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Susceptibility of the Cu Mn spin-glass: Frequency and field dependences
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Alternating current susceptibility measurements on powdered samples of the spin-glass Cu Mn

(Mn concentrations: 0.23 ~ c ~ 6.3 at. /o) showed relatively broad maxima as well as sharp

cusps in X as a function of temperature depending on the method of preparing the sample. In

contrast to the broadly peaked X (T) curves, the sharply cusped ones were more affected by

small, external, static fields H. This field dependence was measured at various temperatures
above and below Tf„the freezing temperature. At Tf the behavior of X'(H) was analyzed and

the critical exponent 5 determined. The susceptibility data for the lower concentration alloys

were independent of the measurement frequency (1 Hz& v ( 10 kHz) within the absolute ex-

perimental accuracy of about 1%. However, in the concentration regime of = 1 at. % Mn and

above, the sharply cusped, so-called "quenched" s~mples exhibited a small frequency depen-

dence in X'(T) near Tf. The relative shift in freezing temperature b Tf/Tf per decade of fre-

quency was found to be 0,0050 independent of concentration from 1 to 6.3 at. % Mn. Below Tf
the various X (v) curves seemed to converge towards a single, nonzero X value as T 0 K.
Above Tf and below about 50 K, the susceptibility obeyed a simple Curie-like law, where ts in

the higher temperature region from 100 to 150 K a Curie-4'eiss-like behavior was observed
with a small, positive paramagnetic Curie-%'eiss temperature. To analyze the behavior of X'(T)

I

near Tf and at the lowest temperatures of measurement 0.4 K, the superparamagnetic blocking

model of Wohlfarth was used. A distribution of blocking temperatures was thus determined
from the experimental X' data. This distribution function shows a rather sharp step at Tf, indi-

cating that there are cooperative effects in the freezing of a spin-glass.

I. INTRODUCTION

The term spin-glass has been broadly applied to the
freezing behavior and low-temperature magnetic
properties of many different classes of random mag-
netic systems. At present the spin-glass problem is
the subject of intensive study, ' from the experimen-
tal side in order to characterize systematically the ex-
act nature of the observed behavior, and theoretically
to determine the best and simplest model with which
to describe these properties. The experimental
results encompassing a large variety of different mea-
surements are somewhat muddled by the complexity
of the spin-glass phenomena and by inconsistencies
in the sample preparations. While among the exist-
ing theories, there remain many controversies over
the question of a phase transition and how best to
describe the low-temperature properties. '

One of the simplest to observe and most striking
experimental features of a spin-glass is the "sharp
cusp" in the low-field ac susceptibility. ' While many
different measurement techniques have been em-
ployed to study spin-glasses, the susceptibility as a
function of temperature not only gives the clearest
determination of the freezing temperature Tf, but
also is of intrinsic importance in investigating the na-
ture of this "freezing" and presents a distinct chal-
lenge to the theoretical description of the spin-

glasses. Recently there has been a large amount of
experimental effort devoted to the frequency and
field dependences of X( T).' "

The question of a frequency or time dependence is

fundamentally related to the description of the transi-
tion which occurs at the freezing temperature. A

strong "time of measurement" behavior in the vari-
ous experimental properties suggests a gradual freez-
ing over a wide temperature range and is thus com-
mensurate with a glasslike or thermally activated
change of phase. On the other hand, freezing
behavior which is independent of time, occurring at
the same Tf for various frequency windows indicates
a usual type of static phase transition with the associ-
ated critical phenomena. Somewhere between these
two extremes lies the not fully explored regime of a
dynamical phase transition which is cooperative yet
time dependent.

Spin-glasses are sensitively affected in the tempera-
ture region around Tf by an applied magnetic field.
At Tf the susceptibility "cusp" is severely rounded in

rather small fields of order 100 Oe. ' The characteris-
tics of the magnetization, M, are also drastically
modified as Tf is traversed. For T & Tf a Brillouin-
function-like M(H) curve is found, while below Tf
an "5" shaped M(H) contour appears at Tf which
permits a determination of T&

"'8 Here (T ( Tf).
above a certain rather low threshold field, irreversible
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and time-dependent behavior becomes visible in the
magnetization. Such metastable effects are charac-
teristic to the low-temperature spin-glass state over a
wide range of fields. Yet even in fields around 400
kOe (40 T) the spin-glass cannot be fully saturated. '9

This wide range response to an external field
represents a peculiar and complicating property. So it

is of particular interest to study the field dependence
of X at 7~ and at temperatures below Ty. Not only
will additional information be gained concerning the
type of phase transition, but also about the low-

temperature excitations and activation processes.
For many years now there have been a large

number of measurements of the spin-glass suscepti-
bility. This quantity is most difficult to define and to
measure for these nonlinear M(0), irreversible, me-
tastable, time-dependent systems. We have decided
to reconsider the CuMn archetypal spin-glass by sys-
tematically measuring the differential susceptibility,
both its in-phase and out-of-phase components with
calibrated magnitudes. The available temperature re-
gion for these measurements was 0.3 to 150 K which
nicely spanned the freezing temperatures
(3 & T~ & 30 K) by a factor of at least 5 for our Mn
concentrations of from 0.23 to 6.3 at. %. Two dis-

tinctly different sample preparations and subsequent
heat treatments were employed in order to illustrate
the effects of a metallurgical nature on the spin-glass
state. The magnitude of the ac driving field was
varied to test for possible alterations in the suscepti-
bility. In addition its frequency was changed from 1

Hz to 10 kHz, and the susceptibility was carefully
measured as a function of the frequency through the
freezing temperature. Finally, dc external fields up
to 25 kOe (2.5 T), parallel to the ac driving field,
were applied to determine the field dependence of
the susceptibility.

In the next section we describe our sample prepara-

tions and experimental apparatus for the susceptibili-
ty. Section III, on experimental results, is divided
into three parts: the temperature and frequency
dependence of X; its field dependence; and finally the
low-temperature behavior and the shape of X(T). In
Sec. IV we discuss our results and offer some conclu-
sions.

II. EXPERIMENTAL DESCRIPTION

We have studied Cu Mn samples with various Mn
concentrations, c, in the range from 0.23 to 6.3 at. %
Mn. The samples were prepared in two different
ways. Alloys with Mn concentrations of 0.23, 0.46,
and 1.48 at. % Mn (samples Ia, Ib, and!c, respective-
ly) were made by induction melting at 1100' C in a
0.75-bar argon atmosphere. In order to avoid the ef-
fects of eddy currents and to reduce the skin effect as
much as possible, the experiments were performed
on finely po~dered samples, with grain size of 100
p, m or less. These powders were then annealed at
500'C for several hours, and slowly furnace cooled
to room temperature. Alloys with 0.57, 0.70, 0.94,
2.0, and 6.3 at. % Mn (Ila to Ile, respectively) were
fabricated by arc melting, followed by 24 h of homo-
genization annealing at 900' C, and then rapidly
quenched in ice-water. These samples did not re-
ceive any further heat treatment after filing into
powder (grain size also & 100 p, m). The Mn concen-
trations were determined by chemical analysis, and
were found to agree to within 5% of the initial, nomi-
nal concentrations. A listing of the samples studied,
their concentration, heat treatment, and freezing
temperature T~ is given in Table I.

The differential susceptibility was measured by
means of a mutual inductance technique in the fre-
quency range from 1 H z to 10 k H z. Both the in-

phase component X' and the out-of-phase component

TABLE I. Samples of Cu Mn alloys (powders & 100 p, m).

Type I (slow cooled)
Concentration

(at. % Mn)

Type II (quenched)
Concentration

(at. % Mn)

Ia
Ib
Ic

0.23
0.46
1.48

2.85
5.00

12.40

Ila
lib
Ilc
Ild
Ile

0.57B

0,70b

0.94
2.0
6.3

6.00
7.65
9 40'

15 50'
32,3c

'A portion of this sample was additionally annealed at 500'C and then slowly cooled in a similar

fashion to the type I samples.
On this sample bulk measurements were also performed.

'These samples exhibit a small frequency dependency of the susceptibility maximum. The above
values for the freezing temperatures are determined at a frequency of 234 Hz,
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X" of' the complex susceptibility are measured simul-
taneously. The ac driving field, h, usually employed
was = 1 Oe. In certain measurements h was varied
between 0. 1 and 10 Oe without any noticeable effect
in the susceptibility. So the magnitude of the ac drtv-

ing fiel~ does not seem to be an important p;irameter
in our study of' the Cu Mn susceptibility.

The absolute value of the susceptibility is obtained
from a calibration of the apparatus with the standard

paramagnet Mn(NH4)2(SO4), 6HqO. The accuracy
of this calibration is better than 1%. However, at a

fixed frequency the relative accuracy of X' is of the
order of 0.1%. Measurements are usually performed
in the temperature range from 1 to 150 K.' In the
range 1.2 to 20 K, where the spin-glass freezing tem-
peratures occur for most of these CuMn alloys, the
temperature could be kept constant to within 0.1%,
while the absolute temperature accuracy is better than
0.5%. At 100 K the absolute error in the thermome-
ter calibration is about 1%. For certain susceptibility
experiments temperatures down to 0.3 K were ob-
tained using a 'He cryostat. " An external static field,
H, could be applied parallel to the ac driving field via

two different magnets. A water cooled, copper wire

solenoid was used to generate fields up to 4.5 kOe
(0.45 T) and a superconducting coil was available to
produce magnetic fields with a maximum value of 36
koe (3.6 T)."
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FIG. 1, Susceptibility X' is 'i function of reduced tem-
per'iture T/T& for various Cii Mn spin-gl iss (powder) 'illoys:

(a) la(0.23 «t. '/I) Mn) Tg = 2.85 K, Ib(0.46 «t. 'j0 Mn)

TJ = 5.00 K, and Ic(1.48 at. % Mn) Ty = 12.40'K'. (b) lla(0. 57

«t. % Mn) T&=6.00 K ind Ilb(0.70 it. % Mn) T&= 7.65 K.
The dashed lines represent dat i in in external m ignetic field
'is 1'ibeled. The s'imples I i, Ib, Ic 'ind II;i, lib, respectively,
h ive been prep;ired ind inne iled using different methods,
is described in text.

III ~ EXPERIMENTAL RESULTS

In this section we first limit ourselves to measure-
ments concerning the shape of the maximum in the
susceptibility versus temperature. Then for a number
of different Mn concentrations we present data on
the frequency dependence of the susceptibility cusp
and on the susceptibility at high temperatures. The
field dependence of the susceptibility X(h, H) is given
in the next part (Sec. 1118). Finally in Sec. 111C we

analyze the low-temperature behavior of the suscepti-
bility and its shape in terms of a distribution of
blocking temperatures employing the model of
oh lfar th.

A. Temperature and frequency
dependence of X

Some typical temperature dependences of the sus-
ceptibility X'(T) are shown in Fig. I for five different
Cu Mn alloys. " The temperature axis is normalized
to the freezing temperature T~ (see Table I), All
these measurements were performed with the ac
driving field h ~1 Oe at a frequency v=332 Hz.
The data were taken in "zero" field —no compensa-
tion was made for the earth magnetic field of approx-
imately 0.5 Oe. The dashed lines in Fig. 1(b)
represent measurements performed in external fields

of H =100 and 500 Oe. The samples Ia (0.23 at. %
Mn), Ib (0.46 at. I~/ii Mn), and Ic (1.48 at. % Mn) show
relatively broad maxima [Fig. 1(a) j at the freezing
temperatures 2.85 K, 5.00 K, and 12.40 K, respec-
tively. The freezing temperatures are frequency in-

dependent between 1 Hz and 10 kHz within our ex-
perirnental accuracy. Thus, the frequency depen-
dence of T& in these metallic spin-glasses is much
weaker than those reported for the so-called "insulat-
ing spin-glasses. "" The susceptibilities of the three
slow cooled alloys shown in Fig. 1(a) are less depen-
dent on the external dc field (H II h) than for the
quenched alloys. For example, an overall reduction
of = 15% is achieved for H = 2 kOe, independent of
the temperature for T below 2 TI.

In Fig. 1(b) the susceptibility X'(T) is given for
two quenched Cu Mn alloys. These samples exhibit a
sharp cusp in X'( T) at T& which occurs at 6.00 K
(Ila —0.57 at. "/o Mn) and 7.65 K (lib —0.70 at "/0

Mn). It should be noted that samples of type I and
samples of type II represent two different extremes in

the preparation and heat treatment procedures.
Thus, the effect of various heat treatments plays an
important role not only in the magnitude of X' near

T~,
"but also in the sharpness and form of X'( T)
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around Tf. Nevertheless, the temperature Tf, at
which the peak in X'(T) occurs is relatively indepen-
dent of the heat treatment. Again, for these type II
quenched samples, the freezing temperatures are in-

dependent of frequency (1 Hz& v & 10 kHz) within
the experimental accuracy. An important difference
between the susceptibility measurements for the two

types of Cu Mn samples is the sensitivity to the exter-
nal field, H. For quenched samples the sharpness of
the peak is strongly influenced by small external
fields —see the dashed lines in Fig. 1(b). A similarly
sensitive field dependence was found in the early sus-
ceptibility experiments on quenched Au Fe alloys by
Cannella and Mydosh. ' A detailed discussion of the
external field dependence for the CuMn alloys will

be given later on in this paper.
In our experiments much attention was devoted to

the possibility of thermal-magnetic history effects in

the ac susceptibility. All measured X'(T,H) curves
did reproduce within the experimental accuracy, in-

dependent of whether the sample was cooled in zero
applied field or not. Thus, in contrast to the dc sus-
ceptibility, " the ac susceptibility does not depend
on when (T )) Tf or T « Tf) the H field is ap-
plied. In addition, no changes in the susceptibilities
were found by repeating the measurements after stor-
ing the samples at room temperature for a period of
one month.

In the experiments the imaginary part of the sus-
ceptibility signal X" was typically about 1% of X' for
frequencies less than 1 kHz. The X"(T) curves
sho~ed no measurable anomaly at Tf and are insensi-
tive to applying an external field and for varying the
frequency from 1 Hz to 1 kHz. However, even for
our grain size (& 100 p, m), the onset of skin effect
and eddy current absorptions causes a steady increase
of the out-of-phase signal for measuring frequencies
above 1 kHz. Such effects reduce the absolute value
of the measured in-phase signal. The physical quan-
tities X' and X" due to the magnetic ions in the spin-
glass are, of course, not affected by eddy current
losses and the effect of the excluded volume of the
sample. So the observed increas|'. in out-of-phase sig-
nal and decrease in the in-phase signal are an artifact
of the measurement, and if too large, it is then no
longer possible to identify the observed signals as due
to the magnetic behavior of CuMn. In Fig. 2 for
sample lib, Cu Mn 0.46 at. % (powder) both X' and
X" are plotted as a function of frequency at Tf. Note
that the magnitude of the out-of-phase signal ap-
proaches the in-phase signal as v 10 kHz. Addi-
tionally, we performed measurements on bulk sam-
ples of the CuMn spin-glass. Using rods with a typi-
cal bulk volume of =2 mm', the X' signal at 10 Hz
was already the same order of magnitude as the X"
signal (see Fig. 3). At higher frequencies an enor-
mous increase in X" was observed up to, for exam-
ple, X" & 100X' at 1 kHz as is illustrated for bulk IIb
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Cu-0. 70 at. % Mn in Fig. 3. This elucidates the ex-
treme caution which must be employed in determin-
ing the true-X' for bulk, dilute spin-glasses. It is not-
ed, that the frequency-dependent behavior of X'( T)
due to the above effects introduces a pseudo frequen-
cy dependence of the susceptibility maxima because
they vary with temperature. This (additional) varia-
tion of the "freezing temperature" with frequency is

of course not an intrinsic spin-glass effect.

The essential difference between the measurements
on samples I (slow-cooled) and samples 11

(quenched) is the shape of the X' maximum around
the freezing temperature. It was previously suggested
by a number of authors' 'o that this effect is related
to the preparation and heat treatment of the particu-
lar sample. In order to confirm these ideas and to
verify the'difference in X' shape between our two
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types of CuMn samples, we annealed the Cu-0. 57
at. % Mn powder (IIa) for 3 h at 5OO'C and allowed
it to cool slowly back to room temperature in a few
hours. This is the heat treatment used for the type I

CuMn alloys. From Fig. 4 it can be seen that the
previously, sharply peaked, X'(T) now exhibits a re-
latively broad maximum at approximately the same
Tf. The difference in amplitude between the two
X (T) curves can thus clearly be attributed to the ef-
fect of the heat treatment. The broad maximum
shaped X'(T) is found to be typical for type I sam-
ples. Also after this slow cooling, effects of applying
a small H field were somewhat weaker, again a
characteristic of the type I samples.

Obviously much care should be taken in preparing
the samples. Possible changes due to the ac frequen-
cy and the external magnetic field near the suscepti-
bility maximum are expected to be observed more
clearly on type II (quenched) samples. In addition, a
nonrandom distribution in the manganese concentra-
tion over the sample can be avoided by rapidly

quenching the samples after the homogenizing an-
neal.

According to Tholence" it should be possible to
observe a frequency dependence of the freezing tem-
perature in the higher concentration regime of the
CuMn spin-glass. Correspondingly we performed
susceptibility measurements on Cu Mn alloys for con-
centrations up to 6.3 at. %. Figure 5 shows the
results for Cu-o. 94 at. '/o Mn (IIc) over a wide tem-
perature range. The open circles represent data taken
at a frequency of 234 Hz with an ac driving field
h = 1 Oe. In the temperature region immediately
around the peak, susceptibility data with maximum
accuracy were taken as a function of frequency from
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contrast to the suggestion of Tholence" that
5 Tf/5 log~Du is proportional to the concentration. It
should be noted here that Tf ~ c063 (Ref. 29). The
constant, ETf/(Tf/t, log~pv), can be obtained with the
superparamagnetic blocking model with the additional
assumptions of Tholence only by scaling tempera-
tures with respect to Tf instead of e.

It can further be seen from the inset of Fig. 5 that
for temperatures greater than 9.6 K there is no effect
of varying the frequency. All curves merge together
in a "Curie-gneiss"-like behavior which persists to
very high temperatures (150 K maximum measure-
ment temperature). As the maximum in X'(T) is ap-
proached from the high-T side, deviations from the
single line behavior occur first for the highest fre-
quency. For lower frequencies the observed X'(Tf)
maxima are shifted to lower T values and the abso-
lute values of X'(Tf) are increased. Thus, the "break-
away" on the high-temperature side is frequency
dependent along with the shape of the X'( T) curve.
It would seem to us that the exact behavior of the
X'(T) near Tf is of more fundamental physical in-

terest than the frequency dependence of Tf, as de-
fined by the maximum in X'(T). None the less in

keeping with so many other investigations, '
we give the frequency dependence of the freezing
temperature in Fig. 6, employing a Tf ' vs 1og~ov plot.
If one assumes that the frequency dependence of Tf
is describable in terms of a double well potential with
activation energy, F.

„

then the freezing process which
is a simple blocking of cluster spin may be character-
ized by an Arrhenius law v = vo exp( —E,/kTf). The
slope of the line in Fig. 6 gives an activation energy
F., of 4400 K, with even larger values for the higher
concentration alloys. In addition the corresponding
vo values are = 10' . Such E, and vo values are
completely without physical meaning and thus cast
doubt upon the simple thermally activated blocking
model. In an attempt to remove these unphysical
magnitudes and yet retain the superparamagnetic
blocking model for the spin-glass freezing, Tholence'

has used a Fulcher law, v=voexp[ —E,/k(Tf Tp)],
to describe the frequency dependence of Tf. By us-
ing the low temperature, remanent magnetization es-
timate of vo = 10+" s ', a value of the parameter To
is obtained which is = 0.9Tf, and E, is of order 50 K
for CuMn, for 3.3 to 8 at. % Mn. " While the Fulch-
er law is useful in analyzing the freezing properties of
real glasses, it remains to be seen whether this law

has a physical interpretation with respect to the na-
ture of the spin-glass freezing. At present, we see lit-
tle to be gained by analyzing our data in terms of a
Fulcher law.

Another interesting result from the frequency
dependent X' measurements is that the various X'(u)
curves remain separated for T ( Tf (see Fig. 5).
This low-T-susceptibility separation for the different
frequencies is still observed down to 4 K and is re-
versible with temperature. In Fig. 7 we illustrate this
situation by plotting the normalized susceptibility as a
function of frequency for several different tempera-
tures. Note that there is no frequency dependence
for T ) 9.60 K [Tf(v = 234 Hz)=9.40 K] and that
the frequency dependence of X' decreases for de-
creasing temperature below Tf.

%'e shall not discuss in any detail the susceptibility
measurements on samples IId (2.0 at. % Mn) and IIe
(6.3 at. % Mn) because the results are similar to
those of sample IIc (0.94 at. % Mn) fully considered
above. However, we must again mention that sample
IId and IIe exhibit a more pronounced, but still rela-
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sample IIc (Cu-0.94 at. % Mn) Tf =9.40 K. The drawn lines
are only a guide to the eye.
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tively small frequency dependence of the freezing
temperature. For v = 234 Hz Ti (IId)= 15.50 K and

Tf (IIe) =32.3 K. In Fig. 8 for sample IId the nor-
malized susceptibility is plotted as a function of fre-
quency for several temperatures, again indicating that
the various x'(v) curves remain separated for tem-
peratures below Tf. Essentially, the separation in fre-
quency is reversible with temperature and frequency.
If plotted as Tf ' vs log~ov, the activation energies E,
are 7350 K (sample Ild) and 14 700 K (sample Ile),
respectively. As with all quenched samples the
sharpness of X'(T) is strongly influenced by small ap-
plied H fields.

The behavior of the spin-glass susceptibility for
T )) Tf is an interesting question. This is especially
so when a comparison is drawn between the predic-
tions of the Edwards-Anderson model" and those
which take into account the existence of short-range
magnetic order far above Tf. As is indicated in Fig.
5, there is an apparent Curie-Weiss-like behavior. So
let us now examine the inverse susceptibility X' '

over a wide temperature interval. Such a plot is
made in Fig. 9 for samples IIc (0.94 at. % Mn) and
IId (2.0 at. % Mn). Above Tf and below 50 K, the
susceptibility obeys a simple Curie law with C
(IIc)= 3.3 emu K/mole Mn and C (IId) = 3.6
emu Kimole Mn. The effective moments per Mn
atom, p, ff (3kC/Nya)' ', are 5.2@a and 5.4pa,
respectively. However, in our experiments the data
were taken up to T = 150 K. Above 50 K consider-
able deviations from the "simple" Curie law were
observed. In the higher-temperature region from 100
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to 150 K, X' ' was again linear in temperature, but
now with a positive Curie-Weiss temperature 0
(IIc)=5+ I K and 0 (IId)=10+3 K, and
C (IIc) = 3.1 emu K/mole Mn [p,ff(iic) = 5.0 pa]
and C(IId) =2.9 emu K/mole Mn [p,ff(lid) =4.8
pa]. Our results at extended temperatures
( Tf & T & 150 K) demonstrate that the simple Curie
law found in Ref. 27 is an artifact of the limited low-
temperature range of measurement. - It should be
mentioned here that for concentrations below about 1

at. % Mn the Curie-Weiss 0 determined by suscepti-
bility measurements above —50 K becomes nega-
tive. ' The same chang6 in the sign of 0 was report-
ed earlier at similar Mn concentrations in Ag Mn and
AgSnMn. 3 We must conclude, in contrast with the
Edwards-Anderson mode), that short-range magnetic
order far above Tf must be taken into account in the
theoretical description.

I I I I I I I I I I

50 100 150
TEMPERATURE (K j

FIG. 9. The inverse susceptibility 1/X as a function of
temperature for samples Ilc (Cu-0.94 at. % Mn) and Ild
(Cu-2. 0 at. 0/o Mn). Drawn lines: Curie-law fit for tempera-
tures Tf & T & 50 K. Dashed lines: Curie-eiss fit for
temperatures 100 & T & 150 K.
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FIG. 8. The same as Fig. 7, but now for sample Ild (Cu-
2.0 at. % Mn) Tf =15.50 K.

B. Field dependence of the
ac susceptibility

A preliminary account of the field dependent sus-
ceptibility has already been given in the previous sub-
section. We now wish to consider in detail the ef-
fects of a homogeneous, external field H (H II h} on
the magnetic susceptibility.

As was mentioned earlier the two types of Cu Mn
samples exhibit a different behavior with respect to
small applied magnetic fields. The sharp susceptibili-
ty peaks of the type II (quenched) samples are
rounded off in fields of only a few hundred oersteds
(see also Fig. I), while weaker effects were seen for
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the broad maxima in the susceptibility of type I
(slow-cooled) samples. A comparison between the
field dependences of the susceptibility at T~ for these
two different types of Cu Mn alloys. is presented in

Fig. 10. Here X'(Tf)/Xp(TJ), for a frequency of 332
Hz, is plotted against the static, applied field where Xo

is the zero-field susceptibility. The initial decrease of
X (Tf) is stronger for the type Il samples. As the ac-
curacy of determining the temperature of the max-
imum in X' is smaller for rounded peaks, we never
observed an H-field shift of the freezing temperature
for both types of samples.

In Fig. 11 a comparison is made for the field
dependence at T~ between the CuMn (0.57 at. % Mn)
sample in the quenched and slow-cooled states. Now
a logio-logIo plot is used with the normalized change
in susceptibility (X&' —X')/Xp versus the field up to 25
kOe (2.5 T). Once again the susceptibility of the
sharp-cusp, quenched sample (squares) is more sens-
itive to the applied field than the broad peak, slow-
cooled sample (circles). However, at field strengths
approaching 25 kOe both curves merge together and
here the zero-field susceptibility Xo is suppressed by
about 60%. The reduction at strong fields is in accor-
dance with the results of Smit et al. ' who measured
magnetization curves of Cu Mn alloys with Mn con-
centrations between 1.5 and 10 at. % Mn at 4.2 K in
fields up to 400 kOe (40 T), using a pulsed-field
technique. In preparing the samples, Smit et al. em-
ployed a type I heat treatment (500'C anneal, slow
cooled). However, in high-field measurements there
is little difference in magnetic behavior between the
two types of sample (see Fig. 11}.

At low field the slopes of the log~o-logio plots in

Fig. 11 are 1.0+0.2. For similar measurements on
sample lid (2.0 at. % Mn), presented in Fig. 12, we
find for the low-field slope at the freezing tempera-
ture 1.6+0.3. Chalupa'4 has argued that the critical
exponent 8 for an Edwards-Anderson spin-glass can
be extracted from the magnetic susceptibility in a
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FIG. 11. The normalized change in susceptibility
(Xo —X')/Xo as a function of magnetic field at Tf = 6.00 K
for a differently heat treated Cu Mn IIa sample (0.57 at. %):
Cl quenched, sharp cusp; and O slow-cooled, broad peak.
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weak uniform magnetic field. His result is

X(Tf, H) ~ H''p Since the . susceptibility is usually
depressed in an external field, we assume our nor-
malized change in susceptibility (Xp X )/Xp to be
proportional to H' at T~. The average of the above
quoted slopes is 1.3, which directly yields
8=1.5 (+0.3}. This value is considerably smaller
than that found by Simpson, " 5 = 2.9+ 0.4 for Cu-10
at. % Al —1 at. % Mn in fields up to 150 Oe. The pos-
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FIG. 10. The normalized susceptibility X /Xo(Xo is the
zero field susceptibility) as a function of external, static
magnetic field at T = Tf for samples Ib (Cu-0.46 at. % Mn)

Tf =5.00 K and IIb (Cu-0.70 at. % Mn) Tf =7.65 K,

FIG. 12. The normalized change in susceptibility
(Xo X )/Xo as a function of magnetic field at several tem-
peratures for sample IId (Cu-2.0 at. % Mn). Temperatures:

31 K= 2 Tf, k 17 K, O 15.5 K= Tf, a 14 K, 5 12 K.
Drawn lines: fits to X (Tf,H) ~ H /~ as described in the
text. Dashed and dotted lines are for visual aid only.



1392 MULDER, VAN DUYNEVELDT, AND MYDOSH 23

sible cause for this discrepancy may be associated
with the different sample preparation techniques,
especially the inclusion of 10 at. % Al in the sample
of Simpson in order to sharpen the X( T) cusp. " If
we follow the suggestion of Chalupa and make use of
the scaling law u = 2 —P(1+5), where u and P are
the specific heat and order parameter critical ex-
ponents, a value of o. = —0.5 is obtained in the low-

field limit (P had been previously found to be = I ).
This —0.5 value for o is farger than those suggested
theoretically (a & —l ) (Ref. 35) and those indicated
by indirect experiment (u = —2)." We believe that
the above results support the conclusion that the ap-
plication of critical exponents and scaling laws to the
spin-glass freezing has little validity.

Recently Parisi has developed a new mean-field
theory of spin-glasses. " At the critical temperature
he predicts the behavior of the magnetic susceptibility
to be initially proportional to H"', with the power of
H increasing at larger fields. Our value for the low-

field exponent is in agreement with this result. How-

ever, the experiments show a clear decrease in the
power of H at larger fields.

The field dependence of the susceptibility for sam-

ple IId is given in Fig. 12 not only for T~(= 15.5 K)
but also for other temperatures. For this Cu Mn (2
at. % Mn) sample there is a dramatic change of
behavior as T~ is reached from above. At high tem-
peratures ( T = 31 K= 2T&, closed circles) X' is rough-

ly independent of field belo~ fields of about 500 Oe;
this is followed by a strongly decreased susceptibility
in larger fields. As the freezing temperature is ap-
proached ( T = 17 K; closed triangles) there is always

a field dependent susceptibility which is strongest for
T= TI (open circles). For T ( TI (14 K, open
squares; 12 K, open triangles) the suppression of X'

becomes weaker, i.e., much larger fields are required
to reduce the susceptibility by a given amount. Once
the field dependence at low fields sets in, there is at
the highest fields a crossover to a weaker field depen-
dence and all X'(H) curves (T = 17 to 12 K) seem to
merge into one curve with decreased dependence on
the field. The data in Fig. 12 show that maximum
sensitivity to external field is found at temperatures
around the freezing temperature. In addition X'(H)
at T~ does seem to possess a special character {or
symmetry point) with its strongest sensitivity to the
applied field as compared to X'(H) curves just above
and just below T~, the latter X'(H, T = 17 K) and
X'(H, T = 14 K), respectively, showing rather similar
field dependences with each other.

paramagnetic blocking model as proposed by
Wohlfarth. " This model enables one to calculate the
temperature dependence of X for a system of clusters
or superparamagnetic particles. The susceptibility of
each cluster obeys a simple Curie law above the
blocking temperature, T~, and is assumed to be zero
below T&. Using this approach the susceptibility can
be calculated when the distribution of blocking tem-
peratures is known

where C = Iimr „(X'T)is the Curie constant, ob-
tained from the high-temperature susceptibility and

f (Ts) represents the distribution of blocking tem-
peratures. We may invert this equation in order to
obtain f (Ta) from our experimental X' data

f (Ts) = — (X'T)~ 1 d
C dT

In the model the shape of the distribution function
around the freezing temperature is directly related to
the sharpness of the peak in the susceptibility.

From our experiments on Cu Mn {e.g. , Fig. 9) it is
found that at high temperatures a deviation from the
apparent Curie law occurs. Therefore we use the C
values obtained from our measurements in the tem-
perature range T~ & T & 3 T~. The distribution func-
tions for the two types of samples Ib and IIb are
shown in Fig. 13. A reduced temperature scale T/T&
is used in this figure. These examples of f (Tq) are
representative for the different types (I or II) of sam-
ples and their characteristic X' peaks. In comparing
these samples, the quenched ones (II) exhibit a rath-
er sharp, cooperative like transition at T&. Thus
while the method of Wohlfarth" is useful in compar-
ing different samples, the resulting f (Ta) is incom-

0.3—

0.2

I—

0.1

0.0
0.5

C. Low temperature susceptibility and distribution
of blocking temperatures model

In order to further analyze the behavior of the
magnetic susceptibility we shall use the super-

I"IG. 13. The calculated distribution of blocking temper I-

tures f ( TB) as a function of reduced temperature T/T& for
samples Ib (Cu-0.46 at. % Mn) T~= 5.00 K and IIb (Cu-0. 70
at. % Mn) T =7.6S K. The dashed and dotted linesf
represent the respective slopes (T&/C)(d x'/dT ) T T .f
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FIG. 16. The low-temperature susceptibility X'( T) for
samples la (Cu-0, 23 at. % Mn) Ty=2.85 K and Ib (Cu-0.46
at. % Mn) Tf = 5.00 K.

IV. DISCUSSION AND CONCLUSIONS

It has been shown in the experimental section that
the sample preparation has a large influence on the
shape and sharpness of X'(T) near Tf However, dif-.
ferent sample preparations do not seem to affect the
value of the freezing temperature Tf. For homo-
geneous, quenched Cu Mn alloys X'( T) was found to
exhibit a rather sharp peak thus giving a well-defined

Tf (the uncertainty is 5 Tf/Tf = 5 x 10 ').
Regarding the form of the sample it is important to

use fine powder specimens for these metallic spin-
glasses, if the frequency dependence of X(T) is to be
determined. On bulk Cu Mn alloys, already at 100
Hz, the out-of-phase signal significantly exceeds the

cally linear with temperature up to = —, Tf, indicating

a finite value for f'"(0). However, this result has
caused controversy over the third law of thermo-
dynamics, "which would require [because of
(BX/BT)H r p=0j a zero slope of the susceptibility
versus temperature curve as T 0 K. In the model
of Wohlfarth this "violation" of the third law is
prevented only if the initial variation of X'(T) at the
lowest temperatures is parabolic. We observe a slight
curvature at low temperatures which requires the T'
term in the Taylor series. Still, within the limits of
our experimental accuracy and of the 0.4 K minimum
temperature, the low-temperature X behavior can be
reasonably well described by the first two terms of
the Taylor expansion.

in-phase signai and causes a distortion in the X( T)
behavior. Consequently, frequency dependences of
Tf measured on bulk alloys must be regarded with
skepticism unless it can be shown that X" && X'.

A small frequency dependence of X'(T) is clearly
seen for Mn-concentrations c & 1 at. % with our mea-
surement accuracy in the shape of these curves near
Tf (see Fig. 5). The breakaway from pseudo-Curie
behavior occurs at slightly higher temperatures as the
frequency is increased, This is a very small effect
and results in a frequency dependence of Tf which is
only 0.5% per decade of frequency and is essentially
independent of the Mn concentration.

The change in slope of the X'(cu) curves with tem-
perature (see Figs. 7 and 8) is more important and
appears to have a definite, characteristic form. At
different frequencies the various X'( T) curves con-
verge at low temperatures. The behavior around Tf
is reflected in the displacements of the distribution of
blocking temperatures as is shown in Fig. 15. The at-
tempt to describe such frequency shifts via an Ar-
rhenius law of thermally activated diffusion produces
unphysical parameters. This suggests that effects of a
cooperative nature are present and that the freezing
is more than a simple blocking process of individual
clusters. Any theory which treats the spin-glass
freezing must explain not only the sharpness of the
susceptibility behavior, but also these subtle frequen-
cy effects. The present theories are insufficient and
new efforts in the dynamical theory of critical
phenomena are required.

Our measurements in Fig. 9 have revealed the
nonapplicability of the Curie-Weiss law to spin-
glasses just above the freezing temperature. It is only
far above Tf (at =150 K or T ) 10Tf) that a Curie-
Weiss fit is appropriate with reasonable, paramagnetic
effective moments and positive Curie-Weiss tempera-
tures. This would indicate that a net ferromagnetic
exchange is present in Cu Mn. Also we must point
out that our results are in disagreement with the
Edwards-Anderson theory of a simple
X(T) = (C/T) [1 —q(T)) where the order parameter
q(T) =0 for T ) Tf The wide tempe. rature region
deviation from such a X( T) = C/T behavior demon-
strates the evolution of clusters or groups of magneti-
cally correlated spins which grow as the temperature
is reduced and which cooperatively freeze at Tf.
Here again the experimental results would require in
the theory a dynamical process of cluster growth over
a large temperature interval above Tf.

The field dependence of the differential susceptibil-
ity is stronger for the quenched samples than for the
slow-cooled ones. So the sharper the peak in X'( T)
the more it is smeared in an external field. We have
found no indication of shifts in the temperature
where the maximum of X' occurs, i.e., in Tf, with ap-
plying an external field. An attempt to treat X'(H) at
T = Tf as a "critical isotherm" and to evaluate the
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critical exponent 5 via the Edwards-Anderson model
has given a rather small (= 1.5) value of 8. This,
via a scaling law, results in a too large value of the
specific-heat exponent cx. Furthermore, there is a
cross-over behavior at larger fields to a much larger
value of 5. It is very difficult to interpret these field
dependences within the standard critical phenomenon
theory using the Edwards-Anderson model. , Yet as
can be seen in Fig. 12, there is something special
about the T = Tf behavior, for here the susceptibility
is most sensitive to the external field.

The distribution of blocking temperatures model al-
lows one to normalize the susceptibility and to com-
pare many different samples and systems. This
analysis has been proven self-consistent by comparing
the slope in f (T) at Tf with that calculated from the
high-temperature experimental behavior. The result-
ing forms of the distribution function are a very
sharp, step-like function for the quenched samples
and a more rounded tail behavior for the slow-cooled
ones. A sharp peak in X'(T) requires from the
analysis a step in f (T) at T~, see Fig. 13. This dis-
tinctive form of the distribution function indicates
that the freezing is cooperative and is in contradiction
with the assumption of superparamagnetic cluster
blocking. For, f ( T) possesses a near vertical slope

and peaks at Tf meaning that there is a sudden onset
of blocked clusters. Independent, noninteracting
clusters could produce no such distribution function
as that determined from the measured susceptibility.
A cooperative phase transition model based upon the
percolation of clusters has been suggested by My-
dosh ' to describe the freezing process of a spin-glass.
Figure 15 illustrates how the distribution function
scales with increasing frequency. Only a very small
shift to higher temperatures and depression at lower
temperatures is needed to account for the frequency
dependence of X'(T). Further using the Wohlfarth
analysis at the lowest temperatures (T & 0.4 K) via a
Taylor expansion has shown that the X'(T) —X'(0) is
mainly proportional to T with a small additional T2

term giving a somewhat better fit. More accurate and
still lower temperature measurements are needed to
unambiguously determine the initial variation of
x'( T).
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