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d =(lv, w) (5)

where i is the length of the hop and v, is the elec-
tron velocity. The distance d clearly depends
sensitively upon the electronic structure of the
substrate, being smaller for heterogenous mate-
rials like oxides and larger for clean metals.

dependence of the transfer integral V;,. The spa-
tial dependence is characterized by y;, in our
study. As seen in Fig. 3, the value of T', depends
not only upon y between the substrate and the
sputtered atom (y,) but rather strongly also upon

y between the substrate atoms themselves (y,).
(4) The time interval within which the studied

process of ionization occurs- is found to be 4& l0 ~~

sec for y, =1.5 A and about 2&10 sec for y,0=3 A ~. The ionization in a real system involves
energy exchange and, hence, energy drain to the
colder lattice in this time interval. In view of
our limited knowledge of the electronic structure
in the collision cascade, it is difficult, at pres-
ent, to determine reliably the speed with which
electronic excitations spread in the cascade re-
gion. If one assumes that this region resembles,
in the short time interval, a highly disordered
solid the excitations may spread by a hopping
process and travel in the time ~ the distance d
given by

For the electronic bandwidth of 3 eV, l equal to
the interatomic distance 3 A, and 7 =2&10 sec,
one gets fr om (5) the value of d equal to 10 A.
This length is not far from the dimension of our
model and hence, the outlined conclusions are
likely to be valid also in real semi-infinite sys-
tems. The LTE should thus be understood in
many experimental situations as being local on
the atomic scale, i.e., the parameters T, and y
depend sensitively through the values of y on the
electronic structure of the sputtered atom and its
immediate atomic surrounding.
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The zero-field spin relaxation of positive muon is measured in spin-glasses Pure and
CuMn. A stochastic theory of muon. spin relaxation in a random dilute spin system is for-
mulated to deduce the correlation time of Fe (or Mn) moments. The observed correlation
time increases rapidly from 10 sec (at T -3..2T~) to 10 sec (at T -0.5T~), showing a
sharp slowing down of spin fluctuation around T

PACS numbers: 76.60.Es

In this paper, we report on the first attempt to
measure the dynamical spin fluctuation of spin-
glasses AuFe and CuMn by the zero-field spin re-
laxation of positive muon (p.+).' Longitudinal
spin-relaxation function G,(t) of p,

+ can be direct-

1.y obtained by the time-differential measurement
of the forward/backward decay positrons emitted
from p,

' stopped in a specimen. This technique'
allows us to observe the muon-spin relaxation
with and without external magnetic field, and
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FIG. 2. The zero-field relaxation 'function of p+ ob-
served (a) in Aure (1.0 at.fo) and (b) in CuMn. (1.1 at. /o).

The solid line corresponds to G~ (t) for a =5.2/psec
in AuFe and G~ (t)G~ (t) for a=10.2/psec, b =0.36/
psec in CuMn, and the broken line of CuMn shows
g SG(g )

down after arc melting) and CuMn (1.1 at.%, T,
=10.8 K: quenched from 930 C). The samples
were checked by chemical analysis, ac suscepti-
bility (very sharp cusp), and x-ray microanaiy-
sis (homogeneous impurity concentration among
many different spots of 10 p. m diameter). The
temperature was stabilized within + 0.1 K through-
out the measurement.

As shown in Fig. 2(a), the observed G,(t) in
AuFe (1.0 at%) is well fitted by G, G(t) of Eq. (2).
The averaged static local field a =5.2+0.3 @sec '
(a/y„= 61 Oe) deduced from the spectra of 4.5
and 6 K corresponds well to the calculated dipo-
lar field from Fe moments a=5.1 p, sec ', sug-
gesting a random selection of interstitial sites
by muons. The characteristic 3 component ob-
served at 4.5 K is relaxed by a dynamical modu-
lation (1/v-1 ttsec) at 6 K. The narrowing ef-
fect, starting just below T„rapidly reduces the
relaxation rate with increasing temperature
above T,. This rapid change of G,(t) is observed
at T - 9.5 K in 1.0% Au Fe, while at T - 13 K in
1.4%AuFe. We should then ascribe it to the spin
fluctuation of Fe moment rather than to the muon
diffusion.

p' is known to be frozen at an interstitial site
of Cu (Ref. 10) in the temperature region of our
interest, and similar situation can be expected
in another fcc noble metal Au indirectly" though
the negligibly small nuclear dipolar moment of
Au is not helpful for the direct measurement of
muon diffusion. Thus we assumed no effect of
muon diffusion and obtained v, from 1/v. The
effect of diffusion, if ever present, should be
limited to the region of very slow modulation (v
~0.3 p. sec '). This aspect can actually be con-
firmed in the case of CuMn (1.1 at%) shown in
Fig. 2(b) at T = 30 K, where G,(t) exhibits a typi-
cal Kubo-Toyabe function G, (t) of Eq. (1) for
static nuclear dipolar field with ~-0.36 p. sec '
expected in pure Cu. The effect of local field
HM, from Mn spins is eliminated by the fast spin
fluctuation (7,~10 "sec) at this temperature (T
- 3T,).

In CuMn, as well as in Au Fe, the rapid change
of G, (t) was observed when we cooled down through

T,. This is due to JIM„, reflecting the change of
G, o(t) with increasing v„and G, (t) is fitted well
by G, so(t)[G,KT(t) for Cu] [solid lines of Fig. 2(b)]
for v~ 10'/sec. At lower temperatures, the ob-
served spectra exhibited G,ss(t), with the slow
relaxation of 3 asymmetry, since nearly static
field of HM„decoupled the nuclear dipolar field
Hc„(cf.HM„»Hc„) in this case. At any tempera-
ture, the possible contribution of JIc„ is almost
negligible [G," (t)-1] in the beginning part (t

s 0.5 )tsec) of G, (t), thus we can obtain ~, and a
= 10.2+ 0.8 )tsec ' (calculated atomic dipolar field
a =11.4 tIsec '). The role of Hc, was checked by
applying a small longitudinal field of - 30 Oe,
which is enough to decouple Hc„selectively.

In this way, 7, is directly deduced from G, (t)
over wide temperature region as plotted in Figs.
3(a) and 3(b). We can draw the following conclu-
sions:

(i) Rapid change of ~, near T~.—v, changed
drastically, about two orders of magnitude, within
the region 0.9T &T &1.1T . The sharpness of
this change roughly corresponds to n-2 for v,
cc [T/(T -T,)]"when we compare the paramagnet-
ic region (T & 1.03T,) to the power-law behavior
of critical slowing down [see Fig. 3(b)]. When
we assume the Arrhenius law v, = r, exp(E, /hT),
the slope of 7, around T, gives E,~ 20kT, .

(ii) Scaling arith T,. 7, for different system
and impurity concentration can roughly be scaled
by T, of each sample. ~, at T = T, is - 10 ' sec,
which must be a characteristic number for spin-
glass es.
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FIG. 3. (a) Correlation time 7~ of Fe moment in AuFe (1.0 at. /o, T~ =9.1 K). The error bar includes the system-
atic error and the scattering of data among a few measurements. (b) r~ plotted vs reduced temperature &z/T.
Statistical error is roughly the size of each point.

(iii) Sloto correlation in the freezing phase.—The impurity spins are fluctuating slowly (v,- psec) in the freezing phase (0.5T, & T & 0.8T,).
(iv) Dependence on heat treatment of samples—We have also performed the same experiment

in CuMn (0.5, 0.8, 1.8, and 2.4 at.%) made by
slow cooling down after melting. Compared to
these samples, the rapidly-cooled samples (Au Fe
and quenched CuMn) showed much sharper change
of ~, around T, [see Fig. 3(b)], better fit of G, (t)
to G,so(t), and sharper cusp of ac susceptibility.
These features are explained by the inhomogene-
ous impurity concentration (varying from 70% to
130% of averaged concentration in the region of
- 100 Imt) found in slowly-cooled CuMn by means
of an x-ray microanalyzer.

In Au Fe and quenched CuMn, G, (t) slightly de-
viates from G, (t) in the region 0.8T &T &0.9T,
[e.g. , Fig. 2(b), at 10 K], which might be attrib-
uted to the possible effect of the Edwards-Ander-
son order parameter'" and/or to the spatial dis-
tribution of 7,. These aspects will be clarified in
future with advanced techniques (much higher sta-
tistics, lower backgrounds, longer time range).
In this report, we confined ourselves to the sim-
plest case of the exponentially decaying autocorre-
lation function of impurity spins.

The present work has provided new informa-
tion in the dynamical aspects and revealed the
drastic change of spin dynamics around T,. The
general features are consistent with the neutron

experiment, "and can be compared with the EPR
experiment by Salamon. ' The previous muon-

spin-rotation results' can be understood in our
viewpoint. Thus we have demonstrated a unique
capability of zero-field muon spin rotation prob-
ing spin-glasses.
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REGGE SLOPE AND THE A PARAMETER IN
QUANTUM CHROMODYNAMICS: AN EMPIRICAL
APPROACH VIA QUARKONIA. W. Buehmuller,
G. Grunberg, and S.-H. H. Tye [Phys. Rev Lett..
45, 103 (1980)].

The factor —(1/p, ) on the right-hand side of
Eg. (4) should be replaced by —(1/p').

Figure 2 has the wrong scale in r. The correct-
ed figure is given below.
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