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Comparison of spin-glass dynamics determined by the muon-spin-relaxation
and neutron spin-echo techniques
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Impurity-spm-correlation funct&ons obtained from muon-spm-relaxatlon and neutron spin-echo

experiments are found to agree quantitatively above and below the "glass" temperature T~. The
agreement confirms the power-law decay of correlations in time near and below T~. Features of the
experimental results which depend on (quasi)static impurity-spin correlations suggest that the spatial
distribution of thermally averaged impurity-spin magnitudes is quite uniform below T~. The sto-
chastic behavior of dipolar fields at muon sites is essentially the same as that of the impurity spins
themselves at all temperatures.

I. INTRODUCTION

The dynamic behavior of disordered spin systems pos-
sessing random exchange is a subject of considerable
current interest. In simple theoretical models for crystal-
line (nonrandom} spin systems, such as ordered ferromag-
nets, it is found that the spin-autocorrelation function
S~(t)= ( o (t) o (0) ), for the stochastic time dependence
o(t) of the impurity spins, decays exponentially in time
(outside of the critical region). In disordered systems,
however, dynamic theories and simulations pIedict an
algebraic (power-law) decay in time. Therefore, it is of in-
terest to pursue experimentally the distinction between
dynan11cs 1Q ordcrcd and dlsoldclcd systcIDs.

Recently, two relatively new experimental techniques,
neutron —spin-echo (NSE) scattering and muon-spin relax-
ation (@SR), have been used to probe spin dynamics in
xnetallic spin-glasses. These ax'e dilute magnetic alloys
(e.g., AgMn, CuMn, and AuFC), which exhibit a charac-
teristic clisp III flic ac siisccptibIlity at flic glass fi'ccziIlg
temperature Tg. Thc NSE tcchnlquc, 1ntroduccd by
Mezei and Murani, measures the spin-correlation func-
tion S~(qt) di, rectly, where q is the neutron momentum
transfer. The @SR method yields spin-lattice—
relaxation rates of local probes (implanted positive
muons), which are sensitive to fluctuations of the (dipolar)
local field h(t) at muon sites. This yields a broad average
over all q, as in nuclear magnetic resonance (NMR). The
time dependence of the local-field correlation function
Sh(q, t), averaged over all q, can be measured indirectly
using p,SR in a longitudinal applied field, and the result
can then be compared to S (q, t) obtained using NSE in
zero field. The two techniques are complementary in the
time domain, since NSE is most sensitive to correlation
times in S (qt) bet,ween 10 and 10 ' s, whereas @SR
is most sensitive to times between 10 and 10 "s.

In this paper, the @SR and NSE measurements of
lmpur1ty-spin-correlation funct1ons 1Q Q1ctal11c sp111-

II. MUON-SPIN-RELAXATION DATA

Recently, the longitudinal field dependence of the
muon-spin-lattice —xelaxation rate A,

I~
has been reported

for T & Tg in the sPin-glass Agioo „Mn„,x =1.6, 3, and 6
at. %. The technique, which is analogous to a measure-
ment of Ti in NMR, has been described elsewhere. '
The measurements were carried out in applied fields be-
tween 0.15 and 5 kOe (gpttII «kttT) and at tempera-
tures between 0.3Tg and 0.92'. It was found that
A,

~~

——K(T)co„" ', where co„ is the Larmor frequency of the
muon and E(T) is a temperature-dependent constant.
The measured values of v are given in Table I. Combin-
ing these results in the temperature range of
0.3& T/Tg &0.66 yields v=0.54+0.05. For T/Ts ——0.92
one obtains v =0.24+0.02.

Fox muons at 1cst 1Q thc sample, onc Q1ay alguc on very
general grounds" that A,

II
is proportional to the noise

power Jh(co„) in the fiuctuating field at the muon I.armor
frequency co„, assuming that the applied field does not ap-
preciably affect the impurity-spin dynamics. The as-
sumption of stationary muons is known to be true at the
temperatures of interest. The assumption of field-

TABLE I. Values of the power-law exponent v of the noise

spectrum below 7~ in Agloo „Mn„spin-glasses, 1.6~x(6
at.%, obtained from @SR measurements as described in Sec. II
of the text. Data is from Ref. 8.

0.30
0.46
0.66
0.92

0.59+0.15
0.51+0.07
0.55+0.07
0.24+0.02
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glasses are compaxed. The results are also compaxed to
dynamical theories. Preliminary results of this analysis
have been previously presented.
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related to the quasistatic response of the system, and the
second term gives the dynamic fluctuation density. In
real systems, the first term may possess a nonzero (but
small) width which cannot be detected using finite probe
frequencies. Taking the Fourier transform of Jt, (co) yields
the autocorrelation function St, (t) of the muon local field

Sp, (t)= f d coJi, (co)e'"'=A+(1 —A)F(t), (2)
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FIG. 1. Impurity-spin-correlation functions g(t) obtained

from neutron —spin-echo measurements (Ref. 15) for T/T~ (1.1
in spin-glass Cu99Mn~. The curves are fits to the functional
form of Eqs. (2) and (3) with parameters as indicated. The dot-
ted lines indicate that Eq. (2) is rigorously correct for co,t ))1.
The numbers in parentheses are the reduced temperatures
T/Tg.

independent dynamics is reasonable for small fields and
temperatures well below T, and is borne out by NMR
measurements in CuMn (Ref 13) a. nd AgMn (Ref. 14).
Near Ts, a direct effect of the field on Ji, (co„) cannot be
ruled out, as discussed below.

III. NEUTRON SPIN-ECHO DATA

Figures 1 and 2 give NSE results '" for S~(qt) ,in

Cu99Mni, Ts = 10.1 K (Fig. 1), and in Cu95Mn5, Tg ——27.5
K (Fig. 2). The S (q, t) data were found to be essentially
independent of q over the measured range (0.045
& q & 0.36 A '), and we shall henceforth write
g(t)=S~(q, t). The form of g(t) was found to be exponen-
tial for T»Ts, but a long-time tail developed near and
below Ts The curve. s in Figs. 1 and 2 are model fits as

discussed below.
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FIG. 2. Correlation functions as in Fig. 1 for Cu95Mn5 (Ref.
5).

IV. COMPARISON OF NSE AND @SR: T & Tg

In order to compare the NSE measurements of g(t) to

pSR spin-lattice —relaxation measurements, we take a
simplified form for the total spectral density,

Jt, (co) =A5(co)+BJ~(co),

of muon local-field fluctuations. Here, the first term is

where F(0)= 1 and F( oo ) =0 such that A =St, ( Oo ).
In a real spin-glass, an upper limit to the spectrum of

fluctuation frequencies exists. We take this upper limit to
be of the order of an exchange frequency co, =kti Tele
(-10' s ' for x=0.01 in CuMn and AgMn). The @SR
data imply a power-law form Jt, (co) cc co' ', such that

F(t)=(co,t), co, t »1 . (3)

With the use of the form of the correlation function given
by Eqs. (1) and (2), and the time dependence implied by
the pSR results [Eq. (3)], values of Si, (t) are obtained and
compared with the measured g(t) from NSE. This pro-
cedure assumes that the form of the correlation function
is the same for fluctuations of the impurity spins and the
muon local fields; evidence for the validity of this as-
sumption will be given below in Sec. V where NSE mea-
surements in in CuMn will be compared to pSR measure-
ments in AgMn, AuFe, and CuMn. It must also be as-
sumed that measured frequencies, rates, inverse times,
etc., can be scaled by the respective glass temperatures of
each sample.

Least-squares fits of the NSE data have been performed
using Eqs. (2) and (3), with free parameters A, co„and v.
In general, the NSE data are not sufficiently precise to
determine all of these parameters accurately, and instead
it must be decided whether a physically reasonable set of
parameters is consistent with both pSR and NSE experi-
mental results. The curves in Figs. 1 and 2 give typical
fits. It can be seen that the form of Eqs. (2) and (3)
represent the NSE data well, using the estimates co, = l0'
s ' for Cu99Mni and 5X10 s ' for Cu95Mns. For
T &0.7Ts reasonable fits are obtained with v= —,, which
is the value obtained from the @SR data, although the
neutron data do not determine v well. One can see from
Figs. 1 and 2 that at T/Ts-0. 7, for example, A (T) is
-0.65 for Cu95Mns and -0.4 for Cu99Mni. Therefore,
the NSE data do not obey the expected scaling law, as
noted previously. '

Below Ts, the short-time behavior of the longitudinal
muon-spin-relaxation function Gii(t) provides direct ex-
perimental information on the distribution of static muon
local fields, and is therefore related to the long-time
behavior of St, (t) [i.e., the value of A in Eq. (2)]. Zero-
field measurements of Gii(t) in AgMn, ' AuFe, ' and
CuMn' for impurity concentrations of —1 at. % have
determined the width a(T) of the Lorentzian distribution
of static local fields in each of these systems. Below Ts,
a ( T) increases with decreasing temperature from
a(Ts)-0 to the frozen-spin value a(0) for T«Ts. Fig-
ure 3 gives the dependence of [a(T)/a(0)] on reduced
temperature T/Ts for the above systems. Within about
20%%uo uncertainty, the data scale well. We note that for
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3( T)=a(T)/a(0) =f .

The comparison between @SR and NSE data suggests,
therefore, that the impurity spins are distributed in direc-
tion, but not in magnitude, below Tz. This, in turn, seems
consistent with a "percolation" picture of the transition at
Tg only if the "infinite cluster, " the formation of which is
taken to define Tg, quickly encompasses essentially all
impurity spins as the temperature is lowered below Tg.
More NSE results at different temperatures in samples
with x=0.01, as well as pSR data at higher concentra-
tions, would be useful in extending this conclusion.

I I I I I I I I I

0 0.5 l.0
T/Tg

FIG. 3. Dependence of thc square of thc reduced IIluon
local-field distribution width [a(T)/a(0)] on reduced tempera-
ture T/Tg in three metallic spin-glass systems at zero field
(Refs. 10, 16, and 17).

T/T ={).7, the value of [o(T)/a(0)] =0.4 agrees well

with the NSE value of A(T/Ts =0.7) for Cu99Mni (Fig.
1), but is significantly smaller than the value of
A ( T/Tg =0.7)=0.65 obtained for Cu9sMn5 (Fig. 2).

%alstedt and %alker' have shown that under some
general assumptions (r interaction, low impurity con-
ccIltI'Rt1oll) 'tllc llncwidth Q ( T) of R probe sp111 (11111011,Illl-

cleus) in a magnetic alloy is related to the impurity-spin
magnitude by

o(T)~&
~

(o.;)T ~
&;

Here ( )T R.nd ( ); signify thermal and spatial averages,
respectively. Equation (4) is valid in the rapid-fluctuation
limit, i.e., for impurity-spin thermal-fluctuation rates
much larger than the resultant probe-spin linewidth
a(T), ' which seems to be well estabhshed for metalhc
spin-glasses. ' ' '7 Moreover, A (T), defined in Eq. (2), is
given by

~(T)=(
~
(~, ), ~'), /S'.

Comparison of a(T) (@SR) and A(T) (NSE) then yields
information on the spatial distribution of spin magnitudes

(o; ) T, as can be established by considering two extreme
cases.

(a) The ( o; )I are all the same. Then

IV. COMPARISON OF NSE AND p3R: T ~ Tg

The form of g(t) as measured by NSE changes for
T~ Tg, and eventually tends toward an exponential for
T&~Tg. Spin probes in rapidly fluctuating local fields
are not sensitive to the functional form of SI, (t)," but
yield an effective correlation time w defined by

gt Sg0 t. (10)

Values of ~ have been obtained for AgMn (Ref. 10), AuFC
(Ref. 19), and CuMn (Ref. 19) from zero-field @SR mea-
surements. Figure 4 is a scaled plot of rT& vs T/Tg
reproduced from Ref. 10.

Mezei' has obtained good fits of g(t) data obtained
from NSE in Cu»Mn5 to the form

I(t) f=exp[ —t/(roe~~") jdE, (11)

which was motivated by considerations of distributions of
barrier heights for activated hopping (However, its validi-

io-8=

I )0-9

& [&o;&T I
"&;= [(~;)I /"

for any n, and

3 ( T)= [a( T)/a(0)] (7)

A~Me (l.6 at.%}0
AuFe(IAot, %) A

CUMn &l.l at. /o) 0

As noted above, this is consistent with pSR data for x 1.

at. % and the NSE results for Cu99MI11 at T/Tg =0.7.
(b) A fraction f of the spins are saturated

(
I & o'; & T I

=S), and the remaining fraction is '*free"

((o';)r ——0). Then

FIG. 4. Dependence of the scaled effective correlation time

vT~ on reduced temperature T/Tg &1 in three metallic spin-

glass systems (Refs. 10 and 19) at zero applied field. Data
points are results of pSR measurements. The curve is the fit of
Eq. (11) to NSE data for Cu95Mn5.



COMPARISON OF SPIN-GLASS DYNAMICS DETERMINED BY. . .

ty is not necessarily a demonstration of the importance of
such barriers. ) A good fit was obtained for Est ——300 K
and vo ——6X10 ' s. Scaled values of these parameters,
together with Eqs. (10) and (11), yidd the curve in Fig. 4.
There is good agreement between the pSR and NSE data,
with no adjustable parameters. This confirms the similar-
ity between muon local-field and impurity-spin stochastic
behavior assumed above over a wide range of values of r.

Muon-spin-relaxation and neutron —spin-echo measure-
ments of local-field and impurity-spin-correlation func-
tions g(t) II1 I11ctallic spi11-glasses give coilsistc11t 1csillts
for temperatures above and below Ts. The time-
dependent component of g(t) decays as t ", v= —,', below

Ts. This behavior is consistent with recent mean-field
theories of spin-glass dynamics, as well as with earlier
Monte Carlo simulations.

For CQMQ, AgMQ, and AQFe spin-g1asses with similar
values of Tg (+30%), scaled static pSR linewidths agree
well below Ts. Futhermore, the relation A(T)=[a(T)/
a(0)], expected for a uniform distribution of impurity-
spin —moment magnitudes, 1s obeyed for iinpurity concen-
trations x =1 at. %. This agreement breaks down, howev-

er, for comparison with NSE data on Cu95Mn5, where, as
noted by Mezei and Murani, ' the larger value of A (T)
implies an increase in static spectral density mth increas-
ing impurity concentration.

Near the glass temperature, the relation g(t) cc t "still
seems to hold, but v deviates from —, foi the ggMn @SR
and Cu95Mn5 NSE data. Curiously, the Cu99Mn& NSE
data 'still yield v~

& at T/Ts 1.1. Longitudinal-field
pSR experiments are not reliable indicators of the value of
v near TS, however, since Ji, (co„) may be directly affected
by the field. Above Ts, where g(t) tends toward an ex-
ponential form, @SRand NSE data yield consistent corre-
lation times in zero field, as seen in Fig. 4.

NSE and pSR measurements are therefore in reasonable
quantitative agreement in metallic spin-glasses. This im-
plies (1) that the q independence of S (q, t), obtained from
NSE measurements for a restricted range of q, apparently
holds over the wider range of q values important for
p, SR, (2) a coIlslstciit ti111c dcpcIldcllcc of S (q, t) 1s ob-
tained for measuring times &10 s (NSE) and ) 10 s
(@SR),and (3) perhaps most importantly, more confidence
in the reliabihty of the experimental determinations is
warranted than could be given to either technique taken
by itself.
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