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The process of superparamagnetic relaxation of ferrite nanoparticles (Co,Zn)Fe2O4 was observed with the
Mossbauer spectroscopy (80-773 K) and described by a two-level relaxation model. Simultaneous fitting of the
Mossbauer spectra for a wide range of temperatures enabled a clear evaluation of the theoretical model and also
determination of the relaxation rate for each temperature. The analysis of temperature dependence of relaxation
rate allowed to estimate an anisotropy constant for the studied ferrite.
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1. Introduction

Nanoparticle ferrites form a group of innovative ma-
terials with wide prospects for applications [1-3]. Due
to nanosize of particles they exhibit a variety of prop-
erties which are different from those observed for bulk
form [4-9]. One of these specific properties is superpara-
magnetism. For small enough particles thermal energy
is sufficient to change the direction of the resultant mag-
netic moment of a particle. Due to strong sensitivity to
magnetic fluctuations, the Mdssbauer spectroscopy is a
suitable technique to observe and investigate such effect.
Observation time of this technique (107 s) is compara-
ble with relaxation time in many compounds in acces-
sible temperature range. In this study the Modssbauer
spectroscopy was used to investigate superparamagnetic
relaxation phenomenon in nanoferrites (Co,Zn)FezQOy.

Ferrites form a spinel structure described by the
general formula AB2O4 [10-13] in which metal ions
(including Fe) reside in two sublattices: A sublattice in
tetrahedral oxygen neighbourhood and B sublattice in
octahedral surrounding (Eq. (1)):

tetrahedral  octahedral
A B (1)
(Co1—y—2Zn,Fe,)(Fea_,Co,)0y.

Because Fe atoms most strongly interact with ions
from a counterpart sublattice, the largest influence on
magnetic behaviour of Fe atoms in A sublattice comes
from the 12 nearest metal ions from B sublattice and on
Fe atoms in B sublattice — from 6 nearest metal ions
from A sublattice. It was assumed that both iron and
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cobalt magnetic ions give similar contribution to hyper-
fine parameters of the iron atoms in the neighbouring
sublattice. Replacement of magnetic Co or Fe ions with
non-magnetic Zn ions causes strong reduction of the hy-
perfine magnetic field on Fe nuclei which are surrounded
by Zn. The Zn atoms show very strong preference to oc-
cupy A sublattice [14] so they influence only Fe atoms in
B sublattice. Fe atoms in A sublattice do not have Zn
atoms as nearest neighbours. There are seven different
surroundings of Fe atoms residing in B sublattice, cor-
responding from 0 to 6 Zn atoms in neighborhoods [15],
with contributions determined by binomial distribution

(Eq. ()
P = ()= par

n=6, k=06, (2)
where P(k) is the probability of finding k& Zn atoms in
the nearest neighbourhood of Fe atoms from B sublat-
tice, pa — corresponds to the probability of finding Zn
atom in A sublattice, in this case ps = z, see Eq. (1).

In ferrite structure Co occupies preferentially B sub-
latice [14] forming an inverted spinel. However in nano-
ferrites it happens that a fraction of Co atoms goes to
A sublattice and thus forms a partially inverted spinel.
Parameter z (Eq. (1)) contains information on the degree
of spinel inversion. In the Md&ssbauer spectrum it decides
on the ratio of contributions of sextets attributed to A
and B sublattices.

2. Experimental methods

The samples of (Coj_,—.Zn,Fe,)(Fea_.Co,)0y
cobalt—zinc nanoferrite have been synthesized by chemi-
cal co-precipitation method, as described elsewhere [16].
Samples with x = 0.2 and 0.4 were used for the Moss-
bauer studies of superparamagnetic relaxation. X-ray
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diffraction (XRD) analysis, using Cu K, radiation,
confirmed the spinel structure. Scanning electron
microscopy was used to estimate the particle size. The
Mossbauer spectra were recorded at temperatures from
80 K to 773 K, using a °"Co(Rh) source and a computer
driven constant acceleration mode spectrometer. The
measurements below room temperature were carried out
in a cryostat under helium atmosphere with 100 Pa pres-
sure, those above room temperature in the Mdssbauer
furnace in vacuum 10 Pa. Velocity scale was calibrated
using high purity natural iron foil. Isomer shifts were
established with respect to the center of gravity of the
room temperature iron Mdssbauer spectrum.

3. Results and discussion

The exemplary Mossbauer spectra taken for
Cop.gZngoFesOy4 at different temperatures are shown
in Fig. 1. Significant changes in spectra shape were
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registered with the increase of temperature. Line
broadening is evident and, at sufficiently high tempera-
tures, a collapse of the magnetic hyperfine field to the
quadrupole doublet is observed which can be explained
as a consequence of superparamagnetic relaxation.

Two-level  superparamagnetic relaxation model
[5, 17-18] was used to describe the spectra.  This
model is ideal for describing the particle’s magnetic
moment which changes its direction to the opposite one
infinitely fast but randomly in time, remaining parallel
or antiparallel to the easiest magnetisation axis of the
particle.

Analytic expression for the absorption cross-section
o(w) (where w is a frequency of nuclear radiation) of the
Méssbauer line for this model is given by Eq. (3) [5]:
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57Fe Mossbauer absorption spectra for Cog.sZng.2FexO4 ferrite (crosses) described by the two-level relaxation
The stick diagrams show the line positions and their relative intensities.

Exemplary positions of

lines corresponding to A and B sublattices are marked for 295 K spectrum. The relaxation rate p is indicated for each

temperature.
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where w = (Ij—l—i(%—l—p), w = w—%, FEy is the en-
ergy of the resonance transition, o, — the effective ab-
sorber thickness, Iy — the width of the excited nuclear
level. The coefficients C, are the intensities of the respec-
tive transitions. The changing with temperature param-
eter, relaxation rate p, has the decisive influence on the
shape of theoretical spectrum in this model. For low fre-
quencies, p < |w,|, one gets a well defined magnetically
split spectrum. With increase of relaxation frequency the
spectrum shape is changing: the lines become broadened
and a contribution of inner lines increases. For the fast
relaxation limit the spectrum collapses into a single cen-
tral line or a quadrupole doublet with narrow lines.

The described above two-level relaxation model
was applied in simultaneous fitting procedure of the
Mossbauer spectra for different temperatures, by CERN
minimizing computer procedure MINUIT. For each
spectrum, eight Zeeman sextets were assigned: one
corresponding to Fe atoms in A sublattice and seven
sextets corresponding to Fe atoms in B sublattice,
with contributions determined by binomial distribu-
tion (Eq. (2), Table I). For the presented composition
(z = 0.2) only five sextets give a non-negligible contribu-
tion to the total spectrum (Fig. 1). Additionally, it was
assumed that the Zeeman sextets for B sublattice corre-
sponding to increasing consecutive numbers of Zn atoms
in the nearest neighbourhood of Fe atoms, differ by
constant values in hyperfine interaction parameters AB,
AIS, AQS (changes of hyperfine interaction parameters
due to one Co or Fe ion by Zn ion replacement) (Ta-
bles I, II). Simultaneous fitting of the spectra for a given
sample measured at different temperatures allows to
describe these spectra using a common set of parameters
connected with horizontal scale; hyperfine interactions
and line widths (Table II). Obviously, it is necessary
to take into account the change of these parameters
with temperature. A linear temperature dependence of

isomer shift, 7S(T), and quadrupole splitting, QS(T),
with common value of the slope coefficients AIST
and AQST, respectively, for all sextets was assumed.
Obtained from fits values of these dependences AIST =
(—0.584 x 1073 £ 0.025 x 103) mm s~! K~ is very
close to a theoretical value (—0.725 x 1073 mm s~! K1)

coming from  second order  Doppler  shift.
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Fig. 2. (a) The temperature dependence of magnetic

field Bo(T) (without Zn ions in the nearest neighbour-
hood) acting on Fe nuclei in B sublattice, (b) the tem-
perature dependence of the change of magnetic field on
Fe nuclei in B sublattice AB(T") caused by replacing one
magnetic ion by a non-magnetic Zn ion.

TABLE I

Hyperfine interaction parameters (B — hyperfine field, IS — isomer shift, QS — quadrupole splitting) of the Zeeman
sextets corresponding to the number k of Zn ions in the nearest neighbourhood of Fe atoms in B sublattice. C' denotes

the contributions of sextets calculated from binomial distribution (Eq. (2)).

T = 473 K based on parameters obtained from fit.

The presented values were calculated for

k 0 1 3 4 5 6

C %] 26.2 39.3 24.6 8.2 15 0.2 0.0

By [T] (£0.5) 44.49 39.00 33.51 28.02 22.53 17.04 11.55

IS, [mm/s] (£0.05) 0.26 0.22 0.19 0.15 0.12 0.08 0.04

QSi [mm/s| (£0.05) 0.034 —0.002 —0.038 —0.074 ~0.110 —0.146 —0.182
TABLE II

Fitted parameters related to the horizontal scale of the Mossbauer spectra. SL — sublattices, B — magnetic field, 1.5
— isomer shift, @S — quadrupole splitting, AB, AIS, AQS — changes of hyperfine interaction parameters due to one
magnetic ion replacement by Zn ion, I' — the Zeeman line widths. All values correspond to 473 K temperature.

SI B [T] | IS [mm/s] | QS [mm/s| | AB [T] | AIS [mm/s] | AQS [mm/s| | Iy [mm/s] | I> [mm/s] | I3 [mm/s]
(£0.5) | (£0.02) | (£0.02) | (£0.5) | (£0.01) (0.01) (£0.01) | (+0.01) (£0.01)
A 42.31 0.16 —0.005 - - -
A, B 0.426 0.468 0.496
B 44.49 0.26 0.034 —5.49 —0.036 —0.036
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TABLE III

The values of the Mdssbauer hyperfine interaction parameters of Cog.sZng.2Fe2O4 calculated, for given temperature,
based on the fitted temperature dependences, B — hyperfine field, .S — isomer shift, @S — quadrupole splitting.
Hyperfine field for sublattice B corresponds to zero Zn ions in the nearest neighbourhood of Fe atom. AB — change
of magnetic field caused by a replacement of one magnetic ion by Zn ion in the nearest neighbourhood of Fe ion in B

sublattice. p is the relaxation rate obtained from fits.

T |[K] | Sublattice | B [T] (£0.5) | IS [mm/s| (£0.02) | QS [mm/s] (£0.02) | AB [T] (£0.5) | p [I'/h] (£0.1)
A 51.26 0.39 —0.011
80 B 53.45 0.49 0.027 —-1.11 0.00
A 50.36 0.35 —0.011
1 .
50 B 52.55 0.45 0.029 —2.06 0.00
A 49.67 0.32 -0.010
200 B 51.86 0.42 0.029 —2.67 0-00
A 48.87 0.29 —0.009
2 .02
50 B 51.06 0.39 0.030 —3.33 0.0
A 48.00 0.26 —0.008
2 .
9 B 50.19 0.36 0.031 —3.86 0.08
A 42.31 0.16 —0.005
473 B 44.49 0.26 0.034 —5.49 0-12
A 36.77 0.10 —0.003
2
573 B 38.95 0.20 0.036 —5.82 0-20
A 28.91 0.04 —0.002
A4
673 B 31.10 0.14 0.038 —5.46 047
A 23.96 0.01 —0.001
2 1.
23 B 26.14 0.11 0.038 —4.93 76
A 18.24 —0.01 0.000
773 1
B 20.42 0.09 0.039 —4.12 6000
placement of the magnetic ion in the nearest neighbour-
hood by a nonmagnetic Zn ion, is proportional to tem-
1,51 perature and to the field value By (without Zn ions in
the nearest neighbourhood) (Fig. 2a, Table I) for a given
temperature (Fig. 2b, Table III). Such assumption was
£ 1,0 the simplest way of describing the observed dependences.
= No temperature dependence of AIS, AQS was consid-
Q 05 ered. The only independent parameters for each spec-
™~ trum are: two parameters of the vertical scale (base and
- amplitude) and the relaxation frequency p, which is char-
00- n = acteristic for each spectrum and which we want to de-
’ termine. Very strict limitation of the number of fitted
0 260 460 660 860 pararpeters allowed to test how the applied two—lev'el re-
laxation model could describe the shape of experimen-
T [K] tally observed spectra (Fig. 1). The decisive parameter
. . influencing the shape of the theoretical spectrum is the
Fig. 3. Temperature dependence of the relaxation rate relaxation rate, p. Values of this parameter obtained

(black squares) obtained from the description of experi-
mental spectra by two-level relaxation model. Solid line
presents theoretical dependence given by the Arrhenius
law.

A value for quadrupole splitting AQST = (0.017x 1073+
0.048 x 1073) mm s~! K~! indicates a very weak tem-
perature dependence of quadrupole splitting. The tem-
perature dependence of the magnetic field, B(T), was
described with a third order polynomial (Fig. 2a), with
common, excluding the zeroth, coefficients for all sex-
tets. It was assumed that the change of the magnetic
field, AB at Fe nuclei in B sublattice, caused by a re-

for each temperature, as a result of simultaneous fitting
of the used model to the set of spectra, are presented in
Figs. 1, 3 and in Table III. For temperatures above 673 K
the spectrum shape is determined by relaxation effects
(the collapse of the magnetic hyperfine field is visible)
which is the reason why the values of hyperfine interac-
tion parameters shown in Table III do not correspond
directly with the shape of the spectrum.

The temperature dependence of relaxation rate p is
described by the Arrhenius law (Eq. (4)):

KV

p:poeikBiT_ (4)
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Here, po is the fluctuation rate, K is the magnetic
anisotropy constant, V is the particle volume, T —
temperature and kg is the Boltzmann constant. By
fitting this dependence to experimental data (Fig. 3)
one can obtain an estimate of K, if particle size is
known [19]. For particle size 40 nm an anisotropy con-
stant K = (5000 & 1000) J/m? was obtained.

4. Conclusions

Using a two-level relaxation model it was possible to
describe the character of temperature changes of experi-
mental Mossbauer spectra. The procedure of simultane-
ous fitting of several spectra for different temperatures
allowed to determine the parameters of temperature de-
pendence of hyperfine interaction parameters, and con-
sequently to calculate these parameters for A and B
sublattices, for all temperatures (Table III). As a re-
sult of fitting, the value of spinel inversion parameter
2z =0.80+0.02 (Eq. (1)) was obtained, which indicates
that all Co atoms are located in B sublattice. Determi-
nation of superparamagnetic relaxation rate for different
temperatures allowed to estimate magnetic anisotropy.

Acknowledgments

The research was funded by Polish Ministry of
Science and Higher Education Grant no. 7150/E-
338/M /2018 and was carried out with the equipment pur-
chased thanks to the financial support of the European
Regional Development Fund in the framework of the Pol-
ish Innovation Economy Operational Program (contract
no. POIG.02.01.00-12-023/08).

References

[1] E.S. Murdock, R.F. Simmons, R. Davidson, IEEE
Trans. Magn. 28, 3078 (1992).

[2] LS. Lyubuthin, N.E. Gervits, S.S. Starchikov,
Chun-Rong Lin, Yaw-Teng Tseng, Kun-Yauh Shih,
Cheng-Chien Wang, [.-Han Chen, Yu.L. Ogarkova,
N.Yu. Korotkov, Smart Mater. Struct. 25, 015022
(2016).

3]

(4]

(5]
(6]
(7]

18]
(9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

F. Hu, K.W. MacRenaris, E.A. Waters, E.A. Schultz-
Sikma, A.L. Eckermann, T.J. Meade, Chem. Com-
mun. 46, 73 (2010).

P. Didukh, J.M. Greneche, A. Slawska- Waniewska,
P.C. Fannin, Ll. Casas, J. Magn. Magn. Mater. 242-
245, 613 (2002).

M.A. Chuev, J. Phys. Condens. Matter 23, 426003
(2011).

S.W. Lee, C.S. Kim, J. Magn. Magn. Mater. 303,
€315 (2006).

E.J. Choi, Y. Ahn, S. Kim, D.H. An,
K.U. Kang, B.G. Lee, K.S. Baek, H.N. Oak,
J. Magn. Magn. Mater. 262, L198 (2003).

H.N. Oak, K.S. Beak, Y. Jo, Solid State Commun.
100, 467 (1996).

A. Ghasemi, V. Sepelak, S.E. Shirsath, X. Liu,
A. Morisako, J. Appl. Phys. 109, 07TA512 (2011).

W.H. Bragg, Philos. Mag. 30, 305 (1915).

S. Nishikawa, Proc. Tokyo Math.-Phys. Soc. 8, 199
(1915).

B.R. Babu, T. Tatarchuk, Mater. Chem. Phys. 207,
534 (2018).

T.R. Tatarchuk, N.D. Paliychuk, M. Bououdina,
B. Al-Najar, M. Pacia, W. Macyk, A. Shyichuk, J. Al-
loys Comp. 731, 1256 (2018).

R.C. O’Handley, Modern Magnetic Materials, Wiley,
New York 2000.

T.A.S. Ferreira, J.C. Waerenborgh, M.H.R.M. Men-
donca, M.R. Nunes, F.M. Costa, J. Solid State Sci.
5, 383 (2003).

T.R. Tatarchuk, M. Bououdina, N.D. Paliychuk,
I.P. Yaremiy, V.V Moklyak, J. Alloys Comp. 694,
77T (2017).

H.H. Wickman, in: Mdssbauer Effect Methodology,
Vol. 2, Ed. I.J. Gruverman, Plenum, New York 1966.

M. Blume, J.A. Tjon, Phys. Rev. 165, 446 (1968).

R.S. de Biasi, L.H.C. Cardoso, Physica B 407, 3893
(2012).


http://dx.doi.org/10.1109/20.179719
http://dx.doi.org/10.1109/20.179719
http://dx.doi.org/10.1088/0964-1726/25/1/015022
http://dx.doi.org/10.1088/0964-1726/25/1/015022
http://dx.doi.org/10.1039/B916562B
http://dx.doi.org/10.1039/B916562B
http://dx.doi.org/10.1016/S0304-8853(01)01044-7
http://dx.doi.org/10.1016/S0304-8853(01)01044-7
http://dx.doi.org/10.1088/0953-8984/23/42/426003
http://dx.doi.org/10.1088/0953-8984/23/42/426003
http://dx.doi.org/10.1016/j.jmmm.206.01.042
http://dx.doi.org/10.1016/j.jmmm.206.01.042
http://dx.doi.org/10.1016/S0304-8853(03)00224-5
http://dx.doi.org/10.1016/0038-1098(96)00443-7
http://dx.doi.org/10.1016/0038-1098(96)00443-7
http://dx.doi.org/10.1063/1.3553777
http://dx.doi.org/10.1016/j.matchemphys.2017.12.084
http://dx.doi.org/10.1016/j.matchemphys.2017.12.084
http://dx.doi.org/10.1016/j.jallcom.2017.10.103
http://dx.doi.org/10.1016/j.jallcom.2017.10.103
http://dx.doi.org/10.1016/S1293-2558(03)00011-6
http://dx.doi.org/10.1016/S1293-2558(03)00011-6
http://dx.doi.org/10.1016/j.jallcom.2016.10.067
http://dx.doi.org/10.1016/j.jallcom.2016.10.067
http://dx.doi.org/10.1103/PhysRev.165.446
http://dx.doi.org/10.1016/j.physb.2012.06.017
http://dx.doi.org/10.1016/j.physb.2012.06.017

