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A dramatic increase in the width of the exchange-narrowed paramagnetic resonance line
in Cu75Mn25 is reported and shown to result from the critical dynamics of the spin-glass
transition. The divergence of the linewidth as (Tf —T) is the first observation of power-
law behavior at the spin-freezing temperature.

Spin-glass phases of magnetic alloys are gen-
erally recognized to result from the freezing of
spin motion at a temperature T&, without an ac-
companying appearance of long-range magnetic
order. ' While there is experimental evidence
for the slowing down of spin motion in spin-glass-
es, no singular behavior has yet been reported.
In this Letter we present the results of electron
paramagnetic resonance (EPR) measurements
on a concentrated Cu-Mn alloy which show' clear-
ly, for the first time, power-law behavior of the
critical dynamics associated with the spin- glass
transition. Moreover, the behavior of this alloy
is shown to be surprisingly close to that predict-
ed by a time-dependent Ginzburg-Landau (TDGL)
model proposed recently by Ma and Rudnick. '

As is well known, the linewidth of EPR signals
in magnetic materials is dominated by exchange-
narrowed dipolar broadening. ' Korringa process-
es, dominant in dilute alloys, are estimated to
contribute ( 10% of the observed width, because
of the strong "bottleneck" effect. ' The relaxation
rate &, ' is given approximately by

T X (d

where p is the static susceptibility; &„, the di-
polar frequency g'p 8'Qv„' v„ the volume per
spin; and r„ the characteristic spin-spin relaxa-
tion time. Critical slowing down or speeding up'
of v', increases or decreases y/T» respectively.
The critical behavior of X tends to mask the ef-
fect of critical dynamics for ferromagnets, but
the same is not true of antiferromagnets nor
spin- glasses which have nonsingular susceptibili-
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FIG, 1. Relaxation rate T& and ac susceptibility (Bef.
6) of quenched Cu75Mn25.

ties. As we show below, the unique dynamics of
the spin-glass transition, in which the relaxation
time diverges while spatial correlations remain
finite, leads to especially strong changes in the
EPR linewidth.

Show'n in Fig. 1 is the relaxation rate &, for a
sphere of Cu75Mng5 ~ The sample was quenched
from high temperatures and subsequently main-
tained at 77 K except for experimental runs. The
ac susceptibility' of an identical sample, also
shown in Fig. l, ,exhibits quite clearly the cusp
associated with spin freezing at 1'&= 115 K. The
initial dc susceptibility above T& has Curie-Weiss-
like behavior with a Weiss temperature e= 9'l K.'
EPR data, taken by conventional methods at 9.4
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where the Curie constant C =Ng'p, B's'/3k B and s
is the magnitude of the spin. Kawasaki' and Hub-
er" have calculated J for exchange narrowing of
the dipolar linewidth near critical points. The
general expression is

GHz, were computer fitted to Lorentian lines ap-
propriate for a metallic sample, with T, and the
g value as adjustable parameters. Accompanying
the sharp increase in T, ' evident in Fig. 1 is a
noticeable increase in g value from g =1.985 at
room temperature to g=2.125 at T&+j.j. K, the
broadest line which could be measured. There
is also some decrease in integrated intensity.
We shall not attempt to treat these latter effects
here. Similar anomalies in the EPR properties
of spin-glass alloys are abundantly reported in
the literature, ' but none has been carried out
with sufficient detail to permit the comparison
with the spin-glass dynamics reported here.
These results have been reviewed by Beck.'

In order to proceed with the analysis it is con-
venient to introduce a kinetic coefficient

L = (3/Ns') f dt(so(i)S, (0)),

where S,(t) is the time-dependent, k =0 Fourier
component of the spin density,

s,(t) = (ik)-'[s, (f),«],
and the dipolar Hamiltonian" is written

«=&o&naag 'Si Sg'

L =Tg/T, C,
One obtains, following expansion of the resulting

(2) four-spin correlation functions in the random-
phase approximation,

(4)

! to the spin-glass order parameter at T =T&&9,
producing a cusp in the static susceptibility G(0,
0). Above T&, we approximate the behavior of
[G(0,0)] ' by r = T/B -1. In the same calculation, '
the frequency dependence of [G(k, &u)]

' is found
to satisfy

(6)v = —iu7', + ldv +O(v').

The quantity II& is a decreasing function of tem-
perature which achieves its maximum value II&
=1 at T&. Thus, (6) indicates that v(k, &u) = —i~r„
for T &Tf p with

T, = 7,(1 T~/&) '.-
As noted above, only the characteristic relaxa-
tion time 7, diverges at the freezing temperature—there is no corresponding singularity in the
static correlation length -r ' '. The two-spin
correlation function may now be obtained from
the fluctuation-dissipation theorem, C (k, &u)

= (2/cu) ImG(k, +), and substituted into (4). The
resulting transport coefficient iszone.

In a recent Letter, Ma and Rudnick' presented
a TDGL model of the spin-glass based on a ran-
dom-f erromagnetic, Ginzbur g- Landau Hamilton-
ian. In the ladder approximation, they calculate
the response function to be

[G(k, &u)] '= r+$o'k'+v(k, e). (5

S

In (8) we have assumed a non-conserved-spin
model for the relaxation, which shows slowing
down of spin fluctuations of all wave vectors in
a way similar to the replica calculations. Dis-
cussion of the appropriateness of such a model
to the present problem will be taken up follow-

Here r decreases with decreasing T and would
vanish at T =e, but acquires a term proportional

L=(s (u~ /AN)f, d~Zg[lfy"I'+2Ifg"I'+4lfi 'I'+If 'I'kC'(k, &);

the factors fP are the Fourier transforms of

u,'gqz /g pB'. The two-spin correlation function

C$,~) will be discussed below. The dipolar fac-
tors strongly influence the effectiveness of cri-
tical dynamics in modifying L. For cubic crys-
tals, the sum in brackets in (4) vanishes at k =0
and at points in the Brillouin zone having cubic
symmetry. ' ' Strictly speaking, this suppresses
any Iow-k singularity in C(R, &u). However, the
region of strong' dependence is small, permit-
ting anomalies such as those observed in cubic
ferromagnets. " In the spin-glass case, no low-
@ singularity is expected —the susceptibility is
finite at the freezing temperature —but a vanish-
ing relaxation rate is expected in the frequency
dependence. ' Because the dipolar factors play
no important role in the behavior of the linewidth,
we simply replace the bracketed terms, which
must be calculated for a distribution of Mn atoms,
by an averaged function E(k). We expect E(k) to
be zero over a narrow range near k =0, and to be
constant over the remainder of the Brillouin
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ing a presentation of the experimental results. With the use of Eqs. (2) and (8) we can write our re-
sult in the form

BL/T = [(T/B-1)T ] =(L B/T )(T/T -1) '. (9

In Fig. 2 we have plotted our experimental values for the left-hand side of (9) versus (T/T& —1) on a
logarithmic scale. A background contribution" and the freezing temperature T& =120 K have been ad-
justed to produce the best fit. The data clearly lie on a straight line given by

BL/T = 2 x 10' sec '+ (4.2 x 10' sec"')(T/T&-1) ' """ (10)

in excellent agreement with (9). We are limited
in our approach to 1'& by the extreme broadness
of the lines, and may not have reached the true
critical region. This could explain the close
agreement of our results with a mean-field theory,
despite the fact that renormalization-group meth-
ods show these to be invalid for dimensionality
d(6." The spin dynamics associated with the
spin-glass transition evidently dominates the
magnetic behavior over a very wide temperature
range, extending beyond 2T& in this case.

The freezing temperature obtained from the
fit of Fig. 2 is somewhat higher than the cusp
temperature shown in Fig. 1. This may be due
to the fact that the measurement is performed
at finite field, however, the peak temperature
tends to decrease as the magnetic field increases. '
A similar effect has been noted' in neutron scat-
tering where the peak in the quasielastic cross
section occurs 5-10 K higher than the corre-
sponding cusp in the ac susceptibility g„. Murani
has attributed this difference to the time scale
of the measurement: -10 " sec for neutrons,
but -10 ' sec for g~. For exchange narrowing,
the scale is set by the dipolar frequency, so that
we are sensitive to times -10 sec, still far
shorter than the ac susceptibility time scale.
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straight line is Eq. (10), a least-squares fit to the data.
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Some evidence for dynamical freezing in spin-
glass alloys has been noted previously. The
width of the neutron quasielastic peak' narrows
as the temperature is lowered, but then has a
rather broad minimum around the freezing tem-
perature. The overal1 narrowing is by less than
a factor of 2. It may be that neutron results are
masked by the effects of inhomogeneities which
nucleate clusters near the freezing temperature. '
Such clusters would be inhomogeneously broad-
ened and thus unobservable in the EPB data. In
fact, the loss of signal intensity near T& may re-
flect the growth of such regions. The NMR spin-
spin relaxation rate has also been reported to in-
crease strongly near T&.'

Quite recently Hertz and IGemm" extended the
TDGL model to include both mode coupling and
conserved spin. Somewhat surprisingly, no
slowirig down of the relaxation rate, as in the
non-spin-conserving Ma-Rudnick model, occurs.
Bather, mode coupling causes a speeding up of
the relaxation rate, which in three dimensions
is given by

~(~ ')/7 '-(T-*)" (ll)
In the usual treatment of dynamical narrowing

presented above, the dipolar interaction is treat-
ed as a perturbation, with the correlation func-
tions which arise derived from an exchange-only,
and therefore spin-conserving, Hamiltonian.
Our results, however, are consistent with the
non-spin-conserving model. This may be a short-
coming of the Hertz-Klemm model, which fails,
after all, to predict spin freezing for any but the
k =0 mode. Equation (8) shows that, in fact, di-
polar terms relax the 4' =0 mode so that the in-
clusion of dipolar terms always leads to spin
nonconservation. We require, clearly, a calcula-
tion of the spin dynamics of a spin-glass, which
includes explicitly the effect of dipolar coupling
on the transverse relaxation rate, with which to
compare our empirical results.

We have shown, in summary, that the TDGL
model describes surprisingly well the static and
dynamical behavior of this concentrated CuMn
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spin-glass. EPR measurements are, in this case,
especially useful in investigating the critical dy-
namics of the spin-glass transition. Anomalies
in the EPR spectra have been noted over the
years in a variety of alloys, ' but were not pur-
sued. It is quite clear that careful remeasure-
ment of the linewidth and g-value anomalies on
other well-characterized spin- glass alloys will
lead to further clarification of the dynamical
nature of the freezing transition.
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We have measured the quasiparticIe recombination time in the strong-coupled super-
conductor Pbp 9Bio &

directly by measuring the lifetime-broadened energy gap edge. This
is done by measuring the I Vcharacter-istics of a superconducting tmmel junction of the
type Pbo 9Bio &-insulator-Pbo 9Bio &. Agreement with the calculated value is excellent.

Nonequilibrium properties in superconductors
have been the subject of substantial interest re-
cently. ' The response of a superconductor when
driven away from equilibrium is very much depen-
dent upon the various electron and phonon relaxa-
tion times. Central to the relaxation phenomenon
is the recombination time 7~ which is the time
taken for bvo quasiparticles at or near the energy
gap edge & to recombine into the superQuid con-
densate. In this Letter we demonstrate that 7„
can be measured in a strong-coupled supercon-
ductor directly by measuring the lifetime-broad-
ened energy gap width in a tunneling experiment.
Measurements for the alloy Pb~ J3i» are pre-
sented and good agreement with calculations is
achieved.

Previous measurements of the intrinsic quasi-
particle recombination time in a superconductor
have been plagued by thin-film phonon bottleneck-
ing problems or have been rather complicated,
requiring model analysis of data."Very recent-
ly, a determination of &+ in single-crystal Pb
was made by measuring the thermal diffusivity
and extracting a quasiparticle scattering rate
which could be related to the recombination time. '
R thermal equilibrium well away from the super-
conducting critical temperature 7', the recombi-
nation rate is given by'

where &, is related to the electron-phonon coup-
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