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Zero-field muon-spin relaxation has been measured in CuMn spin-glasses (5 at.% and 3 at.%) using the
surface muon beam. Dynamic correlation time and static spin polarization of Mn moments, determined at
0.17, ~ 3T, are consistent with neutron-spin-echo and ac-susceptibility measurements on the same speci-
mens reported in different time windows. The combination of these three experiments demonstrates the
spin freezing of CuMn with the time-persistent Mn polarization below 7.

For the study of the spin dynamics of spin-glasses,! posi-
tive muon-spin relaxation (u*SR) has recently been shown
to be a powerful new probe?-> among other standard experi-
mental methods. Its capability of zero-field measurements®
is especially suited to spin-glasses where the sharp cusp of
ac susceptibility X,c at the cusp temperature 7, is rounded
by the application of small external magnetic fields. In the
zero-field uSR (ZF-uSR) experiments applied to spin-
glasses CuMn and AuFe (~1 at.%, Ref. 6) and to 4gMn,*
the spin fluctuation of the Mn (or Fe) moment was found
to slow down rapidly when 7, was approached from higher
temperatures, and to become almost static below 7, within
the simplest approximation of Markovian fluctuations.
Since a subsequent wSR measurement with longitudinal
external magnetic fields® revealed that the static and dynam-
ic random fields from Mn moments coexist at each muon
site below T, attempts were made*’ to deduce the ampli-
tude a;=vy,H; (y,=8.5x10%secOe) of the static random
fields H; in ZF-uSR. The statistical accuracy of a, and the
detailed data analyses were, however, limited by the dead
time ¢ ~ 30 nsec of the uSR spectrometers used in the pre-
vious studies, and this dead time also made it difficult to ap-
ply ZF-uSR to dilute-alloy spin-glasses with impurity con-
centration ¢ higher than 2 at. %.

Avoiding these difficulties by using the ‘‘surface muon”’
beam of TRIUMF, we have performed ZF-uSR measure-
ments in 5% and 3% CuMn (T,=27.4 and 20.0 K; prepared
by quenching from 7=830°C), and describe the results in
this article. We used the specimens cut from the same
CuMn samples examined by neutron-spin-echo (NSE)
(5%),® neutron time-of-flight (3%),° and ac-susceptibility
(X,c.) (Ref. 8) measurements, so that the findings of neu-
trons, uSR, and X,. can be directly compared and combined.
Thanks to the low incident energy 4.1 MeV, surface muons
are fully separated from the associated beam particles with a
Wien dc separator, and are completely stopped in the speci-
men within the range ~ 200 mg/cm?.!® These features al-
low us to remove the positron counters from the anticoin-
cidence of the ‘‘stopped muon’’ logics, and to observe the
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time spectrum of muon-decay positrons free from the dead
time near t=0 with very low background. Positron intensi-
ties were recorded by two sets of counters placed in the for-
ward (F) and backward (B) directions of the specimen, and
the muon-spin relaxation function G,(f) was measured via
the asymmetry F(#)/B(f) in the entire time region of 10
nsec < ¢t < 10 usec with very high statistics, as shown in
Fig. 1 for 5% CuMn. The temperature was stabilized to
within +0.1 K at each point.

When we assume the Mn moment S to follow a simple
time-correlation function with Edwards-Anderson order
parameter Q'!

(S(NS€0))/(S0)=(1-Qexp(—vD+Q , (1)

the expected theoretical form of G,(#) can be calculated
analytically as described in Refs. 6 and 7 to yield
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where a; and aqg4, respectively, represent the averaged ampli-
tude of static and dynamic random local fields at the muon
site. For the purely dynamic case where a;— 0 and Q— 0,
this function exhibits a ‘‘root-exponential’’ decay
G, (1) =exp(—~/Agt) similar to G59(?) of Ref. 6. The stat-
ic effect is reflected in the quick initial decay of G;(?) fol-

lowed by the %— “tail,”” as indicated by the characteristic

static line shape
G, (D =%+ %(1—a,t) exp(—a,t)

obtained for a;— 0, Q— 1. These features of line shapes
are superimposed when static and dynamic random fields
are coexisting. To include the effect of nuclear dipolar
fields, Eq. (2) has to be multiplied with Kubo-Toyabe func-
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FIG. 1. Muon-spin relaxation function G,() observed in a spin-glass CuMn (5 at.%, T, =27.4 K) in zero field. The error bars of the
data are within the size of each point unless indicated. The solid lines show the best-fit curves with Eq. (2) [for T=36 and 50 K, Eq. (2)
was multiplied with Kubo-Toyabe function for pure Cul. The broken line at 7 =26 K illustrates the decay of G, (1) expected when we as-

sume no persisting field (a;— 0).

tion for a pure Cu system® when a, < 0.5 usec™ .

Varying a, and Ay as the only free parameters, the ob-
served data of G,(t) were fitted to this function. The best-
fit curve, shown by the solid lines of Fig. 1, agrees well with
the experiment, and this justifies the use of Eq. (2) in the
analysis. Small differences, noticed at T=26 and 36 K of
Fig. 1, might be suggesting the spin dynamics to be more
complicated than Eq. (1) around 7,. The extracted best-fit
values of a; and A4 are shown in Fig. 2, together with some
results of 1% CuMn. Although we made no a priori as-
sumptions, a; exhibits nonzero values only below T, of
each specimen, and increases with decreasing temperature
towards the full amplitude ao= (a2+ a})V?=a,(T=0) of
random fields. Assuming the full polarization of Mn mo-
ments with 2v/S(S+1)=5.0 at T=0 in Egs. (12) and (13)
of Ref. 6, the theoretical value of ag can be calculated from
the lattice sum to be ag=cXx 14 usec™!, which agrees well
with the observed quantity ao(5%)=70 usec™! and
ap(3%) =50 usec™!. Since a/ay corresponds to ~/Q, Fig.
2(a) represents the static polarization P =+/Q of Mn mo-
ments measured by uSR. To cause the quick initial damp-
ing of G,(#), such a polarization has to be ‘‘static’’ only up
to the time ¢t=1/a,=20-100 nsec. The observed ‘‘tail”’ of
G, (1), however, indicates the field of as to be persisting up
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to t=1-5 usec. Without the persisting field, indeed, G,(#)
should have decayed as illustrated by the broken line of Fig.
lat 7T=26 K.

The dynamic depolarization rate A4 in Fig. 2(b) increases
rapidly when T, is approached both from higher and lower
temperatures. Above 7T, where a;=0 and ay=ao, the
correlation time 7.=1/v of Mn moments can be deduced
from Ag as 7.=DMAg/4ad. When we compare 7, with the
power law 7.=7o[T/(T—T,)]* above T, we obtained
7o=8%10"1 sec, z=2.9 for 5% CuMn, and 7o=7x10"1
sec, z=2.6 for 3% CuMn from the corresponding fit to A4
shown by the solid lines in Fig. 2(b). Since it becomes in-
creasingly difficult to obtain reliable values of a; at lower
temperatures, we will just give a rough estimate v ~ 10'%/sec
for the decay rate v of the dynamic random fields below Tj.
These results of a; and A4 are consistent with earlier works
in AuFe (Refs. 6 and 7) and A4gMn,* while the accuracy has
been improved thanks to the full observation of G,(?).

In Fig. 3, we compared the findings of ZF-uSR of 5%
CuMn to the time-correlation function £€(#) of Mn mo-
ments measured by neutron-spin-echo and ac-susceptibility®
for the same specimen. Since &(f) cannot directly be mea-
sured by wSR, we plotted our results of 7, above T, at
£(t=17.)=1/e as the representative points. A few points
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FIG. 2. (a) Averaged amplitude a, of static random local field at the muon site, and (b) the dynamic muon-spin depolarization rate Ay,
deduced from zero-field uSR experiments in CuMn spin-glasses by fitting the data with Eq. (2). The solid line of (b) corresponds to

Age [T/(T — Tp) J* with z=2.9 for 5% and z = 2.6 for 3% CuMn.
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FIG. 3. Time-correlation function ¢(7) of Mn spin fluctuation in a spin-glass CuMn (5%, Ty =27.4 K) measured by neutron-spin-echo
(Ref. 8) and ac susceptibility (Ref. 8), where the results of ZF-uSR are compared. At T=50 and 36 K, uSR data are plotted at
£(t=1.) =1/e representing the measured correlation time 7., while the static polarization are plotted at ¢(1/a;) = (a5/ag)? at T =26 and 20
K together with the broken line indicating the persistency of a; expected from the “‘tail”’ of G, (7).

are also plotted at £(r=1/a,) = (as/ay)? by using the static
amplitude a; below T,, where the attached broken lines in-
dicate the persistency of the static component expected from
the ““tail”” of G,(#). Three independent zero-field results of
NSE, ZF-uSR, and X, agree very well, and the combined
time correlation demonstrates Mn moments to slow down
rapidly above T, and to possess a long-time persisting com-
ponent below Ty.

The comparison in Fig. 3 also helps us to roughly distin-
guish between the two different pictures of spin freezings
below T, i.e., (a) ‘““homogeneous freezing” where all the
Mn moments have equivalent static polarization P=+/Q,
and (b) ‘“‘extremely inhomogeneous freezing’> where, for
example, 10 spins out of 100 are completely frozen (Q=1)
while the remaining 90 spins are paramagnetic (Q=0). In
the homogeneous picture (a), the static field a, of wSR is
linearly while the elastic intensity /. of NSE and X, are
quadratically proportional to P. In contrast, ag, I, and X,
are all linearly proportional to the number of frozen spins in
the inhomogeneous case of (b).” Therefore, the good
agreement of the squared quantity (a/ag)? to I and X,

shown in Fig. 3 below T, tends to support the homogene-
ous freezing.

A deviation of ¢(#) from Eq. (1) is seen in the NSE data,
and is studied also in some other experiments.” 12 We have,
however, confined ourselves within the approximation of
Egs. (1) and (2) in the analysis in order to grasp general
features using a reliable standard approach.!* In conclusion,
the present experiment has provided direct information on
the dynamics of Mn moments in the time region inaccessi-
ble for NSE and X,., and the combination of the three ex-
periments have enlightened a rather homogeneous spin
freezing of CuMn with a persistent static Mn polarization
below T.
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