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Using the Mossbauer technique, the variation of the internal magnetic field with temperature from 4.2°K
to about 0.9T¢ was measured for each sublattice of ordered Fe;Al and Fe;Si structures. The variation of
the reduced internal field with reduced temperature was observed to be almost identical on all the sub-
lattices. In these alloys, it is expected that the reduced internal field varies in the same manner as the
reduced magnetization for each sublattice. Thus, we can compare these measurements with the magnetiza-
tion curves calculated from molecular-field theory. In this way, we obtain the exchange energies for each
sublattice and for the interaction between the two sublattices. The values for the FesAl structure are J4p=
120+15°K, J44=70F20°K, and Jpp=T7F5°K. These values of the exchange energies are very reasonable,
indicating that the molecular-field treatment satisfactorily describes the behavior of these alloys. The
success of molecular-field theory is consistent with the view that the ferromagnetic behavior of Fe and these
alloys is due to the long-range coupling of the atomic spins by the itinerant d electrons.

INTRODUCTION

A SIMPLE, direct way to measure the variation of
internal fields at various sites in magnetic systems
is provided by Mossbauer-type measurements. Here,
we report on measurements of the temperature vari-
ation of the internal fields of the Fe atoms on each of
the sublattices in Fe;Al and Fe;Si structures. Although,
in general, the variation of the internal field is not
necessarily the same as that of the saturation magneti-
zation; for Fe;Si, we observe that their behavior is
very similar (see Fig. 8 of Ref. 1). We thus assume that
they are proportional in this paper; this is discussed in
more detail later. We can then compare the measured
variation of the internal field for each type site with
that expected from the molecular-field treatment
(Néel theory of ferrimagnetism).?® In this case, we
have a system whose two sublattices are coupled ferro-
magnetically with also a ferromagnetic coupling be-
tween the sublattices (i.e., all three molecular-field
coefficients are positive). We find that the agreement
between experiment and theory is very satisfactory,
indicating that the ferromagnetic interactions are of
long range.

EXPERIMENTAL PROCEDURE

X-ray studies? have shown that the ordered body-
centered cubic Fe;Al(Si) structure consists of two
interpenetrating simple-cubic sublattices: one contain-
ing mainly Fe atoms (4 and C sites, see Fig. 1) and
the other alternating Fe (D sites) and Al(Si) atoms
(B sites). The A- and C-site atoms (denoted by 4
sites from now on) are surrounded by four Fe and four
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Al(Si) nearest-neighbor (nn) atoms. The D-site Fe
atoms are surrounded by 8-nn Fe atoms.

Table I shows the moments obtained from neutron
scattering experiments at room temperature (RT).56
It also lists the RT internal-field values obtained in
these experiments. ppe is the moment of pure Fe

TaBLE I. Moments and internal fields for the Fe sites in FezAl

and Fe;Si.
A sites D sites
Fe;Si K (0.544-0.05) upe  (1.0840.03) pre
Hine  (0.60+0.01) Hye (0.942:0.01) Hy,
FezAl ” (0.660.05) ppe  (0.9620.05) ure
Hine  (0.6440.01) Hye (0.8940.01) Hpe

(=2.2up). Hy. is the internal field of pure Fe (=330
kG). No moment was detected on the Al atoms. The
experiments on Fe;Si were performed with a polarized
neutron beam, and essentially no moment [ (—0.07+
0.06) up] was found on the Si atoms.? We see that the
proportionality between moment and internal field is
very good for the FezAl system and fair for the Fe;Si
system.

The experimental apparatus used to measure the
internal field by the Mdssbauer technique has been
described previously.” The source was Co¥ in Pd and
the absorbers were the ordered alloys. The FesSi was
in powder form while the FesAl was a foil of approxi-
mately 0.001-in. thickness. Each absorber was sand-
wiched between two thin Be plates. The Mossbauer
pattern of the FesSi indicated that it was completely
ordered. The FezAl sample had 25.5 at.%, Al, and its
Mossbauer spectra indicated that about 949 of the B
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sites contained Al atoms, which is about the maximum
ordering achievable. For temperatures above RT, the
absorbers were placed in a small oven containing Be
windows. The temperature was controlled with a Pt-Pt-
139%Rh thermocouple. No great effort was made to
determine the absolute temperatures accurately so
they were known to within only 4°K. Below room
temperature, the absorbers were mounted on a cold
finger of a Dewar. Here, the temperatures of the
absorbers were known to about 3°K. The uncertainties
in the temperature are well within the circles plotted on
Figs. 3 and 4. Figure 2 shows some typical Mdssbauer
spectra for Fe;Si. These spectra are clearly composed of
two overlapping six-line spectra as shown in Fig. 2 for
the 295°K data. The internal fields were determined
from the spacing of the outer lines of each of the six-

® Fe atoms- A and C sites

© Fe atoms- D sites
O AL (Si) atoms - B sites

FiG. 1. Unit cell of the ordered FezAl (Si) structure.

line spectra. Before and after each measurement on the
alloys, a pure Fe calibration run was made at RT. At
each temperature, the data were taken for a long enough
time (about 10° counts per channel) so that statistical
errors were unimportant. For a discussion of systematic
errors due to the electronics, see Ref. 7. The points in
Figs. 3 and 4 give the measured reduced internal fields
H(T)/H(0°K) as a function of the reduced tempera-
ture T/T¢. The Curie temperature T¢ used to obtain
the reduced temperatures was 713°K for Fe;Al and
853°K for Fe;Si.2 These values seem the most reliable of
those in the literature. However, the conclusions are not
dependent upon reasonable variations in the T'¢’s. The
striking behavior is that, for both alloys, the reduced
curves for the 4 and D sites are essentially the same,

8 M. Fallot, Ann. Phys. (Paris) 6, 305 (1936); M. Hansen,
IC(;Jgs.s')titut/ion of Binary Alloys (McGraw-Hill Book Co., New York,
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Fic. 2. Typical Méssbauer spectra of Fe;Si at various tempera-
tures. The internal fields were measured by the distance between
the outer peaks of the 4 and D sites.

with perhaps the D curves being very slightly above the
4 curves.
COMPARISON WITH THEORY

The internal field is due to the polarization of the s
electrons. The dominant contribution is negative and
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F16. 3. Measured variations of the reduced internal field with
reduced temperature for the two sublattices of Fe;Al. The curve
marked op =0, is a solution of Egs. (5), where Sp=1and S,=3.
When not indicated, the uncertainties in temperature and internal
field values are within the data circles shown.
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F16. 4. Measured variation of the reduced internal field with
reduced temperature for the two sublattices of Fe;Si. Also shown
are the regular Brillouin functions Bg for S=1, 1, and «, These
are also the solutions of Egs. (5) when o4=0p and S4=Sp. The
curve marked gop=0, is a solution of Egs. (5) for Sp=1 and
Sa=13%. The uncertainties in temperature and internal-field values
are within the shown data circles.

comes from the core (1s, 2s, 3s) electrons. There is also
a lesser contribution from the 4s conduction electrons.
This contribution, if large enough, could make the
measured internal field depend not only on the moment
(or magnetization) of its own sublattice, but also on
that of the other sublattice. Thus, the reduced internal-
field values could depend on the magnetization of both
sublattices. We have calculated this effect from the
measured polarization curve (Fig. 6 in Ref. 7) for the
FeAl alloys, assuming this curve also is applicable to
FesAl. We found that the core polarization is indeed
overwhelming and that the contribution from the 4s
polarization of the sublattice was negligible. This
result can be anticipated from Table I where the
values of the moments and internal fields are seen to be
clearly proportional for FesAl. We are thus justified in
assuming that the curves of reduced internal field
versus reduced temperature also represent the vari-
ation of the reduced magnetizations as a function of
reduced temperature.

We shall now compare the measured magnetization
curves with those calculated from molecular-field
theory. Due to the approximate nature of this theory,
we do not expect too close an agreement between the
experimental and theoretical curves. The important
feature that we wish to consider is that the reduced
internal-field dependence of each sublattice on the
reduced temperature is essentially the same. We shall
closely follow the procedure of Ref. 3(a). The molecular
fields which account for the interactions between
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magnetic lons are Hpa=NgaM4, Hip=NapMp, Hpa=
MpaM 4, and Hpp=NppMp, where Hp is the molecular
field acting on an A atom due to its D neighbors with
similar definitions for the other H’s. M4 and Mp are
the magnetizations of the 4 and D sublattices and the
N’s are the Weiss molecular-field coefficients, Aap=MAp4.
In our case, we expect all the N’s to be positive (i.e.,
ferromagnetic alignment).

The total fields acting on the 4 and D atoms with
no externally applied fields are

Hi=MaaMs+NapMp,
Hp=NapM 4+ opMp. €))

It is convenient to measure the molecular field co-
efficients relative to the A-D coefficient so we define

d=Mopp/Mp. (2)

The reduced magnetizations which we identify with
the reduced internal fields for each sublattice are given

by

a=M44/\ap,

04(T)=Ma(T)/vNgupSa
=M4(T)/M4(0),

ap(T) =Mp(T) /NN gusSp
=Mp(T)/Ma(0), (3)

where »(=%) is the fraction of magnetic ions on the 4
sites and N (=3%) is the fraction of magnetic ions on the
D sites. N is the number of magnetic ions per unit
volume, and g is the spectroscopic splitting factor which,
in this case, is the same for the two types of atoms. ug
is the Bohr magneton and S4, Sp are the spins of the 4
and D magnetic ions.
According to molecular-field theory, we then obtain

oa=Bgs,(gusS4H4/kT),
op=Bs,(gusSpHp/kT), 4

where Bg is the Brillouin function of index S. Sub-
stituting in the values of H4 and Hp given by Eq. (1),
we thus obtain

04=Bg,[(354/7F) (vaSaca+NSpop) ],
op=Bg,[(3Sp/rF) (N6Spop~+vSaaa) ], (5)

where 7 is the reduced temperature T/T¢, and F is
given by F=3kT¢/Ng?ug® ap. T'¢c can be related to the
molecular field coefficients*® so that F is given by

F(\a,8,54,5p) =3{\6Sp(Sp+1) +raSa(Sa+1)
F+LA6Sp(Sp+1) —vaSs(Sa+1) )2
F+4\vSa(Sa+1) Sp(Sp+1) T2}, (6)

The total magnetization o7 is given by op=op+voa.
In our case, we have a situation where Sp~1 and
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Sa~%. However, we find that the conclusions are not
dependent on reasonable changes in S4 and Sp. The
theory has also been evaluated for Sa= Sp=73 or 1 (see
Fig. 4). These solutions give similar results (the values
of @ and § would only be slightly different). Thus,
evaluating the Brillouin functions, Eqgs. (5) and (6)
become

ca=tanh[ (aos+0op)/27F],
op="35coth[3(dop—+04) /27 F]—%coth[ (dop—+04) /27F],
(5"
P=4{a+aH[(-d)+ 317, ©)

For a given « and ¢ we can solve on a computer for the
variation of g4 and op as a function of 7.

%A 0D

afl =1

Fi16. 5. Various regions of behavior of the solutions to Egs. (5)
as a function of « and §. See text for a description of the various
behaviors.

In the above solution, we have assumed that Asp is
positive, which corresponds to our case. Figure 5 shows
general areas of solution for various o’s and é’s. In the
region where both « and § are less than —1, the system
never becomes spontaneously magnetized at any real
temperature. In this region, the large negative molecu-
lar-field coefficient of the 4 or D sublattice successfully
opposes the tendency of the 4-D interaction to spon-
taneously magnetize the sublattice. The regions where
each sublattice saturates at low temperatures are given
by 6> — (»S4/ASp)=—1 and a>— (ASp/»S4)=—1.
Since we have a simple system in which we observe
that each sublattice does saturate at low temperature,
we are only concerned with this region. In this region,
any pair of values (@,6) which lie on the line marked
og4=o0p give a regular Brillouin behavior. This is shown
in Figs. 3 and 4 by the curve marked ca=op. Also
shown in Fig. 4 are the Brillouin curves for Sy4= Sp=1%,
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F16. 6. Some typical variations of the reduced magnetization with
reduced temperature as given by Egs. (5)

1, and . We see that the curve for Sa=3%, Sp=1{falls
between the S=% and 1 Brillouin curves as expected.
For any other values of @, & in the region showing
saturation, we obtain two separate magnetization
curves, one falling above and the other below the g4=
op curve. Examples of this behavior are shown in Fig. 6.
In the region above and to the left of the line cy=0p
in Fig. 5, we find 64> 0p, and in the region below and to
the right of the o4=o0p line, we find op>o4. We see in
Figs. 3 and 4 that the experimental points lie somewhat
below the o4=0p magnetization curve. However, these
observed deviations are viewed as being in good agree-
ment with molecular-field theory, considering the
approximate nature of this treatment. The important
feature of the data is that the reduced internal fields
for each sublattice are essentially the same. Thus, the
values of o and & which apply to these alloys must lie
very close to the o4=o0p line of Fig. 5. We can obtain
further limitations on the values of « and & from the
following considerations.

From the distances between the various types of Fe
atoms, we would expect that the exchange energy Jap
of 4 and D atoms would be the largest and that between
D atoms, Jpp, would be the smallest, but still positive.
That is, we expect Jap> J44> Jpp>0. If molecular-
field theory is applicable, we might also expect that J4p
would be somewhat less than the exchange energy for

TasLE II. Exchange energies in °K for FezAl and Fe;Si.

Juap Ja4 Jop
Fe;Al 1204-15 70F20 7F5
Fe;Si 145+15 80+F20 8F5
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F1c. 7. Sublattice and interaction exchange energies for the
ordered Fe;Al and Fe;Si structures. The abscissa gives the inter-
action exchange energy J4p in °K. For a given J 4p, read J 44 and
Jpp from the left and right ordinate axis, respectively.

pure Fe. Using the same definition of J as given in Ref.
3b, the molecular-field coefficients and exchange energies
are related by

(M

with similar expressions for a4 and N\pp. Here Np=31N.
Zap is the number of D-type atoms surrounding an A
type atom. We thus find that the region of «, § values
which satisfies the above restrictions is 0<§<0.45
and 0.2<«<0.75. Since T'¢ is known for both alloys, we
obtain a further relation between the molecular-field
coefficients from Eq. (6). From all these considerations,
we can obtain values of the molecular-field coefficients
and through Eq. (7), the exchange energies. Figure 7
shows these exchange energies. Here, we have plotted
Jap in °K along the abscissa and the values of J44
and Jpp along the left and right ordinate axes; all

Map=224pJ ap/Npgagoy2s,
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values are positive. In Table II, we list the estimates
obtained for the exchange energies of both FezAl and
FesSi. The 4 and — signs vary in the directions
indicated in the table, i.e., when Jsp increases, Jaa
and Jpp decrease. The values obtained for the exchange
energies are very reasonable, considering that the value
for pure Fe is 160°K.°

Thus, we obtain a satisfactory agreement between
the molecular-field theory and the experimental
results—much better, in fact, than would be anticipated
in most metallic systems. The reason for the good
agreement is believed to be the following. In many
aspects, the behavior of these alloys is very similar to
that of pure Fe. Previous experiments’ have indicated
that a Ruderman-Kittel-Kasuya-Yosida-type inter-
action of the 4s conduction electrons is not responsible
for the ferromagnetism in Fe (in fact, their behavior
would lead to antiferromagnetism). Thus, the ferro-
magnetic behavior is thought to be due to the itinerant
d-like electrons. Suppose that the itinerant ones among
the d electrons are very few in number and therefore
have only a small extent in % space. Then the oscilla-
tions in their polarization will be of long range, perhaps
over four to five nearest neighbors. This slow variation
of exchange coupling over many neighbors will ensure
approximate validity of the molecular-field treatment.
The success of molecular-field theory is thus consistent
with the view that the ferromagnetism of Fe and these
alloys is due to the long-range coupling of the atomic
spins by the itinerant d electrons.
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