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Solid solutions FeSn and the compounds FezSn, FesSn;, FesSn,, FeSn, and FeSn, have been
studied by the Mdssbauer effect in both Fe and Sn nuclei. Also, standard x-ray diffraction and
magnetization studies were performed. The magnetic hyperfine (hf) fields in the Fe and

Sn components are not, in general, proportional to the magnetic moments.

It is found that two

simple relations containing the coordination numbers can be used within a wide range to de-

scribe the variations of these fields as a function of composition.

The collected results indi-

cate that the magnetic hf field at the iron nucleus is rather insensitive to the conduction-elec-

tron polarization in these alloys.

The isomer shifts are linearly related to the number of

Fe-Sn bonds in such a way that bonding reduces the electron densities at both nuclei. The
bonding is covalentlike and predominantly unpolarized.

I. INTRODUCTION

The origins of the hyperfine (hf) effects in metals
and alloys are, at present, only poorly understood.
This is partly due to the fact that one has still not
a satisfactory description of electrons in alloys or
of ordered magnetic phenomena in metals and al-
loys. These problems may be approached through
systematic experimental studies of hf effects,
which, for instance, can be observed as a function
of sample composition,

In the present work, we have carried out a study
of hf structure, measured by means of the Mossbauer
effect, on all the known different phases of the bina-
ry iron-tin alloy system. Both of these two com-
ponents are in practice very useful Mossbauer nuclei
in a wide temperature range, this being part of the
reason for choosing such a system. Data on the al-
loys were also obtained by means of more conven-
tional methods, such as magnetic-moment and
Curie-point determinations and x-ray crystallog-

raphy. The experimental results do in fact show
certain regularities which may prove to be of some
value in formulating theories on hf effects and in
planning future experiments. It appears that hf mag-
metic fields and electron densities may be expressed
as simple functions of the atom’ s surroundings.
Some general relationships will tentatively be pro-
posed and the physical mechanisms will be discussed.

II. EXPERIMENTAL METHODS

The known phases of the iron-tin system have
been given by Hansen and Anderko, ! and by Jannin
et al.? The phase diagram is characterized by one
solid solution, FeSn, and five definite intermetallic
compounds, FesSn, Fe;Sng, FegSn,, FeSn, and FeSn,.

Polycrystalline samples were prepared by diffu-
sion. Known quantities of 99. 9+% tin powder and
99. 9+% iron powder contained in an evacuated quartz
ampoule were annealed for fifteen days at the equilib-
rium temperature of the relevant phase. The sam-
ples of Fe;Sng were annealed for one month. Fin-
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ally, the ampoule was quenched in water. Crystal
structure and sample purity were studied by means
of conventional x-ray-powder spectrometry and
spectroscopy.

The MOssbauer spectrometers used were of con-
ventional design. The source was usually placed on
an electromagnetic transducer moving with constant
acceleration. Data were recorded on a 512-channel
pulse-height analyzer operating in amplitude mode.
In a few special cases, when parts of the spectra
should be studied, a constant velocity spectrometer
was employed. The sources were Co® in Pd and
Sn'*® in Mg,Sn, at room temperature. Absorbers,
consisting of finely ground powders placed between
plastic or mica sheets, could be heated or cooled.
Provision was made for the absorbers to be placed
in an external magnetic field of 10 or 17 kG applied
either along or across the y -emission direction
being studied. The absorption-spectrum linewidth
ranged from 0. 29 to 0.34 mm/sec in “good” spec-
tra (FesSn, Fe,Sn,, FeSn,, and FeSn)for the 14-keV
radiation of Co*", and it was 1.1 mm/sec for the
24-keV radiation of Sn'® (Fe,Sn).

The saturation magnetization of the alloys was
obtained by the Weiss-Forrer method. The sample,
being cooled to liquid-nitrogen temperature, was
quickly brought into a region of a strong homoge-
neous field where the magnetic induction caused by the
sample was recorded by a couple of test coils con-
nected to a ballistic galvanometer. Curie-point de-
terminations were performed by recording the force
upon the sample placed in an inhomogeneous mag-
netic field as a function of sample temperature.

III. RESULTS AND SPECIAL STRUCTURES

The more important data obtained by M&ssbauer -
effect and by magnetic-moment studies are presented
in Table I. In particular, Fig. 1 shows a graphic
representation of the magnetic hf fields H,;;(Fe) and
H,:+(Sn) observed at the respective nuclei and the
average magnetic moment [ilge, which for the ferro-
magnets is given by the saturation magnetization di-
vided by the number of iron atoms, and for the anti-
ferromagnets it is the moment obtained by neutron
diffraction.®* Figure 2 shows the value of H,g, (Sn)/[iy,
as a function of aligned Fe-atom coordination Ngp,:.
The reason for this representation is discussed in
Sec. VI

For the ferromagnetic compounds Fe;Sn, Fe;Sng,
and Fe,Sn,, the direction of the hf magnetic field
was found to be opposite to the external magnetiza-
tion in both iron and tin positions. Also, the effect
of an external magnetic field upon the Fe®? Mdssbauer
spectra is clearly a proportional contraction of all
line positions. In this way, it is established that all
these compounds are ferro- and not ferrimagnetic.

Goodenough® has worked out a theory for the mag-
netism of binary compounds based upon the magnetic

TABLE I. Experimental results for Fe~Sn alloys at 77 °K.

€sn €sn
(mm/sec) (mm/sec

Hg44(Sn)
kG)

Inten-
sity (%)

Sn
site

€Fe
(mm/sec)

5Fe
(mm/sec)

0(def.)

Het!(Fe)
(kG)
—-338

Inten-
sity (%)

Fe site

Trans Hre
order*  temp. (°C) (1p)
2,218

Magn.

Compound

765

Fe

-1.2%0.2

66 +6

0.00+0.02
-0.03+0.03
—0.08+0.07

0.03+0.02
0.11£0.03
0.12+0.07

—338+3
—-320+3
—303+5

0 nn Sn 2
1nn Sn 24

2.29£0.02

4 at.% Sn

FeSn

4
51
36

2 nn Sn

-1.2x0.1

594

0.01+0.02
0.02+0.03
—0.03+0.07

0.04+0.02
0.13+0.03
0.20+0,07

—343+3
—321+3
—298+5

0 nn Sn
1 mn Sn
2 nn Sn

2.41+0.02

760

8 at.% Sn

FeSn

0.02+0.04

-0.86+0.04

103+ 2

0.06+0.02

0.53+0.02

—268+2

2.27£0.02

470

Fe;Sn

-1,0+£0.1

74+6

Several
sites

0.09+0.06
—0.02+0.06

0.64+0.06
0.53+0.06

Fe' 547 —-204+4
Fe'’ 36+7 —-195+5

2.10+0.02

315

Fe;Sn,
(840 °C)

10£5 —255+15

Fe''!

From 0
to 73+2

Several

0.06+0.02
-0.02+0.03

0.59+0.02
0.54+0.02

Fel 675 —219+2
—-211+3

2,15+0.02

339

Fe;Sn,

-0.49+0.06

sites

Snl

335

Fell

0.74+0.04
0.26+0.08
0.15+0.05

-0.57+0,04
-0.39+0.08

5
0%

67+3
491

0.00+0.02
—-0.17+0.02

1.720,1° Fel 67=5 1672  0.65+0.02

95

FeSn

33x3

Sn Il

1392 0.59+0.02
0.73+0.03

33+5

Fell

—-0.32+0.05

33x2

0.02+0.03

1522

1.6+0.1°¢

107

FeSn,

oo

°See Ref. 5.,

bSee Refs. 3 and 4.

2F is for ferromagnetic and A is for antiferromagnetic.
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properties of interatomic bonding. For the case of
Fe,Sn, he predicts that the compound is purely fer-
romagnetic forx>1.7, and it may contain some fer-
rimagnetic regions in the vicinity of x =1.5, provided
that it has the NiAs structure. We actually find fer-
romagnetism forx>1.5. It should be noted that
FeySny (x=1.67) has NiAs structure, but FesSn,

has not.

c
]
o
]
(=
g
£ 50 /
.E Fe35}<}/
<]
&L 40 2
0
§ OFeasSng — — === == ==~ > % FesSn3
> 301 .
g Fe5n+ 4 1.]&5n
x 8%,
£ 20} +Fe$n2 /
(]
Y %
T o/
2 /
% o o/FeSn . l
* © 5 10 15
NsnFe t
FIG. 2. Ratio of magnetic hf field at Sn sites to the

magnetic moment per Fe atom in iron-tin alloys. The

inclined dashed line is given by Eq. (7).

MOSSBAUER-EFFECT STUDIES OF IRON-TIN ALLOYS

3479

2401 s

2.30

Magnetic moment per Fe atom in Bohr magnetons

2.201—-

I | | | L | ] 1 L
[¢] 1 2 3 4 5 6 7 8

Tin content in atomic °6

FIG. 3. Magnetic moment per Fe atom in the solid

solutions FeSn.

A. FeSn

Solid solutions of tin in iron were prepared by dif-
fusion at temperatures between 900 and 1100 °C.
X-ray studies were performed on samples with atom-
ic tin content between 1 and 9%. We find that the
limiting solubility of tininironis 8.5 at.%at 1070 °C.
The lattice constant in the bee structure increases
from a=2.867 A in iron to a=2.920 A at 9-at. % tin
content.

The saturation magnetic moment was measured
for alloys with up to 8-at.% tin, and the results are
given in Fig. 3. Our own results are in reasonable
agreement with earlier measurements by Fallot’
and Aldred® although our data show a stronger de-
pendence upon tin content. The straight line drawn
through the value for iron metal implies that the al-
loy is a primary solid solution, meaning that the tin
atoms interact little or not at all with each other.

The Mossbauer spectra for the iron nuclei in FeSn
consist of several superimposed six-line spectra
caused by 0, 1, and 2 nearest-neighbor solute atoms,
as is generally the case for substitutional alloys. %1
The data obtained for H.(Fe), as shown in Table I,
are compatible with the empirical formula for FeSn
given by Wertheim et al.® The tin spectrum is
strongly smeared out, but the average magnetic field
is clearly found to be numerically smaller than the
value of -81 kG reported earlier. !

B. Fe;Sn

This compound is stable between 750 and 850 °C, !
and was produced by diffusion at 800 °C. X-ray cry-
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stallography on different compositions shows that
this phase is obtained in its purest form in an alloy
containing 24. 5-at.% tin. It is ferromagnetic with
the Curie point 7, =470 °C. The structure is DOy _
as established by Nial, 2 with =5.458 A, ¢ =4.361 A,
and otherwise as givenin TableII. The coordinations
used for the application of Egs. (3) and (7) were
chosen as if the two interatomic distances 2. 73 and
2.69 A were equal.

Mossbauer spectra with both iron and tin sources
are clearly resolved into six narrow single lines,
showing that there is only one kind of magnetic hf
field for each type of nucleus. A natural conclusion
is that the field is directed along the ¢ axis, since
any other magnetization direction would include more
than one combination of magnetic field and EFG ten-
sor for each sublattice.

One Fe® Mossbauer spectrum was taken at 800 °C,
where the absorber is stable and paramagnetic. The
quadrupole splitting was 2¢ = 0. 16* §:04 mm/sec, in
fair agreement with the value obtained from the dis-
placement of the Zeeman lines in the ferromagnetic
state. This shows that the EFG tensor has its major
axis along, or nearly along, the magnetic-moment
direction. Attempts to measure between 200 and
750 °C were not successful, as the absorber was
then slowly decomposing.

C. Fe5 Sl'l3

This phase is stable between 780 and 900 °C. !®

Samples were prepared by diffusion for one month

at the desired temperature. X-ray-powder diagrams
taken on “high-temperature” (900 °C) and “low-tem-
perature” (840 °C) samples show that these two mod-
ifications have different structures. They both ap-
pear to have the hexagonal structure of space group
Dgh, but with different lattice parameters and line

TABLE II. Structure and coordinations for

FeySn(FegSny)
Atom Number Positions Nearest Distances
in unit incell neighbors (&)
cell
11 1)
5 11
g1 4 Fe 2,73
22 4Fe 2,69
6 3 4 ’
\
2 5 3
5 ¢ 1 2 Sn 2,73
1 2 3
¢ v d 2 Sn 2,69
113
6 3 4
1 2 1
Sn 2 3 3 4 6 Fe 2,73
2 6 Fe 2,69

N
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TABLE III. Experimental results for the two phases
of FesSnj.
Forma- Lattice Curie Hgy(Fe) Rel. Hgy(Sn)
tion parameters (&) temp. kG) int, kG)
temp. (°C) (%)
(°C) a c
—204+4 547
840 4.217(x4) 5.245 3153 —195+5 367 T74+6
—255+15 10+5
(204) 37+5
900 4,230 5,208 359+3 (—195) 38+5
(—255) 25+5
intensities. We also find that the Curie temperature

is different in the two cases. These data are given
in Table II. In Table IV, we give the structure for
Fe;Sng (900 °C) as obtained by x-ray-powder-diagram
analysis. This can be considered as the NiAs struc-
ture, where two-thirds of the trigonal-bipyramidal
holes formed by tin atoms have been occupied by
Fell interstitials, and one-third of these holes are
vacant.® In the 900 °C compound, these vacancies
are randomly distributed, while the 840 °C compound
has a superstructure with basis length 42, indicating
the onset of ordering as the temperature is lowered.
A detailed study of this structure is in progress, and
will be published elsewhere. !®

The MGssbauer spectra obtained for the Fe;Sn,
compounds all have quite broad lines (see Fig. 4)
indicating that each sample contains some disorder
or local inhomogeneities. Fe® spectra taken in ex-
ternal fields show that ferrimagnetism must be ex-
cluded in both phases. The separation into three
components with different H..,(Fe), as given in Ta-
ble III, is obtained after a study of several spectra
taken at different temperatures. The Mossbauer
spectrum for Sn'*® is strongly smeared out, and is
obviously resulting from several tin sites with dif-

TABLE IV. Proposed structure and coordinations for
Fe;Sny (FeySng at 900 °C.

Atom No. in  Positions Nearest Distances
unit cell  in cell neighbors &)
Fel 6 0 0 0 2 Fel 2,60
0 0 3 6 Sn 2.77
0.53 atoms, 6 Fe II 2.77
1.59 atoms, 5 Fe II 2,77
1.97 atoms, 4 Fe T 2.77
1.32 atoms, 3 Fe II 2.77
0.48 atoms, 2 Fe II 2,77
0.10 atoms, 1 Fe II 2.77
0.01 atoms, 0 Fe II 2.77
Fell 4 5 %2 %) . 6Fel 2,77
3 3 Sn 2.44
va- 2 8n 2.60
2 1 1 |cant
3 3 4
Sn 6 6 Fel 9,77

ol o

3} 0-5 Fell

PRISEST
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tures.

ferent properties. Only an average H,y,(Sn) can be
obtained.

Both modifications of Fe;Sng have the field H,y;(Fe)
=195 kG, with roughly 40% intensity. This can be
ascribed to the FeIl atoms which all have a coordi-
nation of 6 Fel. The rest of the Mossbauer spec-
trum for 900 °C is strongly smeared out, which
could agree with Fel contributions having Fe coor-
dinations varying between 8 and 2 as shown in Ta-
ble IV. The increased order at lower formation
temperature is reflected by a simpler Fe®” Moss-
bauer spectrum for Fe;Sn, (840 °C). It appears that
the high-field component is less intense, and most
of the Fel atoms (about five per unit cell) probably
have a coordination of 3 or 4 Fell.

As the variations in H;; from one site to another
are caused by local variations in the electron spin
distribution, they cannot be predicted by the simple
Eqs. (3) and (7) of Secs. IV and VI. In Eq. (3), we
have inserted the average coordination numbers
Nrere = 5. 83 and Np,g, = 5.6, based upon the values
in Table IV. This gives the result Hg,(Fe)= 206 kG,
which coincides accurately with the observed aver-
age, as obtained from the values in Table I. The
average Nsro= 9. 3 was used for plotting Fe;Sn; in
Fig. 2.

Previously, Yamamoto** made x-ray and Moss-
bauer-effect studies of this compound, also finding
two different structures. Some of the details in his
interpretation are at variance with ours. We do not
know the reason for these discrepancies, but part
of the cause can be that his quenching temperatures
were different from ours.

D. Fe3Sn,

This compound is stable between 600 and 815 °C,
and it was prepared by diffusion at 700 °C. We
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have not been able to interpret the complex x-ray-
powder diagrams obtained from this substance.
Nial'? reports that the unit cell contains 40 atoms
=8 Fe3Sn,. Itis monoclinic, a=13.53 A, b=5.34 f\,
€=9.20 A, and B =103°, but the detailed structure
has not been resolved. The Curie temperature is
7,=339 °C.

The Fe® Mossbauer spectrum shows one field,
Hg(Fe)=(199+ 2) kG, at room temperature and two
fields, H.¢(Fe)=(219+2) kG and (211 + 2) kG with
intensity ratio 2:1, at liquid-nitrogen temperature.
We have found that there exists a transition tem-
perature 7,=(114 + 3) °K at which the two fields
merge into one. This temperature is strongly
field dependent, as application of an external mag-
netic field of 4 kG at room temperature causes a
transition from the one-field case to the two-field
case.

The Sn''® MOssbauer spectrum has not been re-
solved. Probably there are about four different
H.;(Sn). There is a marked difference between
the spectra at room temperature and at liquid-
nitrogen temperature.

Since the structure is unknown, the coordination-
dependent equations (3), (7), (9), and (10) can not
be checked by the observed hf effects in FesSn,.

On the other hand, if the equations are considered
to express reliable empirical laws, information on
the structure can be obtained by use of the hf field
data. From Fig. 2, which is discussed below, one
sees that the observed maximum H,, (Sn) is con-
sistent with Ngger =9.0+0.5, which should be the
case for about 20% of the tin atoms. The rest of
the rather smeared-out Mossbauer spectrum in-
dicates that Ny, = 2 for 80% of the Sn atoms.

The coordination Ng.g, to be used in Eq. (3) is given
by the bonds that have a strength comparable to the
Fe-Fe bonds. From the above result, we can only
deduce a maximum for the average: N pos, S 5 Ngype = 2.
The observed Hy(Fe)=220kG is then obtained if
the corresponding value Np.r, =5 is chosen.

The regularities among the isomer-shift data are
best satisfied if we choose the following numbers
for conduction-electron bonding (which need not be
the same as the coordinations used in the equations
for Heee): Ngyp,>7.5 and Npgs,~5.0.

One might conclude that the iron coordination is
about 5 Fe and 5 Sn, but only one or two of the lat-
ter atoms are so close that they influence the mag-
netic structure. The tin coordination is 8+1 Fe,
but only in 20% of the cases is the Sn-Fe distance
short enough to produce a transferred magnetic
field.

E. FeSn

This compound is stable up to 740 °C." It was
formed by diffusion at 450 °C. It is known that this
phase is not ferromagnetic, and it has the hexagonal
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structure of the B-35 type (@ =5. 3004, ¢ =4.449A)22
asgivenin Table V. The magnetic structure has been
analyzed by neutron-diffraction measurements, 3'*
which show that the iron atoms are ordered ferro-
magnetically in planes z =constant, and with oppo-
site magnetization directions for z=0, 2¢, 4c,

. and for z=c¢, 3¢, ...

Previous Mossbauer-effect measurements
show that the Neel temperature is (95+2) °C. Our
present spectrum for Fe®” has improved resolution,
and it is interpreted as a superpositon of two six-
line spectra in the ratio 2:1 (see Fig. 5). Two mag-
netically different iron sites with this intensity ratio

14,15

will result if the magnetic-moment vectors are lying

in the ferromagnetic planes, either along the Sn-Fe-
Sn direction, the x axis, or perpendicular to this
direction. If we assume an axially symmetric EFG
tensor along the x axis, it is easy to calculate the
relative quadrupole splits and the form of the spec-
tra for the two sites in both cases. Such a calcula-
tion shows unambiguously that the case of H,;; par-
rallel to the EFG axis gives the best interpretation
of the experimental spectrum. The magnetic fields
obtained from this fitting procedure are included in
Table I. The highest H,,,; is found for Fe atoms

arranged in chains along the magnetization direction.

This shows that H,;; depends not only upon coordi-
nation number [as in Eq. (3) below ], but also upon
the coordination geometry.

If the EFG tensor is axially symmetric, and if
we assume the Fe quadrupole moment to be @ =0. 33b,
the field gradient is given by g =(62+7)X10% V/m?.
Above the Neel point, at 100 °C, the corresponding
magnitude is ¢ =(95+8)x10% V/m2. Deviation from
EFG axial symmetry is of course possible, since it
would hardly be detected in this experiment.

The Sn''® Mossbauer spectrum is consistent with
this model, since two-thirds of the atoms have
H.;=0, corresponding to the fact that this position
has 3 Fe 4 and 3 Fe ¥ neighbors.

TRUMPY et al.
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FIG. 5. Fe’" Msshauer spectrum at 77 °K for FeSn.

and x =0. 159. * Neutron-diffraction studies!” have
shown that the Fe atoms are ferromagnetically or-
dered in straight lines along the fourfold symmetry
axis (z axis), while the spin direction is opposite
for the four nearest Fe neighbours in the xy plane.
The5 magnetic moment has been given as fiz,=1.6
Mg

Modssbauer -effect studies on tin and iron nuclei
in FeSn, have been performed by Nikolaev et al. '
and by Fabri ef al.'® Both groups observed the
Néel transition, which lies between 105 and 120 °C.
For our purpose, this compound was prepared by
diffusion at 450 °C. The only additional value of
our Mdssbauer spectra is narrower lines and a more
precise determination of the hf fields, as given in
Table I.

The observed magnetic hf field at the Sn nucleus
is unexpected, since the four nearest neighbors
consist of two Fe atoms with spin up and two with
spin down. It must be assumed that the Fe-Sn
bonds have an asymmetric arrangement, so that
every tin atom is particularly strongly bound to one

TABLE VI. Structure and Coordinations for

F. FeSn, FeSny(Fe,Sng) .
This i tensiv i e-Sn com-

d llst t:e ntl}?Stt etx enst flgui?dtgi:)‘ tS Atom No. in Positions Nearest Distances (A)
pounc. as the tetragona. 2, -type | unit in cell neighbors forx=0.159
structure (Table VI) with 2 =6.535 &4, c¢=5.32 A, cell

Fe 4 0 0 4| 2 Fet 2.66
3
TABLE V. Structure and coordinations for g 2 211 8 Sn 2.79
FeSn (FezSny). H K g
2 2 4
Atom No. in Positions Nearest Distances :
unit cell in cell neighbors A Sn 8 G+x) 0) 2 Fet 2.79
Fe 3 3 0 0) 4Fet 2.65 ¥ G-x) 0| 2TFey 2.79
0 % o 2 Snl 2.65 (% +x) x 0 1Sn 2.94
1 % 0 4 Snll 2.70 (%—x) x 0 2 Sn 3.14
x z—%) 3 f
Snl 1 000 6 Fet 2.65 % (Gex) 3
1_ = 1
SnII 2 3 3 4l ssam 3.06 b-o %3
2 2 3 ( 6Fety 2.70 G+x) x gJ
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of the ferromagnetic rows of iron atoms. In that
case, the maximum value of the coordination Ng,rer
could be 2. This value has been used in Fig. 2,
where it is seen that FeSn, does not follow the linear
relationship suggested by the ferromagnetic sub-
stances.

The hf field at the Fe nucleus is mainly influenced
by the two nearest Fe atoms, so that Ng,p,=2. The
best-fitting calculated value, as given in Fig. 1, is
obtained by neglecting Fe-Sn bonding in this connec-
tion, and setting Ngere=Ny,,,=2.

In this case it is obvious that the hf fields are
more dependent upon the bonding structure than upon
the coordination numbers. If the origin of the hf
fields were well known, it might be possible to in-
terpret the observed data in terms of the strengths
of the Fe-Fe and the Fe-Sn bonds.

IV. MAGNETIC hf FIELD AT IRON NUCLEI

A. General

For iron and for ferromagnetic-iron-based alloys
it is generally assumed that the predominant part
of the magnetic field at the iron nuclei, H,(Fe), is
caused by the “ Fermi contact interaction” between
the magnetic moment of the nucleus and the s-elec-
tron spins. This can be expressed as®

Heote >He =3 12005 2 (1, (0) P~ 19,50 ], (1)

where H, is the Fermi contact term of the magnetic
hf field, p, is the nuclear magneton, g is the gyro-
magnetic ratio for the nucleus, S is the total spin
of the atom, and ¥, (,) (0) is the wave function for
the ns electrons with spinup (down) at the nuclear site.
The core-electron contribution is given by the
sum taken over closed s-electron shells. Watson
and Freeman®~%2 have calculated this quantity for
a number of transition-metal ions using exchange
polarization in the Hartree-Fock method. This is
done by inclusion of the “exchange energy”:
Je;;:'z; 2 5(7’}’15,7%!)
ig>i
x [ [@,(1)®,(2)(1/7y5) ,(2),(1) dryd7,,
(2)

where the § function gives the condition that only
exchange interaction between orbitals with common
spin contributes to this term.

Generally, one expects proportionality between
magnetic moment and hf field in magnetic alloys.
This is a natural assumption, as it is clear that
core polarization caused by exchange interaction
with 34 electrons is the main cause of Hgg. 21?2
Proportionality is indeed observed in some cases,
e.g., Fe-Al, Fe-Si,? and Fe-Rh?** alloys, but in
several other instances, this rule is violated. In
the particular case of Fe-Sn alloys, it is apparent
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from Table I that proportionality is not obeyed. At
low tin concentration the magnetic momentincreases
while H,;, in an atom with a specified coordination
stays practically constant, and the average H
does in fact decrease. In general, the hf field
shows stronger variations with composition than the
magnetic moment. For the four compounds with
tin content above 37 at.%, we find a roughly con-
stant ratio H, ¢ (Fe)/Tr,=95+5kG/ g, where Hg,
is the average magnetic hf field when more than one
value is observed. The more iron-rich alloys have
higher values, up to 152 kG/up for pure iron.. Ac-
tually, the magnetic moment of the iron atom has
roughly the same value for all the ferromagnetic
Fe-Sn alloys, and it is obvious that some other
physical properties are responsible for the varia-
tions in the hf field.

In making a survey over the experimental values
obtained for H,,(Fe) in Fe-Sn compounds, we find
that the following relationship is rather nicely sat-
isfied:

Heff(Fel)zHl(NFe’ FefNFeFe,E/NFey")“z’ ®)

where Fe'is the atom considered, Ng, g, is its
coordination number of iron nearest neighbors,
Nryere,¢ is the Fe-Fe coordination number which
is general for the structure (for instance the coor-
dination determining the electron band structure),
and Ng,,, is the total number of nearest neighbors
to a Fe atom in the alloy. The constant factor was
chosen to give the value for iron metal, so that
H,=-119.5 kG.

The choice of relevant coordination numbers is
unambiguous in all the alloys except FezSn, and
FeSn, (cf. Sec. II). In Fig. 1, the values calcu-
lated in this way are indicated by short horizontal
bars. We find that the experimental average
H 4. (Fe)is quite well reproduced by (3). This shows
that in the first approximation it is apparently sat-
isfactory to disregard the magnitude of magnetic
moment completely and to ascribe the variations in
H,;,(Fe) entirely to different atomic coordinations.

From the extensive calculations by Watson and
Freeman, 2~2 which were compared with a large
body of experimental data, it was seen, beyond any
doubt, that the most important part of Hy¢ in a
first-series transition-element atom is caused by
d-s exchange interaction. The spin-dependent part
of the exchange integral is shown above as expres-
sion (2). This term favors parallel alignment of
s- and d-electron spins. The negative magnetic
hf field at the nuclear site is thus the result of a
compensating distribution of negative polarization,
since the total core-electron spin must be zero.
Watson and Freeman’ s calculations were made for
atoms in spherically symmetric surroundings and
having a constant degree of d-electron polarization.
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The experimental examples that were used for com-
parison with the theory can be supposed to satisfy
these conditions. The same authors have also
stated that the s-electron spin density at the nucleus
would be very sensitive to spatial variations in the
polarization of the d electrons. In the general case,
a quantitative prediction of hf fields would require
detailed calculations of the s-d exchange interaction
involving azimuthal variations in the d-electron
wave functions. At present the d-electron wave
function in ferromagnetic alloys is only poorly
known, and in particular, very little can be said
about the spin distribution.

In the present work, we are particularly con-
cerned with iron atoms which could have a noniso-
tropic d-electron spin distribution, since this is
likely when the nearest neighbors consist of both
iron and tin atoms. For that case, one may expect
that a positive d-electron polarization which is con-
centrated in a smaller region or in more well-de-
fined bonding directions than in metallie iron will
leave more space for the negative spin core s elec-
tron and cause a numerically smaller spin density
at the nucleus. In the iron-tin intermetallic com-
pounds, part of the 3d-electron wave function will
consist of localized orbits near the Fe-Sn connect-
ing lines, while the Fe-Fe bond will consist of col-
lective (itinerant)d electrons. 6?5 The bond between
aFeand aSnatom canbe considered as partofa
“cation-anion-cation bonding” (Fe-Sn-Fe)which gen-
erally favors a spindistribution of antiferromagnetic
nature.® Thus, polarization is not energetically
favored for the localized 34 orbits in these alloys.

With the purpose of justifying our Eq. (3), we
will therefore conjecture that in a ferromagnetic
alloy with a nontransition-element sublattice, the
degree of 3d-electron polarization is not constant
in space, but is predominantly represented by the
electrons of the Fe-Fe bond. First, we consider
the case of a given general lattice with a constant
total coordination number N, , =Nre, re + Nre,sn
for each Fe atom. The structure consists of one
iron and one tin sublattice, and we presume that
there is only one type of iron site and one type of
tin site. Then, the sublattice structures are allow-
ed to vary, so that the coordination of each iron
atom is changed by a replacement of Fe atoms by
Sn atoms. In this case, we find it reasonable to
suppose that the contributions to the hf field caused
by Fe-Fe bonds are additive, Hg(Fe)xNy.r,. This
is implicit in Eq. (3), When Nperge=Npep,, . Sec-
ond, we assume that compounds with different values
of Nge,, can be compared in the following way. The
hf field at the nucleus of atom Fe’ would generally
be a function of two factors: (i) the number of Fe-Fe
bonds between the Fe’ and its nearest neighbors,
being N .. pe, and (ii) the average number of itin-
erant d electrons in the alloy, being proportional to
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Nyere, ¢/Nro,n- The exact dependence cannot be de-
duced at present, but in order that the formula
should contain the first case above, the product
must be given the exponent 3.

It should be emphasized that the interpretation of
H given here need not be unique. It is reasonably
clear that we have observed a preferred exchange
interaction of s electrons with Fe-Fe bonds rather
than with Fe-Sn bonds. We propose that this can be
ascribed to anisotropy of the spin polarization, but
we have not excluded possible other causes for such
a preference.

B. Solid Solutions FeSn

In applying Eq. (3), it must be remembered that
the factor (Ngere,¢/Np,,,)'/? contains the ratio of 3d
electrons that are ofa collective (itinerant) na-
ture. In dilute solid solutions FeSn, we assume
that all 3d electrons are partaking in the band and
we choose (Nyepe,,/Nrero,o) =1. This gives

Heif,Fe Sn(Fe) = 8-1/2He£f,1ron(Fe)NFe' Fel/z ) (4)

where Hy; 1on(Fe) is the magnetic hf field in iron
metal. This should be compared with the equation
used by Wertheim et al.° and by Stearns?® for di-
lute solutions:

HefI,FeSn (Fe) =Heﬂ,1ron(Fe)
X(1 = Nrersalty —N'persn Bz =+++), (5)

where %, and %, are effects caused by one nearest
and one next-nearest neighbor, respectively, N and
N’ are the numbers of nearest and next-nearest
neighbors, and the indices have the same meaning
as above. A small concentration-dependent factor
has been omitted in Eq. (5). Effects of second-
nearest neighbors were computed by Wertheim

et al.,® while Stearns !° has given numerical re-
sults for surrounding atoms up to the fifth-nearest
neighbor. In the present work, we consider only
the effects of nearest neighbors.

Our experimental values for tin contents 4 and
8 at.%, are plotted in Fig. 1, together with the
numbers obtained by using Eq. (4). In Eq. (5),
our data for FeSn give 2, =(6.0+1.0)% to be com-
pared with the value (7.3+0.5)% of Ref. 9. Val-
ues” ! of , for eight other elements dissolved in
iron lie in the region 6.5-8.3%, while FeCo ap-
pears as an exception (4.3%).

Equation (5) is based on the assumption that the
s-electron spin density at the iron nucleus can be
added up as a sum of separate contributions from
each single neighbor impurity. However, Eq. (4),
being based on a different approach, is also in
agreement with experiment, since it can be written

He“y Fesn (Fe) :8‘1/2Hetf, iron(Fe) (8 ~Nrersa )“2
=Hegs, 1ron(Fe) (1 = 0. 0625 Ny,
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X —0.00195N ;..o %+...).  (B)

By comparison with (5), %, attains the values 6. 45,
6.64, and 6.83%, corresponding to 1, 2, and 3

Sn nearest neighbors, respectively. The measure-
ments are not sufficiently precise to show whether
hy may have variations of this magnitude. One must
conclude that neither the experiments nor the theory
are sufficiently developed to show whether the spin
densities in these solid solutions are additive.

C. Other Structures

The application of Eq. (3) to ferromagnetic inter-
metallic compounds is straightforward and gives
a fairly good fit, as shown in Fig. 1. The equation
was also applied to two antiferromagnetic structures
with ironatoms ordered ferromagnetically in planes
(FeSn) and in rows (FeSn,). For FeSn, the equation
reproduces H,(Fe) very well, although the mag-
netic moment per Fe atom is only 77% of its value
in iron. For FeSn,, the equation gives the right
value if we assume that all 3d electrons take part
in Fe-Fe bonding, i.e., the calculation must be
done as if there are no tin neighbors, Ny, =0.

The Fe-Sn distance is, in fact, fairly long, 2.8 A.
This particular application of Eq. (3) is probably
rather extreme,

In order to test the possible general validity of
Eq. (3), we have applied it to the bce structure
Fe,X for which Stearns? has obtained values of
H,.(Fe) in the cases of X=Si and Al. In this lat-
tice Ng,,, =8, but iron has two different positions
site A with Nggpe(A)=4 and site D with Nggpe(D)
=8, For the quantity Ng.p.,,, We used the average
value 53, Table VII shows a comparison between
the values of Stearnsandour calculation, The some-
what low values obtained by the calculation may
indicate that Si and Al produce less disturbance in
the Fe lattice ferromagnetism than do the larger
Sn atoms. It should be noted that these hf fields
are also roughly proportional to the magnetic mo-
ments, Therefore, these results do not indicate
whether one or the other principle is correct.

Mossbauer-effect studies on Fe;Ge and Fe;Geg
were performed by Yamamoto.?® Fe;Ge has two
modifications: acubic LI,structure with |H,.(Fe) |
=(271+5) kG and a hexagonal DO,q structure with

TABLE VII. Ratios of magnetic hf fields in alloy
sites A and D to the value in iron metal.

Expt results Calculated
by Stearns from Eq. (3)
(Ref. 23)
FegSi FejAl
Heg(A)/Hepy iron (Fe)  0.60 0.64 0.58
Heyy(D)/Hys, jrn (Fe)  0.94  0.89 0.82
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|Hyyy (Fe) |=(268+5) kG. We recall that Fe,Sn has
DO,y structure, with H,(Fe)= (- 268+ 2) kG, The
coordination numbers are equal in these two struc-
tures, so that Eq. (3) gives — 277 kG for all three
cases. The most accurate Mossbauer study of
Fe;Ge; was performed by Germagnoli et al., ¥who
found that the magnetic hf field is strongly compo-
sition dependent, This structure is quite similar,
or equal, to Fe;Sn;. The Mdssbauer spectra have
roughly the same appearance in the two cases, both
containing a couple of poorly resolved components
with H,,(Fe) between 195 and 255 kG. Again, these
examples lend some support to the assumption

that magnetic hf fields are predominantly deter-
mined by coordination numbers.

V. MAGNETIC MOMENTS

Neutrondiffuse-scattering experiments by Holden,
Comly, and Low?® show that the tin atoms in FeSn
carry no, or only a very small, magnetic moment.
The additional fact that the average moment per
iron atom, Tg,, is roughly constant for all ferro-
magnetic Fe-Sn compounds can be taken to indicate
that pg, ~0 in all Fe-Sn alloys.

For the solid solutions, the magnitude of g, in-
creases linearly with tin content by 0.17 py/Fe
atom, corresponding to addition of 8 at .% of tin.
The same tendency has been obtained by Aldred, 8
who also observes a similar increase for antimony
in iron, a smaller increase for gold, gallium,
germanium, and arsenic, while some lighter solute
atoms obey a dilution model, as they appear to be
purely nonmagnetic holes in the structure. The in-
crease in iron moment caused by heavy nontransi-
tion solute atoms can either be ascribed to an in-
crease in the 3d moment or to a decrease in a
small negative 4s moment, Some evidence for a
negative 4s polarization is provided by neutron-
diffraction measurements?® and by polarized-posi-
tron annihilation, 3° These experiments indicate
that the atomic moment of iron metal, 2.2 pg,
would be composed by about 2.4 .y from the 3d
electrons, and about — 0.2 up caused by the 4s
electrons. The latter contribution could partly
disappear as the conduction electrons are being
used for Fe-Sn bonding.

A net conduction-electron polarization (CEP) in

iron metal can be caused by two different effects :
(i) exchange coupling between d and s electrons,
causing “attraction” between equal spins, and giving
a polarization in the direction of magnetization;
(ii) covalent mixing between s and d wave functions,
giving negative s polarization because the covalent
mixing is dominating among electrons of minority
spin. On the whole, theoretical estimates concern-
ing the sign of the net CEP in iron are inconclu-
sive, 2531

If variations in the magnetic moment of FeSn are
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caused mainly by changes of CEP, this could imply
a 3d polarization which is largely constant and un-
changed by alloying, as described by Friedel’s
rigid-band model. The fact that gz, is roughly
equal for Fe, Fe;Sn, Fe;Sns, and Fe;Sn, lends sup-
port to this interpretation. The small linear in-
crease in Iy, caused by large atoms (Sn, Sb) in
solution and not by small ones (Si, Al) may be ex-
plained by noting that the smaller atoms are more
electronegative, so that the screening takes place
on the solute atom itself, ® The iron bonding to the
small atoms is, therefore, more ionic and causes
less depolarization than the covalentlike bonding
between iron and tin,

Arajs, Chessin, and Dunmyre®® have observed
an exceptionally high increase in electrical resis-
tivity when tin is added to iron. This indicates a
vanishing conduction band and supports the above
interpretation.

It is interesting to note that this model for the
magnetic moment of metallic iron with tin impuri-
ties implies that the hf field H,,,(Fe) is rather in-
sensitive to changes in the conduction band, Ex-
perimental values for magnetic moment and hf
field are given in Figs. 1 and 3 and in Table I. For
Nre 7e=8 and 7, the value of H,(Fe) varies by less
than 2% while the magnetic moment per Fe atom in-
creases about 9% as tin is dissolved in iron. One
can also find a couple of other physical facts which
indicate that H,,,(Fe) may not be very sensitive to
changes in CEP, It was shown above that measure-
ments on dilute solid solutions of a number of dif-
ferent metals in iron give a coefficient #, which is
rather independent of the type of solute. One might
expect the different charge contrasts to have differ-
ent effects uponthe conduction-electron distribution.
Any such variation in the conduction band has ap-
parently little influence upon the hf field. Freeman
and Watson?? have reviewed some other hf data
which indicate the same conclusion, In particular,
it appears that for an iron atom in a transition-
metal host the field at the nucleus is given pre-
dominantly by its own electrons, and it is largely
independent of the surroundings.

On the other hand, there exist several results
which show that CEP may contribute considerably
to the magnitude of H,;;(Fe). Stearns'® has per-
formed a very detailed analysis of M&ssbauer-ef-
fect data from a number of FeX alloys. The ob-
tained oscillations in the hf field as a function of
impurity distance are similar to the conduction-
electron spin-density variations of the type described
by the RKKY theory. The predicted variations are
many times smaller than the observed ones, but
this could be ascribed to the approximate nature of
the theory. In their review on H, at solute atoms
in ferromagnets, Shirley, Rosenblum, and
Matthias®* estimate the value Hyzp = - 120 kG for
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iron dissolvediniron. Exchange-polarized Hartree-
Fock calculations?! show that one spin-up 4s elec-
tron in an iron ion would contribute 1850 kG to the
hf field. This result is valid for s electrons in
closed shells, and in principle it is inapplicable to
electrons in an unfilled band, but it shows clearly
that CEP may give a very large contribution to

Heff .

Although there are many data concerning these
problems, they are not at present sufficient to form
a clear picture. One must conclude that the impor-
tant question regarding the effect of CEP upon the
hf and magnetic moment of ferromagnetic iron has
not been answered yet,

VI. MAGNETIC hf FIELD AT TIN NUCLEI

The magnetic field at Sn nuclei in iron-tin alloys
are varying more strongly than the magnetic mo-
ments of the Fe atoms. Actually, the ratio H,e,(Sn)/
Lpe has values between 0 and 45 kG/uz. When this
ratio is plotted against the number of nearest-
neighbor iron atoms, as in Fig. 2, the ferromag-
netic compounds appear to follow roughly a propor-
tionality law

Hogs(S1) = HyNgypor By (7)

where Ng,pe, iS the number of spin-up nearest
neighbors minus the number of spin-down nearest
neighbors. The straight dashed line in Fig, 2 cor-
responds to the coefficient H,=3.8 kG/ug. Tin atoms
in the ferromagnetic planes of the antiferromagnet-
ic FeSn have a value somewhat above the straight
line. For FeSn, there is no preferred orientation
of the neighbors’ spins. Even if one assumes pre-
ferred bonding directions, choosing Ngp., =2, the
experimental value is much higher than expected.
By comparing fields obtained from free-atom hf
structure with observed values for the magnetic
fields at the nuclei of various impurities dissolved
iniron, Shirley and Westenbarger>* found an approx-
imate proportionality between the two sets of data.
This indicates that the transferred hf field is caused
mainly by CEP, A systematic study® of magnetic
hf fields on solute atoms in a ferromagnetic host
indicates that CEP is an important part of the ori-
gin of these fields. However, for tin, being a 5p
metal, this effect may be comparatively small. A
couple of different mechanisms can be imagined as
contributing to the spin distribution of the solute
conduction electrons. For instance, one would ex-
pect open 34 shells to exchange polarize conduction
electrons on neighboring atoms. Daniel and
Friedel® have shown that the spin distribution at
the nucleus of nontransition elements dissolved in
iron can be obtained from the sum of the free
electron and the “bound-conduction-electron”
contributions. The theory gives satisfactory agree-
ment with experiment for elements up to xenon, I
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implies, however, that high valencies, for instance,
valency 8 for xenon, have to be acknowledged. 3
Shirley®” has shown that in these solutions the ex-
change interaction would give a too small effect,
and the Daniel-Friedel theory is a too rough ap-
proximation at highvalencyof the solute, The most
important contribution to spin distribution of the 5s
electrons in tin atoms would rather be caused by
overlap with the orbits of the polarized 3d electrons
of the neighboring iron atoms.

As shown in Sec. V, our own data indicate that
conduction electrons are unimportant for the mag-
nitude of H,.(Fe) in the solid solutions FeSn. This
is compatible with the idea that the transfer of hf
fields is not a pure conduction-electron effect, but
rather is caused by d-s orbital overlap. Such a
mechanism could even be responsible for trans-
ferred hf fields in all the Fe-Sn compounds. In
that case the observed additivity of contributions
from nearest-neighbor iron atoms would be easy
to understand. In the tin-rich compounds FeSn and
FeSn,, the 3d electron orbits are apparently strong-
ly localized since the additivity law is not valid in
these cases.

VII. ISOMER SHIFTS

The isomer shift 6 for M&ssbauer spectra on Fe
and Sn are given in Table I and plotted in Fig. 6.
The values are relative to metallic iron and white
tin, respectively, so that in the expression®®

6= 41 Ze?R?S "(Z) (AR/R) [ | 9(0) | Zpe = |#(0) | Zource )
8)
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FIG. 6. Isomer shifts in iron-tin alloys at Fe (circles)
and at Sn (black dots) positions, relative to iron metal
and white tin, respectively.
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the electron density [z/)(O)‘szome must be considered
as the value in the pure metal. Here, Z is atomic
number, R is the nuclear radius, S’(Z) is a “rela-
tivity factor,” and AR/R is the relative increase
on excitation of the nucleus. We adopt the ratio
AR/R =-1.8x10"%for the 14-keV transition in iron
and AR/R=1,2x10""* for the 24-keV transition in
tin, 3 When these quantities are introduced in Eq.
(8) together with the observed data given in Table
I, it is seen that the electron densities at the nu-
clear sites are veduced at all nuclei in Fe-Sn
alloys with respect to the densities in the pure
metals, Figure 6 shows that the isomer shifts
approach the iron/white tin metal value, as the
compound content of iron/tin is increased.

If it is assumed that the isomer shifts are pri-
marily caused by localized bonds made up of the
valence electrons of iron and tin, then every bond
could be expected to contribute equally to the iso-
mer shifts, and the contributions would be addi-
tive. When the alloy is given as Fe,Sn,, one might
expect the ratio x65,/ydg, to be a constant, inde-
pendent of composition. In Table VIII and in Fig,.
7(a) the experimental values of this ratio are
given, It varies between 0.73 and 1.81, but the
constant order of magnitude shows that there is a
connection between concentration and isomer shift.

The systematic trend of the isomer shifts is
more clearly exhibited by taking into consideration
the actual coordination numbers of the different
compounds., Therefore, the ratio of isomer shift
to the number of Fe-Sn bonds 5,/N“ has been cal-
culated for the structures which are reasonably
well known, The values for this ratio should be the
same for all alloys, provided that all Fe-Sn bonds
were constructed in exactly the same way, Ex-
perimental results are given in Table VIII and are
plotted in Figs. 7(b) and (c). For completeness,
Qaim’s measurement?® on iron as an impurity in
tin, yielding 6z,=—0.395+0.020 mm/sec has been
included. The ratios obtained have, indeed, ap-
proximately a constant value, both for iron and for
tin, We note that the solid solution values for &g,
appear not to follow the general trend. However,
one might assume that also second-nearest neigh-
bors in the bcce lattice can influence the isomer
shift. This would give Ngy, = 14 instead of 8, and
the two left-hand points in Fig. 7(c) would drop to
the value 0.086 mm/sec, in good agreement with
the other alloys. Horizontal dashed lines in Fig. 7
correspond to chosen average values, which can be
used to formulate two general isomer-shift rela-
tions:

850 =0re Npesn = 0.105 5., mm/sec, (9)

8sn = O8u Naupe = — 0.09 Ng,p, mm/sec. (10)

These equations are necessarily of a very approxi-
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TABLE VIII. Isomer shift systematics for Fe-Sn alloys.

%0 Ore Osn
Fexsny y 6:1 NFeSn NSnFe NFaSn NSnFe

FeSn (1 nn Sn)

4 %Sn(x/y=8) —0.73+0.30 1 8 0.11+0,03 —0.15£0.03

8 %Sn(x/y=8) —0.87+0.25 1 8 0.13+0.03 —0.15+0.01
Fe,Sn —1.850.11 4 12 0.132+0.005 —0.072+0.004
Fe;Sng? —1.00+£0.15 5.6(av) 9.3(av) 0.107+0.010 —0.107+0.011
FeySn,? —1.74+0.23
FeSn? —1.23£0.20 6 6 0.105+0.004 ~0.085+0,010
FeSn, —1.15£0.18 8 4 0.091+0.004 —0.080+0.013
FeSn(1nn Fe)® 4-6 0.10-0.07

avalue used is a weighted average.

mate nature. Many effects that can influence the
isomer shift have been disregarded. It must, for
instance, be expected that the distances between
the atoms in the compound are of considerable im-
portance,

It should also be noted that the alloys with tin
content below 38 at.% apparently belong to a group
with high isomer shift, 8g,~ ~ 1.0 mm/sec. A
similar result*! has been obtained for SnCu alloys,
where 8g, ~— 1.0 mm/sec for tin content below
15 at.%. This apparent saturation magnitude of
the isomer shift corresponds to the value obtained
in chemical compositions where tin has tetravalent
bonds with a small ionic character.?? The four
nearest neighbors are then bound to tin by hybrid-
ized (sp®) covalent bonds. The results for the al-
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FIG. 7. Different representations of isomer-shift data
for iron-tin alloys. (a) Isomer-shift ratio times compo-
sition ratio, (b) Fe isomer shift divided by Sn coordina-
tion, (c) Sn isomer shift divided by Fe coordination.

bData by S. M. Qaim (Ref. 40).

loys, therefore, indicate that all the tin valence
electrons can take part in the metallic covalentlike
bonding, and this would happen when there is a
sufficient number of nearest neighbors of the other
element. The necessary coordination number could
be Ng, x 28, implying that the delocalized metallic
bonds oscillate (resonate) between two sets of four
neighbors. This condition is indeed satisfied for
the alloys in question: FeSn, FeySn, and FesSns.

A coarse calculation of the changes in electron
densities at the nuclear sites can be performed by
use of Eq. (8) and the data given by Shirley.*® From
his Fig. 1, we get the approximate values

|$45(0) [2=0.11x10% cm™* for Fe,

[95,(0)]221,20x10% cm=2 for Sn.

S’(Z) is tabulated in Ref. 38, and we assume that
there is one 4s electron in Fe and one 5s electron
in Sn. The ratios AR/R are given above, and for
R the value of 1.2A4Y% x107!® cm is used. By
means of these data and the average experimental
values for &’ as given in Egs. (9) and (10), we get
the following rough numerical estimate: Every
Fe-Sn bond influences the electron densities at
the nuclei by amounts corresponding to removal
of about 0. 08 s electron from the iron atom and
about 0.03 s electron from the tin atom.

This trend is expected as a natural consequence
of the fact that electrons in pure single-lattice
metals are excluded by the Pauli principle from
overlap in the region between atomic cores. In an
alloy no such restriction would exist for electrons
situated between atoms of different elements., Thus,
the s-electron densities at the nuclei in the alloy
can be reduced with respect to the pure metals.
Qualitatively, the observed isomer shifts therefore
show the cancellation of the exclusion effect, caused
by iron-tin bonding.

In addition, it must be remembered that the s-
electron densities at iron nuclei can be influenced
strongly by d-electron screening.*® Similarly, from
Wilson’s** Hartree-Fock calculations of the screen-
ing effects on |¥5,(0) [, it is seen that the effect of
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adding one 5p electron to a 5s25p2 configuration in
tin corresponds roughly to the removal of one-sixth
of a 5s electron. The Fe-Sn bond will probably not
influence the d-electron population, but a change

in the 5p-electron density is very possible.

VIII. CONCLUSION

Any complete theory describing the electronic
and magnetic properties of iron-tin alloys must be

able to account for the following experimental facts:

(i) Iy, is nearly equal for all the ferromagnetic
phases Fe, FegSn, Fe;Sns, and FegSn,. (ii) Uy,

is increasing linearly as tin is added to iron in
solid solution, (iii) H..(Fe) is proportional to

g, for tin contents above 37 at. % but not for the
iron-rich alloys. A more general rule, such as
Eq. (3), which includes the atomic coordinations

is necessary to describe Hy, (Fe). (iv) Hgy(Sn)

is not proportional to fy,. Rather, Eq. (7), which
includes coordinations, seems to bevalid for ferro-
magnetic alloys. (v) Isomer shifts in these com-
pounds show that the s-electron densities at both
iron and tin nuclei are reduced in proportion to the
number of Fe-Sn bonds.

These data, taken together with other observa-
tions, suggest the following explanation: The 4s
electrons in metallic iron are negatively polarized
by about 0.2 4z per atom, with respect to the 3d
electrons. The conduction band is partly destroyed
when tin is dissolved in iron, and the conductivity
is reduced. The negative-spin 4s electrons are
partly depolarized and the magnetic moment per
iron atom is increasing. This implies that changes
in the net spin of the conduction electrons in dilute
iron alloys have a small effect upon the magnitude
of H(Fe), which therefore stays constant in a
given coordination, I should be noted that there is
also some evidence showing that a considerable
part of H,,(Fe) in iron metal may be caused by
CEP, and it is difficult to combine our interpreta-
tion with that one. When more tin is added, and
intermetallic compounds are formed, the 3d net
spin stays approximately constant as long as the
alloy is ferromagnetic. The bond formation influ-
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ences the spatial distribution of the 3d spin, which
has a strong effect upon core polarization. Hence,
H,.(Fe) will vary considerably with the structure.
The results suggest that the exchange interaction
responsible for Fe core polarization is caused
primarily by electrons in the Fe-Fe bonds, while
the 3d electrons situated between iron and tin atoms
are localized and less important for the polarized
d-s exchange interaction.

The transferred hf field H,,(Sn) is caused pri-
marily by 3d-5s orbital overlap. The Fe-Sn bond
is of an unsaturated covalentlike nature (metallic
bond, consisting of sp® hybrids) in which the elec-
trons are largely unpolarized. The valence s elec-
trons have a higher density in the region between
atoms than is the case for pure metals.

Regardless of this qualitative interpretation, we
believe that the systematic trends (i)-(v) above and
the empirical equations (3), (7), (9), and (10)can
give useful information on the electron structure
and the exchange interaction in these alloys. It
would be very valuable if similar effects could be
observed in other alloy systems. There does al-
ready exist some data which indicate that Eq. (3)
may have a more general validity for nontransition
elements alloyed with iron.

A number of properties of particular Fe-Sn com-
pounds were observed in the course of this work,
Some of these are (i) the magnetic order in the
phases Fe3Sn, Fe;Sng, and Fe3Sn, is pure ferro-
and not ferrimagnetism. (ii) In Fe;Sn, the mag-
netic moment is directed along the ¢ axis. (iii)
Fe;Sn,; can exist in one phase with the vacancies in
the Fe II planes statistically distributed, and in
another phase with the Fe II atoms ordered in a yet
unknown structure, having a lattice unit 4a. (iv)
Fe;Sn, has a phase transition at 114 °K. This
transition point is raised in an external magnetic
field. (v) In FeSn, the magnetic moment of one-
third of the Fe atoms is directed along the major
EFG axis, and two-thirds are directed at 60° to
this axis. (vi) In FeSn,, the electron distribution
has less symmetry than the geometrical structure,
since Fet — Sn — Fet4 bonding appears to be favored.
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MOssbauer spectra have been obtained for !*'Eu in some silicate and phosphate glasses. In
the silicate glasses Eu®* behaves very much as it does in EuyO3. The isomer shift relative
to EuyO3 is ~0.1 mm/sec. Some broadening of the line can be attributed to unresolved quad-

rupole splitting and to disorder in the glass structure.

The recoilless fraction is 0.33. Mea-

surements made at elevated temperatures indicate a complicated dependence of isomer shift

on temperature cycling.

In europium phosphate glass the isomer shift is ~—0.3 mm/sec,

and the linewidth is approximately the same as for the silicate glasses.

INTRODUCTION

Approximately ten papers have been published!
about the MOssbauer effect of iron in various alkali
silicate, borosilicate, borate, and phosphate
glasses. There have also been a number of studies
of tin in glass. Thus far, however, only two papers
have dealt with the Mdssbauer effect of rare-earth
ions in glass, and both of these® were about Tm?*,
Because of the technological importance of glasses
doped with rare-earth ions, it is worthwhile to ex-
ploit any experimental technique which yields infor-
mation about their structure. It is well known that
Mossbauer spectra yield information about the ion-
ization or valence state of the Mossbauer ion, the
site symmetry, and the local electric and magnetic

2

fields. Still other information can sometimes be
obtained, for example, by varying the temperature
of the specimen. This paper deals with the Moss-
bauer spectra of several silicate glasses which con-
tain different amounts of EuyO;, and with europium
phosphate glass.
SAMPLES

All of our samples were obtained from Cleek of
the Inorganic Glass Section of the National Bureau
of Standards. The analysis of the silicate glasses
is given in Table I. The phosphate glass was made
by mixing stoichiometric amounts of europium oxide
and ammonium phosphate and heating. The result-
ing glass presumably has the composition Eu(PO,);.

The absorbers were prepared by grinding the



