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Effect of aging heat treatment on the magnetic behavior of a gold-iron alloy
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Susceptibility and magnetization measurements at temperatures below 200 K indicate the absence

of long-range ferromagnetic spin order in Au8~Fe&8, aged at 200'C, in spite of a considerable increase

of the internal susceptibility as a result of the aging treatment.

From their recent x-ray diffuse scattering study of Au-

Fe alloys with 14.4, 15.4, and 19 at. % Fe, Dartige,
Bouchiat. , and Monod' concluded that in these alloys

essentially all Fe atoms are segregated in small platelike
regions (Guinier-Preston "zones") parallel to I 210)-type
planes. These platelets were found to be only about two

atomic layers thick, and they extend, on the average, ap-

proximately 30 A in directions parallel to their plane.
From these dimensions one can calculate that the number

of atoms per platelet is, on the average, about 120. As-

suming that all these atoms are Fe, and that the ferromag-
netic spin alignment within such a cluster of Fe atoms is

complete, the cluster moment associated with a platelet
would be about 264pz, with 2.2pq per Fe atom. If an Fe
moment of 2.35pz is assumed in such a gold-rich nearest-

neighbor environment, as derived from the saturated spon-

taneous magnetization at 1.6 K (Ref. 2), the cluster mo-

ment would be about 282@&. On the other hand, the
"average" magnetic cluster moment for Au8&Fe&8 in the

quenched state, derived earlier from magnetization o
versus field H isotherms, measured between 70 and 170 K
in 10 K intervals, was found to increase from about 30pz
at the highest temperature to 180pz at 75 K. While these

values are lower than those estimated above on the basis of
the x-ray diffraction results, ' they are consistent with the
latter if the assumption of perfect ferromagnetic align-

ment of all spins within a platelet is dropped. Certainly

nothing here indicates that the cluster moment values de-
rived from magnetization data by least-squares fitting of a
Brillouin function, modified to take into account the in-

teraction of the cluster moments with their magnetic envi-

ronment, are "unphysically large, " as suggested by Dar-
tige, Bouchiat, and Monod. ' In fact, the x-ray diffuse
scattering results, ' showing the existence of Fe atomic
clusters, provide evidence confirming the treatment of
these "spin-glass" alloys in terms of magnetic clusters, as
was done in Refs. 2 and 3.

On the basis of a similar analysis of a(H) isotherrns for
Au85Fe» (Ref. 3), it was concluded ' that in the quenched
state 64—73 k of the Fe moments in this alloy are partici-
pating in magnetic clusters. Scheuer, Loewenhaupt, and
Just demonstrated in a diffuse magnetic neutron scatter-
ing study of Au85 5FeI4 & that the quasielastic part of the
energy spectrum of the magnetically scattered neutrons
consisted of two Lorentzian lines of different widths, cor-
responding to fast relaxation (attributed to single Fe mo-
ments) and slower relaxation (attributed to Fe moments

associated with clusters). By using the ratio of the areas
under the two Lorentzian curves, I note that approxi-
mately 72% of the total quasielastically scattered neutron

intensity is due to Fe moments in clusters, in excellent
agreement with the above-mentioned analysis ' based on
magnetization data for Auq5Fei5. On the other hand, the
magnetization data for quenched Au8zFeis show that in
this alloy essentially all Fe moments are participating in
magnetic clusters, in agreement with the estimate of Dar-

tige, Bouchiat, and Monod. ' One may therefore expect
that a neutron magnetic diffuse scattering study similar to
the one in Ref. 4 would find for AusqFei8 only one
Lorentzian line, corresponding to the slower relaxation
characteristics of Fe moments in magnetic clusters.

Since each of the very large number of tiny iron-rich
platelets in the 15 and 18 at. 'Fo Fe alloys becomes fer-
romagnetic upon cooling below their various Curie tem-
peratures, it is understandable that neutron scattering
studies ' at low temperatures indicate ferromagnetic spin
correlations in alloys in the above composition range.
Also, Mossbauer polarization studies of similar Au-Fe al-

loys show ferromagnetic hyperfine splitting at low tem-
peratures. ' Both types of measurement mentioned are
reacting to short range -ferromagnetic spin order. The
range of Curie temperatures of the platelets, as shown by
both the magnetization data ' and the temperature depen-
dence of the hyperfine splitting, ' is largely between 90
and 115 K in quenched Au85Fei5 and between about 160
and 175 K in quenched Au8'Fei~, i.e., very far below the
Curie temperature of bcc a-Fe. This great decrease of the
Curie temperature may be partly due to the coherency of
the Fe platelets with the Au lattice, causing them to retain
the fcc structure. But clearly also important in this
respect is the very small size of the platelets. In fact, con-
siderable increase in the high-temperature end of the range
of cluster Curie temperatures was observed in Au-Fe al-

loys by means of both Mossbauer hyperfine splitting stud-
ies and of alternating field susceptibility measurements'
as a result of aging heat treatments at temperatures
beween about 200 and 383'C, which may allow the plate-
lets to grow larger.

In spite of the presence of very many small ferromag-
netic particles (occupying a total of about 18% of its
volume), the quenched alloy AuszFeis as a whole does not
develop long-range ferromagnetic spin order at any tem-
perature. This is also indicated, in addition to the argu-
ments presented earlier, by the maximum value of its sus-

28 2516 1983 The American Physical Society



28 EFFECT OF AGING HEAT TREATMENT ON THE MAGNETIC. . . 2517

ceptibility. It was found that a spherical quenched speci-
men of this alloy below about 150 K has an internal sus-

ceptibility P; much larger than its reciprocal demagnetiza-
tion factor, so that the external susceptibility

g, =(X; '+D) ' reaches a plateau of X, =o/H, =l/D,
where the demagnetization factor is D=(4m/3) p for a
spherical specimen of density p(g/cm ). Using a lattice
parameter value of ao ——4.021 A (at 300 K), obtained by

interpolation from (Ref. 11), one gets p=17.44 (g/cmOe)
and 1/D=0. 0137 emu/g. As seen in Fig. 1 of Ref. 3, the

plateau of the measured external susceptibility for a spher-

ical specimen of Aus2Feis in the quenched condition

agrees with this value well within the experimental error.
For a thin-sheet quenched specimen of the same alloy (for
which D is much smaller than for a sphere, provided that
the field is applied parallel to the plane of the sheet) the

limiting value of 7, is correspondingly larger. As seen in

Fig. 4, Ref. 2, in this configuration the external suscepti-
bility of the same alloy reaches a maximum value of
-2.5(10 emu/gOe) and it does not have a well-defined

plateau. The curve is rather well rounded at the top, and

the descending temperature curve lies much higher than
the ascending branch since the external susceptibility is

not effectively limited here by the reciprocal demagnetiza-
tion factor. Consequently, the maximum of the internal

susceptibility is of the same order of magnitude as that of
the measured external susceptibility, i.e., -2.5( 10
emu/gOe), which is far below the susceptibility of a fer-
romagnet.

The finding that quenched AusiFeis has no long-range
ferromagnetism at any temperature is consistent with the
strong negative magnetoresistance found' in quenched

Au8&Fe» in the entire temperature range below -200 K.
The maximum of the negative magnetoresistance at —170
K is presumably due to the maximum (but not infinite)
value of the internal susceptibility of this mictomagnetic
alloy, having short-range ferromagnetic spin order. In
Ref. 12 the term "quasiferromagnet" is used for such al-

loys.
Crane and Claus reported recently' that Au86Fe~4 be-

comes ferromagnetic after heat treatments, which involve

quenching a small specimen from -950'C and then
reheating it for about a day at some temperature below
300'C. The present work was undertaken to determine
whether Aus2Fe&s will become ferromagnetic as a result of
an aging treatment at 200'C.

The spherical specimen previously measured in the
quenched condition was requenched from 800'C into cold
water and then aged for 22 h at 200'C. The susceptibility
was measured with a vibrating sample magnetometer in a
field of 10 Oe as a function of temperature from 4.2 to
235 K. After zero-field cooling to 4.2 K the measuring
field was applied continuously during the entire sequence
of measurements, while the temperature was allowed to
rise slowly and continuously. The measurements were
timed, and the magnetization and temperature data were
stored in digital form by a computer. Groups of ten read-
ings each were made in 10-s intervals during the 20-min

period when the specimen was in the temperature range
4.2—55 K. In the next period of 57 min, groups of five
readings each were made in intervals of 30 s, while the
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FIG. 1. Magnetization in a field of 10 Oe measured on the
spherical alloy specimen as a function of temperature.
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FIG. 2. Magnetization in a field of 10 Oe parallel to the plane
of the disk-shaped specimen of 3.5-mm diam. and 50-pm thick-
ness measured as a function of stepwise increasing and decreas-
ing temperature, as shown by arrows. The field was turned off
while the temperature was changing between measurements.

temperature increased from 60 to 163 K. During the last

period of 30 min, groups of 10 readings each were made in

intervals of 30 s and the temperature rose from 167 to
235.6 K. Figure 1 gives representative data points in the

entire temperature range. The external susceptibility is

here again limited by the reciprocal demagnetization fac-
tor. The highest value of cr/H, measured at 165 K, is

1.38(10 emu/gOe), while the reciprocal demagnetiza-

tion factor, calculated from the lattice parameter at 300

K, as shown above, is 1.37(10 emu/gOe). This agree-

ment confirms the interpretation of the plateau of the

external susceptibility of the aged spherical specimen of
Au82Fe&8 as a result of limitation by the reciprocal demag-

netization factor.
Figure 2 shows magnetization values measured again in

a field of 10 Oe, but using a disk-shaped aged specimen of
3.5-mm diam and 0.05-mrn thickness, held with its plane

parallel to the field. Readings were taken in temperature
intervals of 10 K. The temperature was changed automat-

ically between measurements and held constant during the
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FIG. 3. Magnetization of the spherical specimen divided by

the field initially applied as a function of time. Measurements

made in 1-s intervals while the field was on, and also after it was

disconnected. Magnetometer relaxation time was —10 s. At 63

K remanence is very small. At 32 K it is about 90% of initial

magnetization.
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FIG. 4. Magnetization of 1.069-g spherical specimen as a

function of applied field at temperatures indicated. In the tem-

perature range used no remanence was measurable.

measurements under computer control. The time intervals
between data points were approximately 3—4 min, during
which the field was shut off. An increase of the max-
imum measured magnetization by a factor of about 19 is

observed, as compared with the data in Fig. 1 for the
spherical aged specimen of the same alloy. Because of the
small thickness of the disk specimen, the demagnetization
factor was so small that it had only a relatively slight in-

fluence on the external susceptibility, in spite of the high
internal susceptibility of the aged specimen. This is
shown both by the rounded form of the curves at the top
and by the large difference between the ascending and des-

cending temperature branches. The latter represents a
large thermomagnetic history effect, characteristic of mic-
tomagnets. Interestingly, this effect is observed here even

at temperatures where the remanence relaxation time is
shorter than the time interval without field between data
points. The difference between the two branches increases
continuously with decreasing temperature, without any in-

dication of a "phase change" or a "transition tempera-
ture. " The largest external susceptibility values,

X, =o /H„calculated from the magnetization measured
in the vicinity of 50—60 K, is only about 0.26 emu/gOe.
Because of a small residual influence of the demagnetiza-
tion factor noticeable here, the internal susceptibility P;
may be larger than the external susceptibility by a factor
of, at most, 3. Thus the maximum of 7; may be estimated
to be at most -0.8 emu/gOe. Although possibly as
much as 30 times larger than the maximum of the interna1
susceptibility for the same alloy in the quenched condi-
tion, this value is still too low for a ferromagnet. Note
that, in spite of this large difference in the maximum of
the internal susceptibility, the maximum external suscepti-
bility of the spherical specimen in the aged condition (cal-
culated from the magnetization in Fig. 1) is the same as
that in the quenched condition (Fig. 1, Ref. 3).

The relaxation of the remanence in the aged spherical

specimen was studied at four temperatures, indicated by

vertical arrows in Fig. 1. The results of two of these are

shown in Fig. 3. All magnetization values are here divid-

ed by Ho, the field initially applied; at 63 K a field of 20
Oe was used and at 32 K a field of 10 Oe was used. After
the field is shut off, at 63 K the remanence disappears al-

most completely in the first 10 s. After that time there is

a period of very slow further decrease of the remaining

small remanence. At 32 K the situation is similar, except
for the much larger value of the very slowly decreasing
remanence, remaining after 10 s. For the two higher tem-

peratures studied, the curves obtained were almost identi-

cal with that for 63 K. The only difference was the corn-

plete disappearance of the remanence after 10 s at higher

temperatures, as far as it could be determined at the sensi-

tivity of detection available in this experiment. The tem-

perature independence of the initial period of about 10 s

after the field is cut off, during which the magnetization,
measured initially with the field on, decreases to the level

of the remaining, slowly decreasing remanence, if any,

suggests that the duration of this initial period does not

depend on the sample. Our observations indicated that it
is, in fact, largely determined by the rate at which the out-

put of the magnetometer is able to relax.
The remanence relaxation results show that even at tem-

peratures well below 170 K [the temperature where the
steeply rising external susceptibility of the spherical speci-
men fairly abruptly becomes temperature independent

upon cooling (Fig. 1)], the aged Au&2Feis alloy loses its
magnetization as fast as can be measured after the magnet
current is shut off. Only at 32 K, near the low-

temperature end of the "flat top" of the curve, is there a

large amount of remanence remaining 10 s after the field
is removed. Apart from the thermomagnetic history ef-
fects shown in Fig. 2, above 63 K the alloy behaves essen-

tially like a superparamagnet, but with an internal suscep-
tibility so high that at temperatures below 170 K the
external (measured) susceptibility of the spherical speci-
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pal Pa H+k(o XH)—
coth @+1

p

and

1 Pa H+A(a XH)———coth
p

o=XH+pcB(p, a) .

Here T, H, and 0. are measured values for each data point,
and the four parameters p, c (the concentration of cluster

men is limited by the reciprocal demagnetization factor.
Figure 4 shows the measured magnetization isotherms

as a function of the applied field H, at the temperatures
indicated. In order to eliminate transient effects connect-
ed with the magnetometer, after each step change in the
field a waiting period of 15 s was allowed before making
the measurements. At each temperature the field was at
first increased and then decreased in several steps. The
differences between magnetization values measured at the
same field in the ascending and descending field sequences
were less than 1% at temperatures up to 153 K and some-
what larger at higher temperatures. The data of the des-
cending field sequences were actually used in Fig. 4. Both
the temperatures and the fields were automatically con-
trolled by computer. Each data point was the average of
ten readings. The temperatures used (in approximately 10
K intervals) were above 63 K, where the remanence
remaining 10 s after removing an initially applied field of
10 Oe was not measurable. The initial straight-line por-
tions of all isotherms, except those for 173 K and for
higher temperatures, were superimposed on each other.
For the sake of clarity, many of the data points falling on
the initial steeply rising straight line are not shown in Fig.
4. The superposition is a consequence of the fact that in
the temperature range 65—163 K the susceptibility of the
spherical specimen is limited by the reciprocal demagneti-
zation factor not only at H, =10 Oe, as seen in Fig. 1, but
even up to much higher applied fields, e.g., up to about I
kOe at 65 K. As expected, the slope of the initial straight
line in Fig. 4, expressed in terms of X, (emu/gOe), agrees
well with the calculated reciprocal demagnetization factor.

For the data points not on, or very close to, the initial
straight line, the internal field H was calculated by
correcting for demagnetization. Such o(H) data from
pairs of adjacent isotherms were fitted with Eq. (1). The
Brillouin function B was modified, as described in several
previous publications, to take into account the interaction
of the average magnetic cluster moment, p =gS, with its
magnetic environment in the molecular-field approxima-
tion. For this purpose, a molecular field obtained by mul-

tiplying the dipolar portion of the magnetization o —XH
with the Weiss molecular-field coefficient A, is added to
the internal field H. Here X is the temperature- and field-
independent susceptibility. The parameter used to calcu-
late the Brillouin function is then a =[H+ A(o XH)]/T-
Assuming that the orbital quantum number is L =0, g =2,
and that S is not required to be an integer multiple of —, ,
the Brillouin function can be expressed in terms of p =gS:
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FIG. 5. Magnetic cluster moment p and cluster concentration
c obtained by least-squares fitting of Eq. (1) to data of pairs of
adjacent isothermal magnetization curves shown in Fig. 4. The
total cluster magnetization IMc is quite constant in the entire tem-

perature range.

moments), A, , and X are to be adjusted by least-squares fit-
ting to minimize the root-mean-square deviation (RMSD}
of the calculated from the measured o values. The root-
mean-square fractional deviations attained in the present
work ranged from 0.0024 to 0.0031, indicating a rather
good fit of the data to Eq. (1}at all temperatures. The ac-
curacy of the parameter values determined may be conser-
vatively estimated to be about +5%.

As seen in Fig. 5, the "average" cluster moment in-

creases from 36IMii at 188 K to 206IMii at 70 K. As for the
quenched alloy, the total moment of the clusters per alloy
atom pc is quite constant in the entire temperature range
at -0.5@~ per alloy atom. At 18 at. % Fe, this corre-
sponds to a moment of 2.78 p~ per Fe atom, an unusually

high value. Borg' encountered an analogous problem
with Mossbauer effect data. He proposed the explanation
that in Au-Fe alloys with more than -5 at. % Fe the Au
atoms also acquire a moment, which increases with the Fe
content. In order to account for the 0.58p~ per Fe atom
excess moment over 2.2IM& in this way, the average mo-

ment per Au atom would have to be about 0.13pz in

Au82Feis, either in the quenched or in the aged condition.
The A, values resulting from the fitting are positive, and

they decrease with decreasing temperature from 12.6X 10
Oeg/emu at 188 K to 2. 18X10 Oeg/emu at 70 K. The
7 values obtained are consistently small and negative, sug-
gesting that the temperature- and field-independent
paramagnetic contribution is negligible in the temperature
range under study.

It should be noted that all the o(H} isotherms shown in
Fig. 4 are of the same character, as emphasized by the fact
that they all fit Eq. (1) to about the same degree of relative
accuracy in the entire temperature range. None of these
isotherms shows saturation up to 15 kOe. The high-field

differential susceptibility (e.g. , the slope of the curves be-
tween 12 and 15 kOe) decreases monotonically with de-
creasing temperature from 193 K, where the alloy is clear-
ly paramagnetic (see Fig. 1) to 65 K, right through the
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temperature range of steeply rising low-field susceptibility.
The latter has been interpreted by various authors as indi-
cating a phase transition to ferromagnetism. The data
presented here do not support the idea of a phase change
or of the occurrence of long-range ferromagnetism in the
temperature range studied. As seen in Fig, 5, the data in-
dicate rather clearly that short-range ferromagnetic spin
order within the small iron-rich platelets is already fully
developed in aged Au8zFe&8 at 193 K. At this temperature
the total moment of the magnetic clusters cp already at-
tains the same value (-0.5)M& per alloy atom) as at lower
temperatures. What happens on further cooling to 70 K is
that the average cluster moment gradually increases over
the entire temperature range without any change in cp.
There is no hint of a phase transition or Curie temperature
in this temperature range. Rather, there is a gradual
coalescence of the small magnetic clusters present at 193
K into increasingly larger magnetic clusters as the tem-
perature decreases. Neither the steep increase at —170 K,
nor the "fiat top" of the measured (external) low-field sus-

ceptibility versus temperature curve for the spherical
specimen below 170 K (Fig. 1) has, in this case, anything
to do with the onset of long-range ferromagnetism. As
discussed previously, the nearly temperature-independent
susceptibility is a result of the internal susceptibility
becoming larger than the reciprocal demagnetization fac-
tor for the sphere when the average magnetic cluster mo-
ment increases to a sufficiently high value upon cooling.
The magnetic behavior of this aged alloy, with its exten-
sive short-range ferromagnetism, differs from that of a
classical superparamagnet mainly by the occurrence of
various irreversible and time-dependent effects (such as
remanence and thermomagnetic history effects) and by
internal susceptibility values unusually large for a classical
superparamagnet.

The interpretation of the magnetic behavior of AuszFe«
(either quenched or aged) in terms of short-range fer-
romagnetism is consistent with Murani s neutron-
diffraction results, which show that in Au8iFe» the fer-
romagnetic spin correlations continue to increase on cool-
ing to helium temperatures, as gradual freezing of the
magnetic cluster moments continues. Although in his pa-
per Murani is apparently considering long-range fer-
romagnetic spin correlations, it seems that the effects of
increasing short-range ferromagnetic spin correlations on
the integrated magnetic scattering intensity, which he
measured, should be very similar.

The coalescence of small magnetic clusters into larger
ones upon cooling, while the total cluster magnetization
(pc) remains unchanged, may take place, for instance, ac-
cording to the following model. If one assumes that the
iron-rich platelets, discovered by Dartige, Bouchiat, and
Monod' in quenched alloys, but according to H. Fraser'
also present after aging for 22 h at 200'C, comprise some
Au atoms as well, it is easy to visualize that the latter will
decrease the ferromagnetic exchange interaction between
the Fe moments they separate. This could then result, de-
pending on the number and the distribution of the Au
atoms, in the splitting of a single platelet into two or more

smaller magnetic clusters which are weakly coupled to
each other. Such a complex cluster could then act at some
higher temperature as two or more independent magnetic
clusters with smaller moments, while at a lower tempera-
ture the interaction between some, or all, of the smaller
clusters within a platelet may cause them to function as a
single cluster with a larger moment. This model is con-
sistent with the fact that the cluster moments derived
from the magnetization data are smaller than those ex-
pected on the basis of the size of the iron-rich platelets, as
discussed above.

It is significant that long-range ferromagnetism in

AusqFe&8 is absent not only in the quenched state, but also
after aging at 200'C, a treatment that increases consider-
ably the internal susceptibility, but preserves the arrange-
ment of the Fe atoms in coherent platelets. It suggests the
possibility that this type of spatial arrangement, the subdi-
vision of the iron content into many small independent
platelets, is responsible for the remarkable absence of
long-range spin correlation in spite of an abundance of
short-range ferromagnetism.

The absence of long-range ferromagnetism has the
consequence that the earlier assumed "double phase transi-
tion" (paramagnet —+ ferromagnet~ spin-glass) cannot
take place in Au8qFe». In view of the earlier results with

Aus5Fe» (Ref. 3), it is also quite clear that the alloys with

somewhat lower Fe contents will also not go through such
a double phase transition upon cooling. One can be, there-
fore, reasonably certain that the so-called "reentrant
behavior" is altogether absent from the fcc solid solutions
in the Au-Fe alloy system.

In an earlier paper' it was noted that Fe-Al alloys of
the Fe3A1 ordered structure in the composition range be-

tween 27 and 30 at. %%uoA 1 hav e anearl y temperature-
independent susceptibility within a certain temperature
range, and that at lower temperatures they show ther-
momagnetic history effects characteristic of mictomag-
nets. I interpreted these observations at the time as indica-
tive of a ferromagnetic micromagnet (spin-glass) transi-
tion upon cooling. In view of my findings for AusqFeis, I
now consider it quite probable that the nearly
temperature-independent susceptibility in these Fe-Al al-

loys as well is a result of an essentially superparamagnetic
internal susceptibility, large enough to limit the external
susceptibility of a spherical specimen to the value of the
reciprocal demagnetization factor.
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