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Structural and Magnetic Study of Liquid-Nitrogen-Quenched MnFe,0,

Sunghyun Yoon *
Department of Physics, Gunsan National University, Gunsan 54150, Korea

(Received 3 February 2026, Received in final form 11 March 2026, Accepted 12 March 2026)

We have studied structural and magnetic properties of standard bulk MnFe,O,4 by using XRD, SQUID, XPS,
and Fe Mossbauer spectroscopy throughout wide temperature range from 20 K up to magnetic transition tem-
perature. High-quality bulk sample was prepared by employing a conventional ceramic method followed by
rapid liquid nitrogen quenching through which we could avoid the creation of unnecessary secondary phase.
Furthermore, we tried to keep the consistency in measurements by obtaining the Mdssbauer spectra using single
spectrometer all along the temperatures examined. By taking account of both the facts that the B-site Fe*" ion
could have various cations (Mn and Fe) neighbor distribution and that the inversion degree of the sample was
low, we could satisfactorily analyze the data and explain the temperature behavior of Mossbauer parameters.
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materials for supercapacitors and batteries [1], elec-
trodes [2], catalysts [3], carbon reduction [4], pollutant
remediation [5]. Their properties are known to vary dra-
matically due to the critical impacts of the morphology,
crystal, magnetic structures, and the site occupancy and
valence states of the constituent transition metals. Previ-

1. Introduction

Oxide spinel is one of vast oxide groups containing
transition metal ions, where the tetrahedral (A) sites and
the octahedral (B) sites are among the face-centered
close packed array of 32 oxygen ions. Of these, only 8

tetrahedral sites and 16 octahedral sites are occupied by
metal atoms, making up 8 molecules in the formula of
ABOy,, that is, 56 atoms form unit cells. Manganese fer-
rites have been extensively investigated as potential

ous studies have shown that MnFe,0y is a ferrimagnetic
cubic mixed spinel. Tetrahedral and octahedral site pref-
erence of Mn** and Mn** ions bring about the formula
(Mn*"|_Fe’*))[Mn*" \Fe*"\Fe’*, ,]O, (v = degree of
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inversion), where the parenthesis and square bracket rep-
resent the tetrahedral (A-) and the octahedral (B-) sites,
respectively [6,7].

Most of recent studies have focused mainly on materi-
als of high functional forms, i.e., nanoparticles or thin
films, so the effects such as superparamagnetism and
inter-grain interactions overwhelm the fundamental prop-
erties of materials [8-10]. In this study, high-quality bulk
sample has been synthesized and the its Mdssbauer spec-
troscopic characteristics are investigated. In particular, by
carrying out measurements from low temperatures to
magnetic transition temperature 7y with a single spec-
trometer, we intend to ensure the consistency of the
measurements and to find out the consistent characteris-
tic variations over a wide range of temperatures.

II. Experiments

The MnFe,O4 sample used in this study were synthe-
sized by a conventional solid-state reaction followed by
liquid nitrogen (LN2) quenching. Appropriate amounts
of MnO, and Fe,O; powders was mixed with agate and
pestle, compressed into a pellet, heat-treated at 1,100 °C
in air, and subsequently dropped into boiling LN2. This
method has a benefit of avoiding the generation of sec-
ondary phase during the cooling stage [11]. In order to
confirm the crystal structure of the synthesized sample, a
powder X-ray diffraction (XRD) pattern using CuKa
radiation was obtained at room temperature. In order to
investigate the macroscopic magnetic properties, the
magnetic hysteresis curve was obtained in the £1T
range using a vibrating sample magnetometer (VSM) at
room temperature, and the saturated magnetization M,
the coercive force Hc, and the magnetic anisotropy con-
stant K were obtained. Charge states of constituent ions
were monitored by X-ray photoemission spectroscopy
(XPS). In order to examine the microscopic magnetic
properties at the atomic scale, Mdssbauer spectra have
been taken from 20 K up to magnetic transition tempera-
ture using a conventional transmission-type spectrome-
ter using *’Co source diffused in the rhodium matrix at
room temperature. All velocity scales were calibrated
using o~Fe foil.

III. Results and Discussion

Rietveld refinement using the GSAS package was per-
formed on the powder XRD profile of the synthesized
sample, and the result of analysis is shown in Fig. 1. The
diffraction pattern was consistent with previously pub-
lished studies [12], and the sample showed no traces of
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Fig. 1. (Color online) GSAS refinement of MnFe,O,4 prepared
by LN2 quenching.

Fig. 2. (Color online) Local coordination of A- and B-site in
MnFe,0, prepared by LN2 quenching.

impurities. It was confirmed that the sample had a cubic
structure with a space group Fd/3m and its lattice con-
stant was a = 8.51245 A. Fig. 2 depicts interatomic bond
lengths and angles for A- and B-sites of the sample.
While the A-site was regular tetrahedron, octahedral site
showed trigonal distortion along [111] direction despite
its structure is overall cubic.

Fig. 3 shows the room-temperature M-H curve of
MnFe,0,. By fitting the high-field part of the hysteresis
curve to the law of approach to saturation, we could get
the optimum values of saturation magnetization Mg =
81.2 emu/g and magnetic anisotropy constant K = 1.09 x
10° J/m*® which fall in the ranges reported by previous
studies [13]. Coercive force Hc was as low as 40 G indi-
cating that the sample is already in multi-domain crite-
ria due to its high sintering temperature. Fig. 4 displays
the XPS analysis results of MnFe,O4 samples. It is
noticeable that considerable amounts of Fe** and Mn**
present despite the normal spinel nature of MnFe,O, by
which Mn*" and Fe** have been reported to preferen-
tially occupy the A- and B-site, respectively [14].
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Fig. 3. (Color online) Room-temperature M-H curve of
MnFe,0, prepared by LN2 quenching.
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Fig. 4. (Color online) Results of XPS analysis for MnFe,O4
prepared by LN2 quenching.

Mossbauer spectra taken from 20 K to the paramag-
netic transition temperature could be fitted by the super-
positions of two sub-spectra stemming from the A- and
the B-sites, which means this sample is not a perfect
normal spinel. In the composition of MnFe,O, where
there are twice as many B-sites as A-sites, it is not pos-
sible that the absorption area of A-site exceeds that of B-
site. Therefore, we can ascribe the smaller sub-spectrum
with larger hyperfine magnetic field to Fe** ions at A-
site, whereas the other major sub-spectrum to those at B-
site. Given the inversion degree x, the probability for an
Fe** ion at B-site to have n A-site Fe** ions as nearest
neighbors P(x, n) (n = 0 to 6) is given by the following
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Fig. 5. (Color online) Typical Mdossbauer spectra of the
MnFe,O,4 sample taken at low temperatures.
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Fig. 6. (Color online) Typical Mdgssbauer spectra of the
MnFe,0, sample taken at high temperatures.

binomial distribution function:
P(x, n) = ¢Cy x" (1 = x)*" (D
Then the magnetic hyperfine field at B-site Fe*" nucleus with
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Fig. 7. (Color online) Temperature variation of Mdssbauer
parameters of MnFe,O,4 prepared by LN2 quenching.

n Fe** neighbors can be written simply as Hy — (6 —n)AH
where H, and AH were fitting parameters. Since the
inversion degree x is low, the A-site sextet was presumed
to be a single component. Superposing these component
spectra from multiple environmental configurations of
Fe** ions with the weight of P(x, n), we can get resultant
spectra as illustrated in Figs. 5 and 6. Néel temperature Ty
was taken as a temperature where the sextets collapsed
and singlet (or doublet) emerged. From Fig. 5, a spectrum
taken at 600 K looks an overlap of doublet with a narrow
sextet. With further increasing the temperature, however,
a spectrum composed of a singlet and a doublet observed
at 615 K. As has been mentioned in Fig. 2, the singlet and
the doublet originate from Fe’* ion located at the regular
tetrahedron and the trigonally distorted octahedron,
respectively.

Fig. 7 depicts temperature variation of various Moss-
bauer parameters. Throughout the whole temperature
range examined, the magnetic hyperfine field Hy¢ of A-
site was found out to be stronger than that weigh-aver-
aged for B-site. Some previous studies of MnFe,O, have
reported that the hyperfine field of B-site is generally
stronger than that of A-site [15]. In this spinel structure,
however, the A-site comprised 12 B-site neighbors while

- 147 -

the B-site comprised 6 A-site neighbors. When the inver-
sion degree x is low, B-site Fe** ions do not have suffi-
cient number of A-site Fe’* ions as neighbors, which
could lead to the relation Hy,{A) > Hn{(B). For all the
temperatures, the electric quadrupole splitting Eq values
of A-site was effectively zero because its local symme-
try was regular tetrahedral coordination. As can also be
seen from Fig. 7(b), however, the low temperature sub-
spectra of B-site were fitted well with zero Eq despite
the trigonally distorted structure while we can observe
doublet of non-zero Eg above Ty. This discordance can
be explained as follows: when there exists magnetic
order, Eq could be averaged to zero as the principal axes
of EFG tensor could take any direction with respect to
hyperfine magnetic field. Non-zero Eq has been observed
as soon as the hyperfine magnetic field disappeared. Iso-
mer shift values in Fig. 7(c) indicated that the valences
of iron ions were all trivalent. In contrast to the XPS
results. the isomer shift values revealed that no traces of
Fe?* were identified. This could possibly be due to the
different measuring time windows of Mdssbauer spec-
troscopy (~107'° s) and X-ray spectroscopy (~107"° s).
[16] Finally, as can be calculated from Fig. 7(d), the
inversion degree retains ~0.37 all the way through the
temperature examined.

IV. Conclusion

We have synthesized high quality MnFe,O, powder
sample through a solid-state reaction followed by a rapid
LN2 quenching. XRD showed that the MnFe,O, had a
cubic spinel structure though the local symmetry of the
B-site was trigonally distorted along [111] direction.
Result of VSM measurement showed ferrimagnetic
behavior with Mg = 81.2 emu/g, K = 1.09 x 10° J/m’,
and Hc = 40 G, respectively. XPS analysis showed the
presence of Fe** and Mn®* ionic state. Mossbauer spec-
tra were analyzed as a sum of contributions from possi-
ble neighboring Fe*" ion distribution around each site.
Due to the neighboring Fe** distribution and low inver-
sion degree, hyperfine magnetic field at A-site was
stronger than that of B-site. Isomer shift values indi-
cated that the ionic valence of iron was only +3, which
is in contrast to the result of XPS. Ratio of absorption
area indicated that the inversion degree maintained
~0.37.
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