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Series of local fields were discovered at tin nuclei in a substituted nickel ferrite by y-resonance
Mossbauer spectroscopy. Relatively high values of the fields (Hg pmax > 250 kOe at T = 80°K) were
attributed to two complementary mechanisms: indirect exchange A—B and direct B—B interactions.
The differences between the values of the fields were governed by the number of Ni** ions in the sphere
of the immediate B environment of tin. It was concluded that local inhomogeneities of the cation distri-
bution existed in the B sublattice and an explanation was given of the broadening of the Fe®” Mossbauer

lines in unsubstituted NiFe;O,.

CONTINUING our investigations of the mechanisms
inducing local magnetic fields at the nuclei of nonmag-
netic atoms, we carried out the following experiments.

We prepared a series of tin-substituted nickel
ferrites Ni, ,{Fe, , _{,SnO, with t = 0.05, 0.125, 0.2,
0.25, and 0.3. Samples were prepared by the ceramic
technique and the original oxides Fe,O; and SnO, were
enriched with the Fe®” and Sn''® nuclides. In all the
cases, the formation of a single-phase spinel-type
structure was checked by x-ray diffraction analysis.
Preliminary magnetic measurements were also carried
out between room temperature and 80°K.

The magnetic moment per formula unit of a sample
with t = 0.125 was (1.5 + 0.1) ug. The Fe®” M&ssbauer
spectra were recorded. These measurements confirmed
the inversion of this spinel structure on the assumption
that all Sn** ions occupied octahedral sites.

The y-resonance spectra of Sn''® for the compound
with t = 0.125 are shown in Fig. 1. The spectrum in
Fig. 1a was recorded at T = 80°K in the absence of ex-
ternal magnetic fields. The spectra in Figs. 1b and 1c
were recorded at room temperature in the presence of
external fields: in the first case, the field Hext |
~ 12 kOe was parallel to the direction of propagation of
the y quanta; in the second case, Hext | & 17 kOe was
perpendicular to that direction. Each of the spectra in
Fig. 1 represents a fairly complex pattern of several
superimposed Zeeman sextets, which indicate the pres-
ence of strong local magnetic fields at the tin nuclei
(He max > 250 kOe at T = 80°K). The peak in the center
of the spectrum in Fig. 4a may be attributed to traces
of unreacted stannic oxide SnO,.

We attributed the differences between the values of
the fields to the inequivalence of the positions of tin in
the B sublattice. Since the number of tin ions in the
sample with t = 0.125 was relatively small, we could
ignore the possibility of Sn neighboring with other Sn
atoms and we assumed that the neighbors of Sn* in the
octahedral lattice were either Ni®* or Fe® ions. Thus,
the possible variants of the environment could be ex-
pressed as (Niz*)n(Fea*)s_n, wheren =0, 1, ..., 6. The
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FIG. 1. Gamma-resonance spectra of Ni; ,sFe; 75Sng 1,50,4: a)at T =
80°K; b) in an external parallel field Hext|| = 12 kOe; c) in an external
transverse field Hext] = 17 kOe.

FIG. 2. Experimental (circles) and theoretical (curves 1 and 2) distri-
butions P(n, x) of the relative occupancy of the B positions by tin, and
the fields at the tin nuclei (curves 3 and 4) as a function of the number
(n) of Ni%* ions among the six cations in the immediate B environment
in the compound Ni, ;55 Fe; 75Sng_12504. 1) P(n, x) for the ratio of Ni**
and Fe3* at the B positions given by chemical formula (x = 0.6); 2)

P(n, x) obtained on the assumption of local inhomogeneities in the cation
distribution (x]oc = 0.8); 3) internal fields at the tin nuclei at T = 300°K;
4) internal fields at the tin nuclei at T = 80°K.

different values of n correspond to inequivalent positions
of tin. X-ray structure investigations of the unsubstitu-
ted nickel ferrite NiFe,0,"? showed that the Ni** and
Fe®* ions were distributed at random in the B sites. In
the case of a purely random distribution of these ions

in our sample, the probabilities of various combinations
should be given by the binomial law:

n)z"“ — )6,

where n is, as before, the number of the Ni** ions in the
immediate B environment of a given tin ion; x is the
fraction of such ions in the total number of possible B
neighbors. For x = 0.6 (t = 0.125), we obtained the
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probabilities of possible combinations represented by
curve 1 in Fig. 2.

The spectra shown in Fig. 1 were analyzed using an
electronic computer, which was programmed to expand
each of the spectra into five strongest Zeeman sextets.
The values of the local field at the tin nuclei, corre-
sponding to each of these five sextets, were determined.
The intensity of a given sextet was assumed to be pro-
portional to the population of a state with some value of
n. However, it was not known in advance which sextet
corresponded to which value of n. The attribution of the
various sextets to particular values of n was based on
the following considerations. Several of our experi-
ments (cf., in particular,®!) showed that when small
amounts of tin were added to different ferrite spinels,
the field at the tin nuclei increased due to the substitu-
tion of ions in the B environment in the following se-
quence: Mn?**, Fe®*, Fe?*, Co®*, Ni**. Therefore, we as-
sumed that the maximum field corresponded to the case
when all six positions of the immediate environment of
tin were occupied by the nickel ions (n = 6). This as-
sumption was confirmed also by an investigation of a
batch of samples substituted to different degrees. We
found that when t was increased, i.e., when the relative
concentration of nickel at the B sites was increased, the
intensity of the outer components, corresponding to
higher values of the field at the tin nuclei, increased as
well. The other sextets were attributed to particular
values of n on the assumption that the field decreased
monotonically with decreasing n.

When these assumptions were made, it was possible
to plot the dependences of Hg (at 80 and 300°K) on n,
represented by curves 3 and 4 in Fig. 2, as well as to
plot the dependence P(n), representing the relative popu-
lations of states with different values of n (the error in
the determination of the value of the field was less than
+ 2 kOe and in the measurement of the relative population
of states it was less than +0.3). It is evident from Fig. 2
that these experimental points did not fit curve 1, calcu-
lated on the assumption that the ratio of the Ni and Fe
atoms in the B sublattice was given by the chemical
formula. However, if we assumed that, when tin was
introduced, electrostatic interactions in the sphere of
the nearest B environment of a multiply charged Sn**
ion produced local clusters of the Ni** ions and a corre-
sponding reduction in the number of the Fe* ions, we
found (by solving the inverse problem) that the best
agreement with the experiment was obtained using a
binomial formula with a local value xj,, ~ 0.8 (curve 2
in Fig. 2).

Obviously, in the unsubstituted nickel ferrites, the
Fe®* ions also had inequivalent positions both in the A
and in the B sublattices. The observed broadening of
the iron Mossbauer lines in NiFe,0,°°! were more
likely due to this factor than to an angular distribution
of spins or the powder state of the absorber. The broad-
ening of the Mossbauer lines of Fe®* at the A sites was
due to an indirect A— B interaction because of a random
distribution of the Ni** and Fe®* ions in the sphere of the
nearest B neighbors of the A ions. The broadening of
the lines at the B sites was also due to a random distri-
bution of Ni** and Fe** but in this case a direct B—B
interaction existed. This conclusion was confirmed
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also by the observation that, for example, in lithium
ferrite Lio.sFe;.504, in which the cation distribution was
ordered, no such broadening of the Fe lines was ob-
served.

To determine the sign of the effective magnetic fields
at the tin nuclei, we recorded the spectrum in a trans-
verse external magnetic field of 17 kOe (Fig. 1c) after
careful calibration of the scale of the spectrum in
terms of the velocities. It is evident from Fig. lc that
an external magnetic field reduced the separation be-
tween the Zeeman components. Consequently, the mag-
netic fields at the tin nuclei in the substituted nickel
ferrite Nii, 12sFe;.755n0.12504 had directions opposite to
the resultant magnetic moment of the B sublattice, and
the same sign as the fields at the iron nuclei at the
same positions.

Such a situation is obtained in ferrite spinels when
the Sn* ions are themselves at octahedral sites.®’ This
confirms our initial assumption made in the determina-
tion of the cation distribution on the basis of magnetic
measurements.

The calculated ratios of the intensities of the com-
ponents in the spectra of magnetized samples, shown in
Figs. 1b and 1c, do not provide evidence for the assump-
tion of a noncollinear distribution of spins of the mag-
netic cations, which induce the fields at the tin nuclei.
The magnitudes and signs of these fields allow us to
conclude that, in the present case, we are dealing with
two complementary mechanisms of the origin of these
fields. One mechanism is an indirect exchange genera-
tion of these fields by the A (Fe®*) cations via oxygen
anions (similar to that discussed in'®?), and the other is
a direct generation of the field by electrons of the near-
est B (Ni**) cations. In the second case, it is obvious
that delocalized tzg electrons of Ni** should have spins
opposite to the total spin of the cation and of the whole
B sublattice, and they should be partly mixed in the
s states of the Sn** ions in order that the fields induced
by these electrons should have signs opposite to the
moment of the sublattice without violating Hund’s first
rule for the Ni** ions.

It was remarkable that in external magnetic fields of
17 kOe a small peak at the center of the spectrum was
split. This was due to the influence of the external field
on the tin nuclei in SnO, which did not dissolve in the
lattice. The degree of splitting corresponded to the
value of the applied field.

The authors thank N. A. Grigoryan for carrying out
the magnetic measurements, and Yu. S. Sherbinin and
T. I. Larkin for their help in this investigation.
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