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Crystal and electronic structure of the composite compound
Bi;_xLasFe;_yMn,O;3,, according to X-ray diffraction

and X-ray electron spectroscopy
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1. Introduction

Multiferroics are materials that simultaneously possess
magnetic, ferroelectric, and ferroelastic order parameters,
with coupling between them [1]. The interest in multi-
ferroics is primarily attributable to the possibility of their
practical application. In the case, for example, of the
coexistence of ferroelectric and magnetic orders in such
materials, it is possible to change the magnetic properties
when exposed to polarization by an electric field and vice
versa. This property opens up wide prospects for the use of
such materials in electronics. Therefore, the study of the fea-
tures of electric and magnetic systems in multiferroics and
their manifestations in various effects important for practical
application is an important fundamental scientific task.

The most widely studied multiferroics are oxides with
a perovskite structure with the general formula ABOj;.
One of the most well-studied compounds of this type by
various methods are bismuth ferrite BiFeO3; and lanthanum
manganite LaMnOs.

Bismuth ferrite BiFeOs (BFO) belongs to rhombohedrally
distorted perovskites (symmetry group R3c); it has an elec-
tric dipole long-range ordering at room temperature [2-5].
Its ferroelectric properties are preserved at temperatures,
according to various data, up to T, ~ 1103K [6], or
T. ~ 1123 K [7]. However, the spiral magnetic ordering of
ions Fe** in the direction [111] persists at significantly lower
temperatures, Ty =~ 640K [8].

The valence state of iron ions in BFO (bismuth ferrite)
and related compounds doped with divalent barium, cal-
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cium, or strontium ions was a subject of debate [9-11],
until it was rigorously demonstrated in Ref [12] that BFO
contains exclusively trivalent iron, provided no oxygen
vacancies are present in the material’s crystal structure.
In cases where oxygen vacancies appeared in the crystal
structure of BFO, Fe?* ions were detected in the samples,
as evidenced by characteristic changes in the X-ray photo-
electron Fe2p-spectrum [9].

Lanthanum manganite LMnO; (LMO), is characterized
at room temperature by either orthorhombic phases (Pnma
or Pbnm) or rhombohedral phase R3c depending on the
type and concentration of defects. LaMnOjs is both an
insulator and an antiferromagnet [13] due to the superex-
change bond between ions Mn**, and the value of its
temperature Ty is ~ 480K [14-16].

At the same time, numerous solid solutions based on
LaMnOs3 not only exhibit properties characteristic of mul-
tiferroics, but also possess tremendous magnetoresistance.
The valence state of manganese ions in LMO and related
compounds obtained by partial substitution of trivalent
lanthanum with either trivalent bismuth ions La;_yxBixMnO3
or divalent ions La;_xBxMnO3 (B = Ca,Sr,Ba) has also
been the subject of extensive discussions [11,17]. The
effect of temperature on the valence state of manganese
was established in Ref. [18] using YMnOj; as an example:
heat treatment of a sample initially containing only Mn3*
ions led to the appearance of additional Mn** ions in the
crystal lattice.

The heterostructure of BFO/LMO is another unique
compound [19,20]. The authors showed in Ref. [19] that
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BFO/LMO composite compounds contain phase-separated
compounds BiFeO3; and LaMnO;. The phase BiFeOs3
phase has a rhombohedral structure R3c, and the phase
LaMnOs; has a rhombic structure Pnma. The Pnma
structure exhibits a slight reduction in lattice cell size in
the BFO/LMO composite materials. The valence state
of Fe and Mn ions in BFO/LMO composite compounds
was also studied by X-ray photoelectron spectroscopy in
Refs. [19,20]. The authors disputed the possibility of an
excessive magnetic moment caused by the coexistence of
charge states Fe?*/Fe’* or Mn3*/Mn** due to the formation
of oxygen vacancies. According to their findings, Mn and
Fe ions in the BFO/LMO compound exist exclusively in the
3+ charge state [19,20).

It is generally assumed that the unique properties of
multiferroics with a perovskite structure, which include a
rare earth element and a transition metal, are attributable
in whole or in part to the local magnetic moments of
ions with 3d- (transition metals), 4f- and 5f- (rare earth
elements) shells and their interaction with collectivized
electrons of the outer shells. This understanding explains
the growing interest in studies investigating the nature of
this phenomenon, particularly regarding the valence states of
manganese and iron and their role in the unique properties
of these materials. Given the lack of a unified theory
describing the properties of such materials, determining
the valence states of manganese and iron ions in BFO,
LMO, and their derived compounds remains a crucial
and timely research challenge. Our previous studies of
iron-containing [10,12] and manganese-containing [11,17,21]
multiferroics demonstrated the possibility of determining
the valence state of transition metal ions using Fe2p-
and Mn2p-X-ray photoelectron spectra.

The purpose of this paper is to study the crystal structure,
elemental composition, and valence state of the cations of
the composite compound Bi;_yxLaxFe;_yMnyO3,, by X-ray
electron spectroscopy and X-ray diffraction.

2. Experimental part

2.1. Sample preparation

Sample of Bi;_yxLayFe;_yMnyO3,, was prepared by two-
stage solid-phase synthesis from a stoichiometric mixture of
oxides Biy O3, Fe,03, Lay O3, Mny 03 (chemical purity of all
oxides not less than 99.9 %) at temperatures of T; = 750°C
(r =4h) and T, =950°C (r =4h).

2.2. X-ray diffraction data

X-ray diffraction data were acquired using Rigaku
Ultima IV diffractometer with filtered Cu-K,radiation
with 6-20-scanning in the angle range of 20 < 20 < 60°.
The structure refinement was performed using the Rietveld
full-profile method with the FullProf software, employing a
pseudo-Voigt function for peak fitting.
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Figure 1. Fragment of the X-ray diffraction profile of a ceramic
sample of Bij_yLaxFe;_yMnyOs,, at room temperature. The
Miller indices are given for the cubic phase Pn-3m

The X-ray diffraction profile of a ceramic sample of
Bij_xLayFe;_yMnyO3,, was analyzed at room tempera-
ture. As evidenced by the shape and splitting of XRD
reflections (Figure 1), the sample Bi;_xLayFe;_yMnyO3
crystallizes in a cubic phase with space group Pm3m
(No. 221). All reflections are single, and correspond
to the cubic perovskite phase characteristic of the high-
temperature lanthanum manganite phase.

Cubic cell parameters a =3.910A (Aa=0.001A),
V =59.75A3 (AV = 0.02A%). Positions of atoms (in cell
fractions): Bi/La (la: 0,0, 0); Fe/Mn (1b: 0.5, 0.5,0.5);
O (3c: 0.5, 0.5, 0).

Since the experimental volume of the cell
Bij_xLayFe;_yMnyO3,, is less than the cell volume for
pure BiFeOs, but greater than the volume of pure LaMnOs3,
62.45 > 59.75 > 58.57A3, it can be argued that La3*
and Mn* ions are embedded in the cationic A and B
sublattices of bismuth ferrite, replacing ions Bi** and Fe3*.

2.3. X-ray photoelectron spectroscopy data

Preparation of the surface of the test sample
Bij_xLaxFe;_yMnyO3,, for X-ray photoelectron spec-
troscopy studies was performed by mechanical scraping
with a diamond scraper at a pressure of 107° Pa in the
preparation chamber of the analyzer. Spectra of internal
levels Fe2p-, Mn2p-, La4d-, La3d-, Bi4f-, Ols- and Cls-
were acquired using monochromated AlK, X-ray radiation
with an energy of 1486.6 eV using a surface analysis system
ESCALAB 250 with X-ray microprobe. The size of the
X-ray spot on the sample was 500 um. The spectra were
acquired in 0.1eV increments. The positive charge of
the sample during spectral measurements was corrected
by additional irradiation of the sample surface with slow
electron beams. The bond energy scales of the XPS spectra
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were calibrated relative to the carbon line Cls, the bond
energy of which was assumed to be 285eV.

The elemental composition of the samples was deter-
mined from the intensities of the Mn2p-, Fe2p-, Ladd-,
Bi4f- and Ols Xray photoelectron lines using the
ESCALAB 250 system software. The following procedure
was used to determine the atomic concentrations taking
into account the presence of several components in the
intensity of the analytical line Ols. A series of element
concentrations were determined for each sample with fixed
input intensities of the Mn2p, Fe2p, Ladd, Bi4f lines and
different intensities of the main component of the Ols
line, corresponding to oxygen incorporated into the sample’s
crystal lattice.

The concentrations of the elements were calculated
employing the standard approach [22,23] using the ratio:

li/(I°T(E))
i/ (15°T(Ey))

Here |; are the integral intensities of the analytical lines
of the XPS, and I is the empirically acquired atomic
sensitivity coefficients for the XPS [24], T ~E_/* is
the hardware coefficient, which takes into account the
dependence of the transmittance coefficient of the energy
analyzer on the electron kinetic energy [23,24]. The
background was subtracted using the Shirley method [22).

The profiles Mn2ps/ 12 of the X-ray photoelectron
spectra show that the studied samples contain manganese
ions of different charges: Mn3* and Mn** [11,21,25]. We
determined the relative fractions of Mn3*/Mn** ions in
the samples using the Mn2p;3/; 1,2 spectral profiles and
following the methodology in Refs. [26,27]. The method
for determining the relative proportions of ions is described
in the next section. Knowledge of atomic concentrations
and ion charges made it possible to determine the charge
balance A, ie., the sum of the charges of all cations
(Bi**, Fe*, La’*, Mn®* and Mn*") and anions (O?7) in
the structural unit of the sample. Figure 2,a, b, c shows
the calculated dependences of element concentrations on
the oxygen nonstoichiometry parameter ¢ for the sample of
Bi;_xLaxFe;_yMnyO3,,. Figure 2, c shows the dependence
of the balance of charge A on o.

According to the method proposed in Refs. [26,27], the
elemental composition of the sample is determined for
a value o at which the structural unit of the sample is

Ci(at. %) = % 100 %. (1)

Ion concentrations and formula composition of the sample of
Bij—xLax Fei_yMnyOs,, acquired from the electron neutrality
condition of the sample (XPS)

Bil 7xLaxF617yMnyO3+g
La Bi Mn Fe (0)

Sample

Concentration, at.% 8.16 | 1743 | 1231 | 2.87 | 59.23

Formular COl’npOSitiOIl Bi17_43La3_ 16F62_87Mn1231 059_23
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Figure 2. Element concentrations calculated for the sample of
Bij_xLaxFe;_yMnyO;,, and the total charge Ay of all ions in
the structural unit of the compound at different values of the
nonstoichiometry parameter ¢. The concentrations of elements
in the sample were determined with Aq = 0. The corresponding
nonstoichiometry parameter o = —0.04.

electrically neutral. The requirement for the electroneu-
trality of the sample is satisfied if, in Figure 2,c, the
value o is selected, which corresponds to A = 0 (point N
in Figure 2,c¢). A vertical straight line passing through
the point N will cross the graphs of Mn, Fe, and Bi
concentrations; these intersection points give the desired
concentrations of the elements. The ion concentrations
calculated in this way for the samples studied in this study
are shown in the following table.

3. Results and discussion

Figure 3 shows the Xray photoelectron spec-
tra of levels Ols and Bi4f in the sample of
Bij7.43La3 16Fe2.87Mn12.31059 23 after background subtrac-
tion. It can be seen that the spectrum of the 1s-level
of oxygen has two components, designated as A-529.4eV
and B-531eV. The component with a bond energy of
529.4¢eV is attributed to oxygen in the crystal lattice of
the studied compound. The components with a bond
energy of 531eV belong to the adsorbed oxygen or OH
groups [28-31].

The spectrum of Bi4f is a doublet consisting of two
peaks of Bi4f7, and Bi4fs,, separated by an energy
interval of 5.2eV due to spin-orbit splitting of the 4f -level.
The more intense Bi4f;,, line has a bond energy of
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Figure 3. Bi4f- and Ols are X-ray photoelectron spectra of a
composite sample of Bil7_43LagA16F62_87Mn12_3105923.

158.8 eV, and the less intense Bi4fs,, peak has a bond
energy of 164 eV. Such bond energy values are characteristic
of bismuth bound to oxygen in the crystal lattice and
correspond to Bi in the trivalent state [23].

Figure 4,a, b show Ladd and La3d spectra of sample of
Biy7.43Lag 16Fe2.87Mn 23105923 and on the panel with La3d
spectrum for La,Os compound [21]. Ladd is the X-ray
photoelectron spectrum shown in Figure 4,a, constitutes
a spin doublet. The more intense La4ds,, line has a bond
energy of 102eV, and the less intense La4ds,, line has a
bond energy of 104.9eV. The vertical bars represent the
calculation results for La** ion.

The experimental La3d spectrum of the studied
Biy7.43Lag 16Fe2 87Mni2.31059 23 compound (circles) shown
in Figure 4,b is compared with the spectrum of La’* ion
calculated in Ref. [21] taking into account charge transfer
satellites. It can be seen that the calculated La3d-spectrum
reproduces well the main features of the experimental
spectrum. It should be also noted that La3d-spectrum for
Bi17.43Lag_16Fe2.87Mn12_31059 acquired in this study, agrees
well with the spectra of La,O3; and Big 17Lag s4Mng 3303 40
compounds acquired earlier in Ref. [21], in which lanthanum
is in the trivalent state. The spectrum of LayOs3 is
reproduced in Figure 4, c.

These data allow drawing a conclusion that lanthanum
in Bi17_43Lag.16F62_87Mn12.31059_23 COl’npOllIld is in a charge
state 3+.

Figure 5,a shows the experimental X-ray elec-
tron Fe2p-spectrum acquired from the surface of the
Biy7.43Lag 16Fe2 37Mn13 3105923 composite compound. It
can be seen from Figure 5,a that the experimentally
acquired X-ray photoelectron spectrum of 2p-level of the
iron level for the sample of Bij7 43Lag j6Fez.87Mnj2.31059.23
has two maxima A and C corresponding to Fe2ps)
and Fe2p;,,, spin-doublet levels, as well as charge transfer
satellites designated B and D. The main maximum of the
A-Fe2ps,, spectrum for the Bij7.43Lag 16Fe2 87Mn12.31059.23
compound has an energy of 710.5eV. This is the value of
the bond energy, and most importantly, the presence of
a characteristic charge transfer satellite B at a distance of
8.3¢eV from the main line A correspond to the iron ion in
the trivalent state.

Figure 5,b shows the experimental X-ray electron
2p-spectrum of a single crystal of PbFe;,;Nb;,,03; in
which iron ions are in the trivalent state. 2p-spectra
of Biy7.43Lag 16Fe2.87Mn12.31059 23 and PbFe;,sNb; 203 are

Bi;; 43Lag 16Fe; g7Mny5 31059 23
B Lad4d a

o
o

860 870 880
Binding energy, eV

830 840 850

Figure 4. Spectra of La3d-, Ladd-levels for
Bii7.43Lag 16Fe2 87Mni23105923  composite  compound  and
spectrum of La3d-level for La,O3 compound [21]. Experimental
data are shown by circles, calculated data are shown by columns
and a solid line.
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compared in Figure 5 with the Fe2p-spectrum of Fe’* ion
calculated in Ref. [12]. The calculation in Ref. [12] takes into
account the spin-orbital splitting of the 2p-level, multiplet
splitting due to the interaction of electrons of 3d-subshell
with a 2p-vacancy, charge transfer satellites and level split-
ting due to the crystal field of the atoms of the environment
in octahedral coordination. The good match of the acquired
2p-spectrum with the calculation and agreement with the
shape of the Fe2p-spectrum of the trivalent iron for a single
crystal of PbFe;/,;Nb;,,03 confirm the conclusion that iron
ions in the Bi17.43Lag_16Fe2.87Mn12_31059.23 COl’npOllIld are
in the state Fe3*.

Figure 6 shows the experimental Mn2p-spectrum of
the Bij7.43Las 16Fe2.87Mnj2.31059.23 compound and results
of its decomposition into components corresponding to
2p-spectra of Mn3* and Mn** ions. MnyO3(Mn3*)
and SrMnO; (Mn**) spectra were used as basis spectra
for spectral decomposition, with both spectra norma-
lized to identical total intensity. = Experimental profiles
of Mn2p-spectra in Mn,O3; with trivalent manganese ion
and SrMnO;3 with trivalent manganese ion were acquired
in Refs. [11,21,25].

The spectrum was adjusted in a spectral region that
captures only the Mn2p;3,, peak, nevertheless, a good corre-
spondence of the synthesized spectrum to the experimental
one was acquired over the entire spectral range. It should
also be noted that no restrictions were imposed on the
optimized contributions when optimizing the contributions
of the spectra of trivalent and tetravalent Mn ions. At
the same time, the sum of the optimal contributions of
Mn3* and Mn** spectra turned out to be equal to 1, which
indicates the sufficient reliability of the procedure used.

Bi;; 43Lag jgFe; g7Mny5 3105953 @

PbFe, ,)Nb; ;05 b

%,
2y

T BT J;qu. i

705 710 715 720 725 730
Binding energy, eV

735 740

Figure 5. FeZplevel spectra for Bij7.43Lag 16Fes 87Mnis.31059.23
composite compound and single crystal of PbFe;»2Nb;,203. Ex-
perimental data are shown by circles, calculated data for Fe** ion
are shown by columns and a solid line [12].
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Figure 6. Experimental Mn2p-spectrum of sample of
Bij7.43Lag 16Fe2.87Mnj2310s9.23  (circles) and superposition of
2p-spectra of Mn3"O; and SrMn*"O; (solid line). The dashed
and dotted lines show the contributions of components Mn>*
and Mn*", respectively.

The fractions of trivalent and tetravalent manganese ions
for Bij7.43Lag 16Fe2.87Mnj231059.23 compound acquired as
a result of spectrum decomposition were 0.65 and 0.35,
respectively.

4. Conclusion

Bij7.43Lag 16Fe2.87Mnya.31 Os923 compound was synthe-
sized. The lattice cell parameters were studied by X-ray
diffraction. ~The elemental composition determined by
X-ray photoelectron spectroscopy shows a slight oxygen
deficiency of o = —0.04 the presence in the sample of
Bil7,43La8,16Fez,g7Mn12,31059,23. Analysis of the proﬁle of
the Fe2p-spectrum showed the presence of only trivalent
iron in the sample. At the same time, the analysis of the
profile of the Mn2p spectrum showed the presence of both
trivalent and tetravalent ions in the sample. The fractions of
Mn3* and Mn** ions are 0.65 and 0.35.
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