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Muon-spin relaxation in AuFe and CuMn spin glasses
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Zero- and longitudinal-field muon-spin relaxation (ZF pSR and LF pSR) measurements have
been applied to dilute-alloy spin glasses AuFe(1.0 and 1.4 at%) and CuMn(1. 1, 3, and 5 at. %). A
stochastic theory of muon-spin relaxation has been formulated, and an analytic form of zero-field
(ZF) muon-spin-relaxation function has been derived to describe the depolarization of muon spins in
static, dynamic, and coexisting static and dynamic random local fields from magnetic impurities.
The observed experimental results for the muon-spin-relaxation function G, (t) in all the specimens
have been well explained by the model functions based on the present theory. Depolarization of
muon spins due to the rapidly fluctuating dynamic local field has been indicated by the "root-
exponential" shape of G, (t) observed above the susceptibility-cusp temperature Tg. The spin corre-
lation time ~, of Mn (or Fe) moment, deduced from the dynamic depolarization rate of muon spins,
shows a rapid change from ~, -10 ' sec at T) 2Tg towards ~, —10 sec at T-Tg in all the
specimens. Coexistence of static and dynamic random fields at each muon site has been found by
ZF and LF pSR below Tg. The average amplitude u, of static random fields, determined precisely

by ZF pSR, attains finite values only below T~, and increases towards the full amplitude ~0 at
T=O. ~, /~o is proportional to the static polarization of Mn (or Fe) moment, and its temperature
dependence has been found to be consistent with a Mossbauer-effect study in AuFe. The squared
quantity (u, /~, ) of ZF @SR shows good agreement with the static order parameter Q(T) deter-
mined by ac-susceptibility (P„) and by neutron-spin-echo (NSE) measurements for cut-off pieces of
the same specimen. In view of the fundamental difference of the hyperfine-field —type from the
susceptibility-type measurements, this comparison reveals that spin freezing is characterized by a
rather homogeneous amplitude of static spin polarization among different spins in spin glasses, i.e.,
"homogeneous freezing. " The combined results of ZF @SR,g„and NSE measurements in AuFe
and CuMn spin glasses have demonstrated rapid slowing down of impurity spin fluctuations above

Tg, and the appearance of long-time, persisting static spin polarization below Tg.

I. INTRODUCTION

The spin-glass problem has been actively investigated
during the past decade. ' After the pioneering work of
Cannella and Mydosh in AuFe, many random-spin sys-
tems have been found to exhibit a sharp cusp in the ac
susceptibility X„at the "cusp temperature" T~. The spa-
tial spin correlation of these systems is basically random
at any temperature, without staggered magnetization at
any particular wave-vector component, whereas some
properties below Ts (e.g., remanent magnetization) depend
on the thermal history. -These features suggest a new
type of spin ordering (or freezing) of such random-spin
systems, now called spin glasses. Since the dynamic fiuc-
tuations of each magnetic moment play an essential role
in spin-glass behavior, ' it is very important to accumu-
late experimental information on the spin dynamics of
spin glasses.

Muon-spin-relaxation (pSR) measurement is a power-

ful tool for this purpose. This technique was first applied
to CuMn and AuFe spin glasses by Murnick et al. They
observed the spin precession of p+ around the applied
transverse magnetic fields, and they found a rapid in-
crease of the muon-spin depolarization rate when Tz was
approached from higher temperatures. Similar
transverse-field pSR (TF @SR) measurements were also
performed later in CuMn (Ref. 8) and AgMn (Ref. 9). It
was not possible, however, to distinguish the effects of
static inhomogeneous random fields from those of fluc-
tuating dynamic fields since the TF pSR experiment cor-
responds to the "T2" measurement of magnetic reso-
nance. This difficulty also limited the information ob-
tained from previous linewidth measurements in NMR
(Ref. 10) and ESR (Ref. 11) on spin glasses. Furthermore,
such experiments with external magnetic fields are not
quite suitable for probing spin glasses, in which the sharp
"cusp" of susceptibility is substantially rounded by a
small external magnetic field.
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To overcome these difficulties, we have applied the
zero-field pSR (ZF @SR) technique to spin glasses, ' and
have performed a series of measurements on the most typ-
ical spin-glass systems, CuMn and AuFe. ' ' We have
also made measurements on CuMn in finite longitudinal
magnetic fields' ' to separate the static and dynamic ef-
fects unambiguously. In this paper we provide a
comprehensive full description of these studies. We in-
clude a stochastic theory of spin relaxation in dilute-alloy
spin glasses, and the experimental results on CuMn(1. 1, 3,
and 5 at. %) and AuFe(0. 94 and 1.4 at. %). The results
are compared with neutron-spin-echo (NSE) and ac-
susceptibility (X„) measurements made on cut-off pieces
of the same specimens. In the earlier stage of the present
study, ' ' we assumed simple exponential decay of Mn (or
Fe) spin correlation at all the temperatures above and
below T&. With recent high-statistics data, we see in this
paper that the static and dynamic random local fields
from Mn (or Fe) moments coexist at each muon site below
Ts. The amplitude of static random fields, i.e., a quantity
proportional to the square root of the Edwards-Anderson
order parameter Q, is determined precisely and com-
pared with the results of other techniques. The funda-
mental difference of hyperfine-field —type experiments
(@SR, Mossbauer effect) from susceptibility-type experi-
ments (X„,NSE) allows us to investigate the homogeneity
of the frozen component among different Mn (or Fe)
spins below T~.

In Sec. II we explain the procedure for the present @SR
experiments. In Sec. III we provide a complete descrip-
tion of a stochastic theory of muon-spin relaxation in
dilute-alloy spin glasses. Experimental results of the
present pSR studies in Aupe and CuMn are introduced in
Sec. IV and are corn'pared with the results of Mossbauer
effect, X„, and NSE experiments in Sec. V. We discuss
some points in detail and summarize the present study in
Sec. VI.

II. EXPERIMENTAL PROCEDURE

The zero-field @SR (ZF @SR) and longitudinal-field
p, SR (LF @SR) methods were established at TRIUMF' '
about fioe years ago. Figure 1 illustrates these techniques.
Owing to the parity-nonconservation of weak interaction,
muon spins are polarized by nature along the beam direc-
tion. We stop the muon beam in a specimen (dotted area
of Fig. 1), identify this "stopped-p" event by the counter
M, and start a clock in the data-acquisition system. The
decay positron emitted from this p+ is recorded by the
counter EF (or EB), which produces a logic pulse to stop
the clock and thus tells us the residence time t of p+ in
the specimen. Plotting the positron event rate versus time
t, we obtain two sets of muon-lifetime histograms for for-
ward (EF) and backward (EB) counters in ZF and LF
pSR. Since positrons are emitted preferentially to the
direction of muon spin, the counting rates of EF and EB
exhibit asymmetry which reflects the spin polarization of
p+ at time t, as shown in Fig. 1:

NEF(t) =N~ exp( t/r&)[1+A—G, (t)],

NEB(t) =Nz exp( t/~„)[1 A—G, (t)] . —

ZF
LF

M

UJ

UJ

2.2~sec

T IME

FIG. 1. Schematic view of the counter configuration for
zero- and longitudinal-field pSR (ZF and LF pSR) experiments.
The polarized-muon beam is stopped in the specimen {dotted
area), the "stopped-muon" event is identified by the counter M,
and the decay positron is detected by the counter EF or EB.
The lifetime histogram of muon decay exhibits asymmetry, re-
flecting the spin polarization of p+ in the specimen.

Here, r& is the positive muon lifetime, 2.2 @sec, A denotes
the intrinsic initial muon-decay asymmetry (usually
A =0.2—0.3), and the muon-spin-relaxation function
G,(t) represents the depolarization of muon spins in the
specimen.

When the muon spin is not depolarized, G, (t) =1, and
the ratio of NaF and NEa is about 1.2:0.8 after normaliza-
tion of the solid-angle factors NF and Nii of the different
counters. The ratio becomes 1:1 when muon spin is com-
pletely depolarized [G,(t)=0]. In this way, from the
asymmetry of NEF and Naa, we can directly observe
muon-spin depolarization in ZF pSR even without apply-
ing any external magnetic field. The measurements can
also be performed by applying a longitudinal external
magnetic field HL parallel to the initial spii) direction of
p+ (LF pSR). The observed time evolution G, (t) of
muon-spin polarization reflects amplitudes, randomness,
and fluctuations of local magnetic fields at muon sites in
the specimen. The application of ZF and LF pSR to the
case of nuclear dipolar systems is described in Ref. 18,
and the "Ti"measurements in ferro and antiferromagnet-
ic materials are presented in Refs. 17 and 19.

In the earlier part of the present work, we used a muon
beam of average incident momentum p = 140—180
MeV/c. Even after being slowed down by a polyethylene
degrader placed in front of the counter system, some of
the muons were energetic enough to traverse the sample.
To discriminate such "straight through" muons from the
"stopped muons, " we placed a counter just behind the
specimen and put its anticoincidence into '-'stopped-
muon" logic. This caused an electronics dead time of
20—30 nsec in the observed histogram after t =0. Be-
cause the data on G, (t) at t & 30 nsec are very important,
especially in relatively concentrated spin glasses, we ehm-
inated this dead time in recent measurements by using the
so-called "surface-muon" beam. The surface muons have
a very low and discrete incident momentum p =29
MeV/c, and 100% of them are stopped within about 200
mg/cm of the specimen. Here we do not need to use
the anticoincidence counter, and the observed spectra are
free of the dead time. An electrostatic Wien filter, used to
separate the surface-muon beam from the contaminating
beam particles, has been helpful in keeping the back-
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TABLE I. Specimens and related references.

Specimen

AuFe

Concentration
(at. %%uo)

1.0
1.4

Tg
(K)

9.1

12.8

References

X.. (39)

1.1
3
5

10.8
20.0
27.4

neutron (48)
NSE (43)
X„(45)

A. Distribution of local fields
and static relaxation functions

The following features (A)—(C) are helpful in charac-
terizing local fields at a muon site.

(A) No muon diffusion. Studies of nuclear dipolar
fields on p+ (Ref. 22) have shown that a positive muon
occupies an octahedra1 interstitial site in pure Cu and
remains stationary up to t-10 psec without diffusion
over the temperature range 3 & T & 70 K. From the
characteristic shape of G, (t) observed at T) 1.5Tg, we
confirmed that this is the case also for p+ in CuMn spin
glasses. Although no direct information is available for
AuFe because of the lack of nuclear dipolar fields, we as-

ground very low. The high-intensity surface-muon beam
at TRIUMF has thus enabled us to obtain high-statistics
data on G, (t) for CuMn specimens in a wide time range,
4 nsec & t & 10 psec.

In order to make a reliable comparison with other ex-
perimental techniques, we used cut-off pieces from the
same ingot specimens examined in ac-susceptibility,
neutron-spin-echo, and neutron time-of-flight measure-
ments. In Table I we give the concentration c, cusp tern-
perature T~, and related references for each specimen. At
the beginning of the present study we noticed that the
pSR results depended on the heat treatment of the sample
preparation. 'CuMn specimens prepared by quenching
from high temperatures ( —850 C) exhibited much
sharper temperature dependence of G, (t) around T~ than
did specimens made by slow coohng. ' A similar tenden-
cy for the sharpness of the susceptibility cusp was report-
ed by Mulder et al. ' Electron-microprobe analysis
showed that this. is due to semimacroscopic inhomogenei-
ty of impurity concentration developed in slowly cooled
samples. ' We therefore report here the result's on CuMn
specimens prepared by quenching from T-1100 K and
AuFe specimens prepared by rapid cooling after arc melt-
ing. The AuFe and CuMn(1. 1 at. %) specimens were
checked by chemical analysis and electron rnicroprobe
(homogeneous impurity concentration within +5% of
nominal concentration among several different spots of 10
pm diameter), and the sharpness of the observed suscepti-
bility cusp also confirmed that these specimens were
"good" spin glasses.

III. STOCHASTIC THEORY OF MUON-SPIN
RELAXATION IN SPIN GLASSES

~+yII;
3

4~I~
I(~2+y„(Hfz)2'

with a half-width at half maximum (HWHM) u/y„
(1'&=2m'X1. 35X10 sec 'Oe ' is the gyromagnetic ratio
of the muon spin) to describe the random local fields at
muon sites. The superscript L, stands for Lorentzian here.

When the random fields are static, one simply calcu-
lates the muon-spin precession around H, finds its projec-
tion to the beam direction (z axis), and averages over
P (H) to obtain the muon-spin-relaxation function G, (t)
This has been done by Kubo, who derived

g, (t) = —,
' + —', (1—~t) exp( ~t)—

for the case of zero external field. This function is shown
in Figs. 2 (toL/~=0 line) and 4 (dotted line). The persist-
ing —,

'
component represents muons stopped where the lo-

cal field is rather parallel to the initial spin direction z,
while the inhomogeneity of H„and H~ causes the
damped oscillation of the —', component. In a longitudinal
field HL ——coL/y„applied parallel to z, a similar calcula-
tion yields

(3)

'2

[jo(coLt)exp( ut) —1]—
'2

u J jo(cot~)exp( —~r)dr,

(4)

sume that the situation is the same in such systems of oth-
er fcc noble metals.

(B) Random selection of interstitial sites. We assume
that all the octahedral interstitial sites have an equal prob-
ability of being a muon site, regardless of the position of
neighboring Mn (or Fe) atoms. Strong support for this as-
sumption will be provided by the observed amplitudes of
average random local fields on p+.

(C) Dominant atomic dipolar fields. Because of weak
coupling between conduction electrons and muon spins
[the Knight shift, -50 ppm, of p+ in pure Cu (Ref. 23) is
more than 40 times smaller than the shift, -2300 ppm,
for the host Cu nuclei (Ref. 24)], the average Ruderman-
Kittel-Kasuya-Yosida (RKKY) field at a muon site in
CuMn(1 at. %) is only about 10 G. The atomic dipolar
field is around 100 G and the nuclear dipolar field from
Cu nuclei is around 4 G.

Thus the random field at a muon site is mainly due to
the atomic dipolar field from surrounding Mn (or Fe) mo-
ments, and the dynamic modulation is caused only by the
fluctuation of these moments. In such a random dilute
spin system, the local field due to the (1/r )-type interac-
tion has a Lorentzian distribution ' for the dilute limit
(effectively for concentrations c less than 3—5 at. %).
Therefore, we employ the following distribution:
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I.O—
~L/u = IO

fields can be observed via the damping rate of the —', com-

ponent in ZF pSR and also via the field dependence of the
persisting component in LF pSR.

Gz(t)

8 10

B. Relaxation functions in fluctuating random fields

When Mn (or Fe) moments fluctuate, the local field at
each muon site is modulated. The variable range of the
field modulation is, however, different from site to site,
depending on the configuration of surrounding impurities,
as illustrated in Fig. 3. Following the treatment of Uemu-
ra, ' let us here approximate this dynamic variable range
at each site by a Gaussian distribution having width 5/y&
(henceforth, superscript 6 stands for Gaussian):

a
FIG. 2. Muon-spin-relaxation function of Eq. (4) calculated

for Lorentzian distribution of static random local fields in a
longitudinal external magnetic field HL (co~——y„HL). The line

shape for ~z /u =0 corresponds to the zero-Field function of Eq.
(3), and the finite longitudinal field works as a "decoupling"
field to. increase the persistent component from 3 in zero field

to larger values.

P (H;)= exp
2mb

y~H
2h

l =X,g,Z .

Assuming Markovian modulation of the field H with a
rate v,

where jo and j~ denote spherical Bessel functions. As
shown in Fig. 2, the longitudinal field HL works as a
"holding (or decoupling)" field to increase the persisting
component and to eliminate the effect of static random
fields H„and H~. . The average amplitude n of random

( H (t)H (0) ) /{ [H (0)] ) =exp( —vt),

within the variable range P (H, h), the zero-field muon-
spin-relaxation function at each site can be calculated via
the strong-collision approximation' ' as

G
t t2

G, (t, b„v)=exp( vt) g, (t)—+v g, (t & )g, (t t, )dt, +v —g, (t, )g, (t& —t
& )dt, dt 2+ (7)

where g, (t) denotes the static relaxation function. For
P {H), the static function becomes the so-called Kubo-
Toyabe function:

g, (t, b, ) = —,
' + —', (1—b, 't') ex(p,'

b,'t') . ——(8) 0 0
The numerical calculation of G, (t, b.,v) using Eqs. (7)
and (8) is given in Ref. 18.

The probability p(b, ) of finding a muon site with b, can
be calculated as

2

p(b, ) =v'2/m. exp
2A

P(H) 0 0

P (H;)= f P (H;)p(h)db, , {10)

so that the total field distribution should be Lorentzian.
Then, averaging the signals from different muon sites,
Uemura' gave the dynamic muon-spin-relaxation func-
tion for the entire system as

G, (t,cz, v)= f G, (t, b„v)p(b, )dh . (11)

This function is shown in Fig. 4. Note the importance of
the order of the two operations, i.e., static ~ dynamic
[Eq. (7)] and spatial averaging [Eq. (11)]. If we reverse
the order of these operations. and substitute Eq. (3) for

P (H)0' 0 0

0 0
FICJ. 3. Schematic view of different variable ranges of ran-

dom local fields at different muon sites in dilute-alloy spin
glasses. When Fe (or Mn) moments fluctuate, the local field at
muon sites closer to the magnetic ions will be modulated in a
wider range.
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a rate v. The local field H at a muon site is due to several
neighboring Mn (or Fe) moments as H=~~. A S.

; represents magnetic dipolar interaction from th '
hp';. en there is no correlation between different

neighboring spins, the cross term (S;(0)SJ{t))vanishes.
Then the autocorrelation function (H ( )H (0) )

[ ( )] ) for H has the same form as Eq. (15), and the
y e same vectorloca ield at a muon site is described b the

sum as or t e spin S. When the fluctuation of the
dynamic component is appreciably fast (v/u» 1, the
spin-relaxation function at each muon site 6, (t, h, v, g) is
given by a product of static and dynamic relaxation func-
tions as

b,s ——V Q b„hd ——&1—Q 6,
(16)

G (t h, v, g)=g (r b )6 (t b, v)

where b,s and b,~ correspond to widths of Gaussian local
fields representin the sg tatic and dynamic component at
each muon site, and

Q 1 2
g, (t,hs)= —, + —,(1—b,,t ) exp( —'5—t )2 s

[as given by Eq. (8) with b, =b,,] and

G, ( t, b,d, v) =exp( 2b.d t Iv—)

as given by Eq. (12) with b, =b,d]. Then, by taking the
spatial average over p(h) of Eq. (9) as in E .
tain a model fu

q. as m Eq. (11), we ob-
mo e unction for the entire system wh' h

'
1w ic incu es

For the case of zero field, this integration can be er-
formed analytically, and we obtain

2 2
1Gs(t) = —, exp[ (4ud—t Iv)' ]+—1— p[ — d /v+ us t ') '"]

d s

us ——~gu, ud ——v 1 —Q u (17)

for th e muon-spin-relaxation function in the entire sys-
tem. Figure 5 shows an example of this function at
v u =100 for various values of Q. In the static limit of
Q —+ and u, ~u, this function becomes g, {t)of Eq. (3),

ape o q. (13) is ob-w ereas the "root-exponential" sha f E . (

tained for the dynamic limit Q~0, ud ~u, and v/u &&1.
s shown in Fig. 5, the line shape of E . (17) in c
a ic an ynamic random fields can be characterized by

the following features. (1) Quick initial deca of 6 r
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y te increases gradually with increas' t t'creasing static

dynamic component of random fields causes its slow
damping. The difference of G, (t) of Eq. (17) from the
simpler model function G, (t) [Eq. (11)] in the preceding
section can be found when we compare Figs. 4(b) and 5(b).
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quickest initial decay (see v/u &1) and the "tail" com-

p etely disappears even when the initial decay rate is re-
duced slightly by the narrowing effect (see, e, v/u = 5 .
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found wi hwith various rates of initial decay in Fig. 5(b).

can e
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of the cluster. If the system is an assembly of such clus-
ters, we have only to integrate G, (v,i) over a probability
distribution P(v, i) of v, i (proportional to the number of
muon sites with v,i) to calculate the muon-spin-relaxation
function expected in the entire system. It is, however, dif-
ficult to. calculate G, (t) when the correlation time
r, =l/v of impurity moments has a distribution in a
more "microscopic" way. Suppose a muon site is sur-
rounded by three Mn moments fluctuating with
v/u=100, 1, and 0.01. The field from spins of v/~=1
and 0.01 causes quick initial damping of G,(t) to
whereas the following damping of G, (t) at the muon site
is due mainly to the v/u = 1 spin. Here the time evolution
of the local field at a muon site becomes so complicated
that G, (t) cannot be calculated either by a simple average
or by a product of different relaxation functions.

where c is the impurity concentration. The right-hand
side of Eq. (21) becomes

2

(b,2) = v'2/n-~b, ,„exp
26 „

—V'4/m~ erfc
2~max

(22)

D. Amplitude of random fields

In spin glasses the exchange field at a Mn (or Fe) spin S
from neighboring moments causes fast precession of S
and defines the randomly oriented quantization axis g of
each spin 5 at low temperatures. This precession is much
faster than the muon spin precession around its local field
H, and averages out the component of S perpendicular to

Therefore, only the component of S parallel to g con-
tributes to the local field H at muon sites. Then the
Gaussian width b, of the atomic dipolar field at a muon
site from surrounding moments becomes

b, = —, QP(m)m fi y&y, g ri, (18)
m k-

where m denotes the magnetic quantum number of the
spin S referred to g, P(m) gives its occupation probabili-

'

ty, and the summation of k runs over the impurity atoms.
The finite order parameter Q is embodied when P(m)
tends to have a preference for the ground state m =S. At
zero temperature, P(m =S)=1 and all the other states
are empty. Then we have

(19)
k

for the lattice sum.
To calculate the static width ~ of random fields, a con-

venient equation can be derived by using p(b ) of Eq. (9).
Let us define b, ,„as the hypothetical dipolar width ex-
pected when all the lattice points are filled up with impur-
ity spins (c =100 at. %). Since b, is an additive quantity
for each impurity spin, the averaged dipolar field on p+
in a dilute alloy can be expressed as

(20)

1

In the dilute limit A,„»~, the second term of this equa-
tion can be neglected co~pared to the first term, and we
obtain a quite siinple relation for the random fields in
spin glasses from Eqs. (20) and (22) as

~=Pm/2cb, ,„. (23)
I

This treatment can be called a "sum rule, " which au-
tomatically gives the full width u from the lattice sum
and the impurity concentration c.

By using the effective moment 2V'S(S+1)=5.0 of a
Mn spin in CuMn, ' we obtain 6,„=1140psec ' with
Eq. (19) at an octahedral muon site in CuMn. Conse-
quently, the width cz for CuMn (1 at. %) at T =0 is given
by Eq. (23) as ~ —14.3 psec '. This number should be
slightly decreased in actual systems since the nuclear di-
polar field at a muon site observed in pure Cu by pSR
(Ref. 22) was about 10% smaller than that obtained by a
similar theoretical calculation of dipolar broadening. It is
shown in the next section that the experimental values of
u agree reasonably well with the above calculation. As
seen in Eqs. (19) and (23), the width ~, of a static field is
proportional to the spin S of impurity moments at T =0,
and to the static polarization v QS (i.e., the so-called
shuttered magnetization) at finite temperatures. The
linear proportionality of u to the concentration c is a
characteristic feature of the 1/r interaction in dilute sys-
tems. When we double the concentration, the effective
length scale changes by 2 ', making the field H twice
as large, while the system maintains "self-similarity" as
long as the impurities are dilute. Because of this feature,
each spin S makes a linear contribution to the width ~.
Therefore ~, is proportional to the linear average of static
polarization v QS when Q is different from one spin to
another. This point was also noted in the computer simu-
lation of Walstead and Walker.

IV. EXPERIMENTAL RESULTS

In the experiments each specimen (about 2.5 cm in di-
ameter andi 2—8 mm thick) was placed in a gas-flow cryo-
stat which stabilized'the temperature within +0. 1 K. We
used the high-momentum (p —140 MeV/c) muons from
the M-9 channel of TRIUMF in ZF pSR of AuFe and LF
pSR of CuMn. For ZF pSR in CuMn specimens, the
surface-muon beam from the M-20 channel of TRIUMF
was used with the spectrometer EAGLE (Ref. 33). Here
the magnetic field was minimized by a set of compensa-
tion coils to be less than about 50 mG. The intrinsic
muon-decay asymmetry A was about 0.2 for the high-
momentum muons and about 0.3 for the surface muons.
In CuMn, the solid-angle factor NF/N~ of forward and
backward counters was calibrated by fitting the spectra
observed at T-3T&. At these high temperatures, G, (t)
exhibited the Kubo-Toyabe function of Eq. (8) for nuclear
dipolar fields from Cu nuclei. This function damps to-
wards G,(t)-0 at t-5 @sec, where the solid-angle factor
can be determined unambiguously. For the case of AuFe,
we made a muon-'spin-precession measurement in a trans-
verse external field at T-3Tg to check the solid-angle
factor.
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perature, and the characteristic "tail" of G, (t) followed
the quick damping, indicating that the static and dynamic
local fields from Mn moments coexist at a muon site
below Ts. If there were no static component ~„G,(t) at
T =26 K, for example, should have decayed as illustrated
by the dashed line in Fig. 8. In this way, in all the speci-
mens of AuFe and CuMn, the zero-field IIt,SR spectra can
be explained by using a simple function of Eq. (24), with
no static amplitude (~, =0) above Ts, but with finite
values of u, below T~.

B. Relaxation functions observed in finite
longitudinal fields

In order to study in detail the role of static and dynam-
ic local fields, we also performed a IIt,SR measurement ap-
plying finite longitudinal magnetic fields HL ——0—640 Oe
on CuMn(l. l at. %%uo).'A sshow n inFig . 1 of Ref. 1 5, th e
"tail" of G,(t) increased from -0.3 in zero field to -0.7
in HL ——640 Oe at T =5 K ( -0.5Ts ), indicating that the
static random local fields from Mn moments are decou-
pled by the applied external fields. The observed spectra
at T =5 K agreed well with the line shape based on the
static relaxation function g, (t,Hi, ) of Eq. (4) with ~-11
@sec '. In contrast, G, (t) observed above Ts showed al-
most no dependence on external fields. The effect of nu-
clear dipolar field Hc„was decoupled in finite longitudi-
nal fields, and the observed spectra followed simple
"root-exponential" decay above Ts These . features con-
firmed that muon spins are depolarized mainly by static
random fields at T-0.5Ts, and by rapidly fluctuating
dynamic random fields above Ts. '

We considered further details at T(Ts. In F'ig. 9,
reproduced from Ref. 16, the field dependence of G,(t)
observed at T = 10 K (-0.9Ts ) is compared with the pre-

dictions of different model functions. The line shape
based on Eqs. (11) and (14), expected for the simple ex-
ponential decay of Mn spin correlation, is obviously not
adequate. The large field dependence of G,(t) indicates
an important role of static random fields. Next, we tried
averaging the simple functions over a probability distribu-
tion P(v) of the fluctuation rate v of random fields. This
corresponds to the case when the system is divided into
large-sized clusters, as mentioned in Sec. III C. - The
model function in Fig. 9(b), calculated for a Gaussian dis-
tribution of log, ov having a width logio(b v) =2, improved
the fit but still is not adequate. When we introduce a wid-
er distribution of v, the "tail" of G,(t) for zero field tends
to become larger than —,', which does not agree with the
observed results. The best fit was obtained when the coex-
isting static and dynamic local field is assumed, at each
muon. site, to be a vector sum, as illustrated in Fig. 9(c).
Here the solid line represents the calculation for u, =4.3
@sec ' and Ad

——0.6 psec ' based on Eq. (17) and its al-
ternative for longitudinal fields. A slight difference from
the observed data suggests that the dynamics of the actual
system might be somewhat more complicated. Hence, in
addition to the results from zero-field @SR, we have
another indication from LF IMSR that the random field at
a muon site in spin glasses can be described by the coex-
istence of a fast dynamic component and a slow static
component below T~.

C. Amplitude of static random fields

We fitted the observed data for the zero-field relaxation
function G, (t) with Eq. (24) for AuFe and with Eq. (26)
for CuMn, varying u, and A,d as the only free parameters.
Figure 10(a) shows the temperature dependence of the am-
plitude n, of static random local fields determined for
CuMn spin glasses. Although we made no a priori as-

~uMn I I ~ I ci,&I (Tg I 0~8 K ) at Ta lo K
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FIG. 9. Muon-spin-relaxation function in CuMn(1. 1 at. fo) observed in finite 1ongitudina1 magnetic fields H~ ——0—640 Oe at
T =10 K (-0.9Tg). The field dependence is compared with the predictions of different mode1 functions for different situations in
(a)—(c). The best fit to the data among the three was obtained by assuming that static and dynamic local fields coexist as a vector
sum at each muon site, as illustrated in (c).
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linear dependence of static random fields on the impurity concentration c is demonstrated in (a). The solid lines in (b) represent the
fit of A,d to the power-law behavior of critical slowing-down, as described in Sec. IV D.

sumptions for the values of u, above and below Tz, a, ex-
hibits nonzero values only below Tg of each specimen, in-
dicating the onset of an order parameter below Tz. ~, in-
creases with decreasing temperature towards the full am-
plitude ~0 ——~, (T=O), The experimental results ~0 (5
at. %)=70 @sec ' and uo(3 at. %%uo)=5Ouse c 'agre e
reasonably well with the value ~0 ——( 13—14)X 100
&cpsec ' calculated in Sec. IIID for atomic dipolar
fields from Mn moments. Figure 11 shows the observed
values of ~, for CuMn(1. 1 at. %) (Ref. 35)and AuFe(1.0
at. %) (Ref. 36). In both cases, the amplitude u, increases
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FIG. 11. Static amplitude ~, of random local fields in

AuFe(1.0 at. %) (Tg ——9. 1 K) and CuMn(1. 1 at. %) (Tg=10.8

K) determined by zero-field @SR. Rough estimates of u, are
also given by longitudinal-field pSR in CuMn(1. 1 at. /o). The
static amplitude increases with decreasing temperature towards
the theoretical full amplitude ~0 calculated in Sec. III D.

smoothly with decreasing temperature towards the
theoretical full amplitude [uo for AuFe was calculated for
atomic dipolar fields from the Fe moment assuming
2V'S(S+1)=3.4 for the Fe moment ]. Figure ll also
shows that rough estimates of u, based on the results of
LF pSR in CuMn(1. 1 at. %) at T =5 and 10 K are con-
sistent with the values from ZF pSR. The static random
field, roughly estimated in AgMn, shows„a tendency
similar to the present results.

These results for ~, in Figs. 10(a) and 11 confirmed
that the amplitude of static random fields in dilute-alloy
spin glasses is linearly proportional to the concentration c
of magnetic impurities, and that the local field at a muon
site is due mainly to the atomic dipolar fields. This sup-
ports the assumption in Sec. IIEA that muons occupy all
the interstitial sites with equal probabihty, regardless of
the position of magnetic atoms. Since the static ampli-
tude ~, is proportional to the square root of the order pa-
rameter Q as ~, /~o=VQ, Figs. 10(a) and 11 represent
the static polarization of Mn (or Fe) spins measured by
pSR. To cause the quick initial damping of G, (t), the
random field of ~, must be. "static" only up to
t —1/~, —50—200 nsec. The characteristic "tail" of
G, (t), however, indicates such a field to be static up to
t —1—5 psec. Without this persisting field, G, (t) should
have decayed as illustrated by the dashed lines of Figs.
6(c) and 8.

D. Dynamic correlation time

The dynamic depolarization rate A,d measured in
CuMn(3 at. %) and CuMn(5 at. %) is shown in Fig. 10(b).
Similar results were obtained in CuMn(1. 1 at %) and in.
the AuFe specimens. Upon cooling from higher tempera-
tures ( T-3Tg ) towards Tg, A,~ increased rapidly by more
than 3 orders of magnitude. Above T&, where the random
fields from the Mn (or Fe) moment have no static com-
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ponent, the amplitude u~ of the dynamic fluctuating field
is equal to the full amplitude uo, as described in Sec. III C.
Then, by taking the values of ~o shown in Figs. 10(a) and
11, we can estimate the fluctuation rate v of the random
fields via the relation A,d ——4czd/v. Assuming that Mn (or
Fe) moments and the random fields at muon sites follow
the same time evolution, this rate v also represents the
average fluctuation rate of the Mn (or Fe) moment above
Tg, and the correlation time r, of the Mn (or Fe) moment
is given by 1/v. In Fig. 12 the absolute values of r, thus
obtained for all the specimens of CuMn and AuFe above
Tg are plotted versus the reduced temperature
( T —Ts)/T The correlat. ion time increases with decreas-
ing temperature from ~, =10 ' —10' sec at T~~Ts to-
wards w, =10 —10 sec at T-Tg, showing a similar
temperature dependence for all the different specimens.

In a plot like Fig. 12, straight lines correspond to the
power law

+c +0 (27)

of critical slowing-down. From the corresponding fit of
A,d to this relation, shown by the solid lines in Fig. 10(b),
we obtained the parameters ~o ——8& 10 ' sec and n =2.9
for CuMn(5 at. %), and vo ——7X10 ' sec and n =2.6 for
CuMn(3 at. %). As indicated by the large values of the

FIG. 12. Correlation time ~, of Mn {or Fe) moments deter-
mined by zero-field pSR from the dynamic depolarization rate
observed above T~. The results for different specimens are plot-
ted versus the reduced temperature scaled with Tg of each speci-
men. The straight line corresponds to the power law of critical
slowing-down. Also plotted is the time ~NsE when the time
correlation function of CuMn(5 at. %) measured by neutron-

spin echo (Ref. 43) decays to 1/e as g(rNsE) = 1/e.

power n, the slowing-down of spin fluctuations is very ra-
pid. Note, however, that here the power law may not be
the best way to explain the spin dynamics at T &1.1Tg,
where the results for ~, tend to deviate from the straight
line extrapolated from higher temperatures. The correla-
tion time ~, was also compared' with the Arrhenius law
'r& =1p exp(E, /kT), and a very large activation energy
E, &20kT, was necessary to explain the rapid change of
v; around Tg. Figure 12 demonstrates that all the results
for v; can be scaled by using the values of Tg of different
specimens. The detailed dependence of ~, on concentra-
tion c is, however, not straightforward, since ~, of
CuMn(5 at. %) is larger than that of CuMn(1. 1 at. %%uo)at
the same reduced temperature, but ~, of AuFe(1.4 at. %%uo)

is smaller than that of AuFe(1.0 at. %) in a similar com-
parison. The absolute values and the temperature depen-
dence of ~, agree reasonably well with the zero-field pSR
results for AgMn, as was pointed out. ' '

As shown in Fig. 10(b), the dynamic depolarization rate
decreases with decreasing temperature below Tg. Similar

temperature dependence was obtained in CuMn(1. 1 at. %)
below Tg, and these results are also consistent with
those for AgMn (Ref. 37) below Tg. Since the static am-
plitude cz, of random fields becomes finite below Tg, the
dynamic amplitude ud is substantially changed from
the full amplitude ~0 as ud ——~o.—~, . Thus the change in

Ad =4czd /v should be due partly to a rapid decrease of yazd

below Ts. As seen in Figs. 10(a) and 11, it is not possible
to estimate ud accurately, especially at lower temperatures
where u, -~o. Therefore, we present here only the values

&, =1.7&10 ' sec at T=26 K and ~, =9.1&10 " sec
at T =20 K for CuMn(5 at. %) as'rough estimates of ~,
below Tg. Upon cooling from Tg, ~, decreases slowly
and reaches around 10 ' —10 " sec at T-0.5T& in a11

the specimens. The rate v= 1/~, below Tg describes the
average decay rate of the Mn spin correlation function
g(t) from g(t) = 1 at t =0 towards the static order param-
eter g(t) =Q =(u, /~o) at t —1 psec. In this way, we ob-
tained the static spin polarization as well as the average
decay rate of impurity spin correlation in spin glasses
above and below Tg by zero-field @SR.

V. COMPARISON WITH RESULTS
OF OTHER EXPERIMENTAL TECHNIQUES

A. Mossbauer effect

The static random local field ~, of ZF @SR can be
directly compared with the static hyperfine field Kht
measured by Mossbauer effect (ME) since both (~, /uo)
and Kht(T)/Ki, t(T =0) are linearly proportional to the
static spin polarization of Fe moment below T~. In Fig.
13 the present @SR results for AuFe(1.0 at. %%uo )arecom-
pared with Hh~ values of Fe ME measured by Violet and
Borg in AuFe spin glasses of various concentrations.
The observed results of the different techniques agree well
when the temperature is scaled with Tz. The "static" spin
polarization of Fe moments increases rapidly as the tem-
perature is decreased from Tg. The dividing time scale
between "static" and "dynamic" corresponds to
t = 1/cz, = 10 —10 sec for ZF pSR and
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FIG. 13. Comparison of the present zero-field pSR results
for a /ao in AuFe(1.0 at. %) with the static hyperfine field Hh~
measured by Fe Mossbauer-effect experiments in various
AuFe specimens by Violet and Borg (Ref. 38).

The Curie constant C keeps the single-spin value for low-
concentration ( —1 at. %) samples up to high tempera-
tures, while a short-range ferromagnetic coupling among
2—3 neighboring Mn moments makes C considerably
larger than the single-spin value per atom for CuMn(5
at. %) near Ts. In the following, we use the Curiecon-
stant derived from the data on X„just above T~. If spins
kept fluctuating much faster than the measuring frequen-
cy cu „,of X„even below Tz, then X„should have in-
creased with decreasing temperature, following the extra-
polated Curie law in all the specimens. The sudden reduc-
tion of X„below Tg can thus be attributed to the onset of
"static" polarization of impurity spins persisting up to
t + 1/~meas.

Since the susceptibility is quadratically proportional to
the responding dynamic component of the spin system,
the reduction of X„(T) from Xc„„,( T) below Tg directly
corresponds to the static order parameter Q ( T) as

Xc„„,( T)—X„(T)
Stat[X.,](T)= ""' " =g (T)

Xc .,(T)

t =10 —10 sec for Fe ME. The line shape of the
Mossbauer effect was analyzed assuming the static contri-
bution only, whereas we also took into account the
dynamic effect in ZF pSR via the relaxation function of
Eq. (24) below Tg. In this respect, ZF pSR provides
somewhat more accurate information about static spin po-
larization, especially at temperatures close to Tg.

B. ac susceptibility

The ac susceptibility X„ofdilute-alloy spin glasses ex-
hibits a sharp cusp at Tg. The curvature of X„above T~
follows the Curie law,

X„=C/kT=—Xc„,(T) .

determined at the time window t —I/r0 „,. In Figs. 14(a)
and (b) the above quantity Stat[X„](T)measured by Chi-
kazawa et aI. is compared with the present ZF pSR re-
sults for (~, /~o) in AuFe(1.0 at. ,%) and CuMn(1. 1

at. %). Cut-off pieces of the same specimens were used
for the different techniques. The values of static order
parameter Q determined by pSR at t- I/cz, -0.1—1 psec
and by X„at t —1/co „,=50 msec agree reasonably well
for both specimens. This suggests that the static polariza-
tion persists from t-0. 1 psec to t-50 msec, keeping a
rather constant value in time below Tg.

Such a comparison of susceptibility-type measurements
(X„, neutron scattering) with hyperfine-field —type mea-
surements (pSR, ME) brings out another fundamental
feature of random systems. The response of the ith spin
in Stat[X„] and that in "elastic (bE =0)" intensity I,i of

~ ZFp SR (+s/+0) 2

il

AuFe I.O at.'/~

~ ac-Sus (I -x/x . )
CUlie

I

CuMn I. I at. /

---- S-K Model g(T)

ii

II

CuMn 5 at. /o

O.Q 0.5
T/T

I.O O.Q Q.5
T/T

(b)

I.O 0.0 0.5
T/T

(c)

I.O

FIG. 14. ComParison of (~, /~o) measured by zero-field PSR with the order Parameter Q{T)=[1—X„(T)/Xc„„,(T)] determined
by ac susceptibility, P„, measured on cut-off pieces of the same specimens. P„was measured for AuFe(1.0 at. %) and CuMn(1. 1
at. %) by Chikazawa et al. (Ref. 39) with v=80 Hz, and for CuMn(5 at. %) by Tholence (Ref. 45) with v=10 Hz. The dashed line
represents a theoretical calculation of Q( T) for an infinite-ranged Ising model of Kirkpatrick and Sherrington (Ref. 49); this dashed
line is also checked to agree well with the computer simulation for RKKY spin glasses made by Walker and Walstedt (Ref. 42).
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neutron scattering are both quadratically proportional to
the thermally averaged static polarization P; =(Q;)'~ of
the ith spin. Then the response from the entire system
can be given by

The good agreement obtained in the quadratic comparison
of Stat[X„] with (~, /~c) in Fig. 14 indicates that the ac-
tual system behaves more like the "homogeneous freez-
ing" model. Note, however, that the relation

Stat[X„] or I,j/I, I(T =0)=&P; &;=&Q;);, (30)

where & &; denotes the spatial average over different
spins. On the other hand, the static random field ~, is
linearly proportional to spin polarization as

cz, /sic ——&P; &; . (31)

(a)

O.O I.O

If all the spins have the same values of P; (or Q;), as illus-
trated in Fig. 15(a), then we expect the relation
Stat[X«](T)=Q(T)=(~, /~c) . We will denote this pic-
ture "homogeneous freezing. " In contrast, when some of
the individual spins are completely frozen (P; =1), while
the rest are fluctuating rapidly P; =0 as illustrated in Fig.
15(b), both the susceptibility Stat[X„] and the hyperfine
field are linearly proportional to the number of frozen
(P; =1) spins. Then Stat[X„](T)=Q(T)=(u,/uo). We
denote this picture "inhomogeneous individual freezing. "

Therefore, by comparing (~, /uc) or (~, /~c) with
Stat[X„] or I,~ of neutrons, we can distinguish these two
pictures of spin freezing and investigate the degree of
difference for P; among different individual spins. This
benefit of such a comparison was originally pointed out
by Uemura, and has been described in Refs. 36 and 41.

expected for the homogeneous freezing, works as a good
approximation even for a relatively wide variety of P; and
Q;, as illustrated in Fig. 15(c). This figure represents the
population distribution of the order parameter Q; among
960 individual spins with & Q; );=0.33 obtained in a
computer-simulation study by Walker and Walstedt
below Ts. The quantity [&(Q;)' );] becomes 0.30 for
this distribution. Within the experimental accuracy, the
present results in Fig. 14 are then consistent even with
such a wide variety of Q;. All the three distributions at
different temperatures given in Fig. 4 of Ref. 42 have
been checked to be consistent with the present results.
Nevertheless, we can clearly rule out the very "inhomo-
geneous freezing" such as in Fig. 15(b), since u, /~0 (Fig.
13) shows a distinctly different temperature dependence
from that of Stat[X„](T) in Fig. 14. If "inhomogeneous
freezing" were the case, the points for ZF pSR in Fig. 14
should be much lower than the points for X„.

When the dynamic (Q;=0) spins are fluctuating very
fast (v/cz&)1) and when the frozen (Q;=1) spins are dis-
tributed in a microscopically random way in the "inhomo-
geneous freezing" model of Fig. 15(b), the muon-spin-
relaxation function G, (t) is expected to have a shape simi-
lar to Eq. (17) obtained for the "homogeneous freezing. "
Therefore, the line shape of ZF pSR data alone does not
provide information sufficient for a clear distinction be-
tween the two different pictures of spin freezing. As
described in this section, it is the comparison of the re-
sults from the two different experimental techniques that
allowed us to investigate the different types of spin freez-
ing below Tg.

N (Q;) (b)

C. Neutron-spin echo

O.O 0.5
I

I.O

(c)

0.5 I.O

FICx. 15. Schematic illustration of various types of spin freez-
ing in spin glasses below Tg. (a) All the impurity spins have
equal static polarization; this is "homogeneous freezing. " (b)
Some individual spins are completely frozen (Q; =1), while the
rest are fluctuating (Q; =0); this is "inhomogeneous individual
freezing. " (c) Computer-simulation results of Walker and Wal-
stedt (Ref. 42) for 960 individual spins. With the spatial average
over different spins denoted by ( );, (a)—(c) are all drawn for
(Q;);=0.33. The quantity [((Q;)'~ )],however, becomes 0.33
for (a), 0.11 for (b), and 0.30 for (c).

Mezei and Murani performed a neutron-spin-echo
(NSE) measurement with the same specimen of CuMn(5
at. %) used in the present pSR experiment, and directly
obtained the time correlation function g(t) of Mn mo-
ments at t (10 sec from the elastic intensity I,~ of
magnetic neutron scattering, as shown in Fig. 16. The ac
susceptibility X„was also measured with the same speci-
men using a few different measuring frequencies co „„
and the static order parameter was plotted at t = I/co, »
by Murani et al." to extend the time region of g(t). In
order to compare the static spin polarization measured by
ZF pSR below Ts, we plotted (u, /~c) of CuMn(5 at. %)
at r =1/cz, for T =26 and 20 K in Fig. 16. The attached
dashed lines indicate the persistency of the static com-
ponent expected from the characteristic "tail" of the
muon relaxation function G, (t) observed at these tempera-
tures. The results of ZF pSR nicely cover the time region
between those of NSE and X„. The smooth connection of
(~, /uc) to I,&

and Stat[X„] suggests that the spin freez-
ing is "homogeneous" also in CuMn(5 at. %). This
feature can also be found in a detailed comparison of the
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FIG. 16. Comparison of the time correlation g'(t) of the Mn moment in CuMn(5 at. %) measured by neutron-spin echo (NSE) (Ref.

43), zero-field @SR (ZF pSR), and ac susceptibility (X„)(Ref. 44). The triangle points for ZF pSR are plotted at pit =r, )=1/e at
&=50 and 36 K (above T~), and at g(t =r, )=(1 Q)/—e+Q with Q =(~,/~o) at T =26 and 20 K, by using the dynamic correla-
tion time r, obtained in Sec. IVD. The solid circles are plotted to represent the static spin polarization at g(1/~, )=(~,/uoi at
T =26 and 20 K, and the attached dashed lines indicate the persistency of this polarization expected from the characteristic "tail" of
G,(t) observed in ZF psR.

results from X„[measured at 10 Hz (Ref. 45)] and those
From ZF pSR for CuMn(5 at. %) shown in Fig. 14(c). At
T =26 K, just below Ts ——27.4 K, g(t) decreases slowly
after t —10 sec, which indicates that the spin polariza-
tion is not perfectly "static" in this specimen near Ts.
This is in a clear contrast to the results for lower-
concentration ( c —1 at. %%uo )specimen s, forwhic h

(cz, /ceo) =Stat[X„] even at T-Ts.
We can also compare the dynamic decay rate of g(t)

measured by NSE and pSR above and below Tg. Since
only the average correlation time ~, can be determined by
ZF pSR without detailed information on the shape of g(t)
above Ts, we plotted the points at g(t =v, )=1/e for
T =50 and 36 K in Fig. 16 as representative of @SR re-
sults above Tg. To compare the decay rate below Tg, we
also plotted

g(t =r, )=(,/ ) +[1—(,/ o)'](1/e)

with the values of r, and ~, at T =26 and 20 K given in
IVC and IVD. These points roughly agree with the re-
sults of NSE. To make a more detailed comparison, we
found the time rNsE when the correlation function of NSE
decays into 1/e as g(1NsE) = 1/e by using the NSE data in
Fig. 16 above Tg, and compared it with the correlation
time of ZF @SR in Fig. 12. The values from NSE and ZF
@SR for the same CuMn(5 at. %%uo )roughl yagre eat higher
temperatures, but ZF pSR gives a longer correlation time
than NSE at T-Tg. This may be due to the significant
deviation of g(t) from the simple form of Eq. (15) around
Tz found by NSE, since a relatively small number of
"slower spins" make a large contribution to muon relaxa-
tion when there is a "microscopic" distribution of correla-
tion times r, among different spins.

The uniform susceptibility X,, probes the dynamics at
the wave-vector component q =0, NSE probes around
q =0.1 A ', and the pSR results reflect the integrated in-
formation over all the q components in the Brillouin zone
since a positive muon is a pointlike magnetic probe. The
NSE measurements on CuMn(5 at. %) with q =0.1 and
0.4 A exhibited the same temperature dependence,

and indicated that the dy'namics do not depend much on q
for smaller q values. Recently, Uemura and Shapiro
performed an inelastic-neutron-scattering experiment on a
different single-crystal sample of CuMn(5 at. %) and
found that the temperature variation of the scattering in-
tensity does not depend much on q up to q-3 A '. In
this measurement, the spatial spin correlation of
CuMn(1. 1 at. %%uo )(thesam especime nuse d in th epresent
@SR experiment) was found to be completely random in
orientation. ' ' These results suggest that spin freezing in
CuMn spin glasses (for c (5 at. %%uo )occur sroughl ywith
the same time correlation for all q components, thus pro-
viding a basis for the direct comparison of the three dif-
ferent techniques. The overall agreement between the
zero-field results from NSE, ZF pSR, and 7„in Figs. 14
and 16 is very good, and this gives general support to the
reliability of these techniques in probing the dynamics of
spin glasses. The combined time correlation function in
Fig. 16 demonstrates rapid slowing-down of Mn moments
above Tg, and the onset of persisting "quasistatic" spin
polarization below Tg.

VI. DISCUSSION AND CONCLUSIONS

In the preceding section we ruled out the "inhomogene-
ous individual freezing" model. An example of such "in-
homogeneous" freezing can be found in a percolation-like
picture of spin-glass freezing. Here the reduction of X„
below Tg is attributed to the increasing population of in-
dividual spins joining an infinite cluster of frozen ( Q; =1)
spins, i.e., expansion of the infinite cluster with decreasing
temperature below Tg. The present results suggest that
spin freezing takes place in a much more cooperative
fashion, and that the dynamic response of X„below Ts is
due not to a small population of "free spins, " but rather
to the majority of impurity spins in the system.

The dashed line in Fig. 14 shows the mean-field calcu-
lation of order parameter Q(T) for an infinite-ranged Is-
ing model of Kirkpatrick and Sherrington. This model
effectively connects an infinite number of spins and thus
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represents the most "cooperative" and "homogeneous"
spin freezing. Its result for Q(T) agrees well with the
computer simulation of Walker and Walstedt for RKKY
spin glasses in Fig. 4 of Ref. 42. The observed results
from g„and ZF pSR for AuFe(1.0 at. %) give slightly
larger values of Q(T) than do such theoretical and com-
puter results at the same reduced temperature. This devi-
ation becomes more pronounced for CuMn(5 at. %), espe-
cially around T- Tg. Consequently, Fig. 14 indicates
that the lower-concentration dilute alloys are closer to the
idealized situation of canonical spin glasses.

In fact, neutron-scattering studies have revealed that
the orientations of spins are actually random for low-
concentration (c &2 at. %) alloys, but a short-range fer-
romagnetic interaction couples a few neighboring mo-
ments in CuMn(5 at. %) and other concentrated sys-
terns. Furthermore, Cable et a/. ' recently reported that
some of the spins form a relatively long-range ordering of
spin-density waves in concentrated CuMn systems
( c =5—25 at. %). These complicated local magnetic
structures and couplings would be a principal factor in
making Q(T) in CuMn(5 at. %) different from that in the
simple mean-field model. Indeed, ferromagnetic coupling
tends to make the rise of Q(T) at T- T~ sharper than in
idealized spin glasses, as indicated in Ref. 49. In this
respect, it should be interesting to compare the Q(T) of
many different types of spin glasses, including amorphous
aluminosilicate glasses, (Eu„Sri „)S,etc. It would also be
important to simulate "very inhomogeneous freezing, "
such as in Fig. 15(b), to calculate Q(T), and to compare it
with 'the experimental results.

Assuming the scaling argument of low-concentration
canonical spin glasses for T, H, and c, we would expect
v, T~ to be an invariant quantity for different concentra-
tions at a given normalized temperature. As shown in
Fig. 12, however, this relation is not necessarily obeyed
for CuMn spin glasses (1—5 at. %), for which the value of
~, Tg increases with increasing concentration. We have
also seen that the time correlation g(t) of Mn moments in
CuMn(5 at. %) shows a slow gradual decay at r) 10
sec at T =26 K, just below T~. These features might well
be attributable to the complicated local situation of the
higher-concentration specimen.

The neutron-spin-echo experiment showed a deviation
of g(t) in CuMn(5 at. %) from the simple form of Eq.
(15). Theoretically, several models have been proposed for
the shape of time correlation function g(t). An algebraic
decay g(t)-t " was postulated by Sompolinsky et al.
This shape roughly agrees with the NSE results around
Tz, but has a difficulty since g(t) diverges for t~0, and,
consequently, the power spectrum of spin fluctuations
cannot be normalized to absolute values. "Stretched ex-
ponential" shape g( t) =exp[ (At) ' ~] has been con-—
sidered by Nagi et al. and Arrott et al. , and has recent-
ly been found to explain the time dependence of remanent
magnetization below Tg. The deviation from the simple
exponential shape can be attributed to the different local
environment of each spin, and the "root-exponential"
shape of G, (t) given in Sec. IIIB actually represents a
typical "stretched exponential" function. It is, however,
not easy to reproduce the observed shape of g(t) at T- Ts

with the stretched exponential function. At T =26 K, for
example, a large stretching constant P is needed to ac-
count for the slow decay of g(t) at t) 10 sec, but then
it becomes difficult to explain the relatively quick decay
of g(t) at t & 10 ' sec.

As described in Sec. III C, the time correlation function
gH(t) of random fields H at muon sites is not necessarily
the same as the spin correlation function gs(t)', especially
when gs(t) has a complicated shape. Moreover, the effect
of the complicated spin structure of CuMn(5 at. %) on
gH(t) is unclear at present. Therefore, it is not possible to
obtain theoretical forms of G, (t) expected for complicated
time and spatial spin correlations. Under such cir-
cumstances we have employed the simpler form of Eq.
(24) for the muon-spin-relaxation function G,(t) in this
paper. We avoid the use of overly complicated and un-
reliable model functions. Equation (24) allows us to corn-
pare the results for different specimens from the same
standpoint, free from any a priori assumptions. The
agreement of the assumed line shapes of Eq. (24) with the
data was very good, as shown in Figs. 6—8.

In the present approach we tried to obtain only the
average quantities u, and ~, . The spirit here is very simi-
lar to the mean-field approximation, wherein one deals
only with the averaged physical quantities. The "homo-
geneous" freezing of impurity moments found in Secs.
VB and VC suggests that the observed quantity of ~,
represents the majority of spins. The local field H at a
muon site reflects several neighboring magnetic moments,
and the possibly different time correlations of individual
spins are somewhat averaged at each muon site. These
features provide support for the present approach. The
good agreement obtained in the comparisons with other
techniques confirmed that ZF @SR is a very good tool for
probing such average quantities.

It is, however, difficult for LMSR to directly determine
the shape of g(t), which is a quantity beyond the mean-
field-like picture. Recently, an attempt was made by Ma-
cLaughlin et al. with LF @SR in AgMn applying high
external fields up to HL ——5 kG. The spectral distribution
of the fluctuating field below Tg was "gated" by the Zee-
man level co=y&HL, and an algebraic time dependence of
g(t) was reported. Although this is a good step forward,
the information is not free from the possible change of
dynamics of the spin system itself under a high applied
field. Moreover, the studied time region is limited within
co&y„H„, t &10 sec, which is only the "tail end" of
the frequency spectrum of the dynamic component.
Therefore, at present, neutron-spin echo is a much more
direct and powerful tool than @SR for investigating the
detailed shape of g(t) at t & 10 sec. In this respect, it is
very important to accumulate accurate data on NSE for
low-concentration dilute alloys which are not affected
by the complicated spatial spin correlation.

In summar'y, we have developed a stochastic theory of
muon-spin relaxation in dilute-alloy spin glasses, and ob-
tained an analytic form of Eq. (17) for the zero-field
muon-spin-relaxation function expected in coexisting stat-
ic and dynamic random fields from impurity moments.
Detailed measurements of zero-field @SR have been per-
formed in AuFe and CuMn, mainly with the high-
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intensity surface-muon beam, and the observed results are
well explained by the theoretical form of Eq. (17). The
characteristic "root-exponential" decay of G, (t), expected
for the case of no static fields, has been observed above

Tg. The line shapes of ZF and LF pSR below Tg clearly
indicated the coexistence of static and dynamic random
fields at each muon site. Using the spatial averaging
function p(b, ) of Eq. (9), a convenient "sum rule" was
presented to calculate the average amplitude of random
local fields. The observed full amplitude of random fields
showed linear dependence on concentration c, and agreed
well with the above theoretical calculation for atomic di-

polar fields.
The static amplitude ~, of random fields attained finite

values only below T~, and increased with decreasing tem-
perature towards the full amplitude ~o. The temperature
dependence of cz, /cap agreed well with the results of
Mossbauer spectroscopy, and (u, /~o) agreed with the or-
der parameter Q ( T) measured

'

by ac susceptibility.
Thanks to the fundamental difference between the dif-
ferent experimental methods, the comparisons of ZF pSR
with P„and NSE have ruled out the extremely inhomo-
geneous spin freezing of Fig. 15(b). They have indicated
that the magnetic moments in spin glasses have a rather
homogeneous amplitude of the frozen component below
Ts, as illustrated in Figs. 15(a) or Fig. 15(c). The dynam-
ic correlation time r, of Mn (or Fe) moments, determined
by ZF pSR in all the specimens above Tg, showed rapid
slowing-down of spin Auctuations from ~, —10 ' sec at
T&2Ts towards r, —10 sec at T-Tg. The values of
~, measured in CuMn(5 at. %) by pSR roughly agreed
with neutron-spin echo above and below Tg. The time
correlation function g(t) of Mn spins in CuMn(5 at. %)
has been given in an entire time range of 10 ' —10 sec
by connecting the results of NSE, ZF pSR, and X„. ZF

pSR has provided detailed information. on spin dynamics
in the time region inaccessible for NSE and g„. The
combined information from the three methods in AuFe
and CuMn spin glasses has demonstrated rapid slowing-
down of impurity spins above Tg and the. appearance of
long-time, persisting static spin polarization below Tg.
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