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We report the Rietveld refinement of powder X-ray diffraction (XRD) pattern and first-principles calcu-
lations for the half-Cr** doped YMnO; compound. The Rietveld refinement results suggest that the com-
pound has a monoclinic structure with the Mn3*/Cr3* layers alternately stacking along the [001]
direction. The first-principles calculations show that the structure with layered B-site cation ordering
has the lowest total energy; meanwhile, the insulating ferrimagnetic state is more favored compared
to the ferromagnetic state, which is in agreement with the reported experimental results. Based upon
Goodenough’s model of semi-covalent exchange, we argue that the anisotropic magnetic couplings
between the Mn3*/Cr3* cations ordered in layered pattern play an important role for the ferrimagnetism

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of high temperature superconductivity [1]
and colossal magnetoresistance [2,3], perovskite oxides have at-
tracted renewed interests for several decades because of a variety
of properties they displayed, also including ferroelectricity [4] and
multiferroics [5,6]. The prototype perovskite oxide has the generic
formula ABO3 and structure with Pm3m space group symmetry, in
which the BOg octahedra with corner-shared oxygen ions form a
three dimensional network and the larger A-site cations sit in the
12-coordinate cubo-octahedral cavities. The basic structure of
ABOs is very flexible to tolerate various chemical substitutions onto
all the three sites. Therefore, cation substitutions have been widely
studied to expand the perovskite family and manipulate their
physical properties from the beginning of the renewed research
[7].

Besides cation substitution, recently it has been gradually
understood that cation ordering, which can occur on either A- or
B-site, is also an effective tailoring method for perovskite oxides.
Among them, examples of A-site ordering are quite rare [8] and
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most studies have focused on B-site ordered perovskites with the
formula A,BB'Og, such as half-metallic Sr,FeMoOg [9], ferrimag-
netic insulating La,CrFeOg [10] and ferromagnetic insulating A,.
MnNiOg (A =La, Bi) [11,12]. Depending on differences in radius
and valence state of the B-site cations, there are three possible pat-
terns for B-site cation ordering in perovskites [13]. The most com-
mon pattern is the rock salt ordering, in which each BOg
octahedron connects with six neighboring B'Og octahedra. There
are also a few examples of columnar ordering, which corresponds
to 1D ordering because of connectivity of the BOg octahedra in one
dimension [14-16]. However, layered ordering (2D) with connec-
tivity of the BOg octahedra in two dimensions is extremely rare;
the well known example is La,CuSnOg compound [17-20].

In our previous work, we found ferrimagnetism in half-doped
YMny 5Crg 503, strongly suggesting the occurrence of B-site cation
ordering in the compound, while the ordered pattern has not yet
been identified [21]. By fitting the temperature dependence of in-
verse magnetic susceptibility in the paramagnetic state based upon
the Curie-Weiss law, we also found that the local molecular field
coefficient within the Cr3* sublattice is an unusual negative value
and the cause remains unclear. In the present work, we reexamine
the powder X-ray diffraction (XRD) pattern carefully by means of
the Rietveld refinement. It is found that the layered B-site
ordering with a monoclinic structure, where a=5.2497(0)A,
b=5.6401(1)A, c=7.4679(1) A, o =89.97(8)°, is more reasonable
for the half-doped compound, which thus is denoted as Y,MnCrOg
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(YMCO) hereafter. Employing the first-principles method, we com-
pare the electronic structures and magnetic orders of YMCO with
the three different B-site ordered patterns, and find that the ground
state is a ferrimagnetic insulator, which is in agreement with the
reported experimental results, with the alternative Cr/Mn ordered
layers along the [001] direction. Based upon the layered B-site cat-
ion ordering, we explain the ferrimagnetic insulting state of YMCO
in the framework of semi-covalent exchange model proposed by
Goodenough [22], which demonstrates that the anisotropic mag-
netic coupling between Mn>' (3d*) and neighboring Mn3*/Cr*
(3d>) cations plays a key role in the double perovskite YMCO.

2. Technical details

YMCO ceramic sample was synthesized by solid state reaction.
The room temperature XRD pattern, which was collected on Rigaku
TTRAX III 0/26 rotating anode XRD system with Cu Ko radiation
(1.5406 A), indicated that the sample is a single phase of perovskite
structure with corner-shared Mn/CrOg octahedra similar to YCrOs,
rather than hexagonal YMnOs;. YMCO shows an insulator behavior
with high electrical resistivity and a ferrimagnetic transition at
Tc~75K. The details about synthesis, characterization and
physical property measurements can be found elsewhere [21].
Powder XRD data collected from 10° to 100° with a step of 0.02°
were refined by the Rietveld technique using GSAS-EXPGUI
software [23]. The refined variables were scale factor, background,
lattice parameters and peak profile function type 2.

The first-principles calculations described in this work were
performed using the ultra-soft pseudopotential plane wave
method and generalization gradient approximations (GGA) for
exchange-correlation functions based on density-function theory
(DFT), implemented in the Cambridge Serial Total Energy Package
(CASTEP) [24,25]. The wave function was expanded in plane waves
using a 400 eV energy cut-off. The reciprocal space integrations
were carried out with a 5 x 4 x 3 Monkhorst-Pack k-point mesh.
We performed structural optimization involving relaxation of the
ionic positions as well as the cell shape and volume. The internal
atomic coordinates were relaxed until force on each atom was
smaller than 30 meV/A. In the calculations, the tolerances for
self-consistence were set at 1.0 x 107® eV/atom for total energy,
0.05 eV/A for force, 1.0 x 107> eV/atom for band energy, 0.05 GPa
for maximum stress and 0.001 A for the maximum displacement,
respectively.

3. Results and discussion
3.1. Rietveld refinement for XRD pattern

The Rietveld refinement of powder XRD data at room tempera-
ture for the YMCO sample was performed in the monoclinic struc-
ture of the P2,/b space group with layered B-site cation ordering, in
which Mn3* and Cr®* occupying 2b (0, 0, 0.5) and 2a (0, 0, 0) site,
respectively. Fig. 1 shows the refinement result of powder XRD
pattern for the YMCO sample. The observed, calculated, and differ-
ence patterns as well as the allowed reflections are displayed in the
figure. One can see that the simulated result is in agreement with
the experimental data. Note that there is a small diffraction peak at
20 a little bit lower than 30°. In the present refinement with lay-
ered B-site ordering, the calculated (102)-diffraction position does
correspond to this peak even the intensity is not matched so well,
whereas this peak shifts to lower angle or totally absent in the cal-
culated XRD patterns by using the B-site disordered or rock salt or-
dered structure [21]. Taken in this sense, it seems that the layered
B-site order structure is superior to the others.

The main results of refinement, such as lattice parameters and
atomic positions, are presented in the left column of Table 1,
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Fig. 1. Rietveld refinement of Y,MnCrOg XRD data with space group P2,/b for Mn/Cr
(001) layer ordered Y,MnCrOg. The experimental data are denoted as “®”, and the
upper red solid line stands for the calculated data, the lower blue trace is the
difference between observed and calculated patterns, and the short green bars in
the middle are the positions of observed reflections calculated from the refined
lattice parameters. The arrow which marks the location of (102)-peak is presented
to guide the eyes. The structure schematic drawing of Mn/Cr (001) layer ordered
Y>MnCrOg is placed on the right, where the Mn/Cr ions are represented by the
yellow and green spheres, respectively, while the Y cations and O ions have been
omitted for clarity. The superstructure corresponds to 2a. x 2a. x 2a (a. is a lattice
parameter for a cubic perovskite) is indicated by the black dotted lines. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

including the residuals for the weighted pattern R,,,, the pattern
Rp, and the goodness of fit ;{2. It can be seen that the refinement
converged to a reliability factor of R, ~ 10.1%. In the previous
work [21], we compared the Rietveld refinement results of powder
XRD by using the crystal structures with B-site disordered Pbnm
and rock salt ordered P2;/c space group, respectively, which gave
similar reliability factors of Ry, ~ 11.7%. Therefore, the XRD

Table 1

Experimental (left column) and optimized (right column) lattice parameters and
equilibrium atomic positions in the monoclinic P2,/b structure of Y,MnCrOg. The
Wyckoff positions of the corresponding atoms are mentioned in brackets.

Experimental data® Optimized data

Lattice parameters

a 5.2497(0) A 5.4072(0) A
b 5.6401(1) A 5.8423(0) A
c 7.4679(1) A 7.7121(1) A
o 89.97(8)° 90.79(6)°
Atomic positions

Y (4e)

x 0.9823(9) 0.9802(8)
y —0.4260(3) —0.4250(5)
z 0.2499(2) 0.2492(1)
Mn (2b)

X 0 0

y 0 0

z 0.5 0.5

Cr (2a)

X 0 0

y 0 0

z 0 0

01 (4e)

x 0.6918(2) 0.6988(7)
y —0.1673(9) —0.2036(1)
z 0.0644(8) 0.0463(6)
02 (4e)

PY 0.2983(2) 0.2953(3)
y 0.2043(5) 0.1810(4)

z 0.5440(5) 0.5483(7)
03 (4e)

x 0.1104(2) 0.0935(1)
y —0.0399(6) —0.0250(4)
z 0.2552(4) 0.2475(5)

¢ Reliability factors are R, =10.11%, Rp=7.27% and %’ =1.462.
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analysis left a question open for the B-site cation ordering in the
YMCO compound, even though the ferrimagnetism of the com-
pound strongly implies this point. In this work, however, the
refinement reliability R, decreases substantially from ~ 11.7% to
10.1% for the structure with layered B-site cation ordering. Com-
bining with the improvement of (102) diffraction peak mentioned
above, now we consider that the layered B-site ordered pattern is
more reasonable in the YMCO perovskite.

As shown in the inset of Fig. 1, the monoclinic structure of
YMCO can be viewed as a distorted orthogonal structure. The
MnOg and CrOg octahedral layers alternately stack along the c axis.
Considering the similarity of YMCO and layered ordered La,CuS-
nOg, we expanded the refined cell to a superstructure corresponds
to 2a. x 2a. x 2a. (a. is a lattice parameter for a cubic perovskite)
[17]. The expanded lattice gives a triclinic structure with
a;=7.7054 A, b;=7.7054A, ¢,=7.4683A, and o=89.971°,
B=90.029°, y =94.108°. As the similar axes along which the BOg
and B'Og octahedral layers alternately stack, it is noteworthy that
the ¢, axis in YMCO is considerably shorter than the as and by axes,
whereas it is the longest in La,CuSnOg compound, which has been
attributed to the alignment of Jahn-Teller axes of CuOg octahedra
along this axis [17]. The reason for lattice contraction of the ¢, in
YMCO will be discussed below by considering the difference be-
tween Mn/Cr-O bond types along the three directions.

3.2. First-principles calculations for three B-site ordered patterns

For comparison, based on the obtained lattice parameters, we
rearrange B-site cations to form rock salt, column and layered pat-
terns of ordering, which are also denoted as (111), (110) and
(001) ordering, respectively [26]. Firstly, the geometric structure
optimization was performed for the three B-site ordering patterns
by using BFGS (Broyden-Fletcher-Goldfarb-Shanno) method
[27,28], which gave that the cell parameters are slightly overesti-
mated with errors of ~ 3.0%. For comparison with the experimental
data, the optimized structural parameters of (001) ordering model
including the lattice parameters and equilibrium atomic positions
are given in the right column of Table 1, which shows that the
structure optimization is acceptable.

After that, we calculated total energies, energy gaps and mag-
netic moments for the three ordered patterns with ferromagnetic
(FM) or ferrimagnetic (FiM) state. Table 2 summarizes the calcu-
lated results. Without regard to magnetic states, it can be seen that
the (001) B-site ordered patterns have the lowest energies of all
the combinations tried, while the (111) ordered pattern with
FiM state has the highest energy. The result is different from the
most double perovskite A,BB'Og, where the rock salt type (111)
ordering is the most common pattern [29,30]. As an exception,
La,CuSnOg has a layered B-site ordered structure, which is
stabilized by a first order Jahn-Teller distortion of the Cu?* cations
and the appropriate degree of octahedral tilting [ 13]. In the present
case, Mn>" cation is also a typical Jahn-Teller ion, so that the B-site

Table 2

Total energy (relative to (001) FiM state), band gap, total magnetization of Y,MnCrOg
per formula unit (fu.) and approximate spin-only moments of Cr/Mn ions for each
structure.

Mn/Cr order E¢oc (€V) Eg (eV) Moment ([ig)
Formula unit Mn Cr

(001) FiM 0 0.47 1 3.8 -3.04
(001) FM 0.011 0.44 7 3.84 3.08
(110) FiM 0.09 0 1.2 3.86 -2.88
(110) FM 0.05 0.11 7 3.92 3.02
(111) FiM 0.135 0.02 1 3.72 -2.9
(111) FM 0.074 0.33 7 3.9 3.04

cation ordering in the YMCO compound is reasonable. In the (001)
ordering, the energy for FiM state is lower than that for FM state,
clearly indicating that the (001) B-site cation ordered structure
with ferrimagnetic order is the ground state for the YMCO com-
pound. As for the (110) and (111) ordered patterns, it can be seen
in Table 2 that FM state has lower energy than FiM state, indicating
FM state is more stable, which is in contrast to the experimental
results [21].

Fig. 2 displays the total densities of states (TDOS) for the three
B-site ordered patterns with relatively lower total energy. It can be
seen that the (001) FiM state has an energy gap (Eg) of 0.47 and
0.76 eV for the spin-up and spin-down bands, respectively, and
the Fermi level (Ef) slightly above the valence band lies in the en-
ergy gap, so it behaves like a typical semiconductor as we reported
before [21]. For the (110) and (111) FM states, the semiconductor
behavior remains, but the energy gap distinctly decreases to 0.11
and 0.33 eV, respectively.

Focusing on the (001) FiM state, we show its spin-dependent
total and partial DOS of each element in Fig. 3. In the vicinity of
the Fermi level, one can see that the total DOS of spin-up and
spin-down bands are governed by the Mn and Cr 3d states, respec-
tively. The energy splitting between t,, and e, states due to crystal-
line field is in the range 1-1.5 eV, which is much lower than the
exchange splitting ~ 3 eV, so the high spin states for both of the
Mn and Cr cations are expected. The calculated magnetic moments
give the values of 3.8 and 3.04 3 (see Table 2) for Mn and Cr cat-
ions, respectively, which are slightly different from 4 and 3 p; for
Mn>* (3d*) and Cr** (3d®) ions with high spin state. The reason is
due to the hybridization between the Mn/Cr 3d states and O 2p
state, because there is a minority distribution of O 2p band at ener-
gies around Er as shown in Fig. 3. It is also noteworthy that the cal-
culated magnetic moment of 1 pg/f.u. for the (001) FiM state is in
good agreement with the experimental value [21].

3.3. Semi-covalent exchange interaction in YMCO

Up to now we have found out that the layered B-site cation
ordered ferrimagnetism is the ground state for the YMCO compound.
Next, let us consider a possible mechanism to understand such a
ground state. Generally speaking, there are three kinds of indirect
exchange interaction between two magnetic cations separated by
an anion, which are superexchange [31,32]/double exchange

T(a) (001) FiM]
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Density of States (eV")
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Fig. 2. Total densities of states (DOS) of the three model structures for B-site
ordered Y,MnCrOg. The Fermi energy sets to zero.
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Fig. 3. Projected and total densities of states (DOS) of Cr/Mn (001) ordered
Y>MnCrOg. The Fermi energy sets to zero. (a) Projected DOS of Y, (b) partial DOS of
Mn 3d, (c) partial DOS of Cr 3d, (d) partial DOS of O 2p, and (e) total DOS.

[33,34] mediated by virtual/real electron transfers and semi-cova-
lent exchange [35] depending upon the concept of semi-covalent
bonding. Because YMCO displays an insulator behavior till low
temperatures, the double exchange interaction can be ruled out
in the present case. As for the superexchange interaction, it is
somewhat too primitive to give correct predictions in manganese
oxides. Therefore, we choose the semi-covalent exchange as the
possible mechanism in the YMCO compound.

According to the semi-covalent exchange model proposed by
Goodenough [22], if both the transition metal cations extend their
hybrid orbitals towards the same 0%~ ion forming two semi-cova-
lent bonds, they are antiferromagnetically coupled; if only one
semi-covalent bond and another ionic bond, the two cations are
ferromagnetically coupled. Fig. 4 displays the sketch of structures
and semi-covalent exchange interactions for (a) LaMnOs, (b) YMCO
ordered in the rock salt pattern and (c) YMCO ordered in the lay-
ered pattern. Mn>* (3d*) cation hybridizes square (dsp?) lattice
orbitals, which are strongly anisotropic along the three axes. In
LaMnOj3 as shown in Fig. 4(a), two hybrid orbitals of Mn>* cations
point toward the same 0%~ ion along the c;-axis, so that the two

(a) LaMnO,

(b) (111) Y,MnCrO,

Mn>* cations are antiferromagnetically coupled along this direc-
tion. Whereas in the a;-b; plane, only one semi-covalent bond col-
laborating with one ionic bond leads to a ferromagnetic coupling
between the Mn3* cations. As a result, LaMnOs has an A-type anti-
ferromagnetic ground state consistent with the experimental re-
sults reported by Wollan and Koehler [35]. Considering Mn**/Cr3*
cations with an outer-electron configuration 3d>, they hybridize
octahedral (d?sp®) orbitals, which can therefore point simulta-
neously toward all the six neighboring 0%~ anions. If we arrange
B-site cations of YMCO in the rock salt (111) ordered pattern as
shown in Fig. 4(b), beginning with the lower left Cr3*(1) cation, it
will be coupled ferromagnetically with the nearest-neighboring
Mn>* cations along the as-axis and antiferromagnetically along
the bs/cs-axis, respectively, which means that a ferromagnetic
Mn?* sublattice is out of the question. Furthermore, the spin orien-
tation of the next-nearest-neighboring Cr>* cations is totally vague.
For example, the upper middle Cr3*(2) cation should be spin-down
due to the antiferromagnetic coupling along the c-axis; mean-
while, it should be spin-up according to the ferromagnetic coupling
along the bs-axis. Finally, the spin orientation of the upper right
Mn>*(1) cation remains a big question mark. As a result, the rock
salt (111) ordered pattern of B-site cation is irrational for the
YMCO compound. Actually, half-doped Lag5CagsMnOs is a CE-type
antiferromagnetism with charge ordering in the (110) column pat-
tern [35]. However, it is obvious that such a structure is improper
to the ferrimagnetic state in YMCO compound.

Next, we consider the layered B-site cation ordering as a prere-
quisite for the ferrimagnetism in YMCO. As shown in Fig. 4(c), Mn>*
and Cr®* cations are antiferromagnetically coupled because both of
them share a semi-covalent bond with 0%~ anion along the c;-axis,
while Mn3* cations within the a,—b, plane are ferromagnetically
coupled due to single semi-covalent bond with the intermediate
anion as in LaMnO5; compound. It is noteworthy that Cr>* cations
within the as-bs plane are antiferromagnetically coupled according
to the semi-covalent exchange model. In our previous work [21] by
fitting the temperature dependence of inverse susceptibility in the
paramagnetic state according to the Curie-Weiss law, actually we
found a negative local molecular field coefficient in the Cr** sublat-
tice, which is coincident with the present picture. Goodenough has
also pointed out that the separation between two cations con-
nected with the same 0?~ anion by one semi-covalent bond and
one ionic bond is large, while it is the smallest when both of them
form semi-covalent bonds with the anion [22]. In our case, the
superstructure reveals that the cs-axis, along which MnOg and
CrOg octahedral layers are stacked alternately, is the shortest, indi-
cating that Cr>* and Mn3* cations are strongly antiferromagneti-
cally coupled via. two semi-covalent bonds sharing the same
02~ anion. So in contrast to La,CuSnOg, the lattice contraction of
the cs-axis in YMCO is rational in the semi-covalent exchange sce-
nario. On the other hand, the as- and bs-axis are longer, accordingly

(¢) (001) Y,MnCrOy

Fig. 4. The schematics of crystal structures and Goodenough’s semi-covalent exchange interactions for (a) LaMnOs, (b) Y,MnCrOg ordered in rock salt pattern and (c)

Y>MnCrOg ordered in layered pattern.
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the antiferromagnetic exchange between Cr>* cations within the
as—bs plane are restrained. With the help of the strongest antiferro-
magnetic exchange interaction between Cr’*/Mn>* cations and
bigger ferromagnetic Mn>* sublattice, Cr>* sublattice are ferromag-
netic ordered even with the antiferromagnetic coupling between
Cr3* cations. As a result, the YMCO compound with B-site cations
ordered in layered pattern enters into a ferrimagnetic ground state.

4. Conclusions

In summary, the Rietveld refinement of powder XRD pattern
shows that the double perovskite structure with a layered B-site
cation ordered pattern is more reliable for the YMCO compound.
We have used the first-principles calculations to compute the elec-
tronic structures with different B-site ordered patterns and mag-
netic orders for comparison. The calculation results indicate that
the insulating ferrimagnetism with (00 1) layered pattern for B-site
cation ordering is the ground state for the system, which is in
agreement with the experimental results. We provide a discussion
in the framework of semi-covalent exchange mechanism to under-
stand the anisotropic magnetic coupling between Cr**/Mn>" cat-
ions as well as ferrimagnetic order in the system. Our results
reveal that the layered pattern of B-site cation ordering plays a
key role for the ferrimagnetism in the YMCO double perovskite
oxide.
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