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0.088 mo, when the magnetic 6eld was along a bisectrix
axis, but did not observe the second dfective mass ex-
pected for the crystallographic orientation. We cannot
explain the apparent disagreement with our results
which were obtained with the magnetic 6eld in the plane
of the surface.

An independent determination of electron Fermi-
surface parameters from cyclotron-resonance data in
antimony requires a value of the cyclotron mass for a
trigonal-directed magnetic 6eld which lies in the plane
of the surface. A bisectrix-trigonal plane in the sample
surface would permit the determination of this cyclo-
tron mass as well as an accurate value of the tilt angle.

AVe are still trying to prepare a satisfactory surface by
electropolishing techniques.
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Measurements of the magnetic 6eld at the Fe~' nucleus were obtained on powder samples at room tempera-
ture using the Mossbauer effect for the spinel-type ferrites y-Fe203, "ordered" lithium ferrite (Li0.5Fe2.504),
and "disordered" lithium ferrite giving values of ~496%20~koe, ~508+20~koe, and ~510&20~ koe. These
compounds contain only trivalent and no divalent iron. The Mossbauer spectra of all of these compounds
were very similar and no difference could be detected between the "ordered" and "disordered" compounds.
Only one set of lines was observed indicating that the 6elds at the octahedral and tetrahedral sites are about
the same value. The value of the hyper6ne interaction constant A obtained from electron paramagnetic
resonance spectrum of the divalent Mn" {isoelectronic with trivalent Fe) impurity in single crystals of the
isomorphous spinel-type crystal "disordered" lithium aluminate (Lip zAlz z04) was found to be

~
77.2+1.0

~

& j.0 4 cm '. The angular variation of the spectrum indicated that the divalent Mn" ions were located
substantially on octahedral sites. The corresponding magnetic field for the Mn" nucleus is around SSO koe,
which is close to the value obtained elsewhere for the Mn ~ nucleus located on a tetrahedral site in a spinel-
type aluminate. This is in good agreement with the Mossbauer results.

INTRODUCTION

HE determination of the magnetic field at the
nucleus of magnetic ions in crystals can be carried

out by several diferent methods. A direct determination
can be achieved for ions in ferromagnetic and anti-
ferromagnetic crystals by measurements of the Moss-
bauer eA'ect or nuclear magnetic resonance (NMR).
The results of such measurements can be related to the
hyperfine interaction parameter A obtained from the
electron paramagnetic resonance (EPR) spectrum of
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Compound

Lattice
constant

Ordering (angstroms) Space group

A-site B-site
symmetry symmetry

(tetra. ) (octa.)

y —Fe20g
Lio.oFe2.604

Lio.sFeo.o04
Lio.gA1 .o04

Ordered

Disordered
Disordered

8.338a O7t (7) -Fd3ma»
8 33o,d O (6) P4&3e

or P4&3
8 33e,d Oh (7) pd3mo

92d O)k(7) Pd3mo

43m
3

43m
43m

3m
2

a I. David and A. J. E. Welch, Trans. Faraday Soc. 52, 1642 (1956).
b Some investigators (see, for example, reference 14) have reported super-

structure lines indicating the O(6) —P4g3 space group and ordering.
+ P. B. Braun (reference 14).
d Values obtained on powders prepared from single crystals grown at

the Naval Research Laboratory.

magnetic impurity ions in diamagnetic crystals. To a
6rst approximation, the hyperdne spectrum can arise
only through the anomalous interaction of the s elec-
trons with the nuclear spin (Fermi contact interaction)

TAsLE I. Crystallographic parameters and symmetries.
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TABLE II. Summary of results obtained from the Mossbauer experiments.

y-Fe203 Li0. ~Fe2 504 (ordered) Li0.5Fe2.504 (disordered) Fe metal

Peak positions (mm/sec)
(all &0.09 mm/sec)

Derived quantities
g0, ground state splitting

(mm/sec)

gI, excited state splitting
(mm/sec)

DR, isomer shift (relative
to stainless steel)
(mm/sec)

Magnetic 6eld at Fe nuclei
at room temp. (koe)

—7.58, —4.16, —0.86,
+1.66, +4.99, +8.41

5.85~0.13

3.37~0.07

+0.41+0.09

~496+20~

—7.74, —4.36, —0.94,
+1.66, +5.10, +8.49

6,03+0.13

3.41&0.07

+0.37+0.09

08

—7.82, —4.27, —0.82,
+1.92, +5.06, +8.50

6.06+0.13

3.40~0.07

+0.43a0.09

[Stoa20[

—5.21, —2.99, —0.72,
+0.97, +3.23, +5.43

3.95+0.13

2.24a0.07

+0.11~0.09

—333~10

a Used for calibration purposes employing splitting parameters of Hanna et al. (reference 19).
b Zero position is that of maximum absorption of stainless steel source and stainless steel absorber.

ured using proton and lithuim nuclear resonance. The
accuracy of the determination o$ the field differences
corresponding to the hyperfine line separation was
approximately one gauss.

RESULTS

The room temperature Fe'~ hyperfine spectra ob-
tained by the Mossbauer effect in p-Fe203 and lithium
ferrite are very similar to those of iron metal. Typical
spectra for iron metal and y-Fe203 are shown in Fig. 1.
The lithium ferrite spectra were practically identical
to that of p-Fe203. Since only one set of lines was ob-
served, it was concluded that the fields at the octahedral
and tetrahedral sites are the same to within a few per-
cent. A small asymmetry ir line width and amplitude
can be seen between the right and left half of the spectra.
Further tests indicated that this is largely instrumental.
The observed linewidths for all the compounds studied
was about 1.0 mm/sec and no significant differences
could be observed for the linewidths between the various
compounds. An analysis of the data indicated an absence
of any quadrupolar interaction in contrast to that found
for a-FesOs ' and yttrium iron garnet' (YIG) (single
crystal). It has been pointed out' that quadrupolar
interaction in ferrimagnetic powders may be dificult
to observe because to a first approximation it would only
result in line broadening. No quadrupolar interaction
can be deduced from the YIG powder data4 although it
has been observed in single crystals. '

The results of a least-squares analysis of the data
obtained in the Mossbauer investigations are sum-
marized in Table II in which the velocity calibration
is based on the splittings in iron metal reported by
Hanna et a/. ' ' All errors quoted include those of the
reference value. The field at the nucleus in iron metal
has been used to calculate the magnitudes of the fields

"S.S. Hanna, J. Heberle, C. Littlejohn, G. J. Perlow, R. S.
Preston, and D. H. Vincent, Phys. Rev. Letters 4, 177 (1960).

S. S. Hanna, J. Heberle, G. J. Perlow, R. S. Preston, and D.
H. Vincent, Phys. Rev. I etters 4, 513 (1960).

in the compounds which are given in Table II.The isomer
shifts, DE, are also reported and are approximately
the same as those found for other trivalent iron
compounds. ""

The EPR measurements were carried out on a "dis-
ordered" lithium aluminate single crystal oriented so
that the magnetic field (H) was in I:he (110) plane.
The spectrum of the six hyperfine lines corresponding
to the —,

' ~ ——,
' electronic transition. The line positions

were nearly isotropic and the line intensities diminished
with increasing angle of IJ with respect to the $1111di-
rection. The full width for H in the L111]direction, was
about 11.5 gauss and was larger in the L001] and $110$
as well as in intermediate directions. The magnitude of
the hyperfine constant ( ~

A
~ ) obtained from these meas-

u ements was 82.6+1.0 oe or (77.2&1.0)X 10 ' cm '.
The measured g parameter was 2.0023~0.0010. The
symmetry of angular variation of the line intensities
and widths with respect to the t 111jdirection was found
to be in accord with the crystallographic trigonal sym-
metry of the octahedral site in "disordered" spinels.
Consequently, it is reasonable to assign a substantial
portion of the divalent Mn" to this site in lithium
aluminate. Additional measurements of the EPR spec-
trum of the divalent Mn" and trivalent Fe" ions and
their relation to the magnetic properties of ferrites will
be published separately. "

DISCUSSION

A summary of the fields obtained by various methods
for the isoelectronic ions, divalent Mn" and trivalent
Fe", is shown in Table III. For the trivalent oxides
the magnitude of the fields are about 500 koe. For lith-
ium ferrite, the magnitude of the field at 0 K can be
estimated if it is assumed that the field at the nucleus

2' L. R. Walker, G. K. Wertheim, and V. Jaccarino, Phys. Rev.
Letters 6, 98 (1961)."S.DeBenedetti, G. Lang, and R. Ingalls, Phys. Rev. Letters
6, 60 (1961).

"V.J. Folen (to be published).
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TABLE III. Comparison of fields at the nucleus by various methods.

Ion

Fe'+
Fe'+
Fe'+
Fe'+

Fe

Fe'+
Mn'+
Mn'+
Mn2+

Fe3+
Mn2+

Fe'+
Mn'+
Mn'+
Mn'+
Fe3+
Mn2+

Fe

Compound

y-Feg03
Lio.~Fe~.~04 "ordered"
Li0.5Fe~.504 "disordered"
a-Feg03

YIG tetrahedral

YIG octahedral

NiFeg04
Li0.5A12.504 octahedral
ZnA1~04 tetrahedral
MgO
MgO
ZnO
ZnO

CaF2
NaCl
ZnS
Fe304
free ion
free ion

A
(10 4 cm ')

[77.2[
[74.9[

—81
[to.t [

—76
[9.ol

[9s.s l

—81.2
—63.0

H
(koe)

[
496~

[

lso8[
[stol
lslsl
[390[
[460[
[47ol
[540[
lslo l

[547[
lssol

—574
[550[

—538
[490
[677

—576
446

[499'[
—696
—626

Method

Mossbauer
Mossbauer
Mossbauer
Mossbauer
Mossbauer
Mossbauer
Mossbauer
Mossbauer
Mossbauer

EPR
EPR
EPR
EPR
EPR
EPR
EPR
EPR
EPR
NMR

theory
theory

Tempera-
ture ('K)

room
room
room
room
room
85'K
room
85'K
room
room
room
290.4

4.2
290
290
room

Reference

Present
Present
Present

1
2
4
2

3
Present

5
5
6
7
8
5
9

10
11
12
13

a Very recent Mossbauer experiments by R. Bauminger, S. G. Cohen, A. Marinov, S. Ofer. and E. Segal. Phys. Rev. 122, 1447 (1961), give excellent
agreement with these values.

varies with temperature in a way which is proportional
to the sublattice magnetization. This was pointed out
by Bauminger et a/. ' who have presented experimental
evidence in support of this assumption. For ferromag-
netic metals, the temperature dependence of the field
at the nucleus has been observed to vary as the satura-
tion magnetization (except for small lattice dilation
effects).""For lithium ferrite the ratio of the sublattice
magnetization at room temperature to that at O'K is
0.974 for the A site and 0.951 for the 8 site. This was
calculated using the Neel theory and the magnetization
data and molecular field coefFicients obtained by Rado
and Folen."As a result the field at O'K for the lithium
ferrites (and probably the closely related compound
y-FesOs) may be expected to be less than 5% different
from the room temperature value.

The fields measured at O'K by the Mossbauer effect
can be compared with fields deduced from the value
of A using the relation'7"

H =AS/g„p„,

where S is the spin of the ion (ss for Fe'+ and Mn'+),

g„ is the nuclear gyromagnetic ratio of the ion, and p„

24 D. H. Vincent, R. S. Preston, J. Heberle, and S. S. Hanria,
Bull. Am. Phys. Soc. 5, 428 (1960).' D. E. Nagle, H. Frauenfelder, R. D. Taylor, D. R. F. Cochran,
and B. T. Matthias, Phys. Rev. Letters 5, 364 (1960).

s' G. T. Rado and V. J. Folen, J. Appl. Phys. 31, 62 (1960).
27 W. Marshall, Phys. Rev. 110, 1280 (1958);"Some small contributions to the magnetic field at the nucleus

in ferromagnets arising from the Lorentz 6eld and demagnetiza-
tion field are less than 10 koe and have been ignored.

is the nuclear magneton. The values of A and H for
the divalent Mn" and trivalent Fe'7 impurities in
oxides and a few compounds are listed in Table III. It
can be seen that where measurements of the sign have
been obtained, the fields are negative and range from
—450 koe to —680 koe, depending on the covalency
of the host lattice. For the oxides a field of around 500
to 550 koe magnitude seems prevalent. However, in
the garnet-type ferrimagnetic crystals, the field on the
tetrahedral site has been observed by the Mossbauer
effect to be lower in magnitude than the Geld at the
octahedral site. This is in contrast to spinel-type
ferrites where no difference in the field at each site can
be observed. In view of the dependence of the field at
the nucleus on covalency, it is not strictly rigorous to
compare fields obtained by the Mossbauer effect with
those obtained by EPR even if both are measured with
the same type ion, e.g., trivalent Fe". This is because
the Mossbauer measurements are obtained with mag-
netic crystals. On the other hand, the KPR results
are obtained on diamagnetic host crystals which would,
in general, have a different degree of covalency.

In spinel-type diamagnetic crystals the value of A
for divalent Mn" on a tetrahedral site in zinc aluminate
has been reported by Stahl-Brada and Low' and for an
octahedral site in lithium aluminate in the present
paper. It is interesting to note that these corresponding
fields at the nucleus agree to within 20 koe. Data using
the trivalent Fe'7 impurity would be more suitable for
the comparison with the Mossbauer results. However,
these data were not available. Existing data on the Geld
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at the nucleus by EPR for both divalent Mn" and triva=
lent Fe" are available for MgO' ' and ZnO' ' host
crystals. In the case of MgO, the Geld for trivalent Fe"
is only about 5% lower in magnitude than the field for
divalent Mn". In the case of ZnO, the field for triva-
lent Fe'7 is about ten percent lower than that for diva-
lent Mn"". In spite of all of these complications, it is
interesting to note that the field at the nucleus obtained
by Mossbauer and EPR experiments are remarkably
constant for various host crystals and for the isoelec-
tronic ions divalent Mn" and trivalent Fe".

The values of the field at the nucleus obtained by
nuclear magnetic resonance have been reported recently
by Boyd, Bruner, Budnick, and Blume" for various
garnets and ferrites. They report two 6elds for magne-
tite of 460 and 490 koe magnitude in which the higher
value is believed to correspond to the tetrahedral site
which contains only Fe'+ ions.

Also, we note that the theoretical value of the field
can be predicted from the spin-polarized Hartree-Fock
calculations of Freeman and watson"" for free ions.
In their treatment the s electrons are polarized by the
3d electrons. The difference in the electron spin density
at the nucleus is conveniently given in terms of a func-
tion y which has a value of —3.34 atomic units for
Mn'+ and —3.00 atomic units for Fe'+. These correspond
to fields at the nucleus of —696 and —626 koe, respec-
tively. This is considered to be very good agreement in
view of the approximations involved in the calculations.

In addition, the occurrence of covalent bonding and
crystalline (Coulomb) field effects could reduce the
magnitudes in solids compared to those of the free ion.

The Mossbauer results given here indicate that the
held at the trivalent Fe" nucleus in the spinel-type
ferrites studied is the same to within a few percent at
both the octahedral and tetrahedral sites. No changes
in the Mossbauer spectrum can be observed between
"ordered" and "disordered" crystals. It is not too
surprising that no difference can be found between
"ordered" and "disordered" crystals since the largest
differences may be expected to be manifested in the
quadrupolar interaction which is dificult to observe in
powder ferrimagnetic samples. The magnitude of the
field obtained by Mossbauer effect is in good agreement
with that deduced from the hyperfine interaction pa-
rameter obtained from the electron paramagnetic reso-
nance spectrum of the isoelectronic divalent Mn"
impurity in isomorphous crystals for both sets of sites.
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The diffusion of zinc and tin in single-crystal and polycrystalline InSb has been studied with the radio-
tracer technique. The temperature dependence of the diffusion coeScients can be represented by:
D(Zn) =1.4X10 ' exp( —0.86/kT) cm'/sec and D(Sn) =5.5X10 ' exp( —0.75/kT) cm'/sec in single-crystal

lnsb; and D(Zn) = 1.1X10 ' exp( —0.85/kT) cm'/sec in polycrystalline InSb, the activation energies being
in electron volts. From the penetration curves, it appears that in polycrystalline InSb the zinc diffusion is a
volume diffusion while the tin diffusion is mainly a grain boundary diffusion. The different behaviors of
zinc and tin in InSb are discussed on the basis of. one-type and two-type vacancy mechanisms.

INTRODUCTION

' 'N recent years, indium antimonide has been a subject
~ - of intense study. However, little has been reported
on the solute diffusion in it. This is not without reason.
Unless specially prepared, an InSb crystal used to

~ This work was supported by the National Science Foundation.
t Present Address: Department of Electrical Engineering,

Stanford University, Stanford, California.
f Present Address: Department of Electrical Engineering,

University of Waterloo, Waterloo, Ontario, Canada.

contain undesired impurities of no less than 10"/cc.
For diffusion studies in this kind of crystal, the pn-
junction method, which relies on conductivity measure-
ments, would be less reliable. The radio-tracer techni-

que, on the other hand, could produce dependable
results if the half-life of the tracer as a di8usant is not
too short compared with the diffusion time. Unfor-

tunately, the time required for diffusion in InSb is
relatively long (from several days to a few weeks). This
would render experiment rather difficult if and when the


