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Abstract—The structural, microstructural, and magnetic properties of aluminum—manganese oxide in the
ratio Mn : Al = 1 : 1 in the well-crystallized and nanoheterogeneous states have been investigated. This oxide
is obtained under various thermal treatment conditions and at different partial pressures of oxygen. The com-
position and cation distribution of the manganese and aluminum ions in spinel sites are determined. It is
shown that the studied compound is a ferrimagnet with the Curie point 7¢ = 26 K.
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1. INTRODUCTION

Physical properties of manganese oxides are cur-
rently of great interest because of the prospects of
potential use of these materials for high-density mag-
netic recording, in electrochemical facilities, in chem-
ical industry, etc. Particularly, the Al-Mn oxides are
used as the catalysts for the complete oxidation of CO
and hydrocarbons [1—4].

The specific features of the behavior of manganese-
containing mixed oxides are associated with their abil-
ity to loss or attach oxygen in particular temperature
ranges and media with the corresponding variation in
the degree of oxidation of manganese ions. As a con-
sequence, manganese-containing solid solutions with
the spinel structure decompose with the formation of
nanostructured states particularly due to the separa-
tion of the B-Mn;0, particles [5, 6]. The assumed
cause of such decomposition is the tendency of the
Mn3* cations to segregate due to the cooperative
Jahn—Teller effect.

We previously showed for the Mn, sAl, ;0,4 system
that the ordered spinel with the content of manganese
ions of the order of 50% decomposes to the nanostruc-
tured state, which is accompanied by the attachment
of oxygen and the variation in the degree of oxidation
of manganese [5, 6]. Particularly, it was shown using
the X-ray structural data [5] that the initial
Mn, Al 5O, system, being affected by a high temper-
ature in air, transforms into two spinel structures -

Mn;0, and Mn Al, ,0,. The investigation of mag-
netic properties of these systems can confirm and
complement the previous information on the features
of the structural transformations and the valence of
manganese in mentioned oxides. Manganese cations
in the Mn, sAl, sO, system are arranged both in the
octahedral and tetrahedral spinel sites. Therefore, the
investigation of the magnetic properties of this com-
position is of the separate interest since the attention
was paid in publications to the substitution of manga-
nese in one site (either in the octahedron or in the tet-
rahedron).

In this article, we present the results of studying the
structure, the microstructure, and the magnetic prop-
erties of the systems with the atomic ratio Mn : Al =
1 : 1 with the regular structure of spinel Mn, sAl, ;0,4
and in the nanoheterogeneous state obtained after the
thermal treatment.

2. EXPERIMENT
2.1. Preparation Procedure

The sample with the atomic ratio Mn : Al=1: 1
was prepared by the joint deposition of manganese and
aluminum hydroxides by ammonia from solutions of
AI(NO;); and Mn(NO;), under stirring with a rate of
550 min~! until pH = 10 was attained. Then the pre-
cipitate was aged at 70—80°C for 1 h. Then the residue
was filtered, washed with distilled water to pH = 6, and
dried at 120°C. The dried residue was triturated in a
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Fig. 1. Diffraction pattern of the initial Mn | 5Al; sO4 sam-
ple.

mortar and calcined at 300°C for 4 h. After this, the
powder was calcined in air at 700°C for 4 h and then in
argon at 1050°C for 4 h. Then the samples were cal-
cined in air at 700°C for 4 h. We further call such sam-
ple as calcined, while the initial sample is denoted as
Mn, sAl, 5O,.

2.2. X-Ray Diffractometry

The diffraction studies were performed using a D8
diffractometer (Bruker, Germany) using an Anton
Paar high-temperature X-ray chamber (Austria). The
diffractometer is equipped by the Gobel mirror
(Bruker, Germany), which forms a parallel X-ray
beam. We used Cuk, radiation with wavelength A =
1.5418 A.

The cell parameters and the structure were refined
using the POLYCRYSTAL program [7]. The contents
of manganese and aluminum ions in the solid solution
with the spinel structure were determined by the
dependence of the unit cell volume on the Mn : Al
ratio constructed with the use of the reference data (y-
Al,O;, y-Mn;0,, Mn,AlO,, and MnAl,O, [8]) in the
linear approximation. The average size of the coherent
scattering region (CSR) was determined by the Scher-
rer formula.

Table 1. Crystal structure of Mn, sAl; sO4

BALAEV et al.

2.3. Electron Microscopy

The high-resolution transmission electron micros-
copy (HRTEM) was used to obtain the detail informa-
tion on the sample morphology and the structure. For
these studies, we used a JEM?2010 transmission elec-
tron microscope with the resolution by the lines of
1.4 A and the accelerating voltage of 200 kV. The
phases were identified and their actual structure was
investigated using the electron diffraction in the sepa-
rated region. The Fourier numerical analysis was used
to analyze the HRTEM microphotographs.

2.4. Measurement of the Magnetic Properties

The temperature dependences of the magnetic
moment M(T) and the dependences of the magnetic
moment on the external field (isothermal M(H)) were
measured using the vibrational magnetometer [9].
Dependences M(T) were measured in cooling modes
to T'=4.2 K in the zero-field-cooled (ZFC) and field-
cooled (FC) modes. The samples (the powder) 10—
20 mg in weight were fixed in a measuring capsule with
paraffin. The data were corrected to the diamagnetic
capsule signal.

RESULTS AND DISCUSSION

3. 1. Structural Characteristics of the Initial Spinel
Mn, ;Al, O, and the Calcined Sample

Figure 1a shows the X-ray diffraction pattern of the
initial sample, and narrow peaks of the cubic phase
belonging to the spinel structural type (space group
Fd3m) are observed. The unit cell parameter was
8.285(1) A, and the CSR average size was more than
150 nm. The contents of the manganese and alumi-
num ions in the spinel-type solid solution were deter-
mined by the dependence of the reduced unit cell
volume on the content of the aluminum ions in
Mn, _ Al O, (Fig. 2a) constructed with the use of the
reference data [8]. It follows from Fig. 2 that the
reduced volume (a = 8.285(1) A, V* = 284.4 A3) cor-
responds to the composition Mn, sAl, sO,4. The crystal
structure was refined with varying the distribution of
the manganese and aluminum cations over the octahe-
dral (B) and tetrahedral (A) sites as well as of thermal
factors B, and oxygen atomic coordinates (x, x, x). The
results of calculation are presented in Table 1; invalid-
ity factor R; of the model was 1.5%. It is seen that the

Coordinate
Site Composition Population Thermal Ry factor, %
x y z parameter
A 0.7Mn + 0.3Al 0.125 0.125 0.125 1.0(1) 0.2(1)
B 0.8Mn + 1.2Al 0.5 0.5 0.5 1.0(1) 0.5(1) 1.5
(0] 40 0.263(1) 0.263(1) 0.263(1) 1.0(1) 1.3(1)
PHYSICS OF THE SOLID STATE Vol. 55 No. 7 2013
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Fig. 2. Composition dependences of the reduced unit cell
volume (a) in Mnj3_,Al,O4 at x = 0—2 and (b) in
Mng _ 34)/7A1,04 at x = 2.00—2.67. (1) Reference data for
MH304, Mn2A104, MHA1204, and A1203; and (2) the
experimental results.

manganese and aluminum cations are arranged iso-
morphically by the sites, which contain 0.7Mn + 0.3Al
in the tetrahedral sites and 0.8Mn + 1.2Al in the octa-
hedral sites, i.e., the Mn, sAl, ;0, chemical compound
can be written as (Mng;Alj ;)[Mng 4Al;¢],04, Where
the octahedral site is bracketed and the tetrahedral one
is parenthesized. Figure 3 shows the X-ray diffraction
pattern of the calcined sample. The Rietveld refine-
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Fig. 3. Diffraction pattern refinement using the Rietveld
method for the calcined sample. The models of (a) tetrag-
onal spinel B-Mn30, and (c) the mixture of the tetragonal
(Mn, gAl; ,04) and cubic (Mng 4Al, 4O4) spinels. (b, d)
Difference curves between the experiment and these mod-

els. The dashes denote the peak locations for the tetragonal
(Mn, gAlj ,04) and cubic (Mng 4Al, 4O,4) spinels.

ment shows the presence of two spinel-type phases. It
is seen that the model diffraction pattern of the B-
Mn;0,-type structure does not describe the experi-
mental data completely, and the peaks arranged at
angles 20 of 31.5, 37.1, 45.1, 56.1, and 66.2° remain
unrefined. These reflections are indexed in the face-
centered cubic cell with the parameter of 8.040(3) A.
The addition of the cubic spinel leads to the better
description of the experimental diffraction profile.
The results of refining the structural parameters are
presented in Table 2. The chemical composition of
mixed oxides was evaluated from the unit cell volume
reduced to one formula unit. The tetragonal
(Mn, (Al ,0,4) and cubic (Mn,,Al, ,O,) spinels in a
weight ratio of approximately 1 : 1 are present in the
calcined sample. The average CSR sizes were evalu-
ated to be 20 and 50 nm for Mn,Al,,0, and
Mn, 4Al, 4Oy, respectively.

3.2. Microstructural Characteristics

Figures 4 and 5 show the electron microscopy
images of the samples under study. The initial sample

Table 2. Results of refinement of structural parameters of the studied samples

Sample Phase composition Lattice parameters, A Reduced umt3cell CSR, nm
volume, A
Initial Mn, sAl; 504 (cubic spinel) a=8.285(1) 284.4 >150
Calcined Mn, ¢Al, ,O, (tetragonal spinel a=b=5.721(1),c=9.471(2) 310.0 20
of the B-Mn;0, type)
Mn, 4Al, 4O, (cubic spinel) a=8.040(3) 259.9 50

PHYSICS OF THE SOLID STATE WVl.55 No.7
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Fig. 4. Electron microscopy image of the initial (b)
Mn, 5Al; 504 sample.

is the well-crystallized spinel with particle sizes
>150 nm (Fig. 4).

The particles with the 3-Mn;0, appear at the cal-
cination temperature of 700°C, as it is seen from the
electron-microscopy image; cubic spinel with
extended defects is also present (Fig. 5). The X-ray
phase analysis data (Table 2) show that two spinel-type
phases are present in the calcined sample, namely, tet-
ragonal Mn2‘8A10~2O4 and cubic Mn0‘4A12.404.

3.3. Magnetic Properties

Dependences of the magnetic moment in external

field H = 1 kOe at various magn?tic .prehiStor ies of Fig. 5. Electron microscopy images of the calcined sample.
the studied samples are presented in Fig. 6. The stud- (a, b) Different sample segments. The numbers corre-
ied samples displayed the presence of the magnetic spond to interplanar distances (in nm) in different regions.

transition. Dependences M(7) for the initial
Mn, ;Al, 50, composition in various modes display
the feature, namely, the change of the curvature sign

(®M(T)/dT? = 0) at T~ 26 K. Dependences M(T) for > cm%/8
the FC and ZFC modes diverge at a lower tempera- 120 e * Mn, sAl, sO,, ZFC-
ture. Magnetization curve M(H) of this sample at T'= FC o Mn1'5 A11'504 FC
4.2 K, which is shown in Fig. 7, displays the hysteresis; 10k 700°C. ZFC ’ i
the coercive force is ~1.1 kOe. The shape of hysteresis 700°C’ EC
dependence M(H) as well as the trend of the M(T) gl ’
curve indicate that the ferrimagnetic ordering type is !
implemented for this compound. 6L =3

To obtain the information on the manganese distri-
bution over the cation sites in Mn, sAl, ;0,, the M(T) 4l
dependence for the initial sample in the high-temper-
ature region was analyzed in the context of the Curie— oL
Weiss (CW) classic law x(7) = C/(T — ©). Here, Cis ZEC

. _ 2 L

the Curie constant, C = pzgS (S + 1)/{3ks(T — O)}, 0 10 20 30 20 50 50

L is the Bohr magneton, .S'is the spin value, g factor is
2 for the manganese ions [10], kg is the Boltzmann
constant, and O is the CW paramagnetic temperature. Fig. 6. Temperature dependences of the magnetic moment

Dependence y~'(7) for the initial sample is presented in field H = 1 kOe for the initial (Mn, sAl; sO,) and cal-
in Fig. 8. It is seen that the CW law is fulfilled at tem- cined samples in the FC and ZFC conditions.

T,K

PHYSICS OF THE SOLID STATE Vol. 55 No.7 2013
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Fig. 7. Hysteresis loops M(H) for the
(Mn 5Al; 504) and calcined samples at 7= 4.2 K.

initial

peratures above 130 K. Agreement is good at C = 5.6
and ® =~ —215 K (Fig. 8).

Various possibilities are considered, where constant
C can be determined by the superposition of various
states of the charge and spin of manganese (Mn?*, S =
5/2; Mn3*, S=4/2; Mn**, § = 3/2). At two “extreme”
variants (the presence of Mn?* and Mn>** only or Mn?*
and Mn*"), we find 0.78Mn?*" and 0.72Mn3** or
1.12Mn?** and 0.38Mn**, respectively. However, the
electroneutrality condition is not fulfilled, and the
excess positive charge is 0.20—0.26. This indicates the
presence of cation vacancies in the spinel structure, a
small number of which can be unexpressed in the dif-
fraction pattern if they are distributed uniformly over
the octahedral and tetrahedral sites. When allowing for
0.06 cation vacancies, 1.47Mn and 1.47Al can be
present in the spinel structure. The electroneutrality
condition is fulfilled for such a number of vacancies,
while the CW constant agrees with the experimental
one if we consider than 0.81 of manganese is in the
degree of oxidation of 2+, and 0.66 of manganese is in

the degree of oxidation of 3—|—.l This result for the
charge state of manganese agrees well with the X-ray
structural analysis data (Table 1) and allows us to
assume the presence of cation vacancies (of about
2%). From the aforesaid, we can propose the following
formula:

2 3+ 2 TR
(Mny g9 Al 29T g5 ) Mng o6 Mg 33Al5 590, 1,04 (here,
O is the vacancy).

The MnAl,O, compound (cubic spinel), in which
the divalent manganese occupies the tetrahedral sites,
is the antiferromagnet with the Néel temperature of

! An excess positive charge appears with the formal substitution of
2Mn?* by Mn?* and Mn**.
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Fig. 8. Temperature dependence of the inverse susceptibil-
ity for the initial Mn, 5Al; sO4sample. H =1 kOe. The line

corresponds to the data extrapolation according to the
Curie—Weiss law.

about 40 K [11]. According to the magnetic and neu-
tron diffraction data [12, 13], the part of Mn?* ions
behave paramagnetically up to liquid-helium temper-
atures. In our case, a considerable number of manga-
nese ions occupy the tetrahedral sites. This apparently
promotes the establishment of the ferrimagnetic order
in our sample (no paramagnetic contribution is
observed at low temperatures).

The magnetic transition temperature for the cal-
cined sample (700°C), which is determined in the
point of the change of the curvature sign of the M(7)
dependence (Fig. 6), was ~43 K in the FC conditions.
This value coincides with the Curie point of the ferri-
magnetic transition of the 3-Mn;O, phase after cal-
cining the initial sample (Fig. 5, Table 2). The temper-
ature dependence of the inverse susceptibility is linear
at temperatures higher than ~150 K; these facts are
characteristic of polycrystalline Mn;0,. An anomaly
in the vicinity of 7'~ 38 K, which can correspond to
the magnetic transition into the incommensurable spi-
ral structure [10, 14, 15] and manifests itself in depen-
dences M(T), is clearly seen in the M(T),zc depen-
dence of the sample calcined at 700°C. It follows from
the analysis of the crystallographic data (Table 2) that
the regions of tetragonal spinel (of about 20 nm) have
the composition Mn, gAl,,0,. It seems likely that so
light doping with aluminum does not lead to a notice-
able shift of the Curie temperature for Mn;0,. The
coercive force of the hysteresis loop of magnetization
M(H) of the calcined sample at 7= 4.2 K is ~9.3 kOe
(Fig. 7), which is typical of polycrystalline Mn;0,.
The value of M (4.2 K, 50 kOe) (~25emu/g) is
approximately 60% of the data known from publica-
tions for the Mn;0, polycrystals [16] and gives the
evaluation of the amount of the Mn;0, phase in this
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sample close to that obtained from the X-ray structural
analysis.

The X-ray structural analysis evidences that the
aluminum-enriched cubic spinel Mng,Al, O, is
present in the calcined sample (700°C) in addition to
the B-Mn;0, tetragonal phase (Table 2). The absence
of other clear anomalies (excluding the above-men-
tioned ones, which are characteristic of Mn;0,) in
dependences M(T) for this sample allows us to assume
that the Mn, 4Al, ,O, compound do not most likely

display the magnetic transition, at least to 4.2 K.z This
fact correlates with the known data on the influence of
the diamagnetic substitution (for example, for Zn and
Mn) of spinel Mn;0, on the Curie temperature [17, 18].

4. CONCLUSIONS

Summing these results, we can conclude the fol-
lowing.

(i) The initial aluminum—manganese compound
(ratio Mn : Al = 1 : 1) decomposes into two spinel
structures after the thermal treatment in air at 700—
900°C, namely, Mn, jAl,,0, (tetragonal spinel of the
3-Mn;0, type) and Mn,,Al,,O, (the cubic spinel)
with the crystallites 20 and 50 nm in size. This is con-
firmed by the structural, microstructural, and mag-
netic data.

(ii) The composition and the cation distribution in
the initial aluminum—manganese spinel (ratio Mn : Al =
1 : 1) are refined with the use of the analysis of the
structural data and magnetic measurements. This
compound with the chemical formula

Mnj g Alg 59 (MngosMng 5, Alo s ),0, is the ferrimag-
net with the Curie temperature of ~26 K.
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