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NMR Studies of Spin-Glass Dynamics
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The dynamics of Mn impurities in dilute Cu Mn (12, 20, and 43 ppm) have been studied
in the spin-glass regime, down to -Tz/30. In an applied field of 275 Oe, the spins freeze
gradually although their motions are highly correlated below a well-defined temperature
Tz, which is the same as that found in static susceptibility measurements. At TG, no

anomaly is found on the impurity correlation time T~, which is field dependent.

We report on NMR studies of the longitudinal
relaxation of host nuclei in dilute CuMn alloys
from above to far below the onset of the spin-
glass regime. Measurements of T, yield informa-
tion on the transverse fluctuating fields experi-
enced by the nuclear spins at the Larmor fre-
quency ~„. In a dilute magnetic alloy these fields
come primarily from the RKKY (Ruderman-Kittel-
Kasuya- Yosida) hyperfine interactions. Their
time behavior is linked to the dynamical proper-
ties of the impurities. The high-temperature
regime where impurities behave as free spins
has been studied by Alloul and Bernier': The cor-
relation time of paramagnetic Mn spins in CuMn
is -10 "/T sec. The work presented here has
been performed in a temperature region where
impurity interaction energies become comparalbe
to or larger than k~T. We have reached two con-
clusions: (1) There exists, even in sizable applied
fields, a rather well-defined temperature T~ be-
low which all impurities interact and behave col-
lectively. This temperature corresponds to the
static susceptibility ordering temperature. Im-
purity clustering appears gradually as the system
is cooled down to T~, becoming nearly complete
at Ta. (2) The impurity spin dynamics slow down
considerably when the temperature is swept
through T~ but display no abrupt change. The ob-
served behavior is typical of neither a well-de-
fined cooperative transition nor a glasslike freez-
ing of thermally activated degrees of freedom.

M(t) —M, = -M, exp( t/T, )jA exp(-t/—T, ' P) + (1

Our host spin-lattice relaxation measurements
have been performed on three dilute CuMn alloys
of Mn concentration C =12, 20, and 43 ppm. Ac-
cording to static susceptibility measurements, '
these alloys order at 29, 44, and 87 mK, respec-
tively. The temperature range of our NMR mea-
surements extends from 2 to 300 mK on CuMn

(43 ppm) at 310 kHz (Ho-275 Oe). Earlier mea. —

surements on all three alloys were performed
from 25 mK to 2 K at 1.5 MHz (8, -1330 Oe). ~ The
shape of the copper nuclear magnetization recov-
ery M(t) is obtained by a series of v/2-v/2 se-
quences. Careful attention has been paid to heat-
ing effects at the lowest temperatures. The ro-
tating rf field has an amplitude of 10 G; the re-
ceiver fully recovers from saturation in eight pe-
riods. There is no significant departure of the
signal amplitude from Curie's law in the whole
temperature range. The observed linewidth
scales, as in previous work, '4 with the static
magnetization.

The onset of interaction between impurities is
reflected on the host NMR relaxation by two main
features. First, we observe a progressive change
of the magnetization recovery shape from an ex-
ponential form for T» Ta to exp[a —(a'+t/T„) 'i']
for T T~. This nonexponential low-T regime
remains unchanged down to To/5. The second
feature is a large enhancement of the impurity
relaxation rate in the vicinity of T~.

Over the whole temperature range, M(t) has
been found to follow the empirical equation

—A) exp[a —(a'+ t/T„) ~']}. (1)

The Korringa relaxation time T," (1.27/T sec)
is long in our temperature range and only yields and A, are obtained by a, computer fit of Eq. (1)
a small correction. Parameters T,', T„, a, to the experimental curves. The functional de-
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pendence (1) of M(t) is found to be accurate down
to instrumental scatter (-0.3%). Parameter A
represents the mixing of the high-temperature
relaxation regime involving T, ' P, ' and the low-
temperature nonexponential regime. As seen in
Fig. 1, A varies linearly with c/T above To and
vanishes for T &T~. Parameter A reflects the
progressive appearance of interactions at tem-
peratures well above TG. It indicates the propor-
tion of copper nuclei influenced by free impuri-
ties and may be regarded as a measure of the
number of free spins. It is not affected by the
magnetic field and scales in T/c. The breakpoint
temperature of the plot of A vs c/T occurs, with-
in experimental resolution, at the same tempera-
ture as for static susceptibility measurements. '
The time scales of those two measurements span
from -1 sec to 1/&u„-10 ' sec. The fact that the
transitional feature is found at the same tempera-
ture in a wide time domain contradicts Murani's
observation with neutrons on a concentrated CuMn

alloy. '
In Fig. 2 we have plotted T„vs T over the whole

temperature range in which nonexponentialities
exist. The relaxation process becomes more ef-
fective in the vicinity of T~ and is maximum at
-To/2. It is clearly established by this raw data
that there is no abrupt freezing of impurity spins
at T~. We consider now the shapes of the recov-
ery. A relaxation going as exp(-v't/T) is, in
some cases, characteristic of diffusionless proc-
esses. ' This is not so in the present study. Al-
though the relaxation rate becomes rather fast
near T~, it does not override the diffusion of mag-
netization. Indeed, the spin diffusion coefficient
D (-5&&10 " cm'/sec for Cu) is not likely to be

significantly altered by the onset of interaction
in the spin-glass state because the hyperfine
fields are, for these low concentrations, com-
parable in magnitude to the nuclear dipole field:
The diffusion barrier number will not exceed its
high-field value of 3600.' Thus, even for the
fastest 7.„, the nuclear magnetization diffuses
over at least half of the host nuclei. The corre-
sponding contribution to the magnetization recov-
ery would be exponential. As this is not observed,
we have to assume that the relaxation rate varies
over distances of at least 50-100 A in the sample.
This assumption is justified by the two following
facts: (1) The dynamics of impurity spins depend
on local environment and so vary from Mn sites
to Mn sites. (2) The length over which the mag-
netization diffuses during the recovery, A.

- DDT„,

is, in our experiment, of the order of the mean
distance between impurities. So, the diffusion
process, although not blocked as already stated,
is not efficient enough over large distances to
cancel host magnetization difference between
various impurity spheres of inf lucence. In each
sphere, rapid diffusion prevails. The spheres of
influence are independent of one another. The
spin-lattice relaxation recovery shape, observed
below T~, results from the superposition of ex-
ponential recoveries about each impurity. The
macroscopic nuclear magnetization at time I; is
expressed by
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FIG. 1. Mixing parameter 1—A plotted vs c/T, with

c in ppm, and T in mK for 12 (Q), 20 (0), and 43 ppm
(4 at 1.5 MHz, V' at 310 kHz). This parameter 1 —A
represents the fraction of correlated impurities.
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FIG. 2. Y„vs temperature as given by Eq. (1). v„ is
a mean nuclear relaxation time. Q, 0, 6: 12, 20, and
43 ppm, respectively, at 1.5 MHz; V', 43 ppm at 310
kHz.
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M(t) =M,[1—exp( t—/T, )f P(T, ")exp( —t/T, ")dT, "], (2)

where P(T, ") is the distribution function of local relaxation times T, '" and is obtained from Eq. (1)
by an inverse Laplace transform:

P (T, '")= 2(vw„T, ") 'exp(a —a' T„/T, '"+T, '"/4T„) . (3)

Parameter a has a nearly constant value of 0.3
for all samples. The probability distribution
P(T, ") has a broad ma. ximum in the vicinity of
T„and falls off exponentially far below and far
above.

Within this phenomenological framework, we
now extract information about the impurity spin
dynamics in the same way as done by Alloul and
Bernier' in the high-temperature regime. How-
ever, the spin-glass state differs from the par-
amagnetic state in two respects: (1) a given im-
purity spin tends to align along a preferential di-
rection, which is oriented at random if the ap-
plied field is low compared to H ~k&T~/gp&. The
resulting angular distribution causes a mixing of
the longitudinal and transverse localized electron
spin suceptibilities inducing the host nuclei re-
laxation. The BGS (Benoit —de Gennes —Silhouette)
mechanism, which is known' to be responsible
for the high-temperature relaxation, is enhanced
by a factor which may be a.s large as (~,/~„)'
=(gp, B/y„) . (2) Short-range correlations are
likely to sustain local, quasipersistent spin-fluc-
tuation modes which are at frequencies low com-
pared to the RKKY coupling [(y„H~) '-10.' sec
for 43 ppm] and may eventually become well-de-
fined spin waves at long wavelength. In spite of
these complications we shall describe the slow
fluctuations with a simple Lorentzian spectrum
r, /[1+(~T,)'], the virtue of which is to charac-
terize the impurity spin dynamics with one pa-
rameter only We ex. pect a distribution P(T, )
over impurity sites of the correlation time 7, .
The distribution P(T, ) will stem from P(T, '"),
given by Eq. (3), once the relaxation mechanism
has been identified and worked out quantitatively.
At present, we can give the gross features of a
mean 7, corresponding to 7„ through the following
reasoning. In Fig. 2, T„vs T displays a minimum
at about TG/2, which, from the preceding discus-
sion, is assumed to correspond to ~„T,- I. For
the 43-ppm sample, 7, -10 ' sec at 1.5 MHz and
-5&10 ' sec at 310 kHz. The temperature de-
pendence of this mean impurity correlation time
is obtained from the relation 7„' cxv, /[1+(a„v',)']
and is shown in Fig. 3. The variation of T, vs T
is smooth through T~ and goes as T ' for the low-
er applied field. Impurity dynamics are clearly
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FIG. 3, Mean impurity correlation time ~, vs tem-

perature. V', 43 ppm at 310 knz; V', 43 ppm at 1.5
MHz.

affected by external magnetic fields —the small-
er the field, the slower the fluctuations. The
present study cannot bring any definitive clue as
to zero-field dynamics, the applied fields being
much larger than the blocking fields of the anti-
ferromagnetic domains (or clouds) which are
known, from remanence effects, to exist in spin-
glasses below T~.'

The transition from a fast- to a slow-fluctua-
tion regime has also been observed on the trans-
verse relaxation time T, as measured in conven-
tional pulsed NMR" or with muon-implantation
techniques. ' The NMR studies on higher con-
centration (0.2 —1/0) alloys of Refs. 8 and 9 agree
qualitatively with our conclusions on spin dynam-
ics but do not yield quantitative information on
the sharpness of the transition. The onset of
fast muon depolarization at T~ has been inter-
preted as an indication of the existence of a coop-
erative phenomenon at T~.' Such a conclusion
seems. to us to be disputable as this fast depolari-
zation can be caused, besides the slowing down
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of spin dynamics, by the appearance of a spread
in angles and magnitudes of the slow components
of the local fields. Thus, experimental facts do
not actually hint toward a usual kind of magnetic '

phase transition at T~ although the existence of
a fairly well-defined, unique temperature at which
all (or almost all) spins are correlated seems to
be emerging from a host of different experiments,
including EPR, "with the possible exception of
neutron scattering with finite wave-vector trans-
fer. '

A possible picture which comes to mind and ac-
counts for the behavior of A is due to Smith" and
it is that of small clusters forming above T~ and
growing so as to become linked together at T~.
The proportion of clustered spins varies with tem-
perature as shown in Fig. 1, The dynamical be-
havior of clustered spins is represented by an
average fluctuation time 7, in Fig. 3. However,
the absence of transitional features on 7,—that
the dynamical properties of a given spin in a fi-
nite cluster slightly above T~ are little different
from its behavior on the infinite cluster slightly
below T~—does not hint at the existence of a co-
operative phenomenon at T~.
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We have studied niobium point contacts which are very consistent and reproducible from
junction to junction, in both their dc and high-frequency behavior. We find a strong cor-
relation between the sharpness of the gap structure and the ac Josephson effect, and we
present the first quantitative measurements of the far-infrared frequency dependence of
the Josephson effect above the energy gap. The measured I-U curves are also compared
with available theoretical models.

Of all the types of superconducting weak links
that exhibit the ac Josephson effect, niobium cat-
whisker point contacts' have the best high-fre-
quency performance, and have shown direct evi-
dence of the ac Josephson effect up to about 6
times the energy-gap voltage. ' Their very small
area minimizes the shunt capacitance, ' while
their three-dimensional geometry and high resist-
ance minimize the effects of heating, ' making
them the best type of weak link for a study of the
behavior of the ac Josephson effect at high fre-

quencies. Unfortunately, the dc I-V curves and
high-frequency behavior can vary considerably
from junction to junction. We have conducted a
systematic study of eat-whisker point contacts
and have correla, ted the high-frequency behavior
and the characteristics on the dc I-V curves of
the various types of junctions commonly obtained.
We find that those junctions with the best high-
frequency performance have both a shape of dc
I-V curve and a high-frequency behavior' that
are consistent and reproducible from contact to
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