and 3). As we
20 100 T(K) 300 will show below, for most of the temperature range the

FIG. 1. The stretched exponential exponent B as a function
of temperature for zero field (ZF) data on (a) AgMn 5 at. %,
(b) AgMn 7 at.%, and (c) AgMn 10 at.% (closed symbols).
The arrows indicate the T, values of each sample. Just below
T, the apparent value of B in ZF increases sharply as can be
seen for the lowest temperature point in plot (c); this is an ar-
tifact as the stretched exponential is an inappropriate fit func-
tion below T, [6]. Above T, the longitudinal field (LF) data
are essentially identical to the ZF data, while below Ty they are
quite different and can be fitted with a constant g of about 0.3
[the open squares of (b) are 0.6 T LF datal.

P(1) =expl— (\1)?], 3)
with =% and A proportional to 7. We have chosen to
work with rather concentrated alloys where almost every
muon site will have at least one local moment nearby, so
the geometrical distribution of 4 values will be consider-
ably narrower than in the dilute limit. If 7 were unique
at each temperature, one would have a P(z) whose shape
was temperature independent and close to exponential,
1292

form of P(z) is controlled by an intrinsic distribution of
the spin relaxation times rather than by the geometrical
A distribution effect.

Before further considering the local moment dynamics,
we will make a necessary digression to discuss the muon
diffusion. Results on very dilute Ag and Au alloys with
rare earth impurities [7,8] indicated that the muon does
not diffuse until about 190 K in Ag and about 100 K in
Au. In our AgMn alloys we would expect the local mo-
ment relaxation time to decrease steadily with 7 (Korrin-
ga mechanism), so in the absence of muon diffusion A(7)
should drop continuously as 7 increases. Instead we ob-
serve for each sample an initial drop in A(7") followed by
an increase to a broad maximum at about 250 K, with
A(T) becoming concentration independent in this temper-
ature range. We can ascribe this to muon diffusion and
trapping, with the following scenario. Above some criti-
cal temperature the muons begin to diffuse, and the in-
crease in A(T) must correspond to the muon diffusing to
a trapping site next to a Mn atom, where A4 is stronger
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FIG. 3. An example of raw muon depolarization data as a
function of time obtained in 4gMn 7% at T =26 K (just above
Tg=25 K) in a longitudinal field of 0.6 T. The upper
part/lower part show data from a forward/backward counter
telescope: Initial asymmetries —0.27 and +0.24, respectively,
and fit parameters $=0.32(1) and A =4.0(6) us~'. The inset
shows a blown up early part of the forward time spectrum.

than the average effective A value felt by the muon at its
initial random position in the alloy. For a certain range
of temperature A(T) thus increases as the diffusion be-
comes faster. Once all muons are trapped they are all in
similar positions at a trapping site next to a Mn atom
whatever the Mn concentration, so A(T) becomes concen-
tration independent when the temperature is high enough
(Fig. 2). At a given temperature in the temperature
range where the muon diffusion time to a trapping site is
of the order of a microsecond, the initial depolarization
rate at short times (when the muon is still in a random
position) is slower than the depolarization rate at long
times (where the muon has snuggled up to a Mn and so
feels a larger A4); when the data are analyzed this leads to
an effective exponent B which is larger than 1. This can
be observed in Fig. 1 for the temperature range between
150 and 300 K. We can note that muon diffusion effects
appear in A(T) starting at a lower temperature than in
Refs. [7,8]; this is because in the present concentrated al-
loys a jump of a single lattice spacing will change the
muon environment significantly, whereas in the dilute al-
loys a long diffusion path is needed to bring the muon
near a magnetic site. In our alloys the form of A(T) indi-
cates that the diffusion effects begin to be significant
above about 120 K.

If measurements were continued above 300 K we
would expect A(T) to start decreasing again regularly
with increasing temperature and B(7T) to go to 1. The
AuFe data (which are not given here) show behavior
which is similar to that observed in the 4gMn alloys, but
with a more complicated temperature dependence corre-

sponding to multiple trapping sites.

Thus for temperatures above about 120 K the AgMn
data are complicated by the effects of the muon diffusion.
Below this temperature we can consider the muon as stat-
ic and occupying a random position in the alloy. From
now on we will discuss the information on the spin dy-
namics which we can obtain from the data in this lower
temperature range. For each alloy A(7) increases regu-
larly with decreasing T because of the critical slowing
down of the Mn relaxation. If there were a unique relax-
ation time 7 for all the Mn spins at each T, because of
the geometrical distribution of A, B(T) should be some-
what less than 1 and should be independent of T as we
have seen above. This is not the case. What we observe
is that for each sample, B(T) is essentially equal to + at
T, and then increases strongly with increasing 7. For the
5% Mn sample B(T) reaches a plateau value of about 0.8
at temperatures from about 70 K until muon diffusion
effects set in at about 120 K. In the higher concentration
samples the plateau values are rather higher and are
blurred by the muon diffusion effects but appear to set in
at a temperature of about 4 times T, in each case. We
associate the plateau regime with a situation where the
relaxation time is unique and the muon depolarization
rate distribution is slightly nonexponential because of the
geometrical A distribution effect; at lower temperatures
the strong reduction in B(T) must be due to a distribution
in the spin relaxation times 7. These results show clearly
that a unique value of 7 for all Mn spins is a good ap-
proximation only for T greater than about 47,. Below
this temperature, the relaxation rate distribution becomes
progressively wider; very close to Ty A(T) diverges and
the relaxation rate distribution takes up a standard form
for all samples (including the AuFe sample) resulting in
the observed shape of the depolarization function:

P(t) =expl— )] . )

The same limiting behavior with a stretched exponen-
tial having exponent close to T as 7 tends to T, has been
observed recently in two other quite different spin glasses,
Y(Mm—xAlx)z and L32CUQ.25C00‘7504+5 [9,10], which
suggests that this form may well be universal for all spin
glasses at the freezing temperature.

It would be most instructive if we could derive the form
of the spin autocorrelation relaxation function q(z)
directly from the shape of the muon P(¢). We can dis-
cuss the results by making the approximation that the
overall decay of the autocorrelation function is given by
the sum of individual exponential relaxations with a
weighting for the probability distribution of . The ap-
proximation by a sum of relaxation times is close to the
model of independently relaxing clusters which has been
used to analyze Massbauer data [11] and to discuss criti-
cal phenomena [12]. If we assume that each muon i has
an exponential depolarization rate A; then the form of
the overall P(¢) reflects the distribution of A; through a
Laplace transformation. Take as an example P(r)
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FIG. 4. A comparison of stretched exponential “P(¢)” curves
B=1%, L, and ¥ from left to right, full symbols) and the cor-
responding Laplace transform “q(z)” curves (open symbols);
see text. For =} the transform is analytic; for the others it is
numerical. The curves have been shifted by arbitrary factors

along the ¢ axis as only their relative shapes are significant.

=exp[— (1) '2], the only stretched exponential for
which the handbooks give an analytic Laplace transfor-
mation. For this P(z), the distribution of A; values is
given by

G () = ¥2(xA?) 1 exp(—1%/40;) . (5)

At the same level of approximation, the depolarization
of each muon i reflects the relaxation of a local spin with
a relaxation time 7; proportional to A;. The relaxation of
the spin autocorrelation function g(z) will then be given
by

LmG(li)exp(—t/ak,-)dk,- s (6)

where 7; =ah,;.
If we calculate this we find

g() = +4t/ar*) "2, @)

We deduce a strongly nonexponential relaxation for the
spin correlation function g(¢) from the nonexponential
P(1), but the shape of the derived function is not identical
to that of P(z). The precise form obtained for g(¢)
should be taken with considerable caution as there is no
reason to believe that the assumptions we have made are
exact; the true form of the P(¢) curve may not be strictly
a pure stretched exponential, the relaxation of each indi-
vidual local spin may not be in fact purely exponential,
and more than one spin will contribute to the depolariza-
tion of a given muon. However, if despite these caveats
we take the calculated form for q(z) as it stands and
compare it to exp(—1'/2) (Fig. 4), we find the two curves
are quite similar and that they correspond to similar re-
laxation time widths. This means that with the interpre-
tation we have used, to a P(z) of the stretched exponen-
tial form with =3 there corresponds to a good approxi-
mation a q(¢) with similar form and similar exponent.
On the strength of this (and from numerical integrations
at other values of B; Fig. 4), we can deduce that if we
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were to measure g(¢) directly at each temperature 7 it
would be of similar form to P(z), i.e., close to a stretched
exponential with the same B(T) as we observe in the P(t)
measurement at 7. (However, the relationship between
the uSR A and the spin correlation time depends on § at
each temperature, which may explain the apparent incon-
sistency between uSR estimates of the SG dynamic criti-
cal exponents and values obtained from direct magnetic
measurements [6].) We can then make the following
statement: The local spin relaxation rate distribution has
essentially a unique value 1/t for temperatures above
about 4 times T,. It then tends to widen as the tempera-
ture is lowered; when T, is reached the spin relaxation
rates are broadly distributed and the form of this distri-
bution [which controls the shape of P(¢)] appears to be
universal in the alloys we have studied and possibly more
generally in all spin glasses. At T, the global local spin
relaxation function is close to the form of Eq. (4).

In conclusion, the data we have obtained provide clear
evidence that in real spin glasses as in the simulated Ising
spin glass system, there is an upper characteristic temper-
ature, well above Ty, below which the global local spin re-
laxation function ¢g(¢) begins to be nonexponential (with
a distribution of local spin relaxation rates). The form of
q (1) continues to widen as the temperature is lowered un-
til at T, g(¢) is close to the form of a stretched exponen-
tial with exponent 8= §. This pattern of dynamic behav-
ior in the temperature regime down to the freezing tem-
perature seems to be a necessary and intrinsic part of the
spin glass ordering process.
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ton, Didcot OX11 0QX, United Kingdom.
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