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Influence of external magnetic field on the reentrant spin-glass state
of Au0. 832Fe0. 168 alloy
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"Fe Mossbauer-effect studies of the reentrant spin-glass (RSG) state of Auo»2Fep l68 have been

performed in the temperature range 4.2 T ~ 80 K in external magnetic fields B,„up to 3 T. A de-

tailed analysis of the Mossbauer spectra within the framework of the so-called canting model for the

RSG state is presented. Neither a change of the reentrance temperature Tf nor of the canting angle

is observed. This result is compared with a mean-field-theory prediction on Tf(B,„)and experimen-

tal data in other RSG systems.

I. INTRODUCTION

The magnetic phase diagram of fcc Au&, Fe„alloys is
rather complex. '2 It shows a paramagnetic (PM) to
spin-glass (SG) transition at the spin-glass transition tem-
perature T at low Fe concentrations (x 50. 15) and the
so-called reentrant spin-glass transition from the fer-
romagnetic (FM) to the reentrant spin-glass (RSG) state
at the reentrant temperature Tf at higher Fe concentra-
tions (0.15 ~x 5 0.25). The latter transition can be ex-
plained in the so-called canting model, based on the
theoretical work by Gabay and Toulouse. The alterna-
tive model of Fe-rich clusters, present in Au:Fe alloys,
being responsible for the observed magnetic double tran-
sition, ' now can be excluded on the basis of new experi-
mental data. ' According to the canting model only the
longitudinal spin component S; of the local moments S;
at the site i order ferromagnetically (order parameter qL )

at the Curie temperature T, . Below Tf additional order-
ing of the transverse component S; [(S; =(S; ) +(S; ) ]
with the nonzero order parameter qT occurs. This order
is SG like according to theory; however, it shows some
short-range FM correlations in Au, Fe„. '

The influence of an external magnetic field, B,„,on the
spin-glass transition at T has been the subject of
numerous theoretical ' and experimental" ' papers.
Depending on the model used, different B,„dependencies
of T are predicted: Within an Ising model T should

vary as [Ts (B,„)—Ts(0) ] ~ B,„(Ref. 10) [so-called
Almeida-Thouless (AT) line in the (B,„,T) plane], while

[Ts(B,„)—Ts (0)] ~ B,„(Ref. 3) [so-called Gabay-
Toulouse (GT} line] in an isotropic model of m

component spins. A majority of the data favor the AT
line as far as the value of the exponent for B,„ is con-
cerned. The prefactor, however, usually is an order of
magnitude larger than predicted.

The influence of B,„on the reentrant temperature Tf,
on the other hand, was discussed only recently: Using a
mean-field-theory (MFT) model, it was concluded that Tf
depends linearly on B,„: [Tf(B,„)—Tf(0)]~B,„. This
conclusion was confirmed by experimental data in the
system Cr75Fe2~. However, similar to Tz(B,„}, the

measured prefactor in Tf(B,„) was one order of magni-
tude larger than predicted.

Figure 1 summarizes the foregoing discussion. It
shows the magnetic phase diagram of a so-called vector
spin glass which is assumed to be the theoretical model
system for Au& „Fe„alloys, together with the Ts(B,„)
and Tf(B,„) lines as predicted by the different theoretical
approaches described above.

The aim of the present work is to test the MFT result
for Tf(B,„) in the well-known RSG Aup 832Fep t68.

'

Another interesting aspect is to investigate the effect of
B,„on the local spin structure of the RSG state. For
such studies we have used the Fe Mossbauer effect (ME)
spectroscopy with different external magnetic fields and
at different temperatures. This technique allows us to ob-
tain information on both Tf(B,„}and the mean canting
angle ( 8( T,B,„)) wich is defined by tanO=S; /S;, below

Tf e

II. EXPERIMENTS

The Aup 832Fep ]68 sample was a foil of =6 pm thick-
ness, solution annealed at about 900'C in vacuum for 49
h and rapidly quenched in water. The Fe ME spectra
were taken in a liquid Helium bath cryostat with a super-

FIG. 1. Magnetic phase diagram of a vector spin glass. Jo is

a measure of the mean ferromagnetic interaction. More details
of the figure are explained in the text.
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conducting magnet, giving rise to a magnetic field (B,„)
up to =4 T at the sample (ME absorber) and zero mag-
netic field at the Co:Rh source at a distance of =40 mm
from the absorber. The direction of B,„was parallel to
the y-ray direction. Absorber temperature could be
varied between 4.2 K and =100 K; source temperature
was kept constant at =4.2 K. Fe ME spectra were tak-
en at various values of B,„(0, 1, 2, and 3 T) for tempera-
tures in the interval 4.2 ~ T & 80 K.

Figure 2 shows the ME spectra at 4.2 K for B,„=O, 1,
2, and 3 T. The zero-field spectrum shows the well-
known six-line Zeeman pattern with a line intensity ratio
of 3:2:1:1:2:3,typical for a magnetically ordered sample
with randomly distributed spin directions. This line in-
tensity ratio changes drastically by application of B,„as
can be seen in Fig. 2. The nonzero intensity of the second
and fifth Zeeman line is an indication for the so-called
spin canting in the RSG state below Tf. ' For spins with
their direction parallel to B,„, i.e., parallel to the y direc-
tion, these lines should have zero intensity (line intensity
ratio 3:0:1:1:0:3).Figure 3 shows typical ME spectra
with B,„=3T and at various temperatures. The increase
of the intensity of the second and fifth line with decreas-
ing temperature (T & Tf) is obvious. At higher tempera-

tures (Tf & T & T, ) these lines disappear as it should be
for an FM ordered sample. In order to get a reliable
least-squares fit to these ME spectra, several assumptions
have to be made which will be discussed in detail in the
next section.
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III. PRINCIPLE OF ME SPECTRA ANALYSIS
WITHIN THE CANTING MODEL

FIG. 3. "Fe ME spectra of Auo»&Feo &« for B,„=3Tat vari-
ous temperatures.
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The information one wants to extract from the ME
spectra is the temperature dependence of both the mean

Z S, , Bg

effective magnetic hyperfine (hf) field at the Fe nucleus,
( B,fr( T) ), and the mean canting angle ( 9( T) ) as a func-
tion of B,„. The canting angle 0 is defined in Fig. 4
which shows the vector diagram for the RSG state. With
the knowledge of (B,fr( T) ) and ( 8( T) ) for the various
values of B,„one can determine the B,„dependence of
the reentrance temperature Tf which is defined as that
temperature where the spin canting goes to zero, i.e.,
where both the anomaly in (B,s(T) ) and the mean cant-
ing angle ( 8 ) disappear. ' (B,tr ) is obtained by fitting
the ME spectra with a modified histogram method giv-
ing the magnetic hf field distribution P (B,~) and thus

eff maxf P(B fr)B.ndB a . (1)
0
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FIG. 2. (a) "Fe ME spectra of Auo»2Feo l«at 4.2 K for
B,„=O, 1, 2, and 3 T. The lines through the data points are
least-squares fits. (b) Magnetic hyperfine field distributions as
obtained from least-squares fits of the ME spectra shown in (a).

FIG. 4. Vector diagram for spins components (S„S, , S, ) and
magnetic hf field components (B,ff, B„B~)in the RSG state.
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The mean canting angle (8), on the other hand, can be
obtained from the intensity ratio D23 of the second and
third Zeeman line in the magnetically split ME spec-
trum:

1 ( cos 8 )
& e&

D23 =4
1+(cos 8)&a&

(2)

( )
& &» means an average over the distribution P (8) of the

canting angle 8 with a mean value (8).
The problem which arises now is the following: P (B,rr)

and D23 cannot be determined unambiguously from the
measured ME spectra. This becomes obvious from the
ME spectra shown in Figs. 2 and 3: Due to overlapping
of the individual Zeeman lines, D23 considerably depends
on the shape of P(B,rr), especially if P(B,rr) has a low-

field shoulder. This is a well-known problem in ME spec-
troscopy, for example, also showing up in the ME spectra
of metallic glasses. A possibility to solve this problem
has been proposed by Vincze and Babic. We have de-
cided to solve that problem in such a way that the correct
solution obtained from the fitting procedure is consistent
within the canting model. This is shown in the following.

The mean effective hf field (B,tr) in the canting model
is connected with the canting angle 8 by the following re-
lation:"

&B„)= &B, ) (cos-'8) „,. (3)

( )&s& again means the averaging over the distribution
P(8) of the canting angle 8 with a mean value (8). This
relation follows directly from the vector diagram in Fig.
4. (Bz ) in the RSG state can be obtained from (B,&r) in
the FM state [T & TI. (Bz(T)) = (B,a(T) ) for 8=0] by
extrapolation to T & T& assuming a T -law:
(Bz(T))=(Bz(0))[1—AT ~ ]. Comparing Eqs. (2)
and (3) it is obvious that (B,&r) and D23 are related to
each other via the canting angle 8. However, in order to
get the (B,&r)-Dz3 relation from Eqs. (2) and (3) one has
to know the canting-angle distribution P(8) for a given
mean canting angle (8). Taking into account that the
experimental observed shape of P(8) (Ref. 29) has a max-
imum at 8=0, a width which is a measure of (8) and
which goes to zero at an upper limit 80, we have approxi-
mated P(8) by the following function:
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expected (B,&t )-D23 relation (solid line) for the ME spec-
trum at T =4.2 K and B,„=1T. It was obtained from
Eqs. (2}—(5) together with the (B,tr(T)) values in the
FM state (T & TI). In addition, we have plotted in Fig. 5

the (B,tr) values (squares) obtained from different least-
squares fits to the ME spectrum at T =4.2 K and B,„=1
T by assuming different D23 values. The least-squares
sums essentially have the same value for all of these fits
(differences 5 10%). The intersection between the
dashed line, which connects the possible fitting solutions,

30

25

FIG. 5. Connection between D» and (B,e) for B,„=1 T and
T=4.2 K. Solid line: Theoretical curve as obtained from the
canting model. Squares (connected by dashed line): Possible
solutions of different least-squares fits to the ME spectra. The
intersection point is the correct solution within the canting
model.
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8o is related to the mean value ( 8) by
Oo

(8)=f sin8P(8)8d8 . (4b)
0

The mean value of a 8-dependent quantity f (8) can now
be calculated with the help of the above given P(8} for a
given (8): 30 60 90

eof sin8P(8)f (8)d8
(f(8))&t»= (5)

f sin8P (8)d 8
0

We have plotted in Fig. 5 as an example the theoretical

FIG. 6. Temperature dependence of mean hf field (B,~) for
B,„=O, 1, 2, and 3 T. The curves are shifted by 2B,„down-
wards in order to prevent overlap of the curves. Thus, the
correct hf field values are obtained by adding 2B,„ to the given
values.
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and the theoretical (B,Ir)-D33 relation (solid line) is the
only solution which is consistent within the canting mod-
el.

A11 ME spectra with B,„WO in the temperature region
T (TI have been analyzed using the fitting procedure as
described above. The spectra for T & TI (FM state) and

8,„%0have been fitted with D23 =0 (spin direction paral-
lel to y-ray direction), whereas the spectra for 8,„=0at
all temperatures have been fitted with D23 =2, typical for
randomly distributed spin directions. More details of the
fitting procedure, e.g. , inclusion of quadrupole interac-
tion, are given in Ref. 24. The lines through the data
points in Figs. 2 and 3 are least-squares fits obtained in
the way described above.
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IV. RESULTS

The magnetic hf field distributions P (B,z) for
Auo 83zFeo &68 at 4.2 K in zero field and for B,„=1, 2, and
3 T as obtained from least-squares fits to the ME spectra
in Fig. 2(a) are displayed in Fig. 2(b). Comparing the
different hf field distributions for B,„=0, 1, 2, and 3 T it
becomes clear that B,„does not change P (B,z) in exter-
nal fields up to 3 T. This finding is in agreement with the
results reported by Whittle et al. , where no change in
P (B,rr} with external field 8,„=5T has been observed in
Aui „Fe„for x =0.2 (RSG state).

Figure 6 shows the temperature dependence of (B,ff)
for B,„=0, 1, 2, and 3 T. The lines through the data
points have been obtained in the following way: We have
assumed that above the reentrant transition (FM state)
(B,s(T)) is described, as already mentioned, by the
well-known T law for spin wave excitations. For
T (TI the data points have been fitted by a curve which
is based on a Landau expansion for spin glasses, ' tak-
ing into account that the SG order parameter
q =[(S;) ] ]z is replaced by the transversal order param-
eter qT =[(S; ) ]J for the RSG state (( ) means thermal
averaging and [ ]J the average over a Gaussian distribu-
tion of bonds J,"). In this case, the transversal component
of the effective hf field, BT, which is proportional to S;
(see Fig. 4), can be approximated by

BT( T)=Br(0)(1—T/TI )~ . (6)

The exponent which gives the best fit of the data is
P=0.4, somewhat smaller than the mean-field exponent
1(7'(MFT) =0.5.

The transition from the FM state to the RSG state at
TI is clearly seen in Fig. 6: A sudden enhancement of the
magnitude of (B,s(T) ), caused by the additional order-
ing of S;, occurs at TI =32.5+2 K. However, an exter-
nal magnetic field B,„seems to have no influence on TI
itself (~b TI ~

S 2 K for 8,„=3T). This fact can be even
better seen in Fig. 7 where the temperature dependence
of the mean canting angle (8) is plotted for 8,„=0, 1, 2,
and 3 T. The line through the data points is a fit using
the approximation described above for BT( T) [see Eq. (6)]
and the relation

(BT)=Bz&t 8a) n&&&,

FIG. 7. Temperature dependence of the mean canting angle
( 8) for B,„=O, 1, 2, and 3 T.

which directly follows from Fig. 4. We can conclude
from Fig. 7 that not only TI but also (8(T)) does not
change with external magnetic field up to 3 T
((8(0))=25+1.5', ~b(g(8,„))~

~1.5' for 8,„=3
T) 33,34

V. DISCUSSION

ATI Tf(8,„)—TI(0)

m +4m+2
4(m +2)

gPa
CX

which results for m =3 (m =number of spin components}
in AT& = —2.6 K for B,„=3 T.

Our finding of ~b T~(8,„=3 T)
~

~2 K, thus, is not
quite in contradiction to the mean-field-theory (MFT) re-
sult. It is, however, in strong disagreement with the
AT&(B,„) results obtained in some other Fe-based RSG
systems, where the spin canting has been established by
means of Fe ME spectroscopy. We have summarized in
Table I the existing experimental data on ATI(B,„) for
those RSG systems. According to this table there are
two systems where no change in TI with B,„has been ob-
served (AuQ s3QFeQ, «, Fe6Ni73Si9B»); two other systems
Cr75Fe25, (FeQ 65NiQ35)Q s98MnQ, Q2 show a change in TI
which is large compared to the MFT result. In principle,
the MFT result is only valid for the triple point in the
magnetic phase diagram (see Fig. 1), i.e., T, =TI(0). The

The most important information we obtain from the
ME spectra analysis is the fact that the reentrant temper-
ature TI does not change with 8,„()ETI~&2 K). Our
finding is in agreement with the very recent result of
Meyer et al. who studied the influence of an external
magnetic field up to 8 T on the reentrant ferromagnet
AuQ s,FeQ» doped with 2% " Sn: No change of T~ was
observed in these experiments.

In the following we will compare our result on T~(B,„)
with the theoretical predictions by Dubiel et al. Ac-
cording to this work,
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TABLE I. FM ordering temperature (T,), reentrant temperature for 8,„=0[Tf(0)], and the B,„-induced shift b, Tf of Tf(0) for
different Fe-based RSG systems in which the spin canting has been observed by means of "Fe ME spectroscopy. The theoretical
(MFT) result is given for comparison.

Theory (MFT)

(K)

Tf (0)
T, —Tf(0)

TJ (0)
—ETf /B,„

(K/T)

0.87

Ref.

20

Aup 832Feo. 16s

Fe6Ni»Si9B]3
165
45

33
13 3

This work
37

Cr7,Fe2s
(Feo.6sNio. 3s)o.898Mnp lp2

160
230

30
38

6.0+1.0
=12

(for B,„&0.5 T)

20
38

measurements, on the other hand, have all been made in
the RSG state for concentrations where T, & Tf(0). The
fourth column in Table I gives the ratio
[T,—Tf(0)]lT&(0) which, as we think, can be taken as a
measure of the degree of deviation from the triple point.
These ratios essentially have the same order of magni-
tude, i.e., the systems can be compared frotn that point of
view. The only obvious difference between the systems
with no (or small) b, T&(B,„) values and those with large
b, T~(B,„)values, is the following: The first class of sys-
tems contains magnetically diluted FM systems, where
the antiferromagnetic (AF) interaction and thus the frus-
tration enters via the long-range RKKY interaction,
whereas in the second class one has short-range, direct
AF interaction (introduced by Cr and Mn, respective-
ly). 6 This difference in the AF interaction length prob-
ably leads to different local spin correlations. In the case
of AuQ 832FeQ, «, for example, it was shown ' that the
spin canting in the RSG state is locally correlated, which
leads to the picture of canted spin clusters Such ca. nted
spin clusters will have a larger stability against external
magnetic fields compared to individual canted spins prob-
ably present in the second class of systems. Thus, it ap-
pears that the different local spin correlations of the RSG
state present in different RSG systems are reflected in a
different B,„dependence of Tf.

The additional information we obtain from our
analysis is that also the mean canting angle ( 8( T) ) does
not change with B,„up to 3 T (~ b ( 8 ) ~

5 1.5 ', see Fig. 7).
This finding, together with the fact that P(B,tt) does not
change with B,„(see Sec. IV and Ref. 30), leads us to the
conclusion that the local spin structure of the RSG state

in the system AuQ832FeQ, « is stable against external
magnetic fields up to 3 T. On the other hand, we observe
that the FM state is stabilized by the external magnetic
field: The decrease of B,tt(T) for T & Tf is found to be
weaker for B,„@0when compared with that in zero field
(see Fig. 6). This finding, again, was also observed in Ref.
35 where it is explained by the presence of cooperative
ordered, superparamagnetic clusters in the FM state.

VI. CONCLUSION

External magnetic fields up to B,„=3 T have no
measurable influence on the RSG state of AuQ 832FeQ &«.
The reentrance temperature T& as well as the mean cant-
ing angle ( 8) do not change with B,„This resu. lt, while
not in contradiction to an existing MFT result, is quite
different from that observed in some other RSG systems.
Thus, we conclude that the local spin structure of the
RSG state is quite system dependent. In the case of RSG
AuQ 832FeQ, « the local spin structure shows ferromagnet-
ic correlations, which may be responsible for the high sta-
bility of this RSG state upon application of an external
magnetic field.
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