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Abstract—The results of the Mssbauer studies on 3’ Fe nuclei in multiferroics BiFe, _ 7,05 (T = Sc, Mn; x =
0, 0.05) in the temperature range of 5.2—300 K have been presented. The Mossbauer spectra have been ana-
lyzed in terms of the model of an incommensurate spatial spin-modulated structure of cycloid type. Informa-
tion has been obtained about the effect of the substitution of Sc and Mn atoms for Fe atoms on the hyperfine
parameters of the spectrum: the shift and the quadrupole shift of the Mdssbauer line, the isotropic and aniso-
tropic contributions to the hyperfine magnetic field, and also the parameter of anharmonicity of the spatial

spin-modulated structure.
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1. INTRODUCTION

Bismuth ferrite (BiFeO;) occupies a unique posi-
tion among multiferroics which simultaneously
exhibit magnetic and ferroelectric ordering. High tem-
peratures of the magnetic (7 = 643 K) and ferroelec-
tric (T = 1103 K)) transitions allow their wide applica-
tion based on the magnetoelectric effects [1]. BiFeO;
has an incommensurate spatial spin-modulated struc-
ture (SSMS) of cycloid type [2] that determines its
magnetic properties. Recently, it was found that a par-
tial substitution of atoms of transition 3d elements for
Fe atoms does not substantially decrease the Néel
temperature 7y and the Curie temperature 7, but
markedly improves its electrical and magnetic proper-
ties (e.g.,[3—11]).

These results show that multiferroic BiFeO; with
insignificant containment of the transition metal
impurity can be promising for applying in magneto-
electric devices. That is the reason why the studies of
bismuth ferrites doped with transition-metal atoms
attract high interest.

It is well known that the Mossbauer spectroscopy is
effective in studies of local atomic state and hyperfine
interactions of their nuclei. In recent works [12—14], it
was shown that the Mossbauer spectroscopy is also an
effective method of diagnostics and studying SSMS,
along with nuclear magnetic resonance. The methods
of Mossbauer spectroscopy sensitive to the hyperfine
quadrupole interaction of nuclei in excited state makes

it possible to obtain information on features of SSMS
and to fairly accurately determine the parameter of
anharmonicity of SSMS of the cycloid type [12].

The aim of this work is to study the influence of the
substitution of Sc and Mn atoms for Fe atoms on the
spatial spin-modulated structure and the hyperfine
interactions of YFe nuclei in multiferroic BiFeO,
using Mossbauer spectroscopy.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Polycrystalline samples of ferrites BiFe,_,7,0;
(T'= Sc, Mn; x = 0, 0.05) were prepared using the
solid-state ceramic technology described in detail in
[15]. The phase composition of the samples was deter-
mined using a PANalytical Empyrean X-ray diffrac-
tometer with Cuk, (A = 1.5405 A) radiation in the
Bragg—Brentano geometry. The measurements were
performed using a Pixel3D x—y detector with a Ni-fil-
ter on the diffracted beam. The X-ray diffraction pat-
terns were processed using the HighScore Plus pro-
gram and the ICDD PDF-4 database.

The Mossbauer spectra were measured on an
MS1104Em spectrometer operating in the constant
acceleration mode with a triangular form of varying
the Doppler velocity of moving the source with respect
to the absorber. The source was ¥’Co nuclei in the Rh
matrix. The Mossbauer spectrometer was calibrated at
room temperature using an a-Fe standard absorber.
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The measurements were performed in the temperature
range of 5.2—300 K in an SHI-850-5 JANIS
RESEARCH close-type helium cryostat and a small-
size cryogenic complex produced by VNIIFTRI. The
Mossbauer spectra were processed and analyzed using
a method of interpreting the spectra in terms of the
model of SSMS of cycloid type [12] that is realized in
the SpectrRelax program [16, 17].

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns of the
samples of synthesized substituted ferrites
BiFe, 5S¢ o505 and BiFe, osMn, ¢50O;.

The X-ray phase analysis confirms the formation of
the ferrites with a rhombohedral structure (space
group R3c). In this case, the X-ray diffraction patterns
demonstrate the formation of impurity phase
Bi,sFeOsq in small amounts, whose main reflections
are denoted by asterisks in Fig. 1.

Figure 2 shows the Mossbauer spectra of >'Fe
nuclei in studied ferrites BiFe, _ , 7,05 (T = Sc, Mn;

BiFe(.955¢0.0503

BiFe( 9sMng o503

20 30 0 50 60
29, deg

Fig. 1. X-ray diffraction patterns of the samples of synthe-
sized ferrites BiFeO_95500‘0503 and BiFeolgsMno_Oso}
The asterisks indicate the main reflections of the impurity
Bi,ysFeO39 phase.
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x =0, 0.05) measured at temperatures of 5.2 and 300 K.
At T'= 300 K, the spectrum contains the main partial
spectrum of the ferrite in the magnetically ordered
state (~96—92 at % Fe) along with a small (~2—3 at %
Fe) paramagnetic contribution (quadrupole doublet)
from >’Fe nuclei in BiysFeO;y and a small contribution
of magnetically ordered type (Zeeman sextet) from
Fe nuclei in a-Fe,0; (~2—5 at % Fe). In all the
cases, the main partial spectrum of the ferrite exhibits
the features related to the existence of a positive cor-
relation of the hyperfine magnetic field and he
quadrupole shift of the resonance lines due to the
rotation of the Fe atom spin in SSMS of the cycloid
type that is considered in detail in [12]. In this case,
the resonance lines of the spectra of substituted ferrites
BiFe 5S¢ 0sO; and BiFe;sMn; (sO; are slightly
more broadened than those in the spectrum of pure
ferrite BiFeO; (Fig. 2).

The Mossbauer spectra were interpreted in terms of
the model of SSMS of the cycloid type over entire
temperature range (5.2—300 K) lower than that the
magnetic phase transition temperature of the studied
ferrites [12]. In this model, according to [18, 19], the
dependence of angle ¥(x) between the antiferromag-
etism vector and the axis of symmetry in the structure
of bismuth ferrite BiFeO; on coordinate x along the
direction of the spin modulation for the positive sign
of the coefficient of uniaxed magnetic anisotropy K,
(the sign of K|, is discussed in more detail in [12]) is
represented by the equation

cosV(x) = sn(@x,m) at K, >0, (D)

where A is the wavelength of the anharmonic spin
modulation; 0 < m < 1 is the parameter of the Jacobi
elliptic function sn(x, m); K(m) is the total first-order
elliptic integral.

For every value of angle ¥(x) from the range of
variation in the coordinate x € [0, A] there is a reso-
nance absorption line in the form of a Zeeman sextet
with shift 8, quadropole shifts of the first order £(0)
and the second order a,(9) of smallness in the expan-
sion in terms of the energy of quadrupole interaction
and hyperfine magnetic field H,(8). Shift & of the
Zeeman sextet that is determined by the degree of
covalency of bonds and the dynamic properties of
Mossbauer atoms was taken to be independent of angle
V. The quadrupole shifts of the resonance line in a
inhomogeneous electric field with the axial symmetry
in the region of disposition of >’Fe nuclei in the struc-
ture of the studied ferrites in the first ¢(9) and the sec-
ond a.(0) smallness orders were taken to be [20]

2
() = £, 2205 V=1, @)

2
a.(9) =€, Y cos’ 9+ ésin2 9)sin® 9, (3)
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Fig. 2. Results of the mathematical treatment in terms of the model of anharmonic spin modulation of the Mdssbauer spectra of
7Fe nuclei measured at 5.2 and 300 K in ferrites BiFeO3, BiFe( 955¢ 9503, and BiFe( gsMn (505.

where g, is the quadrupole shift caused by the electric
field gradient induced by atoms surrounded the
nucleus; p, is the nuclear mageton; g, is g factor of
the excited state of a ’Fe Mossbauer nucleus. In for-
mula (2), we did not take into account additional pos-
sible shift €,,,,, that is due to a local lattice distortion
because of strong magnetoelectric interaction [21],
since, as is shown in [12], this additional shift can be
neglected. In the case of the uniaxial anisotropy of the
hyperfine interaction when it is fairly small, as is the
case with ¥Fe nuclei in BiFeO,, the hyperfine mag-
netic field at ’Fe H, () can be represented as

H,(®) = H, + H,,(3cos’(®) - 1)/2, 4)

where H,, is the isotropic contribution to the hyperfine
magnetic field H, that is mainly determined by the
contact Fermi interaction with s electrons polarized by
atomic spin and localized at a nucleus; H,, is anisotro-
pic contribution due to the magnetic dipole—dipole
interaction with localized magnetic moment of atoms
and the anisotropy of the hyperfine magnetic interac-
tion of the nucleus with electrons of the ionic core of
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the proper atom. It follows from Eq. (4) that the values
of hyperfine magnetic fields in the case when the mag-
netic moment of a Fe atom is parallel (H)) and perpen-
dicular (H,) to the axis of symmetry of the crystal
which were indicated in [12—14, 21] are related to the
isotropic and anisotropic contributions by simple rela-
tionships: H,= H;; + H,, and H, = H;,— H,,/2. When
interpreting the Mossbauer spectra in terms of the
model of SSMS of the cycloid type, we searched for
optimum values of all parameters of the hyperfine
interaction (8, €, H, H,,) and the parameter of
anharmonicity of the spin modulation (m).

Since bismuth ferrite BiFeO; has only one crystal-
lographically nonequivalent position of Fe atoms with
the same nearest cation environment from six Fe
atoms for all positions of a Fe atom, only one partial
spectrum in the model of SSMS of the cycloid type
corresponded to the Mossbauer spectrum of the ferrite
upon its interpreting. In the case of the substituted fer-
rites BiFe; 957} 0503 (T = Sc, Mn), their Mdssbauer
spectra were interpreted, assuming that there are three
partial spectra in the model of SSMS of the cycloid
Vol. 58
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Fig. 3. Isotropic contribution to the hyperfine magnetic
field on >’Fe nuclei in (bright circles) BiFe( 955¢( 0503
and (dark circles) BiFe 9sMn 4503 in the dependence on
number my of Sc(Mn) atoms in the nearest cation coordi-
nation shell of an Fe atom at 5.2 and 300 K.

type which correspond to iron atoms the nearest cat-
ion environment of which contains different numbers
of atoms of the T'impurity m;=0, 1, and 2. These par-
tial spectra corresponded to the model of unique
anharmonic spin modulation, in which spins of all
iron atoms take part. In this case, line shifts §, quadru-
pole shift g, anisotropic contributions H,, to the
hyperfine magnetic field, and anharmonicity parame-
ter m for these partial spectra were taken to be the
same, and the isotropic contributions H;, were taken to
be different. Upon the model interpretation, the ratios
of the intensities of the partial spectra of the substi-
tuted ferrites corresponded to binominal distribution
Py(my) of the T'impurity atoms according to a random
distribution of the 7 impurity atoms over positions of
iron atom in the bismuth ferrite structure:

Imy =0): I(my = 1) : [(my = 2)
= P(my =0): By(myp =1) : Fy(my = 2)
=73.5:23.2:3.1.

As is seen in Fig. 2, the description of the experi-
mental spectra in terms of the chosen model of SSMS
of the cycloid type with allowance for two low-inten-
sity partial spectra of impurity phases (Bi,sFeO and
a-Fe,0;) is good (with normalized x> = 1.0—1.2) over
entire temperature range under study. The results of
searching for optimal values of the parameters of
hyperfine interactions and the parameter of anharmo-
nicity of the spin modulation upon the model inter-
pretation in terms of the model of SSMS of the cycloid
type are presented in Figs. 3—6.
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Fig. 4. Temperature dependences of isotropic H;; and aniso-
tropic H,,, contributions to the hyperfine magnetic field on
57Fe nuclei in (crosses) BiFeO3, and also in (bright circles)
BiFe( 955c( 9503 and (dark circles) BiFeygsMng (503
for iron atoms in the cation environment of six Fe atoms
(mp=0).

Figure 3 shows the dependences of the isotropic
contribution to the hyperfine magnetic field on the
number of impurity atoms m, in the nearest cation
environment at temperatures 5.2 and 300 K. It is seen
that these contributions decrease almost linearly as m;
increases, and this decrease is observed most clearly at
room temperature. The substitution of one Mn or Sc
atom for one Fe atom in the nearest cation environ-
ment of a Fe atom decreases the isotropic contribution
to the hyperfine magnetic field by 22 + 2 kOe at 300 K
and by 10 = 3 kOe at 5.2 K. Isotropic contribution H;
to the hyperfine magnetic field on nuclei of all Fe
atoms, like as the average value of the spin, decreases
as temperature increases; in this case, contribution
H(my) for a Fe atom, whose nearest cation environ-
ment contains only Fe atoms, is almost the same as
that in the case of pure bismuth ferrite (Fig. 4).

The values of anisotropic contribution H,, ~ 3—

4 kOe to hyperfine field H, at the "Fe nuclei (Fig. 4)
obtained as a result of the interpretation demonstrate
strong anisotropy of hyperfine magnetic interactions
in the studied ferrites. The anisotropy of the hyperfine
magnetic field is usually associated with the dipole
contribution Hy;, that can be estimated in an approxi-
mation of localized magnetic moments of Fe. Using
the low-temperature structural data for ferrite BiFeO,
[22] and taking into account the features of its mag-
netic structure, we calculated dipole contribution
Hgy;, ~ 0.04 kOe that is significantly smaller than the
anisotropic contribution determined experimentally.
Note that anisotropic contribution H,, to the hyper-
fine field H, at ’Fe nuclei in ferrites BiFe, _ 7,05 (T =
Sc, Mn, x = 0, 0.05) slightly increases from ~3 to
~4 kOe (Fig. 4) with increasing temperature in the
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Fig. 5. Temperature dependences of shift & and quadru-
pole shift g, of the components of the Mossbauer spectra
of >"Fe nuclei in (bright circles) BiFe( ¢5S¢( 0503, (dark
circles) BiFej 9gsMng (503, and (crosses) BiFeO;. The

dashed lines in dependence &(7) correspond to the Debye
approximation in the description of the vibration spectrum

of >’Fe nuclei at Up = 420 K and to the classical limit.

range under study (5.2—300 K), which also cannot be
due to the dipole contribution, since the average val-
ues of the magnetic moments of the Fe atoms decrease
as temperature increases. Possible causes of the
observed anisotropy of the magnetic hyperfine inter-
actions in the studied ferrites can be related to an inter-
nal electron contribution that forms due to covalency
effects.

The Mossbauer line shifts 3, as well as the quadru-
pole shifts g,,, of the spectral components, for all the
substituted ferrites BiFe 57 (sO5 (7'= Sc, Mn) and
pure BiFeO; almost completely coincide with each
other over the entire temperature range studied
(Fig. 5). As temperature increases, Mossbauer line
shift 6 decreases, according to the temperature contri-
bution 0, due to the dynamic properties of the Fe
atoms. This behavior of the shift is described well in a
Debye approximation of the vibration spectrum of the
Fe atoms at the Debye temperature ¥, = 420 K
(Fig. 5). As is shown in [14], the observed high quad-
rupole shift (~0.23 mm/s) in BiFeO; and, therefore, in
BiFe; 957, 0sO3 (T = Sc, Mn) can be obtained when
calculating the electric field gradient tensor with
allowance for contribution of not only localized
charges. The insignificant decrease in quadrupole
shift g, with decreasing temperature observed experi-
mentally (Fig. 5) seems to be caused by the thermal
expansion of the ferrite lattice.

The interpretation of the spectra in terms of the
SSMS model of the cycloid type made it possible to
obtain the value of the anharmonicity parameter of
spin modulation m in the studied ferrites. As a result,
it was found that the anharmonicity parameter
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Fig. 6. Temperature dependences of anharmonicity
parameter m of the spin modulation in (bright circles)
BiFe( 95Sc( 0503, (dark circles) BiFej9sMng (503, and

(crosses) BiFeOs.

increases (at 7= 5.2 K, from m = 0.27 = 0.03 to 0.5—
0.6) as impurity atoms (Mn or Sc) are substituted for
Fe atoms in the BiFe O, structure (Fig. 6). In this case,
the anharmonicity parameter of substituted ferrites
BiFe( 9570503 (T = Sc, Mn), as is the case with
BiFeO; [13], decreases by ~0.1—0.2 as temperature
increases. Such behavior of anharmonicity parameter
m is due to the change in the constant of uniaxial mag-
netic anisotropy K, and the energy of nonuniform
exchange interaction E, ., = Aq?, where A is the con-
stant of inhomogeneous exchange (exchange hard-
ness), and g = 27t/\ is the wave number. According to
[23], parameter m is related to coefficient K, and
energy E.,, by the relationship

2

mK*(m) = n K, (5)
4 E
As follows from Eq. (5), the increase in the anharmo-
nicity parameter of spin modulation m as impurity
atoms (Mn or Sc) are substituted for Fe atoms in the
BiFeO; structure can be caused by both the increase in
the anisotropy coefficient K, because of the formation
of local structural distortions and the decrease in the
energy of exchange interaction E,, . As for the decrease
in m with increasing temperature, it seems to be due to,

first, the decrease in anisotropy coefficient K,,.

exch

4. CONCLUSIONS

The influence of the substitution of Sc and Mn
atoms for Fe atoms on the spatial spin-modulated
structure and also hyperfine electric and magnetic
interactions of >Fe nuclei in multiferroic BiFeO; has
been studied using Mossbauer spectroscopy. As a
result, the following was stated. The structure of the
Vol. 58
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substituted ferrites contains the iron atom positions in
the first cation coordination shell of which there are
one or two impurity atoms. The substituted ferrites
BiFe, 5S¢ o503 and BiFe; sMn, (sO; have the anhar-
monically modulated spin structure of the cycloid type
in which iron atoms with various cation environments
take part. As Sc or Mn atoms are substituted for Fe
atoms in the BiFeO; structure, the anharmonicity
parameter of the spin modulation increases (at 7 =
5.2 K, from 0.27 = 0.03 to 0.5—0.6). As temperature
increases from 5.2 to 300 K, the anharmonicity
parameter decreases by 0.1—0.2. As one Mn atom or
one Sc atom are substituted for one Fe atom in the
nearest cation environment of a Fe atom, the isotropic
contribution to the hyperfine magnetic field decreases
(by 22 + 2 kOe at 300 K and by 10 £ 3 kOe at 5.2 K),
but, in this case, the anisotropic contribution, the
quadrupole shift, and the Mossbauer line shift are not
noticeably changed.
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