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>’Fe NMR and spin structure of manganese ferrite
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NMR of *’Fe in five MnFe,0, single crystals with different degrees of inversion was measured in liquid He
temperature. At the zero external field, two lines originating from Fe3* ions on the octahedral sites are observed
at 68.7 and 71.1 MHz, while the line at 72.0 MHz, the amplitude of which increases with increasing inversion,
is ascribed to Fe** ions on the tetrahedral sites. Measurement in the external field shows that the spin structure
is in accord with the Goodenough-Kanamori rules. This contradicts to an abnormal spin structure which Shim
et al. [Phys. Rev. B 75, 134406 (2007)] proposed recently on the basis of >’Fe NMR measured in polycrys-
talline manganese ferrite. Reinterpretation of the NMR in polycrystalline compounds is given.
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I. INTRODUCTION

Manganese ferrite has a partially inverted spinel
structure and its formula may be written as
(Mn,_Fe,),[Fe,_,Mn, |;0,, where A and B denote tetrahe-
dral and octahedral sublattices, respectively. The inversion
parameter y depends on the preparation method and on a
thermal treatment; in currently prepared single crystals,
0.06<y<0.3 is found;"? while in the polycrystals prepared
at low temperatures from the water solution, y may be as
high as y=0.52.3 The valency of manganese on the A sublat-
tice is 2+ and that of iron is 3+. On the B sublattice, the
valency of the Mn and Fe is less obvious, but commonly
[{Mn3+Fez+}yFegf2y]B is used to express corresponding va-
lence states. It is generally accepted that the dominating ex-
change interaction in spinel ferrites is the antiferromagnetic
A—B superexchange.*> The Mn?* and Fe’*, which occupy
the A sites, have half filled 3d shell (electronic configuration
3d° with spin S=5/2 and zero orbital momentum corre-
sponding to 5ug/f.u.) and their magnetic moments are ex-
pected to point in the same direction, antiparallel to the B
sublattice magnetization. The moments of the Mn** and Fe?*
on B sites (having four and six electrons, respectively) pos-
sess magnetic moment of 4up. If the above given valence
states are accepted, the spin magnetic moment m; per f.u. in
Mg is connected with the inversion parameter by the relation

mg=5-2y, (1)

which was approved in a number of Mn ferrites with differ-
ent y2. Manganese ferrite is well studied experimentally® and
recently several theoretical calculations of the exchange in-
teractions in this compound appeared.”® From these studies,
it follows that the exchange interactions in the Mn ferrite
comply with the standard Goodenough-Kanamori rules.*> It
was thus very surprising when in a recent paper Shim et al.'®
proposed a complex spin structure of partially inverted man-
ganese ferrite that contradicts the Goodenough-Kanamori
rules.

Shim et al.'° studied the dependence of °’Fe NMR on the
external magnetic field B,,, at liquid helium temperature for a
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polycrystalline manganese ferrite. At zero magnetic field, the
spectrum consists of two broad lines centered at =~68.8 and
71.4 MHz. When the external magnetic field is applied, the
higher frequency line splits in a less intensive line, frequency
of which increases with B,,, and a more intensive line with
decreasing frequency. The authors believe that the line,
which appears at 71.4 MHz for B,,=0, originates from
Fe’*(B) while the one with smaller frequency comes from
Fe’*(A). The splitting of the 71.4 MHz line in an external
field then means that there are two types of Fe’*(B) ions with
mutually antiparallel spins. Once this picture is adopted, the
comparison with previous NMR experiments leads to a con-
clusion that on the A sites the spins of Mn?** and Fe** ions
should also be antiparallel.

Recently, we performed a systematic study of the °'Fe
NMR in the Mn,Fe;_ O, system, a short summary of which
will be published elsewhere.!! In this Brief Report, the NMR
spectra of five x=1 high quality single crystals with different
inversion parameters are presented. The important informa-
tion overlooked by Shim et al.'® is the angular dependence of
NMR of 3’Fe on the B sites that was measured by Kovtun et
al.,'* when studying the 'O NMR in Mn ferrite. Combining
the result by Kovtun et al. and our past and present measure-
ments, we show unambiguously that the spin structure
of the manganese ferrite is the one expected from the
Goodenough-Kanamori rules. We also reanalyze the results
of Shim et al.'” and show that their incorrect interpretation of
S’Fe NMR spectra was caused by neglection of rather large
angular dependence of the B-site Fe’* ion NMR resonance
frequency.

II. EXPERIMENT

The single crystals used in this study were grown by pull-
ing the optically heated floating zone through the sintered
polycrystalline rods (of ~5 mm in diameter) as described
elsewhere.!? The wet chemical analysis of the iron and man-
ganese contents determined in the final single crystals were
within £3% to the original compositions of the polycrystal-
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TABLE I. Inversion parameter y,,,, determined by Jirdk et al.
(Ref. 1) and the magnetic moment per f.u. of five single crystals
used in this study.

Sample 1 2 3 4 5
Ynom 0.06 0.13 0.19 0.21 0.24
my (ug) 4.84 4.74 4.63 4.58 4.52

line rods. The inversion parameters y of these samples were
determined earlier by Jirdk er al.! using the neutron scatter-
ing and their values are given in Table I. The magnetic mo-
ments m, were found to be in fair agreement with Eq. (1) and
are also listed in Table I.

S"Fe NMR spectra were measured by the spin-echo
method using the phase-coherent pulse spectrometer with an
averaging technique and the Fourier transformation. The
signal-to-noise ratio was significantly improved by using the
Carr-Purcell pulse sequence. The excitation conditions were
selected so that only the nuclei in the domains contribute to
the signal and the correction for the finite spin-spin relax-
ation time was made. In Fig. 1, the >’TFe NMR spectra, of the
five compounds at zero external field and liquid helium tem-
perature, are displayed.

III. DISCUSSION

The local symmetry of the A site in the spinel structure is
cubic and the nuclear spin of the >'Fe nuclei is 1/2. As a
result, the single NMR frequency of ferric ion on the A site is
independent of the magnetization direction. The situation on
the B sites is different: the local symmetry is trigonal with
the C; axis parallel to one of the cube diagonals.* There are
four such diagonals; thus, for general direction of the mag-
netization, four NMR lines appear. Corresponding resonance
frequencies are given by

fres:f0+fl(1 -3 COSZ 01*),

where f; and f; are parameters and 6; is the angle that mag-
netization makes with the trigonal axis of the ith type of the
B site.

Kovtun et al.'”> measured angular dependence of the reso-
nance frequency of >’Fe located on the B sites, with magne-
tization confined to the (110) plane. In Fig. 2, corresponding
experimental points are displayed. We used Eq. (2) to fit the
experiment (full curves in Fig. 2) and resulting values of the
parameters are f,=70.074 MHz and f;=0.878 MHz.

The easy direction for the magnetization of the Mn ferrite

is [111]. As seen from Fig. 2, for MI[111] two NMR lines
originating from Fe** on the B sites are expected. The line B,
corresponds to the sites for which the local trigonal axis ¢
is parallel to MI[111]. Sites with ZI[111],[111],[111]
give rise to line B, and the intensity ratio of B; and B,
lines is thus 1:3. As seen in Fig. 1, the centers of these
lines are at f(B;)=68.67 MHz and f(B,)=71.11 MHz. The
difference f(B,)—f(B,)=2.44 MHz gives a value of aniso-
tropy parameter f; equal to 0.914 MHz, which agrees well
with the value deduced from the results of Kovtun et al.'? B,

i: 192’3’4’ (2)
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FIG. 1. (Color online) >’Fe NMR spectra of the five MnFe,O,
single crystals (Table I) at zero external field and liquid helium
temperature. For better clarity, the spectra were displaced vertically.

and B, lines in our measurements are shifted to lower fre-
quencies by 0.4 MHz, which is expected. The measurement
of the angular dependence was performed in the external

field B,,=0.5 T, which is parallel to the magnetic moment of
the B sublattice and it will induce a negative shift of the
NMR frequency of °'Fe nuclei on the B sublattice as com-
pared with our zero field measurement on single crystals—
see Fig. 1.

In addition to the B; and B, lines, the third line at
72.0 MHz is detected. The amplitude of this line increases
with increasing inversion parameter y (i.e., with the number
of A sites occupied by iron) and it is thus natural to attribute
this signal to Fe’*(A) ions. As the spins of Fe3*(A) ions are

antiparallel to the magnetization and thus also to B,,, the
resonance frequency of this line should increase linearly with
increasing B,,, once the sample is fully magnetized. This
behavior was indeed observed.!!

The spectra in Fig. 1 may be decomposed in three lines
B,,B,, and A using a Gaussian broadening. The integrated

FIG. 2. (Color online) Angular dependence of the NMR fre-
quency f,,, of Fe’* ions on the B sites. ® is the angle between the
magnetization and [001] direction. Symbols are the experimental
data taken from Fig. 3 of Ref. 12, and full curves are our fits to Eq.
(2) with f,=70.074 MHz and f;=0.878 MHz.
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FIG. 3. (Color online) B, line of y,,,,=0.06 single crystal. Full
curves correspond to the experiment, dotted curves to the main and
satellite lines, and the dashed curve is their sum. Part of the spec-
trum is multiplied by 10 to show the resonance of '’O nuclei.

area 7 under each line should be proportional to the number
of resonating nuclei, which allows an independent estimation
of the inversion parameter

INMR  _ 1(A) 3)
2-2yxwr Z(B)

Comparison of yyyr With the nominal one shows that the
inversion is underestimated by NMR. This is clearly seen for
samples with small inversion, where the lines are well
separated—y estimated from Eq. (3) are 0.03 and 0.07 for
crystals with nominal inversions 0.06 and 0.13. For higher
inversion, the disagreement is smaller, but the decomposition
is burdened by the large overlap of the lines and their clearly
nonsymmetrical shape. A possible explanation of the dis-
agreement is the Fe3*(A)-Fe?*(B) cross relaxation. The local-
ized, octahedrally coordinated Fe?* ion has considerable or-
bital momentum. As a consequence, its nuclear spin relaxes
very fast and it cannot be detected by NMR. Occurrence of
Fe** on the A sublattice, occupied otherwise by Mn”*, rep-
resents an extra positive charge, while Fe?*(B) brings an ex-
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FIG. 4. (Color online) NMR of *'Fe in MnFe,O, polycrystal at
zero external magnetic field. Circles correspond to the experiment
(Ref. 10), dashed and dotted curves are contributions of B- and
A-site ferric ions, and the full curve is their sum.
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FIG. 5. (Color online) NMR of 3’Fe in MnFe,O, polycrystal at
B,,,=0.85 T. Circles correspond to the experiment (Ref. 10), the
full curve is the contribution of Fe3*(B) ions obtained from Eq. (4),
and the dashed curve is its convolution with the Gaussian distribu-
tion. Dotted curve is the signal from Fe*(A) ions. The ratio of
integrated areas Z(A)/Z(B) corresponds to ynyr=0.42 deduced
from the zero field spectrum (Fig. 4).

tra negative charge to the B sublattice. For this reason, there
should be an attractive Fe’*(A)-Fe?*(B) interaction, leading
to a nonrandom distribution of Fe’*(A)-Fe?*(B) pairs. As-
suming that the cross relaxation is effective, the ferric ions
trapped in such a pair will not contribute to the NMR signal.
As the inversion increases, the number of Fe**(B) becomes
bigger and, as a consequence, the extra negative charge starts
to delocalize. The delocalization causes gradual disappear-
ance of the orbital momentum and thus the Fe?*(B) relax-
ation rate decreases and the cross relaxation becomes
ineffective.

For small inversion, the disorder in the system is not large
and the NMR lines are narrow. This makes it possible to
observe a satellite structure, especially for the B; line, which
is well isolated. In Fig. 3, the B, line is displayed for the
crystal with the smallest inversion. The signal is decomposed
on the main line and a satellite line having the same width.
The satellite most probably corresponds to those Fe**(B)
ions that have five Mn and one Fe neighbor on the A site.
The inversion parameter deduced from the ratio
ZI(sat)/Z(main) equals to 0.028, close to the value deduced
from Z(A)/Z(B). Comparison between the experimental and
fitted spectra reveals a possible unresolved satellite at
~68.4 MHz. It could correspond to Fe**(B) ions with one
Mn3*(B) neighbor. Interestingly, we also detected the NMR
signal of 70 nuclei at ~67.96 MHz. This corresponds well
to the frequency determined by Kovtun et al.'

IV. NMR IN POLYCRYSTALS

In zero external field, the magnetization in the domains is
along the easy [111] direction and the NMR spectra of a
single crystal and polycrystal should be the same, providing
the system is the same. We thus fitted the NMR spectrum of
polycrystalline MnFe,O, as given by Shim et al.'® by fixing
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the resonance frequencies of the three NMR lines at values
obtained from our single crystal spectra: f(B;)=68.7 MHz,
f(B,)=71.1 MHz, and f(A)=72.0 MHz and varying their
linewidths and the inversion parameter y. The Gaussian half-
widths thus obtained equal to 0.34 MHz for B lines and
0.40 MHz for the A line, while the inversion parameter de-
termined from Eq. (3) equals to 0.42. As seen in Fig. 4, the
agreement of experimental and calculated spectra is fair.

If an external magnetic field is applied, the situation is
different. In a polycrystalline system, for B,,, sufficiently
large to saturate it magnetically (for MnFe,O, corresponding
B, is =0.3 T) and assuming that the crystallites are ran-
domly oriented, an averaging over all possible orientations is
necessary in order to obtain the form of the NMR spectra.
Due to the cubic symmetry of the A sites, the NMR fre-
quency is isotropic in this case and such averaging does not
influence the Fe**(A) signal. For the B site, local symmetry
of which is trigonal the amplitude A of the normalized signal
at frequency f is given by'*

i3
R . . )
12f, \/{1 —f—_fOJ

fi

To compare this theoretical signal with the experiment, a
convolution with the broadening function should be made.
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We take the anisotropy parameter f;=0.914 MHz deduced
from our measurements and assume that the broadening
function has the Gaussian character. As seen in Fig. 5, an
example of the spectrum taken at B,,,=0.85 T, this procedure
qualitatively explains the form of the signal obtained by
Shim et al.

V. CONCLUSIONS

Analysis of the NMR spectra of five MnFe,0, single
crystals shows that the spin structure of this ferrite is the one
expected and it complies with the Goodenough-Kanamori
rules. The incorrect interpretation of the experimentally ob-
tained spectra of the polycrystalline sample by Shim et al.
was caused by considering the low frequency tail of the
B-site Fe?* ion signal to be a third resonance line.
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