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Lois'-dc-field susceptibility of CuMn spin glass
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Low-dc-field magnetic-susceptibility measurements are reported for CuMn alloys containing
1.08- and 2.02-at. '/o Mn using a superconducting quantum-interference device. The zero-field
cooled initial susceptibility shows a cusplike peak at T~, the transition temperature to a spin-glass
state. After field cooling from T & T~ (even for 0=2 6), the susceptibility belo~ T~ is nearly
independent of temperature with the constant value of -0.97X(T~). The high-temperature sus-
ceptibility follows a Curie-Weiss law until just above T~; the value of the Curie temperature is
very small. Using the theory of Sherrington and Kirkpatrick, the spin-glass order parameter
q(T) is extracted from the susceptibility data. A critical index P=1 is obtained assuming a
power law for q(T) ~(1—T/T~)&. The results are qualitatively in agreement with the prediction
of an Edwards-Anderson-type mean-field theory.

I. INTRODUCTION

The investigation of spin glasses like CuMn or
AuFe during the last six years suggests that the mag-
netic ions form a new magnetic phase below a tem-
perature T~. Below T~ the magnetic moments are
frozen in random orientations without a conventional
long-range order. It is well known that the low-ac-
field magnetic susceptibility of a spin glass or mic-
tomagnet has a sharp cusplike peak at the tempera-
ture T, which indicates a cooperative, but random,
freezing of magnetic moments. ' In the temperature
region belo~ T~ irreversible magnetic behavior is ob-
served, which depends on the. magnetic history of the
specimen, e.g. , whether or not the sample was cooled
through T~ in an external. field.

The present work is concerned with the low-dc-
field susceptibility of CuMn spin glass. In analogy to
ferromagnetism, we will use an initial susceptibility Xt

for the susceptibility of the sample when it is cooled
in the absence of a magnetic field and thereafter the
measuring magnetic Geld is applied; after application
of this field the sample temperature is not allowed to
decrease. The symbol X~ will be used if the measur-
ing field is applied above T, . The initial susceptibility
X& and the susceptibility XI, have been measured
between 4.2 and 50 K. Tholence and Tournier ' as
well as Guy have already discussed the effect of
magnetic history on another spin glass, AuFe, and
the difference in results between the dc static meas-
urement and the ac measurement.

Edwards and Anderson '. (EA) proposed that spin
correlations between Gibbs-like replicas of the ran-
dom system play the role of a spin-glass order param-
eter. Sherrington and Kirkpatrick 5 obtained a spin-

glass solution characterized by the EA order parame-
ter q(T). Using this theory, Mizoguchi er al 6ex-.
tracted q(T) from the observed susceptibility for
Gdo 37A10 63. we obtained the order parameter for
CuMn following this analysis. The susceptibility X

provides an experimental probe of q(T), since '

X(T) = K' (T) ll —q (T)}}

x IT —8(T) [I —q(T)]I '

In the mean-field theory, '6 C(T) and 9(T) are
constants and are the Curie constant and the Curie
.temperature, respectively.

Recently, Binder ' has discussed the spin-glass
problem in a brief review. New experimental data, 8

such as the anomalous thermal expansion of CuMn
and MgMn, have been observed and it is our hope
that the measurements presented below will be help-
ful.

II. EXPERIMENTAL

A. Sample

Single crystals of CuMn were grown in the Central
Materials Preparation Facility of Purdue University.
The elements (99.995'/0 Cu and 99.9'/0 Mn) were first
melted in a 99.8'/0 alumina crucible to make a "moth-
er alloy" containing about 5-at. '/0 Mn. Pieces of the
mother alloy were diluted with appropriate amounts
of pure Cu in a slightly tapered graphite (maximum
0.06-wt. '/0 ash content) crucible, and were grown
into single crystals by the Bridgman technique using
rf induction heating. All melting was done under an
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atmosphere of gettered Ar. Etching of the resulting
single crystals ( ~

-in. diam), which'had a few small

surface grains, revealed striations or cell structure
with a spacing on the order of 0.01 cm, so they were
homogenized at 1000'C for 3 days in an evacuated
fused silica ampoule to remove this structure. After
reetching, parallelepipeds of single-crystalline material
( 3.0&2.2x1.7 mm) were cut from the boule with a
low-speed diamond wheel saw, These parallelepipeds
were etched again, to remove the strained surface
due to cutting, They were then reencapsulated in
evacuated fused silica ampou)es and given a second
heat treatment for 1 hr. at 1000'C, and then
quenched in ice water. Magnetic measurements were
performed immediately after this treatment to avoid
room-temperature aging complications.

the sensitivity of the system, awhile the transition
temperature of Pb or Ta gave the magnitude of the
applied field. /

The background change in magnetization was
measured with an empty sample holder at all fields
and temperatures. It was impossible to determine an
absolute value of the magnetization, as only
differences were measured, However, the data were
observed to follow very nearly a I/T dependence at
high temperatures (T & 40 K). We assumed that
this dependence would hold to I/T=O, and the
I/T=O intercept was taken as the "zero" value of the
magnetization. The system was constructed so as to
eliminate spurious signals from vibrations, magnetic
radiation, and the paramagnetic background of the
construction materials. For this system the sensitivi-
ty is sufhcient to detect changes 2&10 ' emu in sus-
ceptibility in a Geld 5 6.

8. Susceptibility measurements

A superconducting magnetometer was constructed.
Detailed discussions of superconducting magnetome-
ters using an rf-SQUID (superconducting quantum-
interference device) have appeared in the litera-
ture, 9 "The magnetic flux sensor of such a magne-
tometer is a pair of astatically wound super-
conducting-coils coupled to a rf-SQUID. If a sample
is placed inside one of the two coils, a change in its
magnetization is sensed by the SQUID and the out-
put is used to drive the Ycoordinate of an X- Y

recorder. The sample (S) and a sample holder (H)
are placed inside a chamber (C) together with a small
amount of exchange gas. This system (S, H, and C)
was placed inside a vacuum can. The temperature
could be raised with the help of a heater glued onto

~ the chamber. A germanium thermometer on C indi-
cated the temperature. The potential drop over the
thermometer drives the taxis of the X- Y recorder so
that a continuous record of the change in magnetiza-
tion of the sample versus temperature is obtained.
The sample holder and chamber as well as the vacu-
um container are made of pure copper. By placing
the pair of astatically wound coils symmetrically with
respect to all three, the change in background mag-
netization was minimized. The magnetic field is sup-
plied by a superconducting magnet operated in the
persistent mode to provide a stable magnetic field.

The sample, a small parallelepiped, described
above, was mounted and nearly filled a square slot
machined into the sample holder. In that same slot,
about 2 mm from the sample, was also mounted a
needle-shaped piece of Pb or Ta (approximately 0.5
mg) with the length axis parallel to the field applied
by the superconducting magnet. This piece of Pb or
Ta gave a very sharp change in magnetization at its
trarisition from superconducting to normal state, or
vice versa. The magnitude of this change calibrated

III. RESULTS AND DISCUSSION

x=C/(T —8) . (2)

The susceptibilities deduced from the magnetiza-
tion measured by a low-Geld static method are shown
in Fig. 1 for Cuo. 9892Mno, o&os and Cuo, 9798Mno, o2o2 Ini-
tial susceptibilities (b) and (d) were measured in a
field of 5.90 6, after cooling the samples to the
lowest temperature in zero field (less than 0.05 6).
Cusplike peaks are observed at the temperatures T,
of 9,90 and 14.67 K for the compositions 1.08- and
2.02-at. % Mn, respectively. The curves (a) and (c)
were also obtained from the magnetization in the
field H=5.90 6, but for these cases, the field was ap-
plied before the samples were cooled below T,.
Between 2 and 25 6, all the susceptibilities of these
two samples were magnetic field independent. The
susceptibilities X~ and Xq have been measured several
times under the same conditions and have been
reproduced very well. Below T, the susceptibilities
(a) and (c) decreased slowly, flattening out to a con-
stant value of 0.98X(T,) and 0.97X(T,) for the 1.08-
and 2.02-at.%-Mn compositions, respectively. These
results agree with Guy 3 and Tholence and Tournier 2

for AuFe and Hirshkoff et al. ' for very dilute
CuMn.

Figure 2 sho~s the initial susceptibilities near the
peak temperature T,. A rounded maximum is seen
for the 1.08-at.%-Mn sample while a sharp cusp is
observed for the 2.02-at.%-Mn sample. We meas-
ured also the susceptibility for a 2.02-at.%-Mn sample
which was homogenized but not quenched in order to
check for any difference in thermal treatment, but
did not detect any.

The high-temperature susceptibility can be ex-
pressed by the Curie-Weiss law
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FIG. 1. Static susceptibilities of CuMn vs temperature for 1.08- and 2.02-at.% Mn. After zero-Geld cooling (H (0.05 0) initial

susceptibilities (b) and (d) were taken for increasing temperature in a field of H=5.90 G. The susceptibilities (a) and (c) were

obtained in the field H=5.90 6, which was applied above Tz before cooling the samples.
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FIG. 2. Initial susceptibilities near T~ for 1.08- and 2.02-at. /o Mn.
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FIG. 3. Inverses of CuMn gram susceptibility 1/X as a function of temperature for 1.08- and 2.02-at.% Mn. Each X follows a
Curie-gneiss law until just above Tg. The values of 8 are small (8&& Tg).

The temperature intercept of 1/X vs T gives the value
of the paramagnetic Curie temperature 8 as shovrn in
Fig. 3 and the slope 1/X yields the eR'ective magnetic
moment per Mn atom in Bohr magnetons,

P,rr' g f1 (1+1)]"=—— 3k,
D P, s'd (1/X) /dT

where J is the angular momentum, p, ~ is the Bohr
magn. eton, g is the Lande g factor, and k~ is the

TABLE I. Peak temperature T, paramagnetic Curie

temperature(), and the e6'ective number of Bohr magnetons

per Mn atom, for two Mn concentrations.
0.2 0.4

T/ T

I.O

1.08

2.02

9.90 + 0.05 0 + 0.5
14.67 + 0,02 +0.2 + 0.5

4.80 + 0.1

4.86 + 0.1

Peak Effective Bohr

Concentration temperature Paramagnetic magneton number

{at.% Mn) T, (K) e (K)

FIG. 4. Spin-glass order parameter q(T) for 2.02-at.% Mn,
which is deduced from Eq. (4), as a function of the reduced
temperature T/Tg. The dots are obtained from the initial

susceptibility, curve (b) in Fig. 1. The dashed line which is

a nearly diagonal line shows the result from the susceptibili-

ty, curve (a) in Fig.. 1. The solid line indicates the mean
field theory prediction of Ref. 5;
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F1G. 5. Log-log plots of the spin-glass order parameter q(T/Tr) vs (Tr T)/T for the —2.02-at.%-Mn sample. Line (1) shows
q(T/T, )=2.1(1—TIT,)' ".0=1,07, which is deduced from the susceptibility (h) in Fig. 1, and (2) indicates
q(T/Ts)=1. 1(1— /TT) s~t, P=1.00, which is deduced from (a) in Fig. 1.

q (T)=—1—TX(T) [C+8X(T)] (4)

The value of q (T) was deduced from the susceptibili-
ty X(T), the Curie constant C, and the Curie tem-
perature 8. Figure 4 shows q (T) for the 2.02-at. 9o-
Mn sample. The solid line indicates the mean-field-

Boltzmann constant. In this calculation X is in
emu/g, and D is the number of magnetic atoms per
gram. A summary of the results for CuMn is shown
in Table I. The values of P,ff are close to the value
calculated for Mn '+ rather than Mn +. The
paramagnetic Curie temperatures Q are very small in
comparison with T, (8« T,) and the deviations
from the Curie-Weiss law are small for each sample
until just above T, .

We followed the method of Mizoguchi et al. to
obtain the EA-type spin-glass order parameter q(T),

. which is based on the mean field theory of Sherring-
ton and Kirkpatrick. ' Relation (1) was used to obtain

theory prediction of Ref. 5. The dots come from
curve (b) in Fig. 1 and the broken line, which is
nearly a diagonal line, shows q(T) from curve (a) in
Fig. 1. In Fig. 5, q is plotted logarithmically versus
(Tr T)/T~. The unc—ertainties in q are indicated by
error bars and are a consequence of experimental er-
rors in X, T, and T, and the uncertainties in the
choices of the constants C and e. The critical index
P was obtained using the relation

q (T)~(1—TIT,)s

The values of p are 1.1+0.2 and 1.0+0.2 for X~

[curve (b)I and Xa [curve (a)I of Fig. 1, respectively.
It should be noticed that this fitting is restricted only
to one decade interval: 0.01&(T, T)/Ts&0. 1. —

The value of P is in agreement with the prediction
of mean-field theory: P-1.0.'"" It appears howev-
er to exclude the renormalization-group method
prediction, obtained by Harris et al. '~ They derived
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expansions for the exponents in power of &=6—d, d
is the dimension of the system, which leads in first
order of e to p=2.5 for the Ising model, 1.75 for the
X- F mode1 and 1.6 for the Heisenberg model. It also
excludes the prediction of the percolation theory by
Kirkpatrick, 20 which gives p=0.39.
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