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conservative estimate of the error in these val-
ues of the transition temperature is +0.03J. Al-
ternatively, of course, if our values for the tran-
sition temperatures are correct, then the MC re-
sults confirm the KT prediction for K ..(Tj) for
these systems. Finally, we mention that we have
also studied dynamic correlation functions and
find results in very good agreement with the theo-
ry of Chui and Weeks.® Further discussion of
these results will appear in a forthcoming publi-
cation. We are grateful to R. J. Myerson, P. C.
Hohenberg, and S. T. Chui for helpful discussions.
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Neutron-Scattering Measurement of the Edwards-Anderson Order Parameter
for a Cu-Mn Spin-Glass Alloy
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We have carried out neutron inelastic scattering measurements on a Cu—8-at.%-Mn al-
loy employing different energy resolutions varying over two orders of magnitude. The
temperature dependence of the elastic magnetic scattering cross section which is related
to the Edwards-Anderson order parameter is found to vary systematically with the ener-
gy resolution employed to separate the elastic scattering from the inelastic/quasielastic
contributions and hence on the effective time constant of measurement.

Recent phase-transition theories of spin-glass-
es predict an “ordered” magnetic phase charac-
terized by an order parameter ¢ =[{S;)?],, which
vanishes at a well-defined transition temperature
T,,.1 The theoretical situation, however, is not
entirely clear. In particular, using the high-tem-
perature series-expansion techniques, Fisch and
Harris® have shown that the susceptibility expo-
nent associated with the Edwards-Anderson (EA)
order parameter increases with decreasing di-
mensionality below d =6 and diverges at d =4,
suggesting that if a phase transition in real three-
dimensional spin-glasses occurs it may not be
related to the critical behavior of the EA order
parameter.
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In the following we outline how the EA order pa-
rameter for an ideal spin-glass is formally relat-
ed to the elastic-neutron-scattering cross sec-
tion® and we report on our attempts to measure it
for a Cu—-8-at.%-Mn alloy using spectrometers
with high elastic energy resolutions varying over
two orders of magnitude. An important conclu-
sion which may be drawn from the results is that
the true EA order parameter is not accessible to
any practical probes employing finite measure-
ment-time constants because of the wide spec-
trum of relaxation times of the spin system ex-
tending to infinity at temperatures around and be-
low that of the peak in the magnetic susceptibility.

The double-differential neutron-scattering
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cross section for a spin system can be expressed as®

o ('yez >2k_'
a4 M\ e kOS(Q"")’

where

S@Q,w)=(Nm) @)%, /.7 expliQ- (F, - F,) - iwt S;(0)S,¢ ) dt ,

and the symbols have their usual meaning. The
pair-correlation function can be separated into
two parts:

(S;(0)s,@)
={(5(0)S;(t)) = (SHSH}+(S:XS), (3)

where the first term inside the curly brackets is
purely inelastic/quasielastic and the second
term is elastic. The latter gives

Se(Q)=2N"'"F*(Q)Y;, expliQ- (T, - F,)KS;)(S)
=2N"FQ)Y ;expl - iQ - F,KS,)(S; ., (@)

where n=j - and F,=F,-F;. The summation
over { yields

S.@)/2F*Q) =3 expl =i Q- F,)[(S)(Sis) v,

where [ ],, indicates an average over all spins.
Taking the inverse Fourier transform of the
above equation yields the following:

N, expliQ- T,15,(Q)/2F(Q)
= [<Si><si+m>]av' (52)

Hence for m =0 we obtain the order parameter ¢
defined by EA

q= [(S‘><S,->]av=N- 12 QSe (Q)/ZFZ(Q)

For an ideal spin-glass the quantity S,(@)/
2F%(Q) is independent of @ so that measurement
of the elastic scattering at any @ value yields di-
rectly the EA order parameter. In real spin-
glasses, containing a-few-percent solute mag-
netic atoms, short-range magnetic correlations
are always present despite complete positional
randomness of the two species of atoms. Hence,
the measurement of the EA order parameter in-
volves the determination of S,(Q) over the whole
@ range which is, of course, not always possible
to do. Measurement of the elastic scattering ov-
er a limited @ range can, nevertheless, yield in-
formation which reflects the real behavior of the
order parameter.

The determination of the purely elastic scatter-
ing, however, is limited by the instrumental en-
ergy resolution. In conventional measurements
even the coarse energy resolution of standard

(5b)

(1)

2)

spectrometers is quite adequate to separate, the
elastic scattering from inelastic processes. For
the spin-glass problem, however, the question
of the energy resolution is of special importance
because of the wide spectrum of relaxation times
of the spin system, evident in many of its phys-
ical properties.® Computer simulation experi-
ments® show how the self-correlation function for
the spins evolves from one showing a rapid ex-
ponential decay at high temperatures to that with
very slow, complex decay form at lower temper-
atures. We may therefore express the self-cor-
relation function in the form valid at all temper-
atures:

(8:(0)S; () =20 -, P(T, To)exp(=2 /7,), (6)

where P(T,7,) is the probability distribution of
relaxation time 7, at temperature 7.

For a relaxation process with time constant 7,
to be resolved in the conventional neutron-scat-
tering experiment, the energy resolution AE of
the spectrometer should be at least comparable
to ~7%/7,; if not, the scattering would be indis-
tinguishable from that due to truly elastic proc-
esses. A neutron spectrometer with energy res-
olution AE can therefore resolve processes with
the longest relaxation times 7, given by 7,~%/
AE,, and the rest with times longer than this ap-
pear as elastic scattering. Hence the latter is
proportional to the quantity qr, given by

Grg=lS) N T P, 1) exp(=t/7,), (7)

Ta>To

where the summation is over all relaxation times
longer than 7,, the limit set by the instrumental
energy resolution AE,.

Another probe of the local magnetization
[1¢s;) ol ],v and hence the “order parameter” g,
=[1{S)) +,|*] v is the Mssbauer effect. In this
case the local magnetization (S;) produces a hy-
perfine field at the nucleus which leads to the
splitting of the y-ray spectrum of suitable radio-
active nuclei. For the splitting to be observed,
however, it must be comparable to or larger
than the natural width of the M&ssbauer line giv-
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en by its lifetime 7,. Also the local magnetiza-
tion (S;) need remain stable only over the corre-
sponding period 7 such that 7= 7, which therefore
determines the time constant of the measurement
(~10"7 s for Fe®’), Hence, in a MOssbauer exper-
iment one measures

g2 =) | a= N 30 S, L,

T(X> To

where 7, is the intrinsic lifetime of the Mdss-
bauer transition. Thus, the determination of the
order parameter by this technique is also limited
by the finite time constant of measurement.

We may recall that in addition to the magnetic
scattering discussed above there is also a non-
magnetic contribution to the elastic scattering.
This arises from the nuclear incoherence due to
the binary mixture as well as from the incoher-
ence of each of the two species of atoms. For a
random substitutional alloy this gives a @-inde-
pendent scattering cross section except for the
@ dependence through the Debye-Waller factor.
This nonmagnetic contribution to the elastic scat-
tering can be distinguished from the magnetic
scattering because the former is almost temper-
ature independent (the temperature dependence
due to the Debye-Waller factor being relatively
small below room temperature), and the magnet-
ic scattering at temperatures well above the
freezing temperature is purely inelastic (quasi-
elastic with a large width) and lies outside the
elastic energy resolution of the instruments used.
Hence, the temperature-dependent part of the
elastic scattering represents purely the magnet-
ic contribution.

The first set of measurements were made on
the multichopper time-of-flight (TOF) spectrom-
eter INS with neutrons of incident energy 3.0 meV
and an elastic energy resolution of ~230 ueV.”
We have also carried out measurements using the
backscattering spectrometer IN10 over a small
energy window of + 12 ueV and an elastic resolu-
tion of ~ 1.5 peV using neutrons of incident ener-
gy 2.1 meV. The observed spectra were correct-
ed for background scattering self-shielding and
absorption, and normalized with respect to scat-
tering obtained from a vanadium sample. Multi-
ple-scattering contributions which give a con-
stant correction factor were estimated to be less
than 5% and were not included. It should be noted
that in the backscattering technique the “flat back-
ground” is a function of the total scattering cross
section of the sample so that small systematic
errors are hard to avoid in the background sub-
traction and normalization procedure. Since the
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total cross section does not vary over the tem-
perature range of the measurements, this gives
a constant temperature-independent error. The
absolute cross sections are nevertheless fairly
close to those obtained more reliably from the
TOF measurements. In comparing data from the
two spectrometers it should be noted also that the
Q@ resolutions employed in the two cases are dif-
ferent so that the results obtained for comparable
(mean values of) @ are somewhat different in mag-
nitude as a result of the skewing of the scattering
cross section towards low Q.

Results in Fig. 1(a) show the elastic scattering
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FIG, 1. “Elastic” scattering cross section vs tem-
perature for several @ values: (a) Results from IN10
measurements with elastic energy resolution AE~1.5
ueV. (b) Total intensity within an energy window AE
~ 25 pueV centered about w =0 in the IN10 measurements.
(c) Results from the IN5 time-of-flight measurements
with elastic energy resolution AE ~230 pueV. The ar-
rows indicate the temperatures where marked increases
in the cross sections with decreasing temperature be-
gin. The dashed line marks the temperature of the ac
susceptibility peak, measured with a time constant 7
~1072 sec. The statistical errors are smaller than the
size of the data points and the curves are drawn to guide
the eye.
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cross section for the Cu~8-at.%-Mn alloy ob-
tained by fitting the spectra from the backscatter-
ing spectrometer IN10 to the measured elastic
resolution function of the instrument [~ 1.5 uev,
full width at half maximum (FWHM)]. For a giv-
en @ the cross section is approximately temper-
ature independent at high temperatures but be-
gins to increase markedly below about 47+ 2 K.
The IN10 spectra span an energy range of + 12
ueV about zero energy transfer. The total scat-
tering within this energy range is shown plotted
as a function of 7 in Fig. 1(b). It is seen that
the marked increase with decreasing tempera-
ture in the latter case begins around a significant-
ly higher mean temperature of 55+ 3 K. The tem-
peratures of the marked increases are deter-
mined graphically from the data and correspond
to the temperatures where the rate of increase

of the cross section has a maximum. The un-
certainties in their determination are due to a
statistical errors as well as to the fact that the
temperature steps of the measured data points
are fairly large.

The results for the elastic scattering cross sec-
tion obtained using the IN5 TOF spectrometer are
shown in Fig. 1(c). The TOF spectra show a
broad quasielastic line whose energy width rang-
es from a minimum of ~1 meV (FWHM) to ~5
meV at high temperatures, and a central elastic
line of width ~230 ueV.” The separation between
the two was performed by fitting the measured
quasielastic scattering to a Lorentzian function
in the wings and interpolating in the central re-
gion. As in the previous cases, the elastic scat-
tering cross section is approximately tempera-
ture independent at high temperatures but increas-
es markedly below about 75+ 5 K, a temperature
which is significantly higher than in the cases
where the energy resolution was 1.5 ueV and “25
ueV,” respectively. As mentioned earlier the
high-temperature scattering represents purely
the nuclear incoherent (nonmagnetic) contribution
which in the TOF results in Fig. 1(c) is seen to
be almost @ independent within experimental er-
ror, confirming the good random substitutional
character of the alloy. Its @ dependence over a
similar @ range in the IN10 data [ Figs. 1(a) and
1(b)] is due to unavoidable systematic errors in
the flat background correction and vanadium nor-
malization.

The magnetic scattering S,(Q), i.e., the temper-
ature-dependent part of the scattering cross sec-
tion, is strongly @ dependent because of short-
range magnetic correlations which are invariably

present in all moderately concentrated spin-glass-
es. However, within each set of measurements
the temperature dependence of S,(®) is closely
similar over the @ range investigated. Hence,
each of the S,(Q)-vs-T curves may be taken as
representative of the temperature variation of

the “EA order parameter” measured with finite
time constants, and the mean temperature indi-
cated by the arrows in Fig. 1 around which the
marked increase of the elastic scattering cross
sections occur may be taken as the freezing tem-
peratures corresponding to the various time con-
stants of the measuring probe. In the diagram,
Fig. 1, we have included also a vertical dashed
line marking the temperature of the maximum in
the ac susceptibility of the same alloy measured
with a time constant of ~107% sec.” The results
clearly show the systematic variation of the freez-
ing temperature with the measurement time con-
stant. As mentioned earlier, the M6ssbauer ef-
fect provides another probe for local magnetiza-
tion and the EA order parameter. Mn nuclei are,
however, not suitable for the study and so indi-
rect methods using small amounts of Fe and Sn

as probes in Cu-Mn alloys have been used.® These
invariably give higher transition temperatures
compared with those obtained from susceptibility
measurements,® in good agreement with the above
trend.

In conclusion, the present results give clear
evidence for a wide spectrum of relaxation times
of the spin system at temperatures around and be-
low the “freezing temperature” and demonstrate
the strong influence of the finite time constant of
a probe on the result of measurement of a phys-
ical quantity such as the order parameter. Al-
though it is possible to delineate a freezing tem-
perature from each of the “order parameter”
versus temperature curves, it is clearly not ap-
propriate to regard them as sharp critical tem-
peratures, as is often mistakenly done for the
Md0ssbauer results. It is not unreasonable to ex-
pect that even the temperature of the ac suscepti-
bility peak would shift to somewhat lower values
if significantly longer measurement times could
be used. Such a variation of the susceptibility
maximum with the time constant of measurement
between 10°!! and 1072 sec has been shown ear-
lier.” Overall, the results appear to suggest a
saturation of the variation and so the question re-
mains whether measurements on an infinite time
scale could show the critical behavior predicted
by the theories.
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Measurements of spin dynamics of Cx-Mn alloys containing between 1 and 7 at.% Mn re-
veal the phenomenon of exchange narrowing in neutron scattering, the Korringa relaxation
mechanism being responsible for the intrinsic broadening of the paramagnetic spectrum,
which is well described by a simple Lorentzian in the dilute limit. Additionally, the spin-
spin exchange leads to enhance broadening of the spectrum at higher ¢’s and generally to
departures from the simple Lorentzian form of the spectral function.

Neutron scattering measurements on many para-
magnets show broad quasielastic spectra at finite
wave vectors due principally to the exchange in-
teractions among the spins.’ In dilute alloys
such as Cu-Mn the broadening of the paramagnet-
ic scattering may result not only from exchange
interactions between the spins but is also expect-
ed to be due to the Korringa relaxation of isolat-
ed spins mediated via their exchange coupling
with the conduction electrons which are in turn
coupled to the lattice.?

Below I report a detailed neutron-scattering in-
vestigation of the dynamics of spins at room tem-
perature in a series of Cu-Mn alloys containing
between 1 and 7 at.% Mn which show clearly the
contributions of the two processes, i.e., the Kor-
ringa mechanism and the spin-spin exchange coup-
ling to the paramagnetic spectral function of the
spins.

The paramagnetic neutron-scattering cross sec-
tion for a system of N spins may be written as?®

d%o ve® )2 B’
_ k. 1
aQdw N<mc2 k, Sla,w), 1
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where

Slg,w)

- w 2.y X@)

-2{1 _ exp(-w/kBT)}F (Q)gzuBzf(qyw)- (2)
The expression inside the curly brackets is the
detailed-balance factor, F(g) is the magnetic

form factor of the localized spins, x(g) is the stat-
ic susceptibility, and f (g, w) is the spectral func-
tion representing the dynamics of the spin sys-
tem.

It may be remarked that x(¢g) is ¢ independent
for a noninteracting spin system and F(g)= 1 for
low q’s. However, for the moderately concen-
trated spin-glasses studied here, S(g,w) is a
strongly varying function of ¢ so that a proper
account of its g dependence needs to be taken in
the analysis of the time-of-flight spectra where
the momentum transfer ¢ varies with w (for fixed
scattering angles 0).

The measurements were made on the IN5 time-
of -flight spectrometer at Institut Laue-Langevin
using neutrons of incident wavelength 4.8 A. The
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