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The crystal and magnetic structures of LaCoj5Mn, ;03 and YCo\5Mn,, ;03 perovskites were
studied using neutron and X-ray powder diffraction techniques in the temperature range of
15-300 K. The obtained structural data indicate a complete disorder of cobalt and manganese
cations, resulting in an orthorhombic structure with the Pnma space group in both compounds.
The temperature evolution of unit cell parameters, characteristic bond lengths and valence
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angles was studied for both compounds. Anomalies in the temperature behavior of the lattice
parameters and oxygen octahedra distortions were observed. These anomalies are attributed to
the formation of a ferromagnetic phase at T, = 76(1) K for YCo; 5Mn, 505 and at T = 218(1)
K for LaCoy 5 Mn;, 503.

Keywords: X-ray diffraction; neutron diffraction; crystal and magnetic structure; double
perovskite oxides.

PACS numbers: 61.10.Nz, 61.12.Ld, 61.50.—f, 64.60.—1, 75.47.Lx

1. Introduction

Multiferroic materials exhibit strong coupling between electric and magnetic
ordering, making them of both fundamental and technological interest.' The
coexistence of polar phases and long-range magnetic order enables the development
of innovative electronic devices that can manipulate magnetic properties via electric
fields and vice versa. These multiferroic materials hold great promise for applications
in memory and magnetic data storage devices,* as well as in the field of spintronics
research.”

The advanced multiferroic materials are double perovskite oxides with the general
formula of A,BB’Og, where A is an alkali metal or a rare earth ion and B or B’ are
transition metals or lanthanide elements.®5%7 An ideal crystal lattice of ordered
doubled perovskites can be seen as a symmetrical pattern of interlocked BOg and
B’Og octahedral units that alternate in three directions within the crystal structure.
Depending on the types of A, B and B’ cations, as well as the B/B’ ion radius ratios,
the physical properties of these materials can vary greatly, including magnetoresis-
tance, multiferroic phenomena, magnetic dielectric properties, and the magnetoca-
loric effect.®” Recently, more and more attention has been paid to ordered double
perovskites with rare earth ions in the A site and cobalt and manganese ions as B and
B’ cations.!%:!'! The different valences of manganese ions, variations in the spin states
of cobalt ions and partial disordering of magnetic cations all contribute to the
formation of puzzling magnetic properties in these types of double perovskite oxi-
des.!'"'? Charge ordering, distortion of oxygen octahedral units, and topologically
related magnetic frustration are the main causes of the multiferroic phenomenon
in these compounds.'*

In the ideal fully ordered structure of double perovskites, where the positions of
Co?* and Mn*' ions are interchanged, a super-exchange magnetic interaction
between cobalt and manganese ions leads to the formation of a long-range ferro-
magnetic (FM) order.!51¢ Interestingly, the Curie temperature depends strongly on
the type of rare earth element. The cation disordering in the doubled perovskite can
trigger an increase in Mn**—O-Mn*t or Co?t-0—-Co?* double exchange interactions
that strengthen antiferromagnetic (AFM) couplings. Disorder of the Mn and Co
cations between crystallographic sites leads to the emergence of non-collinear

magnetic order or collinear antiferromagnetic ordering at low temperatures.!?'718
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In addition, structural distortions in MnOg and CoOg octahedral units cause weak
magnetic interactions next-nearest-neighbor along the Mn-O-Co-O-Mn pathway,
leading to magnetostrictive ferroelectricity due to cooperative displacement of rare
earth and transition metal ions.!'”

Deviation from the ideal structural arrangement of Co?* and Mn** cations, due
to variations in synthesis approach, oxygen deficiency or doping of both the A
sublattice and the B/B’ sublattices, is one of the main factors contributing to the
formation of the structural and magnetic properties in double perovskite materi-
als.'”1921 As an example, structural disordering of cobalt and manganese ions in
Lay,CoMnOg compound leads to two ferromagnetic transitions, with Curie tem-
peratures T, ~ 220 K for cation-ordered phase and an additional FM phase tran-
sition at temperatures below Ty ~ 150 K related to cation-disorder structure.!'?!”
The Coulomb-assisted spin-orbit coupling causes an insulating state in LayCoMnOQOg.
On the other hand, the replacement of La3* cations with other rare earth ions also
leads to changes in the structural and physical properties. The changes in the lengths
of the B-O and B'-O bonds and the angles between them affect the exchange
interaction, significantly decreasing the Curie temperature. It has been reported that
the FM state exists below Ty~ 75 K for Y,CoMnOg perovskite.'”!” Both
LayCoMnOg and Y,CoMnOg perovskite materials have a negative temperature
coefficient of electrical resistance, indicating a semiconductor type of conductivity.'®

A key factor in understanding the origin and changes in the physical properties of
double perovskites is the degree of disorder of cations at different crystallographic
sites.!?%:23 Another important factor that seriously affects the magnetic and ferro-
electric properties is the structural distortion of MnOg and CoOg polyhedra.!® It is
necessary to study these structural factors in detail. The neutron diffraction method
is sensitive to the redistribution of cobalt and iron ions, which is very useful for
further understanding the relationship between the structural and magnetic prop-
erties of this type of perovskite. Therefore, we have studied YCogzMng503 and
LaCoj sMn, 503 double perovskites using neutron diffraction in the temperature
range of 5-300 K. We also studied the temperature evolution of crystal structure
parameters in detail using complementary X-ray diffraction techniques.

2. Experimental

Polycrystalline samples of YCoysMngy ;03 and LaCogsMnj 503 were synthesized
using a conventional sol-gel method. High-purity yttrium nitrate hexahydrate
(Y(NO3); - 6H,0) or lanthanum nitrate hexahydrate (La(NOj);-6H50), cobalt
sulfate heptahydrate (CoSO, -7TH,0) and manganese nitrate tetrahydrate (Mn
(NO3), - 4H,0) were used as starting materials. These precursors were mixed in
stoichiometric ratios to form a homogeneous solution. Citric acid was added as a
chelating agent, and the reaction was carried out in an alkaline medium. The solution
was continuously stirred and gradually heated up to 450°C to facilitate gel formation
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and subsequent decomposition. The resulting gel was ground into a fine powder and
annealed at 1150°C for 12h to yield the final product.

Neutron powder diffraction measurements were performed with the DN-12
diffractometer?* at the IBR-2 high-flux pulsed reactor (FLNP, JINR, Dubna,
Russia). Diffraction patterns were collected at scattering angles 26 = 90°. The
spectrometer resolution at A = 2 A was Ad/d = 0.012. Typical data collection time
for a temperature point was 2 h. We studied samples with a volume of about 20 mm?,
placed inside a cryostat of the closed-cycle helium refrigerator, which cooled samples
from room temperature down to 10 K.

The X-ray diffraction patterns were collected with the PANalytical Empyrean
Advance X-ray diffractometer in Bragg—Brentano geometry with a Cu-K,, radiation
source and the PIXcel 3D detector. The generator settings for the tube were 40 kV
and 40 mA. Scanning was performed in the Bragg-Brentano geometry with a scat-
tering angle 26 in the range of 20° < 26 < 100° in 0.013° increments. The PANaly-
tical Empyrean Advance X-ray diffractometer is equipped with an Oxford
Cryosystem Phenix closed-cycle cryostat, which was used for low-temperature
measurements in the range 15-300 K.

Neutron and X-ray diffraction data were analyzed using the Rietveld method with
the FullProf software.?®

3. Results
3.1. X-ray diffraction

The X-ray diffraction patterns of YCoy;Mng ;03 and LaCogsMn, 503 obtained at
room temperature are shown in Fig. 1. Preliminary analysis of diffraction data

Intensity (arb.unit)

. LaCoj sMn; ;0,4

20 30 40 50 60 70
209

Fig. 1. (Color online) X-ray diffraction patterns of YCoy;Mn, 503 and LaCog s Mn, 503 compounds were
obtained under ambient conditions. The experimental data and the calculated profiles using the Rietveld
method are presented. The vertical bars represent the calculated positions of diffraction peaks for the
orthorhombic phase, while several peaks corresponding to an additional phase of Y,03 are marked.
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indicates that a monoclinic phase with the space group P2;/n'*!® did not provide a
satisfactory fit to the experimental data using the Rietveld method. A comparative
structural analysis of the monoclinic and orthorhombic models (see Supplementary
Materials) showed that several characteristic reflections expected for the monoclinic
phase were absent. The diffraction patterns could be successfully indexed using an
orthorhombic unit cell with Pnma symmetry,'? which directly indicates that both
samples crystallize in a cation-distorted perovskite structure. In the orthorhombic
phase, the lattice parameters correspond to the perovskite unit cell as a ~ \/§ap,
b~ 2a, and ¢ ~ \/ﬁap, where a,, is the parameter of the perovskite cubic phase.'’
the orthorhombic structure with Pnma space group, Co and Mn ions are randomly
distributed at the 6¢ crystallography site. A completely disordered cationic structure
should result in changes in structural and magnetic properties compared to the
monoclinic ordered phase.
The calculated structural parameters for the cation disordered orthorhombic
phase of studied compounds at ambient conditions are: a = 5.602(3) A, b = 7.483(3)
A, ¢=5239(2) A for YCoysMn,;03 and a = 5.489(2) A, b=7.562(3) A, c=

5.4381(2) A for LaCoy;Mn;503. These values are in agreement with the results
10,26

In

obtained previously. The average crystallite size and microstrain can be esti-
mated by using the Williamson-Hall method based on the 26,,; position dependence
of peak broadening value (), after subtracting the instrumental broadening con-
tribution. The crystalline size of 503(7) nm and the low value of macrostrain of 0.002
(9)% for LaCoys5Mnj;03, and 582(4) nm and & = 0.003(1)% for YCoysMn 503,
respectively, confirm the high quality of the synthesized samples.?”

The temperature dependences of the lattice parameters of YCoqsMnj;05 and
LaCoj sMng ;03 obtained from X-ray diffraction are shown in Figs. 2(a) and 2(b). It
should be noted that the orthorhombic phase with the space group Pnma remains
down to the lowest temperatures in the experiment. The unit cell volume exhibits
strongly anisotropic thermal expansion for both compounds, with the a-axis showing
the most significant variation. We assumed that the anomaly in the temperature
behavior of the lattice parameter is associated with the formation of a FM ordering?®
in the LaCoj sMn, 503 compound at temperatures below 7' < 220 K. A similar sit-
uation is observed for the YCo( s Mn, 503 compound. At temperatures below ~ 76 K|
there are clear anomalies in the temperature behavior of a, b and ¢ unit cell para-
meters. The temperature dependences of the unit cell volume of YCoqsMnj 503 and
LaCoy5Mnj 503 are shown in Fig. 2(c). For temperatures T > T, the volume
thermal expansion coefficients oy, = (1/V)(dV /dT) are ayy = 1.6(1) - 1075 K~! for
YCogsMng 505 and oy = 2.5(2) - 107> K~! for LaCogsMng50;. At temperatures
below the Curie temperature, the volume thermal expansion coefficients change
to ay =1.03(1) - 1075 K=! for YCoysMny;05 and oy =1.27(1)- 107 K~! for
LaCog sMn 505. The changes in thermal expansion coefficients can be explained by
the formation of magnetic order in the orthorhombic phase of the studied perovskite

materials.?°
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Fig. 2. (Color online) The temperature dependences of lattice parameters normalized to the value of the
ones at room temperature for YCoy5Mn, 503 (a) and LaCoy5Mnj 503 (b) and relative volume V/Vip
(c) obtained from X-ray diffraction measurements. The dotted lines are approximations of the linear
function for regions in the vicinity of critical temperatures. The temperature dependence of distortion
parameter s; (d). The arrows indicate the break points on the temperature dependences, which correspond
to magnetic ordering temperatures in the studied compounds.

The uniaxial compression anisotropy can be characterized by a distortion
parameter s, = parameter s; = b/ V2ac, where a,b, ¢ are lattice parameters of an
orthorhombic structure.?®?” The s, parameter is equal to unity for the ideal cubic
perovskite cell. The value of s; decreases from 0.978 to 0.977 for YCo(5Mn 503 at
temperature below T' < T ~ 76 K and from 0.999 to 0.998 for LaCoy5Mn 504 at
temperature below T' < Tz ~ 218 K (Fig. 2(d)).

The orthorhombic Pnma crystal structure contains disordered Mn(Co)Og octa-
hedral units.?? One pair of axial Mn(Co)-O bonds is directed along the b axis, and
two pairs of apical bonds lie in the (ac) crystallographic plane. Based on the obtained
X-ray diffraction data, the average bond length <Mn(Co)-O> was calculated which
mediates magnetic interactions between transition metal ions (Figs. 3(a) and 3(b)).
It can be seen that, close to the magnetic phase transition temperature, the anom-
alies in the behavior of bond lengths are observed in both samples. The Mn(Co)-O-
Mn(Co) valence angles are 162.5(5)° at room temperature for the YCoysMng 5053,
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Fig. 3. (Color online) The temperature dependences of average lengths of Mn(Co)-O bond of octahedral
coordination in the crystal structure of YCoy;Mn,503 (a) and LaCoy;Mny503 (b). The solid lines
represent a linear fir of the experimental data. The dotted line is an approximation of the linear function
for regions in the vicinity of critical temperatures.

and 168.3(5)° for the LaCoj s Mn, 503 compound, and they decrease slightly by no
more than 0.5°.

3.2. Neutron diffraction

Neutron powder diffraction patterns of YCog s Mng 503 and LaCo, 5 Mn( ;03 obtained
at ambient and low temperatures are shown in Figs. 4(a) and 4(b). At low tem-
peratures down to 15 K, the compounds preserve the orthorhombic crystal structure
with Pnma space group. It is significant to highlight that, in contrast to X-ray
diffraction, neutron diffraction provides a precise approach for directly determining
the distribution of Co and Mn across certain crystallographic sites, owing to the
substantial disparity in the neutron scattering lengths®® of Co (2.49fm) and Mn
(—3.73 fm). Analysis of neutron diffraction data for the Co/Mn occupation of the
octahedral site indicates that this position is almost half-filled with cobalt and
manganese ions. This confirms the model of an orthorhombic crystal structure with
disordered cobalt and manganese cations.?!

Upon cooling, an increase in the intensities of the diffraction peaks (020)/(101) at
d-spacing dj;; ~2.80 A and (121)/(200)/(002) at dj;; ~ 3.94 A was observed,
indicating the appearance of long-range magnetic order.?? ! The intensity of these
reflections increases as the temperature decreases. The analysis of the magnetic
contribution to neutron diffraction data suggests the parallel arrangement of Mn
(Co) spins, oriented along the b-axis. The average values of the ordered magnetic
moment of Mn(Co) are calculated as M = 1.9(2)up for LaCoysMn, ;05 (at 7' = 15
K) and M =~ 1.4(1)up for YCoy5Mny 503 compound (at 7= 30 K). It seems that
long-range ferromagnetic order is partially suppressed by structurally disordered
occupancy of Co and Mn ions in YCog5Mng 503 and LaCog sMng 503.3% 34

The temperature dependences of the average Mn(Co) magnetic moment are
shown in Fig. 4(c). In order to obtain the Curie temperature T for the ferromagnetic

2550239-7
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Fig. 4. (Color online) (a) Neutron diffraction patterns of LaCoj sMng 503 and YCoy s Mn, 503 measured
at low temperatures and refined using the Rietveld method. Experimental points and calculated profiles
are shown. Ticks below represent calculated positions of the nuclear peaks of the orthorhombic Pnma
phase. The peaks with ferromagnetic contribution are denoted by the symbol “FM”. (b) Temperature
dependences of the average magnetic moment of Mn(Co) ions for the FM phases. The solid lines present a
fit of the experimental data using function (1).

phase, the M(T') data was fitted by the function®”:

M 3 M T, (1)
My, “C\S+1M, T

where By is the Brillouin function, S'is the spin of the system (S = 3/2) and M, is the
magnetic moment at 7" = 0. The calculated values of Ti; are 76(1) K and 218(1) K for

Y Coy 5Mn 503 and LaCoq sMng 503, respectively.
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4. Conclusions

The results of our study show that cation-disordered perovskites LaCogsMng 505
and YCog, sMn 503 exhibit an orthorhombic structure with the Pnma space group,
in comparison to the monoclinic structure, which is typical for cation-ordered double
perovskites. This leads to the formation of ferromagnetic ordering in YCog s Mn 503
at T = 76(1) K and LaCoj sMng 505 at T = 218(1) K, with comparable low values
of ordered magnetic moments. Phase transition from paramagnetic to ferromagnetic
phase is accompanied by anomalies in the temperature behavior of the lattice
parameters and the distortion coefficient of the octahedral structural units.
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