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Maéssbauer spectroscopy is used to measure the temperature dependence of the magnetic
hyperfine field (B) for ''°Sn impurity atoms in ferrimagnetic Mn,Sb. The unusual shape of this
dependence is due to two competing contributions of opposite signs and to the large anisotropy of
the hyperfine interaction. The contributions to B from the two magnetic sublattices are
determined, together with the isotropic and anisotropic components of B. The dependence of the
electron polarization on the angle @ between the magnetic moments of the Mn atoms and the
direction of the Sn—Mn bond is considered. The angular dependence of the anisotropic
component of B suggests a pseudodipole origin for the anisotropic exchange between the
magnetic electrons of the Mn atoms and the valence electrons of Sn. The polarization for = 0°is

almost twice as large as for = 90°.

1.INTRODUCTION

Recent experimental data indicate that the magnetic
hyperfine interaction for tin atoms in intermetallides may be
highly anisotropic. As an example, we may cite the data for
Sn impurity atoms in cubic Laves phases of the type RAl,
where R denotes a rare-earth element.' In these phases, the
magnetic hyperfine field is sensitive to the direction of the
magnetic moments of the R-ions relative to the local axis of
symmetry characterizing the spatial distribution of the elec-
tron density. The situation for the intermetallide FeSn, is of
interest, because the interpretation suggested in Ref. 2 pre-
dicts that the magnetic hyperfine interaction for the Sn
atoms should be completely anisotropic.

The angular dependence of the magnetic hyperfine in-
teraction deserves careful study, because it reflects some im-
portant features of the mechanisms by which exchange oc-
curs and the valence electrons of the nonmagnetic atom
become polarized. The anisotropic component of the mag-
netic hyperfine interaction is conventionally attributed to
the polarization of the valence p-electrons, whose wave func-
tion is not spherically symmetric. Such an approach is awk-
ward for analyzing the situation in intermetallide com-
pounds, because the valence electrons form hybrid orbitals
in which the p-component can be identified only formally by
a procedure that neglects the actual mechanisms for ex-
change polarization. Further difficulties arise from the fact
that the Fermi contact interaction vanishes for p-electrons,
yet it is always the primary (or even only) source for gener-
ating the hyperfine magnetic field for atoms with a zero in-
trinsic magnetic moment. One should in fact consider the
anisotropic polarization of the complete electron density
distribution whenever the latter is not spherically symmet-
ric.

Madssbauer spectroscopy can be used to investigate the
anisotropy of the magnetic hyperfine interaction without re-
quiring the use of external magnetic fields and single crys-
tals. Systems in which the alignment of the magnetic mo-
ments changes with temperature are particularly well-suited
to this method. This approach makes it possible to observe
the anisotropy without externally perturbing the system in
any way. In our present work we investigated one such sys-
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tem, the ferrimagnetic compound Mn,Sb, in which a few of
the Sb atoms were replaced by ''°Sn.

All the Sb atoms are structurally equivalent in Mn,Sb,
which has the C 38 tetragonal structure (of the same type as
Cu,Sb) and lattice constants ¢ = 0.408 nm, ¢ = 0.656 nm
(Fig. 1). The Mn atoms occupy two inequivalent positions,
Mnl and MnII.The MnllI atoms are nearly coplanar with the
Sb atoms, while the Mnl atoms occupy planes devoid of Sb
atoms. Each Sb atom has 9 Mn neighbors: 4 Mnl atoms at a
distance of 0.275 nm, one MnlI atom at 0.282 nm, and 4
MnlI atoms at 0.289 nm. The Curie point for this collinear
ferrimagnetic compound is 7, = 550-565 K (Refs. 3, 4).
The Mnl and MnllI atoms comprise two magnetic sublat-
tices with oppositely aligned magnetic moments. The atomic
moments were measured by neutron diffraction in Refs. 4-6.
According to Ref. 4, the magnetic moments of the MnI and
MnlI atoms (extrapolated to 7= 0 K) are equal to 2.1y,
and 3.9u, respectively. The direction of the resultant mag-
netization depends on the alignment of the magnetic mo-
ments in the MnlI sublattice. It is important to note that the
magnetic moments of the two sublattices depend differently
on temperature: as T increases, the MnII moments decrease
much faster than the MnI moments. The data in Ref. 4 indi-
cate that at room temperature, the average moments for the

b

FIG. 1. Structure on Mn,Sb (a) and the nearest neighbors of an Sn atom
in Mn,Sb (b). The arrows give the directions of the magnetic moments of
the Mn atoms (for temperatures 7> T ). The MnI and MnlII atoms are
denoted by @ and O; the large open circles without arrows denote Sb (or
Sn impurity) atoms.
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Mnl and MnlI atoms are 16 and 25% less than their values
at 0 K, respectively. Information on the temperature de-
pendence of the moments has also been obtained by NMR
(Ref. 7). Unfortunately, the neutron diffraction data are not
very accurate, while the NMR data were obtained only in-
directly by parametrizing the temperature dependences of
the magnetic hyperfine fields for the Mn atoms. Both sets of
data will be used below to analyze our measurement results;
the discrepancies in the data will not affect our principal
conclusions.

The compound Mn,Sb has a spin-flip transition, which
in pure Mn,Sb occurs at T = 240-250 K. The NMR data’
indicate that the transition takes place within a temperature
interval of width 5-6 K from 245 to 250 K. At low tempera-
tures (7' < T ) the moments lie in the basis plane, while at
high temperatures (7> T ) they are aligned along the c-axis
of the lattice. The magnitudes of the moments do not change
during the spin flip. The magnetic properties of Mn,Sb are
extremely sensitive to impurities, which can greatly alter
both T and Tg. A transition to an antiferromagnetic state
has been observed in some cases.>>*

In Ref. 9, Mossbauer spectroscopy was employed to
measure the magnetic hyperfine fields for !'°Sn in the com-
pound Mn,Sb, o5 Sny o, at 80 and 300 K. The fields at these
two temperatures differed considerably, which was attribut-
ed to the anisotropy of the magnetic hyperfine interaction.
The temperature dependence of the hyperfine field was not
measured in Ref. 9.

2.EXPERIMENTAL METHOD AND RESULTS

The measurements were made on several alloys of iden-
tical composition Mn,Sb g97 Sby oo3 Which were prepared by
fusion in an induction oven in an argon atmosphere. The tin
impurity was enriched to 92% in the isotope ''°Sn, and the
alloys were remelted several times to ensure homogeneity.
Several of the specimens were annealed at 700 K for 30 h;
however, this had little effect on the Mdssbauer spectra. The
specimens contained a small amount (a few percent) of an
extraneous phase of unknown composition which gave rise
to weak lines near the center of the spectrum. This phase was
included in our analysis of the spectra and did not signifi-
cantly reduce the accuracy in determining the parameters of
the primary spectrum.

The Mossbauer absorption spectra of !'*Sn were re-
corded using gamma-radiation at 23.9 keV by means of an
electrodynamic spectrometer operating at constant accel-
eration with a CaSnO; source, maintained at room tempera-
ture. The temperature of the specimen ranged from 77 to 550
K, and during each measurement the temperature was kept
constant to within 0.1 K. In the analysis the spectra were
approximated as a sum of Lorentzian lines. The quadrupole
shift in the components of the hyperfine structure was small
enough to be treated by perturbation theory. The widths of
the components of the hyperfine structure were less than 1
mm/s, which indicates that the specimens were highly or-
dered and that the parameters of the hyperfine interaction
did not vary.

The magnetic hyperfine fields for the ''°Sn impurity
atoms were found tobe 9 (1) and 61.6 (5) kOe at 77 and 295
K, respectively. These values agree with the ones in Ref. 9
obtained for specimens with a higher concentration of tin
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FIG. 2. Temperature dependence of the magnetic hyperfine field B for Sn
impurity atoms in Mn,Sb. The solid curve is calculated by Eq. (6). The
dashed curves show the temperature dependence that would be observed

if no spin-flip transition occurred. For curve 1 the moments of the Mn
atoms are parallel to the c axis; for curve 2, they lie in the basis plane.

impurity. Measurements in external magnetic fields carried
out at 77 and 295 K revealed that the magnetic hyperfine
field was positive, i.e., parallel to the magnetization vector of
the MnlII sublattice. The isomeric shift was equal to 1.98(3)
mm/s at 77 K and 1.89(1) mm/s at 295 K. The quadrupole
interaction constant e’gQ was equal to + 0.428) mm/s and
was essentially independent of temperature. The Curie tem-
perature deduced from the temperature dependence of the
hyperfine field was 543.5(5) K.

Figure 2 shows the measured temperature dependence
of the magnetic hyperfine field B(T'). The form of the curve
is unusual; at low temperatures (7 < Ts ) the hyperfine field
increases with 7T, while for 7> T it remains virtually con-
stant in the interval 240-400 K, even though the magnetiza-
tion decreases greatly. The spin-flip transition is clearly ac-
companied by a marked change in the magnetic field; this
indicates that the anisotropic component comprises a sub-
stantial fraction of the total hyperfine field. Our specimens
satisfied T =230 K, which is 15-20 K less than T'g for pure
Mn,Sb. The fact that 7 and T are below their nominal
values for pure Mn,Sb can only be due to the presence of the
tin impurity. The random distribution of the impurity atoms
caused a perceptible broadening of the spin-flip transition.
For this reason (and also due to the smallness of the quadru-
pole shift), we were unable to investigate the rotation of the
magnetic moments in detail near the transition.

In calculating the contribution from the magnetic di-
pole interaction to the observed local magnetic field, we car-
ried out the dipole summations over the magnetic moments
of Mn atoms located within 100 lattice constants from a giv-
en Sn atom. We found that the anisotropy of the dipole field
(i.e., its change during the spin-flip transition) was equal to
1.5 kOe. This is small compared to the total change in the
local field during the transition and will be neglected in the
following analysis.

3.ANALYSISOF THERESULTS

The general behavior of the curve B(T) shown in Fig. 2
leads immediately to some qualitative conclusions regarding
the properties of the magnetic hyperfine interaction for Sn
impurity atoms in Mn,Sb. The magnetic hyperfine field is
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the sum of the contributions from the Mnl and MnlI sublat-
tices; since the moments in these sublattices are oppositely
directed, these contributions should be of opposite sign. The
dependence B( T') does not follow the temperature curves for
the resultant magnetization nor for the magnetizations of
the individual sublattices. Clearly, this is because the two
sublattice contributions cancel partially, and also because
the moments in the two sublattices have different tempera-
ture dependences, as discussed above. The increase in B with
T for T < T and the constancy of B over a wide temperature
interval for T'> T indicate that the dominant contribution
must come from the MnlI sublattice, whose moments depend
less strongly on temperature. Since the resultant field is posi-
tive, the contribution from the Mnl sublattice must there-
fore be positive, while that from the MnlII sublattice is nega-
tive (and smaller in absolute value). If we recall that the
moments of the MnI atoms are antiparallel to the total mag-
netization, we see that both contributions are negative rela-
tive to the alignment of the moments that give rise to them.
The dominant contribution from the Mnl sublattice can be
explained naturally in terms of the behavior of the contribu-
tions to the hyperfine field (because the distance Sn—Mnl is
much less than the distances Sn—~MnlII). Both of these con-
clusions accord completely with the general behavior ob-
served for Sn atoms in magnetic materials based on the tran-
sition metals.'® One finds that the interaction with the
nearest magnetic neighbors always gives a negative contri-
bution to the hyperfine field, and its absolute value decreases
rapidly with increasing interatomic distances.

The temperature dependence of the magnetic hyperfine
field for Sn atoms in Mn,Sn can be expressed in the general
form

B(T)=ami(T)+bmu(T), (1)

where a and b are constants and m(7T) = M(T)/M(0) is the
reduced magnetization of the corresponding sublattice, de-
noted by the subscripts I and II for MnI and MnlII, respec-
tively. The two contributions to the field are assumed to be
additive and proportional to the respective magnetic mo-
ments. The coefficients a and b in (1) are constant only with-
in the temprature intervals T < T and T> T; they include
both the isotropic and the anisotropic components of the
hyperfine field. We will show below that the anisotropic
components for the two contributions change differently
during the spin-flip transition. Therefore, both the magni-
tudes of the contributions and their ratio change during the
transition.

In the high-temperature region (7> Ts), the coeffi-
cients in Eq. (1) can be found directly by comparing (1)
with experimental data. A least-squares analysis gives
a =205kOe and b = — 153 kOe. The error in determining
these coefficients depends entirely on the error in the func-
tions m(T) and is ~10%. With these coefficients, Eq. (1)
accurately reproduces the experimental curve B(T) for
T>Ts. At low temperatures, both m; (T) and my (¢) are
close to unity and neither is known well enough to permit a
reliable determination of the coefficients in (1) by this meth-
od. Under suitable simplifying assumptions, a and b in (1)
can be found throughout the temperature interval by analyz-
ing the temperature dependence B(T) together with the
changes in the contributions to B during the spin-flip transi-
tion, and this procedure can also be used to find the isotropic
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and anisotropic components of the magnetic hyperfine field.

Indeed, let us assume that the magnetic hyperfine field
for the Sn impurity in Mn,Sb depends only on the nearest-
neighbor Mn atoms. The contribution to the field from each
Mn atom can then be expressed as

B;=C+D cos® 6, (2)

where C and D are the isotropic and anisotropic compo-
nents, respectively, and 6 is the angle between the magnetic
moment of the ith Mn atom and the direction of the Sn—Mn
bond. If (as above) we regard the hyperfine field as the sum
of the contributions from the two sublattices, the coefficients
a, b in Eq. (1) can now be expressed in the form

a=c’1‘|'L’I<GOS2 9),, b=CII+DH<COSZ 9>n, (3)

where the parameters C and D correspond to the isotropic
and anisotropic contributions from each sublattice, and
(cos? @) is the average value of cos® € for the Mn atoms in
the sublattice. If we suppose further that the ratio C /D 1is the
same for all of the Mn atoms, we can rewrite (3) as

a=C; (1+alcos*01), b=Cu(1+alcos?Bdr), (4)

where @ = D;/Cy =D /Cy. The three parameters C,
C1, and a in (4) can be found by solving a system of three
equations. The first two correspond to the values of @ and b
found above for T'> T, while the third can be derived by
analyzing how the hyperfine field changes during the spin-
flip transition. The molecular structure data imply the fol-
lowing values for (cos>6) in the temperature intervals
T>Ts (M|c)and T< Ts (MLc):0.45 and 0.28 for Mnl, 0.2
and 0.4 for MnllI. If we ignore the temperature dependence
of the magnetic moments (i.e., consider the hypothetical
case of a spin-flip transition near T'= 0 K), the change in the
hyperfine field during the transition is equal to

AB=B (M||c)—B(M-Lc)=AB+ABy;=0.17C;a—0.2Cxcx. (5)

To find AB at room temperature, one must multiply the first
and second terms in (5) by m,; (T) and my; (T), respective-
ly. Since C; is negative, the signs of the contributions of the
two magnetic sublattices to AB are the same.

Best agreement with experiment throughout the range
of temperatures is obtained using the following values:

a=0.84, C;=150kOe, D;=124 kOe,
n=—130 kOey Dy =-—111kOe,

These values are accurate to within 10-15%; most of the
error is due to the error in determining the functions m(T).
The temperature dependence of the magnetic hyperfine field
for all T'is thus given by

B(T) = (150+124<cos* 85) m;(T)
— (130+111<cos? 0> 1) myr (7). (6)

The solid curve in Fig. 2 shows B(T) calculated by this for-
mula. On the whole, Eq. (6) agrees quite well with the ex-
perimental results. The small divergence for T'< T¢ may be
due to the broadening of the spin-flip transition, as well as to
unreliability in m(7T) at low temperatures.

The result @ = 0.84 indicates that the magnetic hyper-
fine interaction for Sn atoms in Mn,Sb is highly anisotropic:
the polarization of the Sn valence electrons when 8 = 0° is
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nearly twice as great as when 8 = 90°. The polarization is
greatest when the inducing magnetic moment lies along the
Sn—Mn bond. Such an angular dependence of the electron
polarization may be expected whenever the anisotropic com-
ponent of the exchange interaction is “pseudo-dipole” in
character and the electron density distribution is concentrat-
ed along the Sn—Mn bonds. The effective exchange field,
corresponding to the anisotropic component of the pseudo-
dipole exchange between an Sn valence electron and a mag-
netic electron with spin S, is proportional to the vector

r(Sr), (N

where the radius vector r gives the relative position of the
interacting electrons. In this case, the anisotropic polariza-
tion of the valence electron is clearly greatest when S and r
are parallel (or antiparallel), and it is collinear with the vec-
tor r. If the electron density is distributed symmetrically
about the Sn—Mn bond and elongated along it, the total
polarization of the valence electrons will be greatest when
the magnetic moment is parallel to the bond (i.e., when
cos @ = + 1). We note that in general, the isotropic and
anisotropic components of the magnetic hyperfine field need
not be parallel (the former is collinear with S); noncollin-
earity of the vectors B and S has apparently been observed in
antiferromagnetic FeSn, (Ref. 2). However, these compo-
nents are collinear for Sn impurity atoms in Mn,Sb, because
the distribution of the magnetic atoms is axisymmetric. In
this case, the projection of the vector (7) on S is significant
for each bond. The anisotropic component of the polariza-
tion is consequently proportional to cos” 6, in agreement
with Eq. (2), which was used to analyze the experimental
data.

The above relationship between the anisotropic polar-
ization and the shape of the electron density distribution
may turn out to hold quite generally for Sn atoms in alloys
and intermetallides. A similar dependence of the hyperfine
field on the alignment of the magnetic moments was noted
for Sn impurity atoms in the intermetallides GdAl, (Ref. 1)
and TmFe, (Ref. 11), where the Sn atoms substituted some
of the Al and Fe atoms, respectively. In both cases, the polar-
ization of the Sn valence electrons was greatest when the

847 Sov. Phys. JETP 66 (4), October 1987

inducing magnetic moments were parallel to the axis of max-
imum valence electron density. The sign of the anisotropy of
the magnetic hyperfine interaction for Sn atoms in metallic
gadolinium and in dilute Gd-based alloys'? can be explained
similarly. For Sn impurity atoms in compounds of the type
RALl,, where R denotes a rare-earth ion with a nonzero orbi-
tal moment, one must remember that the anisotropic contri-
bution to the magnetic hyperfine interaction depends on the
distribution of the magnetic 4f-electrons of the ion R**,
whose departure from spherical symmetry is characterized
by the quadrupole moment of the 4f-electrons. The latter is
positive for Sm®* ions but negative for Tb** and Ho’*; the
contributions to the anisotropy of the magnetic hyperfine
interaction therefore differ in sign. This accounts for the
large differences in the magnitude of the anisotropic compo-
nent of the field for different compounds of the type RAl,
(Ref. 1). In SmAL, for example, the anisotropic contribu-
tion due to the nonsphericity of the 4f-electrons adds to the
contribution from the nonsphericity of the density distribu-
tion for the Sn valence electrons, so that the anisotropic com-
ponent of the hyperfine field is particularly large.
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