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Magnetic double transition in Au-Fe: Observation of spin canting
in zero magnetic field
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%e report on new analytical techniques applied to the 5 Fe Mossbauer spectra of the alloy Au-16. 8 at. %

Fe showing a magnetic double transition. %Kith analysis of the effect of the electric-quadrupole hyperfine

interaction on the spectra, it can be shown even from spectra in zero external magnetic field that the tran-

sition at Tf is a spin-canting transition.

Many magnetic alloys which are typical spin-glasses at low
concentrations become ferromagnetic above some critical
concentration. In such systems near this concentration,
magnetization and susceptibility properties indicate that the
ferromagnetic (FM) phase is reentrant: below the FM tran-
sition at T„a second transition at Tf to a new spin-glass-
like state occurs (for a recent review, see Ref. 1). The na-
ture of this second transition has been the subject of much
recent controversy, especially for the A u Fe system, 2 '4

which is the subject of this Brief Report. Lauer and Keune
(LK)7 and Varret, Hamsic, and Campbells have shown from
Mossbauer effect measurements in a magnetic field that
below T~, the magnetic state is no longer collinear: the
average (sin 0) increases from zero below Tf, where 0 is
the angle between the magnetic Fe moment and the exter-
nal field 0,„,. It is also observed that the average hyperfine
field BHF(T) increases below Tf faster than in the (col-
linear) FM phase. This is related to an increase in the aver-
age magnetic moment S in the low-temperature state. '
These two results are summarized in the canting model. In
the FM phase, all moments are parallel to the spontaneous
magnetization M, . Spin components transverse to M, are
free to rotate and do not contribute to the moment S (ther-
mally averaged spin). At Tf, these components freeze out,

'

canting the- moment out of the direction of M„and increas-
ing its magnitude.

Spin canting similar to the observed Tf transition has
been predicted by Gabay and Toulouse (GT) '5 in the
infinite-range model with Heisenberg spins. The GT transi-
tion from collinear to canted FM is described by the
transverse order parameter: q, = (S,') J. S, is the transverse
component of the thermally averaged spin and ( ) 1, the
average over the disorder (a recent review is given in Ref.
16). The interest in Mossbauer measurements for double
transition studies stems from the possibility of determining
the related parameter 3 (sin20) = ((St/S)2) from relative
line intensities. Thus, it is important to know if such
results, from experiments in the presence of magnetic field,
can be compared to zero-field results. This is the purpose
of the present study.

The canting model applied to AuFe has led to some con-
troversy due to the known' chemical short-range order
(SRO) in these quenched metastable alloys. Violet and
Borg (VB)'o have argued that SRO leads to phase segrega-
tion into Fe-rich platelets and remaining solid solution.
These then determine the magnetic transitions. Their con-
clusions have been questioned by Brand and Keune' and

by Monod and Campbell, ' and they have modified their
conclusions somewhat, retaining, however, the idea that
the magnetic state is determined by chemical SRO. Beck"
has argued from susceptibility and magnetization measure-
ments that no long-range FM order exists at any tempera-
ture in the double transition region. He proposed that the
4.2 K spectra (as fitted with two sextets) can be explained
by platelets of differing thickness (two and three atomic
layers). In his view, the effects seen in these alloys are due
to short-range order and dynamic relaxation of such Fe
clusters. It is difficult to reconcile this with the known
agreement between ac and dc susceptibility ~ and with
neutron diffraction results. Whittle and co-workers ' have
argued from similar fits that the two subspectra represent
spin-glass and cluster glass, or cluster glass and FM phases,
depending on the Fe concentration. This ignores the tem-
perature dependence of the spectra' and the systematic
trends in the paramagnetic and magnetic spectra with Fe
concentration, ' which demonstrate the infuence of local
environments on the spectra.

The purpose of this Brief Report is to show by new
analytical methods applied to the Au-~7Fe spectra that in the
double transition region, despite clear evidence for chemical
SRO, the magnetic behavior is homogeneous. Both low-
field (LF) and high-field (HF) portions of the spectra show
the same T~. This we do by treating the spectra as two
overlapping hyperfine field distributions:

We can show further that the transition at Tf is character-
ized by the spontaneous canting of the moments, and we
show this from spectra taken in zero magnetic field This.
result is possible because the electric quadrupole (EQ) hy-

perfine interaction defines locally an axis [principal axis of
the electric field gradient (EFG) tensor, denoted as the z
axis]. The nature of the orientation of the 'magnetic mo-
ments with respect to this (local) axis influences the spec-
trum line positions and profile. This forms the basis of a
method for distinguishing the canted and the collinear states
from measurements in zero magnetic field.

The addition of the EQ interaction to the magnetic hyper-
fine Hamiltonian leads in first order to a line shift 2e given

by (T ~ transition, asymmetry parameter ri = 0)
1

e'Qq 3cos'4 —1

2 2
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in the usual notation. q is the largest EFG tensor com-
ponent, defining the z axis, and 4 is the angle which BHF
makes with this axis. In a cubic environment, all EFG com-
ponents are zero, but in random alloy systems this is no
longer true and one must consider each possible neighbor-
ing configuration. Defining a local structure factor S(p) as
the sum over p impurity (Fe) neighbors at angles 4&.'

S(p) = X&[3cos2(ip&) —I], the local line shift can be writ-
ten as 2«(p) =Q~S(p). The parameter 20~ =e20q„ /2 is
to be found from fitting the spectra. The resultiog
Lorentzian sextet L6[1,2«(p), BHF] must be averaged over
the allowed values of S(p) and p (I is the linewidth). As-
suming no correlation between the EFG z axis and BHF, this

'leads to an effective sextet L6(I', (2«),BHF), with no net
EQ line shift: (2«) =0. In this case, however, it is neces-
sary to consider the magnetic dipole interaction from neigh-
boring Fe atoms as well. This is locally correlated with
the EQ interaction because of the identical angular depen-
dence. The effective hyperfine field B,ii(p) for the confi-
guration p is then given by B,rr(p) =BHF+h2~S(p), where
h2~ is the dipole field coefficient. Brand, Lauer, and Her-
lach27 have shown that for small asymmetry, , averaging
L6[I, 2«(p ), BHF(p ) ] over p leads to an effective spectrum
L6[I';, (2«), BHF] again with (2«) =0, but an asymmetric
line profile: differing effective linewidths I'; for equivalent
line pairs. In addition, they have extended this model to
cases ~here BHF is also site dependent, yielding the distribu-
tion P(BHF). The present work follows this approach, im-
proving on the accuracy of the calculation of the line profile

to include larger asymmetrical effects (thus, the sum over
neighbors p must be explicitly calculated), and including the
possibility to treat separately two overlapping distributions.
In the presence of overlap, the solution for the fit program
must be stabilized by imposing the (physically reasonable)
condition that P("(BHF) = 0 at the upper and lower limits of
each subdistribution j =LF, HF. A more detailed discus-
sion will be published later.

This analysis has been applied to spectra from the solid-
solution quenched Au-16. 8 at. % Fe sample studied previ-
ously by LK. Several characteristic spectra (measured in
zero external field) and resulting P(BHF) are shown in Fig.
1. For the low-temperature spectra it was necessary to
separate P(BHF) into distinct but overlapping LF and HF
distributions. This improves on the simple two-sextet fits
used by others, ' ' and allows us to treat the 2~ line shift
and g~-h2~ line profile terms separately, improving on the
procedure used by LK. The resulting values of the average
hyperfine field BHF(T) are shown in Fig. 2(a), where a
sharp change in slope is observed in both LF and HF
values, at a temperature Tf= 40 K (essentially confirming
the 4S K given by LK). Above Tf, the two distributions
overlap, and no effort has been made to separate them [as
seen in the spectrum for 39.5 K, Fig. 1: the small bump in
P(BHF) is an artifact' ].

Below Tf, a line shift 2« is found separately for the LF
and HF peaks, similar to those found by others, ~' ' with
2«(LF) ) 0 and 2«(HF) (0. We see, however, in Fig.
2(b) that both decrease in magnitude as T Tf. At low
temperatures, little or no asymmetry is found in the LF and

'
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FIG. 1. (a) Zero-field Mossbauer spectra for Au-16. 8 at. % Fe
(quenched) for several characteristic temperatures below and above
Tf. (b) Resulting distribution P(BHF) sho~ing the separation into
LF and HF parts at low temperatures (see text).
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FIG. 2. (a) Average hyperfine field BHF separated into LF and
HF parts. (b) EQ line shift 2« for LF and HF parts of P(BHF). (c)
Q~ and h2~ as calculated from the spectral asymmetry (see text).
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HF distributions.
For T~ T/, 2e is essentially zero: there is no EQ line

shift found in the collinear FM phase. However, above Tf,
the spectra (Fig. I) show a distinct asymmetric line profile
characteristic of the Q~

—h2~ correlation. The values found
for these parameters are shown in Fig. 2(c), where we re-
mark that only the relative sign between Q~ and h2~ is
relevant. A2~ is found to vary with temperature, and scale
with Bttr:(T). Since h2~ is assumed to be due to the dipole
field of the Fe neighbors, this is a reasonable result. It is
also found that Q~ is constant above Tf, and to a good ap-
proximation the absolute value of 2Q» is equal to the aver-
age EQ interaction due to single neighbor, as found by Win-
dow. " Our result of ~2Q~~ =0.72+0.06 mm/s should be
compared to his Q0=12Qt/29 mm/s, which for 16.8 at. %
Fe (Fig. 2 of Ref. 23) is equal to 0.74 mm/s.

Our results can be summarized as follows. For tempera-
tures far below Tf it is found that there are locally preferred

directions for the moments (directions of B~r) with respect
to the local EFG z axis, resulting in nonzero 2e(LF) and
2e(HF). As T Tf from below, the moments rotate out
of these directions into a common direction given by M, .
This changes the spin structure with respect to M, from
canted below T/ to collinear above. In this change, S(p)
changes from a constant value below Tf [within the LF and
HF parts, yielding 2a(LF) and 2e(HF)], to a distribution of
values above (yielding the parameters Q~ and h2~). This
produces the described change in spectrum profile.

We conclude that despite SRO, the quenched AuFe alloy
studied here shows homogeneous magnetic behavior with a
FM transition at T, and a canting transition at Tf in zero
external field. The transition at Tf is similar to the GT
transition as predicted theoretically. Other evidence4 sug-
gests that below T~ the spontaneous magnetization M, is
nonzero, which is also in agreement with GT and consistent
with our results.
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The small bump which appears in P(8&p) for temperatures above
39.5 K (Fig. 1) is not related to the separation into the LF and
HF portions of P (8~~), but is an artifact appearing with increas-
ing BEQ/8&& as discussed by G. Le Caer and J. M. Dubois [J.
Phys. E 12, 1083 (1979)) (where AE~=2Q~).
The known small changes in isomer shift with 8&~ have been in-

cluded in the fits for T & Tf fJ. Lauer a'nd W. Keune {unpub-
lished) ].


