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Structure and magnetic properties of amorphous Fe„Snt „alloys
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Amorphous films of Fe„Snl „have been prepared by vapor quenching over a wide range of
composition (0.3 «& 0.8). Interference functions have been obtained from electron diffrac-
tion. Local magnetic properties have been deduced from Mossbauer-spectroscopy data and

compared to bulk magnetization which vanishes at a critical composition x« =0.35. Down to
x =0.4S, the alloys are ferromagnets with a mixture of magnetic and nonmagnetic iron atoms.
Hyperfine field distribution on magnetic iron atoms is due to chemical disorder rather than
structure effects. Nonmagnetic iron atoms and tin atoms have been found to experience a weak

dipolar or a transferred magnetic field, respectively. The temperature dependence of the hyper-
fine field in iron-rich alloys (x )0.53) is consistent with predictions of a collective excitation
model at low temperature and with a mean-field theory in an intermediate temperature range.
A value of the relative distribution width of the exchange integral AJ/J =0.4 has been calculated.

I. INTRODUCTION

Amorphous materials have been extensively stud-
ied for the last few years. Structural investigations,
especially using diffraction methods, ' have shown
that short-range order (SRO) along with long-range
disorder (LRD) is typical of these materials. Amor-
phous metals or amorphous metallic alloys have been
mostly described in terms of a dense-random-
packing-of-. hard-spheres model (DRPHS). ' For both
basic science and technical applications, it is of the
greatest importance to correlate amorphous structure
and the properties of these new species of material.
Mostly because of their being soft ferromagnets, a
number of amorphous alloys have been considered of
interest from the point of view of their magnetic
properties. Among them, the Fe„Snl amorphous
system is an attractive one. First its electrical-
resistivity behavior is typical of a metal whatever the
composition3 " (0.3 ( x (0.8). It is worth noting
that the brother. amorphous systems Fe„Si~ „(Ref. 5)
and Fe„Get „(Ref. 6) are stable at room tempera-
ture over wider compositional ranges (down to x =0)
but exhibit a metal semiconductor transition near
x =0.2. On the other hand, there is a number of
crystalline equilibrium Fe-Sn phases whose structure
and magnetic properties are both fairly well known7

and worth being compared to those of the amorphous
alloys (Fe3Sn, Fe5Sn3, and Fe3Sn2 are ferromagnets
and FeSn and FeSn2 are antiferromagnetic).

In previous papers, we have published data on
some physical properties of the Fe„SnI amorphous
alloys: resistivity measurements and conductivity
model, "bulk magnetization, and preliminary
Mossbauer investigation on the ' Fe isotope. '" "The

present paper will be mainly devoted to structural
studies and detailed description of the magnetic order
through the composition and temperature depen-
dences of the hyperfine magnetic field as measured
on "Fe and "Sn isotopes.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

As extensively described elsewhere ' the sam-
ples have been obtained by atomic deposition on
cooled substrates of tin and iron evaporated from in-

dependently regulated electron-gun crucibles. The
evaporation rates were controlled by quartz monitor-
ing systems. Thanks to ultra-high-vacuum conditions
the pressure was kept less than 2 && 10 Tour during
the evaporation. The residual atmosphere, as given
by quadrupolar mass spectrometer analysis, was
found to be mainly made of H2 (3 x 10 ' Torr), N2
(1.3 x 10 'o Torr), CO2 (6 x 10 'o Torr), and H20
(3 x 10 9 Torr). Thus the sample contamination was
less than I'/o. The substrates were either carbon-
coated microscope grids for diffraction studies or
Kapton films for Mossbauer spectroscopy, the thick-
ness of the corresponding amorphous Fe Snl films
being 200—400 A and 1—2 pm, respectively. Alloys
composition was deduced from the indications of the
quartz monitoring systems and ascertained by
atomic-absorption spectrometry; thus the x value can
be considered as known with an error less than 0.01.
The samples, warmed up to room temperature, were
taken out of the vacuum chamber for subsequent
physical studies.
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8. Mossbauer spectrometry

The Mossbauer data were collected from a
constant-acceleration symmetrical-mode spectrome-
ter, with 'Co'-Rh and Ba" Sn03 sources. Hyperfine
parameters were measured from liquid-helium tem-
perature up to about 600 K. Alternatively, an exter-
nal magnetic field (~60 kG) was applied to the
specimens.

C. Diffraction study

Following a method described elsewhere2 the in-
terference functions J(K) were obtained fr'om dif-
fraction investigation using a classical 100-kV elec-
tron microscope. Electron diffraction is more suitable
than x-ray or neutron diffraction as far as relatively
thin films are concerned.

Unfortunately, inelastic scattering results in quite a
large background and a dramatic uncertainty in the
diffracted absolute intensity. Thus, it is not worth
trying to Fourier transform the obtained interference
functions J(K) into spatial pair distribution functions
P(r), and the J(E) maximum positions along with
the relative variation of the diffracted intensity are
practically the only meaningful experimental data.

0.59

0.57

III. SHORT-RANGE ORDER IN THE Fe„Sn~ „
AMORPHOUS ALLOYS

A. Partial interferences functions

The diffraction profiles for Fe Sn~ „amorphous al-
loys (0.40 ( x«0.75) are shown in Fig. I, and the
positions E;, E of the main peak are summarized in
Table I, along with the ratios K~/Kt of these positions
relative to the first sharp maximum. The essential
features are as follows:

(i) A strong resemblance of the patterns corre-
sponding to the iron-rich alloys with usual interfer-
ence functions obtained for pure amorphous met-
als"' or amorphous alloys made of transition metal
(TM) and metalloid (Me) near the TMSOMe20 compo-
sition. ' In particular the ratios K2/K1, E3/E1, and
K4/K1are very close to those'of pure amorphous

0.50

040

K(A'j

4 6 8 10

FIG. 1. Interference functions J(E) for amorphous
Fe„Sn~ „alloys at different compositions.

0
TABLE I. Peak positions (in A ') for the interference functions of Fe„Sn~ „alloys.

K2 +3 +4 +2/+1 +3/+1 +4/+1 +2 /+1

0.75
0.59
0.57
0.50
0.40

2.44 3.03
2.33 2.98
2.33 2.96
2.31 2.96
2.33 3.00

5.20 5.97 7.86
4.44 5.15 5.74 7,64
4.44 5.12 5.65 7.60
4.43 5.33 7.59
4.34 5.51 7.46

1.72
1.73
1.73

1.80
1.84

1.97
1.93
1.91

2.59
2.56
2.56
2.53
2.49

1.90
1.90
1.91
1.86
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FIG. 2. Partial interference function determined as ex-
plained in text.

13 14iron, which are 1.73, 2, and 2.60, respectively.
(ii) The growth of two extra peaks K( and K2 on

both sides of Ei when the tin concentration in-
creases. At the same time the peaks E2 and K3 are
progressively fused in only one maximum. Judging
from the K2/Kt' value, K2 might be an unresolved
structure including (E2 —K3') like peaks as in liquid
state.

The partial interference functions JF, F„JF, Sn, and
Jsn sn which describe the contribution of Fe-Fe, Fe-
Sn, and Sn-Sn correlations to the total diffraction
profile have been calculated in the assumptions that
the Ei' peak is due to Sn-Sn correlations and that the
three partial functions are independent of composi-
tion.

In order to minimize undesirable oscillations a
least-squares procedure over all the measured diffrac-
tion profile has been used instead of calculating the
partial functions as usual from only three experimen-
tal patterns. The partial interference functions are
shown in Fig. 2. In Table II are reported the corre-
sponding peak positions along with those measured in
a Cu6Sn5 liquid alloy" in pure liquid tin" and those

18calculated for a CU60Z140 amorphous alloy using a
DRPHS model excluding Zr triangles. It is worth
comparing these systems because of Cu and Fe, on
the one hand, and Zr and Sn, on the other hand,
having fairly similar Goldschmidt radii.

TABLE II. Comparison between partial interference func-
tions of different disorder systems.

Systems
Partial

functions K1 K2 K3

Amorphous Fe„Sn1 „alloys
JFe—Fe

JFe—Sn

Jsn-Sn

3.1 5.4 -6
2.90 5.1

2.30 4;40 -5.5

Liquid Cu6Sn~ alloy
JCuMu
JCu —Sn

Jsn-Sn

2.75 5.22
2.87 5.20
2.26 4.38 6.78

Liquid Sn

Amorphous Cu6pZr40 alloy

(calculated)

JSn-Sn

JCu-Cu

Jcu —Zr

Jzr —zr

2.24 4.39 6.43

2.84 4.95 5.87
1,85 3.12 5.14
1.74 2.84 4.50

B. Structure of the Fe„Sni „amorphous alloys

Metallic amorphous alloys are usually described in

terms of a DRPHS model. The conclusions suggest-
ed by the data of Table II seem less simple.

(i) The partial functions Js„s„are quite similar in

Fe„Sn1 „, liquid Cu6Sn5 and liquid pure Sn
(Kt —2.3; K2 —4.4) but are different from that ex-
pected from hard-sphere packing [see calculated

Jz, z, (K( =1.8; K2=2.8) in Cu6pZr4pl. Thus the
tin atoms could be in a liquid-like state as already
pointed out.

(ii) The partial functions JF, s„and Jc„s„are also
similar to each other (Kt —2.9; K2 —5.1) but are far
from that of hard-sphere correlation (Kt —1.8;
Kp —3.1).

(iii) The partial functions JF, F, and Jc„~„have
some similarities whatever the system (K~ —2.9;
E2 —5.2) and are well interpreted by a hard-sphere-
packing model. Moreover, these partial functions are
not typically different from those describing the mixed
correlation Fe-Sn and Cu-Sn.

Thus we can conclude that the structure of amor-
phous Fe„Sn1 „alloys is not as close packed as that
of a pure amorphous metal. In particular the Sn-Sn
and Sn-Fe correlations might suggest a more open
partial short-range order perhaps with tin atoms ar-
ranged in a liquid-like structure and the smaller iron
atoms filling "holes" in this network.

A detailed structural model taking account of some
sort of chemical correlation will be proposed in a next
paper by comparing the diffraction profiles obtained
for Fe„Snt „and for brother systems (MnSn, CoSn,
NiSn, CuSn) whose study is in progress in our la-

boratory.
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(a)

IV. MOSSBAUER-SPECTROSCOPY STUDY
OF THE MAGNETIC PROPERTIES

A. Experimental results and spectrum analysis

Typical Mossbauer spectra of "Fe in the amor-
phous Fe„Snt „system are shown in Figs. 3(a) and
4(a).
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FIG. 3. (a) 57Fe Mossbauer spectra at T =20 K for vari-

ous Fe„Sn~ „amorphous alloys. (b) Hyperfine field distri-

bution I' (0) and quadrupolar effect distribution P (0) cor-
responding to the spectra of (a).

FIG. 4. (a) 57Fe Mossbauer spectra recorded at different
temperatures from the Fep 53Snp 47 alloy. {b) Hyperfine field

distribution P(H) and quadrupoiar effect distribution P(0)
corresponding to the spectra of (a).
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TABLE III. Mossbauer parameters extrapolated at 0 K for amorphous Fe„Sn~ „alloys.

0.72 0.61 0.57 0.53 0.51 0.48 0.42 0.37

~E~(x, o)
(mm sec '}

0;(x, 0)
(koe)

C„(x,o)

Tc «)

0.85

272

100

550

0.80

0.88

420

0.76

183

0.83

360

0.62

166

0.76

310

0.58

124

0.68

300

0.56

100

0.57

185

0.40

59

0.40

40

0.20

25

curves to CH (x, Tc) =0 or H;(x, T~) =0 gives an es-
timate of the Curie temperature T&. On the other
hand, some kind of "saturation" values CH(x, 0),
H, (x, 0), and AEg (x, 0) can be obtained by extrapo-
lation to T =0. All these data are reported in Table
III and are shown in Fig. 6.

Another interesting experimental feature is pic-
tured in Fig. 7 where EEg(x, T) is plotted versus
H;(x, T) Thus the .quadrupolar interaction on non-
magnetic iron atoms is a linear function of the mean
hyperfine field produced by magnetic iron atoms in
the material.

Typical Mossbauer spectra of " Sn in the amor-

phous films are shown in Fig. 8. Although somewhat
hazardous the analysis of these spectra in terms of
hyperfine field distribution has been attempted (Fig.
8); the proportion CIrr of tin atoms submitted to a
transferred hyperfine field and the mean transferred
field H, have been calculated in the assumption that
the "low field" part of the distributions P(H, ) actual-
ly corresponds to 0, =O. The alloy composition
dependences of CH(x, 0) and H, (x, 0) are shown in
Fig. 9 along with the corresponding data for iron
atoms CH(x, 0) and H;(x, 0). The tin spectra and
their P(H, ) distribution are very similar to that ob-
served in Heusler alloys.

(a)

Tc K

(b) (c)

CH
Q LL

Fy sp Fe sh
0

SEa (X,O) (IIIII/IS)

/

I S

-Q5

O.Q X. 0:5 X 0.5 X

FIG. 6. (a) Zero-temperature concentration of magnetic atoms (3, reduced zero-temperature mean hyperfine field (i), and

reduced mean bulk magnetic moment (S) vs iron concentrations. (b) Curie temperature of amorphous Fe~Sn~ „alloys (k)
and Curie temperature of some crystalline iron-tin compounds (I). (c) Mean quadrupolar effect on nonmagnetic atoms extra-
polated to zero temperature vs iron concentration.
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B. A11oy-composition dependence of the magnetic
properties and discussion

It is clear from the curves presented in Figs. 5, 6,
and 9 that magnetism (H;, H„p„CH, C,H, and Tc)
disappears in the Fe„Sn~ „amorphous alloys when
the iron concentration is about 35%. The relative
concentration of tin atoms C,H experiencing a

FIG. 7. Mean quadrupolar effect on nonmagnetic atoms
vs mean hyperfine field: V, x =0.72; 1, x =0.61; ~,
x=0.57; 0, x=0.53; ~, x=0.51; b, x=0.48; CI, x=0.42;
~, x =0.37.

transferred field is practically equal to the relative
concentration of magnetic iron atoms C~ over almost
the whole compositional range. It suggests the ex-
istence of some sort of "local magnetic configura-
tions" which are the only ones to contribute to both
hyperfine field on "Fe and transferred field on '"Sn.
It suggests also that the transferred magnetism to tin
is a short-range effect.

Above the critical iron concentration x„=0.35, the
reduced mean hyperfine field H;(x, 0)/H;(1, 0) is

mostly smaller than the reduced bulk magnetization
p, (x, 0)/p, (1,0) [Fig. 6(a)]. It means that these
amorphous alloys are ferromagnetic, especially near
x =0.5 contrary to the corresponding crystalline
compound FeSn which is an antiferromagnet. The
magnetic parameters H; and p, of the ferromagnetic
crystalline compounds Fe3Sn, Fe5Sn3, and Fe3Sn2 are
almost the same as those of the corresponding amor-
phous alloys Fe75Sn25, Fe62 5Sn37 5 and Fe60Sn40, [Fig.
6(a)] which means that the mean hyperfine field and
the proportion of magnetic atoms are mainly influ-
enced by chemical disorder. However, the Curie
temperatures are significantly lower in amorphous
than in crystalline compounds which is probably due
to a structural effect on the exchange integral value
and distribution [Fig. 6(b)].

So, assuming that the hyperfine field measured on
a given iron atom in an iron-tin compound is entirely

(a) (b)
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FIG. 8(a). Sn Mossbauer spectra at T =20 K for Fe„Sn~ „amorphous alloy at different compositions. (b) Hyperfine field

distribution for the spectra of (a).
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CtH

Ht /64kgo

Q/HFO

~ I
Compounds n(Fe)

8; (calc)
(koe)

H; (expt)'
(kOe).

TABLE IV. Near-neighbor and hyperfine field in crystal-
line FeSn compounds.

/o
4

~ JC

I

Fe3Sn
Fe3Sn2
FeSn

12
11
10

276
216
151

268
216
156

'Reference 23.

05 X

FIG. 9. Concentration of iron magnetic atoms CH(4),
concentration of tin magnetic atoms C,H(A), reduced iron
mean hyperfine field (S), and reduced tin mean hyperfine
field (O).

determined by the number of its iron-atom nearest
neighbors n (Fe), we have used the empirical
formula

119n (Fe)
JW

I

(N being the total number of nearest neighbors)
which was established by Trumpy et al. for the crys-
talline phases.

In Table IV are reported the values of N and
n (Fe) in Fe3Sn, Fe3Snq, and FeSn along with the
corresponding hyperfine field measured or calculated
by the above formula. If the decrease of N with local

impoverishment in iron is attributed to sterical effects
(tin atoms are bigger than iron atoms), it may be as-
sumed from Table IV that N is reduced by 1 when
n (Fe) is reduced by 2 with. maxima of 12 for N and
n (Fe). Thus Table IV may be extrapolated as shown
in Table V which gives a correspondence between hy-
perfine field and local environment (N, n (Fe)) of a
given iron atom in crystalline or amorphous tin-iron
compounds. Then, for each value of x (composition
of the alloys) we have determined the probability
P(N, n(Fe)) to find the configuration (N, n(Fe)) by
stating

P(N, n(Fe)) =P(H)

P(H;) being measured on.the distribution curves
shown in Fig. 3(b) for the particular value of H;
which corresponds to the couple (N, n (Fe)) in Table
V. Finally we have calculated the proportion of iron
atoms tp(+m) having more than m iron nearest
neighbors, that is

12

(p(+m) = $ P(N, n(Fe))
n(Fe) m

In Fig. 10 are shown the variations of (p(+m) in
function of iron concentration x for m ranging from 3
to 8. We can see that the measured proportion CH of
magnetic iron atoms is roughly parallel to the (P(+5)
curve. Thus, even if obtained for a purely gratuitous
extrapolation of a phenomenological formula" estab-
lished for a few crystalline tin-iron compounds, the

TABLE V. Estimated near-neighbor and hyperfine field in amorphous Fe„Sn~ „alloys.

12 12 10 10 9 8 8

n (Fe)

8, (kOe)

12

414

10

379 345 320

8
(Fe,sn)

276 252

6
Fe3Sn2

216 188
FeSn
151 119 0a 0a

2 1 0

'H& & 100 kOe that is 0 according to fitting procedure (Ref. 21).



21 STRUCTURE AND MAGNETIC PROPERTIES OF AMORPHOUS. . . 1919

cP {ym}

1.0-

T range wider than for crystalline compounds'4 and
with a larger value of the 8 coefficient (-0.40 com-
pared to -0.12 in iron or nickel). However, a simple
homogeneous Stoner spin-flip model developed in a
Landau mean-field formalism which leads to

06

04—

Og-

0
0

I

G2

I I
)l I /o]~, I ~

r

l
I'

O4 06
I

0.8

FIG. 10. (P(+m) curves as defined in text with

+m =3(8), 4(A), 5( ~) 6(U), 7(k), or 8(O) compared to
the concentration of iron magnetic atoms CH( ) (full

curve).

results suggest that an iron atom would be magnetic
only when it belongs to local configuration including
at least five iron atoms in the nearest-neighbor (NN)
shell, that is, 5 Fe+5 Sn or 6 Pe+5 Sn or 7+4 Sn
or 8 Fe+4 Sn or 9 Fe+3 Sn or 10 Pe+2 Sn or 11
Pe+1 Sn or 12 Fe. The size effect included in this
model might be taken into account, along with the
diffraction data, in building a structural model for
amorphous Fe„Sn~ „alloys and would explain that
CH(Sn) ( CH(Fe) for the alloys of the iron-rich end
(Fig. 9) the tin atoms preferably are in "nonmagnetic"
configurations.

is very often a satisfactory alternative interpretation '
in the intermediate temperature range ( T & 80 K).
Actually the experimental accuracy is hardly good
enough to decide definitely which phenomenon is the
true one. In some amorphous systems the spin-wave
model has been ascertained by a good agreement
between the values of the 8 coefficient obtained from
Mossbauer spectroscopy or magnetization measure-
ments and the D spin-wave stiffness constant given

by neutron diffraction, especially at very low tempera-
ture.

The curve in Fig. 11 has been drawn for our iron-
rich amorphous tin-iron alloys and shows a good con-
sistency of the H; data with a T' ' law up to
Tl Tc —0.6. The 8 coefficient is the same whatever
the alloy composition, very near the values obtained
for other amorphous alloys and about 4 times larger
than for crystalline iron. The spin-wave stiffness
constant D can be estimated from 8 through the
theoretical expression24

1 ' 3/2
0 612gpa ks Tc

M(0) 4rrD

in which M(0) is the maximum magnetization per
unit volume at T =0 K. All these data are reported
in Table VI. As expected, D is somewhat smaller in

amorphous than in crystalline systems. In the follow-

ing, a semiquantitative interpretation will be proposed

H;{T)- H;(o)

H;(o)

C. Temperature dependence of the hyperfine field

5/2

—C
Tc

which happens to be valid for amorphous alloys in a

For the alloys of the iron-rich end (x & 0.55) the
proportion of magnetic atoms is fairly large
[CH(x, 0) &0.8] and the influence of temperature on
the hyperfine field can be studied in quite a wide

range. Although still controversial, the H;( T) data
are usually interpreted in terms of collective excita-
tions of spin waves, that is

H, ( T) T
H(0) T,

-0$

By=039

FIG. 11. Reduced mean hyperfine field vs T in

Fe„Sn~ amorphous alloys: b,x =0.72; , x =0.61;
k,x =0.57.
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TABLE VI ~ Comparison of spin-wave parameters Band D for some amorphous alloys and pure
iron, and calculated Dp for amorphous Fe„Sn'~ „alloys.

Material Tc (IOM(0) (p,B) B D (meVA )Dp (meVA )

0.72

Amorphous Fe Sn~ „alloys x= 0.61

0.57

550

420

360

Amorphous (Fe„,Nil )75P&6B6A13 x 0 50 482
|0.6S 576

2.06 0.39

1.80 0 39

1.58 0.39

205 0387
2.20 0.455

101

90

86

115
94

154

130

Crystalline iron' 1042 2.22 0.114 281

'Reference 26.

through a calculation of D in a quasicrystalline ap-
proximation. ' The spin-wave dispersion law can be
expressed by

~(q) =Re 2S) J(r)g(r) [I —exp( iq —r)] d'r
t

in which q is the wave vector, J the exchange integral
at distance r in the material, S the spin momentum,
and g(r) the pair-distribution function. In the limit

of small q and perfect isotropy, cu(q) simplifies into

~(q) =
3 Sq I r J(r)P(r) dr =Dq

that is

Then Dp has been calculated with S = 1 which gives
the values in the last column of Table VI. Using a

typical value Ar/r =0.05, the theoretical expression
of D fits the experimental data (Table VI) if
4J/J =0.4.

Looking back at Fig. 11, it is clear that the above

" QHt)

H;(o)

D=3S- rJ rP r dr

with P(r) =47rr2g(r) being the probability of finding

atoms at distance r from the origin.
Assuming a Gaussian-distribution law for P(r) and

a linear dependence of J on the distance r, a straight-
forward calculation gives -0

ZJpSr p2

p
3

in which the subscript 0 refers to nearest-neighbor
distance (ro) or exchange integral (Jo), hr/r and
AJ/J are the relative width of the distribution of ro

and Jp, Z is the NN iron number and average to the
iron concentration x. An estimate of Jp can be made
with the Curie temperature through

ksTc= itP(r) J(r) dr —— ZJO

FIG. 12. Temperature dependence of the hyperfine field
(reduced coordinate axis) in crystalline iron (dashed line),
as calculated through a Brillouin function S =

2 (upper full

line) or through the Handrich formula with AJ/J =0.4
(lower full line) and in Fe„Sn~ „amorphous alloys:

V,x =0.72; k,x =0;61; O,x =0.57; O,x =0.53.
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spin-wave interpretation no longer works for inter-
mediate temperatures (0.6TC & T & Tc) where a
mean-field theory seems to be more relevant. One
mean-field model for disordered alloys is based on a
modified Weiss molecular field. This approach has
been developed for instance by Handrich and leads
to the following expression of the magnetization:

dip I30 g 3rij pj
54m

pg
IJ 3

lJ

configurations, cannot experience any significant
conduction-electron polarization, and the transferred
field will be neglected.

The dipolar field can be written

M(T) 1
@ 1+ /3. J +~ I ~J 1,

Then, the nuclear Hamiltonian of a nonmagnetic iron
atom is

in which Bq is the Brillouin function corresponding to
spin Sand y = a.(3$/S+1) {Tc/T) Assum. ing that
the mean hyperfine field measured in the amorphous
Fe„Sn~ „alloys obey the same law, values of
H;( T)/H, (0) have been calculated using S =1, ex-
perimental data for Tc (Table VI or Table III) and
I3,J/J =0.4 as deduced from the spin-wave model at
low temperature. As seen in Fig. 12, there is a fairly
good agreement between experimental results and
calculations for alloys such as x & 0.55 and
Tc/T )0.5. Contrariwise H;( T) measured in

Fe{)53Sn047 are quite different of that expected from
the mean-field model which may be considered as a
fairly good test of the ferromagnetism homogeneity.

D. Properties of the nonmagnetic iron atoms

As pointed out in Sec. IVA, the main features re-
garding nonmagnetic iron atoms in the Fe„Sn~ „al-
loys is their contribution to Mossbauer spectra in the
form of a quadrupolar doublet with a typical parame-
ter AEg(x, T) which is a linear function of the mean
hyperfine field H;(x, T) arising from the magnetic
iron atoms (Fig. 7). Such a linear correlation has
been already observed in Fe„Si~ amorphous alloys'
though with two major differences:

(i) The doublet component is obviously asymmetri-
cal for Fe„Sn~ „and was found almost perfectly
symmetrical in Fe„Si~

(ii) The true quadrupolar interaction was somewhat
larger in Fe„Sii „ than in Fe„Sni „(AEg =0.5
mm sec ' and 0.3 mm sec ', respectively, when
H; =0).

Thus, there is an apparent quadrupolar effect
which in fact may be due to nonmagnetic iron atoms
experiencing a weak magnetic field. This weak mag-
netic field may in principle have two contributions:
one arising from transfer phenomenon through spin
polarization of the conduction electrons, and a
second being the dipolar field of the magnetic mo-
ment p, carried by the magnetic iron atoms.

As previously explained in Sec. IV 8, the
transferred effect is a short-range one occurring in-
side "magnetic configurations. " Thus, the nonmag-
netic atoms which, by definition, are out of magnetic

3C XQ +iKM

with

3Cg = — $ [ 3 (I lp+ Ipl )
a.p I

—31(I+1)5nP]q p

3

g p, iii g IaH
a 1

(in the usual notation for nuclear parameters). The
coordinate axis Ox (n=1, 2, 3) has been taken with
Ox3 parallel to the y-ray beam (or perpendicular to
the sample) and the calculation restricted to the case
of uniaxial electric-field gradient with directions ran-
domly distributed in the material. In order to deter-
mine the shape of Mossbauer quadrupolar doublet
with superposed dipolar field the Hamiltonian K has
been diagonalized; spectra have been calculated with
the following numerical values:

&
eQq33 0.3 mm sec '

"'("',) =10 kO
4m(r3)

I' (linewidth) =0.2 mm sec '

and the results have been averaged over all the direc-
tions of the electric field gradient. The computed
spectra shown in Figs. 13(a) and 13{b)corre-
spond to p,, parallel (O,O, I3) or perpendicuiar
(p, cosili, p, siniii, 0) to the y-ray beam, respectively.
Obviously spectra must have an asymmetrical shape
if H; is perpendicular to the film plane as observed in

Fe„Sn~ „amorphous alloys and a relatively more
symmetrical profile when 0; is lying in the film plane
as previously observed in the Fe-Si amorphous sys-
tem. ' Detailed discrepancies between computed and
experimental spectra may be ascribed to oversimplifi-
cations in the calculations (H; is not exactly perpen-
dicular to film plane in Fe„Sn~ „and q33 should have
been described by a distribution). The main conclu-
sion here is that dipolar field, both its intensity and
direction, must be taken into account to understand
the shape of the nonmagnetic contribution to
Mossbauer spectra measured on amorphous alloys.
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(a)

(--~)

(b)

FIG. 13. Nonmagnetic iron-atom contribution to
Mossbauer spectra when the magnetization is (a) perpendic-
ular to or (b) lying in the film plane. Calculated patterns
(full lines) or experimental spectra from (a) Fe„Sn& „and
(b) Fe Si& ~ (dashed lines).

V. GENERAL CONCLUSIONS

Structural and magnetic properties of the Fe„Sn~ „
amorphous systems have been investigated over quite
a wide range of composition. The alloys of the iron-
rich end might be described in terms of a dense ran-
dom packing of hard spheres, but increasing the tin

concentration seems to result in the appearance of a
more open structure in which the Sn-Sn correlations
are very similar to that found in liquid tin and atoms
are not hard spheres anymore. Moreover,
Mossbauer hyperfine field data suggest that the NN
shell of a given iron atom does not have a unique
structure and consists of atoms whose total number
decrease from about 12 to about 8 if the number of
iron atoms in this shell is changed from 12 to 0.

From the magnetic point of view, the only local
configurations which contribute to magnetism are
those with at least five iron atoms in the NN shell.
As a consequence there is an inhomogeneous disap-
pearance of any magnetic order at a critical composi-
tion corresponding to about 35% at Fe. Except
perhaps very near this critical composition, the alloys
of the iron side are ferromagnets with a mixture of
magnetic and nonmagnetic atoms.

The hyperfine field and isomer shift distribution
measured on the magnetic iron atoms can be ascribed
to chemical disorder and are not typical of structural
effects. As soon as the iron concentration is larger
than about 55 at. %, evidences of homogeneous
magnetism behavior are given by the temperature
dependence. of the mean hyperfine field, which can
be interpreted in terms of magnon collective excita-
tions at very low temperature ( T/T~ & 0.6), and by a
mean-field theory at higher temperatures
(0.6 & T/T~ & i).

The nonmagnetic atoms are, first, the tin ones
which can experience a transferred field when they
are included in an "iron magnetic configuration" and,
second, some iron atoms subject to a weak dipolar
field produced by the magnetic moments of magnetic
iron neighbors. The shape of the doublet com-
ponent, which is the contribution of nonmagnetic
iron atoms to Mossbauer spectra, is strongly influ-
enced by magnetic anisotropy.

Detailed studies of the magnetism near the critical
composition are now in progress in our laboratory
along with careful density measurements and diffrac-
tion investigation of similar amorphous systems
(TM„Sn, „with TM =Co, Ni, Mn, Cu) in order to
achieve an acceptable description of the short-range
order in these materials.
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