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Site substitution in GAMnQO;: Effects on structural, electronic, and magnetic properties
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We report on detailed structural, electronic, and magnetic studies of GdMn,_,Cr,O; for Cr doping levels;
x =0< x < 1. X-ray diffraction studies suggest that GdMn 5Cr 503 has a monoclinic P2, /b structure with
alternate arrangements of Mn and Cr atoms along the [001] direction. In the solid solutions, the Jahn-Teller
distortion associated with Mn*" ions gives rise to major changes in the bc-plane sublattice and also an effective
orbital ordering in the ab plane, which persist up to compositions x ~ 0.35. These distinct features in the
lattice and orbital degrees of freedom are also correlated with bc-plane anisotropy of the local Gd environ-
ment. A gradual evolution of electronic states with doping is also clearly seen in O K-edge x-ray absorption
spectra. Evidence of magnetization reversal in field-cooled-cooling mode for x > 0.35 coinciding with the
Jahn-Teller crossover suggests a close correlation between magnetic interaction and structural distortion. These
observations indicate a strong entanglement between lattice, spin, electronic, and orbital degrees of freedom. The
nonmonotonic variation of remnant magnetization can be explained by doping-induced modification of magnetic
interactions. Density-functional-theory calculations are consistent with layer-by-layer-type arrangements of Cr
ions and Mn ions with ferromagnetic (antiferomagnetic) coupling between Mn (Cr) ions for intermediate
compounds (x = 0.5). For x = 0.25 compositions, we found alternate layers of Mn and mixed Mn-Cr atoms
stacked along the ¢ axis with intralayer ferromagnetic coupling and interlayer antiferromagnetic coupling. For
x = 0.75 compositions, there exists strong antiferomagnetic coupling between half-filled #,, orbitals of in-plane

Cr ions along with a feromagnetic Mn-Cr coupling.

DOI: 10.1103/PhysRevB.102.245120

I. INTRODUCTION

Functional oxides with perovskite structures (ABO3) are
a very active research area not only due to their poten-
tial technological applications but also for their fundamental
importance in basic scientific research. An unusual aspect
of perovskites is their ability to incorporate almost every
element of the periodic table at the A and B sites due
to their capacity to accommodate various structural distor-
tions [1]. External parameters like temperature, pressure,
and chemical compositions can also drive such distortions,
which leads to an extraordinary richness of physical proper-
ties within the family of perovskites. Structural distortions
in perovskites are mainly associated with three main fea-
tures with respect to their ideal cubic structure [1-3]:
(i) rotation (tilt) of BOg octahedra, (ii) polar cation dis-
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placements, which often lead to ferroelectricity, and (iii)
distortions of the octahedra, such as the Jahn-Teller (JT) dis-
tortion.

Rare-earth manganites (RMnO3) invoked great interest ow-
ing to the JT character of Mn>" ions (tg’geé), exhibiting orbital
ordering along with highly anisotropic Mn—O bond lengths
[4]. A complex interplay among the spin, orbital and lattice
degrees of freedom has led to a large number of intrigu-
ing physical properties in both pristine and doped RMnOj3
such as colossal magnetoresistance [5], charge and orbital
ordering [6—8], metal-insulator transition [9,10], complex spin
structures [11], and multiferroic properties with significant
magnetoelectric coupling [12]. In contrast to Mn>*, Cr* is
a JT inactive ion because of having completely empty e,
orbitals and therefore the oxygen octahedra are more reg-
ular. However, most of the members of RCrO; have been
reported to be multiferroic materials at considerable high tem-
perature [13,14]. Additionally, RCrO; systems are of great
interest as these exhibit complex magnetic properties such as
spin-reorientation (SR), spin-flipping (SF), and temperature-
induced magnetization reversal (TMR), etc. [15-17].
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GdMnO; with the orthorhombic Pbnm structure ex-
hibits incommensurate sinusoidal magnetic ordering arising
from competing nearest-neighbor ferromagnetic (NN-FM)
and next-nearest-neighbor antiferromagnetic (NNN-AFM) in-
teraction followed by a canted-A-type ordering in the Mn
sublattice [11,18]. Additionally, a low-temperature ferroelec-
tric ordering is established, caused by Gd**-Mn** spin
interactions and/or lattice distortions associated with mag-
netic field-induced spin rearrangements [19,20]. GdCrOs; is
one of the G-type antiferromagnetic (AFM) RCrOs; com-
pounds, exhibiting extremely rich magnetic properties like
TMR, SF, SR, and others [15]. It has a noncentrosymmetric
Pna?2, structure associated with the ferroelectric transition
concurrent to Cr magnetic-ordering temperature with signif-
icant magnetoelectric coupling [13,14]. Although the parent
compounds without doping are well investigated, the solid
solution GdMn,_,Cr,Oj3 is largely unexplored [21]. Various
interesting properties have been reported in similar types
of mixed cation compositions such as DyMn,_ Fe, O3 [22],
LaMn,_,Fe, O3 [23], TbMn,_,Fe, O3 [24], YbMn,_,Fe,O3
[25], TbMn;_,Cr,O3 [26], and others. This has motivated us
to investigate the GdMn,_,Cr, O3 series.

In this paper, we present systematic structural, elec-
tronic, and magnetic investigations of the solid solutions,
GdMn;_,Cr,O3 (0 < x < 1). Substitution of the Mn ions
in GAMnOj; by Cr ions gives rise to local distortions around
the Cr ion, resulting in average lattice distortions in the
compound. However, at considerable Cr concentration, the
JT-induced distortions are negligible, resulting in a crossover
from a JT active region to JT inactive region.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Polycrystalline samples of Cr-doped gadolinium man-
ganites, GdMn;_,Cr,O3 (0 < x < 1) were prepared by
the solid-state synthesis technique as reported elsewhere
[18]. The crystalline structure and phase purity of the solid
solutions were confirmed by x-ray diffraction (XRD) mea-
surements using a Bruker D8 Advance x-ray diffractometer
equipped with Cu K, radiation. Rietveld refinements of the
obtained powder XRD patterns were carried out using the
FULLPROF program. Raman spectroscopy measurements
were performed using a micro-Raman spectrometer (inVia,
Renishaw, United Kingdom) with 514.5 nm excitation of an
Ar™ laser. Spectra were collected in the backscattering con-
figuration using a thermoelectrically cooled CCD camera as
the detector and a long working distance 50x objective with
a numerical aperture of 0.45 used for the acquisition. Mag-
netization measurements were carried out in Quantum Design
Physical Property Measurement System equipped with a vi-
brating sample magnetometer. The O K-edge x-ray absorption
spectra were recorded in total electron yield mode at the circu-
lar polarization beamline at the Elettra synchrotron radiation
facility.

Our theoretical calculations of the structural, electronic,
and magnetic properties were based on density-functional
theory, using generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof for solids [27] parametrization for
the exchange correlation potential, the projector augmented-
wave (PAW) method [28], and a plane-wave basis set, as

implemented in the VIENNA AB INITIO SIMULATION PACK-
AGE [29]. The interaction between ions and electrons was
approximated with PAW potentials, treating 3p, 3d, and 4s
for Cr/Mn and 2s and 2p for O as valence electrons. For
Brillouin zone sampling, we chose 12 x 12 x 8 Monkhorst-
Pack k-point mesh [30] and the wave function was expanded
in a basis set consisting of plane waves with kinetic energies
less than or equal to 770 eV. Using these parameters, an
energy convergence of less than 1 meV/formula unit (f.u.)
was achieved. Structures were fully relaxed until residual
Hellmann-Feynman forces were smaller than 0.001 eV/A
while maintaining the symmetry constraints of the given space
group. Gd 4f electrons were treated as valence electrons
for the parent compounds. We performed calculations using
different Hubbard U values up to 4 eV for Mn/Cr and 4 eV
for Gd and results for U = 3 eV for Mn/Cr and 4 eV for
Gd explain satisfactorily the x-ray absorption spectra, which
will be discussed in a later section. In GdMng 5Crg 505, Gd
4f electrons were treated as core electrons to reduce the
calculations time. Irrespective of the two models, the 4 f states
lie deep in energy and they are almost completely localized so
they do not affect in any essential way other valence states
[31]. To visualize the orbital ordering in GAMnOs3, in addition
to the global X, Y, Z orthorhombic frame, a local frame spe-
cific to each JT-type distorted MnOg octahedron was defined
choosing x, y, z along the middle, short, and long Mn-O axes,
respectively [31].

III. RESULTS AND DISCUSSION

Figure 1(a) depicts room temperature XRD patterns of
the solid solutions GdMn;_,Cr,O3 (0 < x < 1) along
with the corresponding Rietveld refined patterns. x = 0, 0.25,
and 0.75 compositions are fitted with Pbnm space group,
whereas x = 0.5 composition is fitted with P2, /b space group
and x = 1.0 composition is fitted with Pna2, space group.
GdMny 5Cr503 is also fitted well with the Pbnm space group
having reliability parameters Ry, ~ 0.112, Rey, ~ 0.069,
and x2> ~ 3.21 (see Fig. S1 in the Supplemental Material
[32]). However, if we look carefully at the XRD data, there is
a very weak peak present slightly below 30°, which is most
likely a supercell peak. Therefore, we tried to fit the data
with possible B-site ordered structure (rock salt P2;/c and
monoclinic P2, /b). Surprisingly, we find that the P2, /b space
group also fits well and the reliability parameters are quite
similar to that of Pbnm space group (R,, ~ 0.14, Rex, ~
0.056, andy> ~ 3.43). In a monoclinic structure with P2, /b
space group, Mn and Cr atoms occupy 2b (0, 0, 0.5) and 2a
(0, 0, 0) sites, respectively, whereas in the Pbnm structure Mn
and Cr atoms are randomly arranged [33]. The reason for good
fitting of both ordered and disordered structures is possibly
due to the similar ionic radii and atomic form factors of Mn*"
and Cr** ions, and XRD is not sensitive enough to distinguish
them. Moreover, in the refinement with P2;/b structure, the
calculated (102)-diffraction position does correspond to the
weak peak present slightly below 30°, whereas it is absent
in the calculated XRD patterns by using the Pbnm structure.
Therefore, it seems that the B-site ordered P2, /b space group
is more reasonable in GdMng 5Cr( 5sO5 rather than the B-site
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FIG. 1. (a) The Rietveld-refinement plots of room temperature XRD patterns of GdMn,_,Cr,O5 (x = 0, 0.25, 0.5, 0.75, and 1.0). x = 0,
0.25, and 0.75 compositions are fitted with Pbnm space group, whereas x = 0.5 composition is fitted with P2, /b space group and x = 1.0
composition is fitted with Pna2, space group. Experimental data is presented with symbols while the fitted curves from the Rietveld analysis
are represented as red lines. Difference spectra (difference between experimental data and fitting) is plotted in green lines. Blue vertical lines
represent Bragg positions. Inset shows enlarged view of superlattice peak (102) of GdMny 5Cry 503 for P2, /b structure. (b) Evolution of the cell
parameters (a, b, and, ¢/ V2 (left panel) and cell volume (V) (right panel) as a function of compositions (x). As GdCrO; has pna2, symmetry,
lattice parameters a and b interchange with respect to other compositions having Pbnm symmetry. (c) Crystal structure of GdAM Os. (d) Normal
modes of distortion; Q, (orthorhombiclike distortion) and Q5 (tetragonal-like distortion), respectively.

disordered Pbnm structure. The Pna2; space group is consid-
ered to fit GACrOs as reported earlier [14].

The composition-dependent evolution of the lattice pa-
rameters (a, b, and ¢/+/2) and the cell volume (V) in
GdMn,_,Cr,O3 are shown in Fig. 1(b). A remarkable de-
crease in the value of the b axis accompanied with an increase
of the ¢ axis value has been observed with increasing Cr
content, while the @ axis remains almost constant. This sug-
gests that lattice degrees of freedom confined to the bc plane
are strongly affected by the substitution of Cr. Further, the
decrease in the cell volume reveals that the c-axis elongation
is smaller than the b-axis reduction. Such structural character-
istics cannot be understood by considering the ionic radii of
Cr** ions (0.615 A) in place of Mn** ions (0.645 A) alone.

To understand the physics of structural changes when Cr**
ions replace Mn>7 ions, a detailed Reitveld refinement of the
XRD patterns was carried out and the composition-dependent
variations of three M—O bonds (M = Mn/Cr) in the MOgq
octahedra are shown in Fig. 2(a), with /, [, and [, denoting
bond lengths along the respective local axes discussed in the
experimental details. The intrinsic octahedral distortion in
the orthorhombic structure allows the short and long bonds
to lie within the ab plane and the intermediate bond length
along the ¢ axis [22,34]. The large differences among the
three M—O bond lengths in GdAMnO; are correlated with the
JT distortion of Mn>* ions along with a contribution from

intrinsic structural distortion. In contrast, GdCrO3 exhibits
a regular structure with similar bond lengths of I, [,, and
I., consistent with the absence of JT distortion for the Cr*
ions. The local parameters characterizing the JT distortion are
defined as in-(ab) plane orthorhombic distortion, Q> [ = [,-/,]
and out-of-plane (along c axis) tetragonal-like distortion, Q3
[= (2lz-lx—ly)/\/§] [Fig. 1(d)] [22,35,36]. The composition-
dependent variations of O, and Q3 are shown in Fig. 2(b).
The large positive value of O, in GAMnOs is associated with
the cooperative JT distortion, which is along the b axis and
Q3 with negative sign indicates that an out-of-plane distortion
along the ¢ axis is competing with the JT distortion [22,35].
This implies that the lattice deformation is primarily confined
to the bc plane. O, remains at a higher value than Q3 up to the
compositions x ~ 0.35, corroborating ab-plane distortion is
predominant in these compositions. In addition, it indicates
that the increase of the c¢ axis is largely overwhelmed by
decrease of the b axis. Upon approaching toward GdCrOs3, the
decrease of both 0, and Q3 indeed reveals a gradual decrease
of both orthorhombic and tetragonal distortions. An intriguing
slope change in both O, and Q3 around x ~ 0.35 (guided by
the dotted lines in Q5) indicates the suppression of long-range
structural distortion associated with local JT distortion at the
Mn sites.

Further examination of the average octahedral distortion

Ag [= (1/6) 3o, [(dy- (d))/(d), where d, ((d)) is the
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FIG. 2. (a) The composition-dependent variations of the M—O bonds in the M O¢ octahedra of GdMn;_,Cr,O3, with the long, short M-02
bonds and the middle M—O1 bond, respectively. O1 (O2) represents the apical (equatorial) oxygen along the ¢ axis. For x = 0.5 composition,
the average bond lengths of distinct Mn—O and Cr—O bonds along respective axes are plotted as having P2, /b symmetry. (b) The composition-
dependent variations of in-(ab)plane orthorhombiclike (Q,) and out-of-plane tetragonal-like (Q3) distortions. Dotted line guiding Q, point
to the slope crossover around x ~ 0.35. (c) Variation of average octahedral distortion evaluated by A,. Dotted lines guiding A, to the
slope crossover as a result of effective suppression of JT orbital ordering around x ~ 0.35. All the parameters are derived from the Rietveld
refinements of the respective XRD patterns. (d) The polar plot of py (= /03 + Q%) and ¢ (= tan™! (%), which are used to describe the orbital
mixing in GdMn, _,Cr,O3. (¢) Schematic diagram of e, orbitals of Mn** due to the JT orbital ordering.

individual (average) M—O bond length] [depicted in Fig. 2(c)],
shows a slope changeover around x ~ 0.35 (guided by
the dotted lines), a characteristic of crossover from the JT-
dominated region to the JT-inactive region (on the average).
The JT effect results in the lifting of degeneracy of e,
orbitals of Mn>* ions and is responsible for building up orbital
ordering in the material. Thus, there is a correlation between
JT distortion and ab-plane staggered orbital ordering. A polar
plot of magnitude of the octahedral-site distortion, py (=

/03 + 03) versus the angle ¢ (= tan‘l(%), was mapped for
the compositions as shown in Fig. 2(d), where ¢ is measured
from the O, axis in an anticlockwise direction [37].

The description of the e, orbital associated with the M atom
in an MOg octahedron can be made by the wave function ¥
with a linear combination of orbitals [x?> — y?) and |3z> — r?)
in the (Q», O3) space as given by [4,38]

¥ (0) = cos(8/2)132% — r?) +sin(0/2) |x* — y*),

where the angle 6 (9 = 90° +|¢|) represents respective orbital
components, which is measured in an anticlockwise direc-
tion from the Q3 axis. 8 =0, 27 /3, and 47 /3 correspond
to orbitals |3z2 — r2), |3y> — r?), and |3x? — r?), respectively,
and = /3, w and 57 /3 represent |y?> — z2), |x* — y?) and

|z> — x?), respectively. An octahedral site distortion, which
has a 6 deviating from these special angles reflects either the
presence of orthorhombic distortion or a combination of or-
bital ordering and orthorhombic distortion. Figure 3(b) depicts
the schematic representation of orbital ordering in Mn** ions
in GdMnO;. Since for all compositions in GdMn;_,Cr, O3, 6
falls between the special angle and close to 2 /3 for one of
the coplaner Mn-sites (site 1) as defined in Fig. 2(e) (it is close
to 47t /3 for site 2), a new angle y = 7 /6—¢ can be defined to
simplify the wave functions for occupied (e;,) and unoccupied

(eg) orbitals for site 1, such that [4,38]

Voee(¥) = cos(y/2) 13y* — %) + sin(y /2) |2 — x7),
Vunoee(¥) = —sin(y /2) 13y* — 1) + cos(y /2) |2 — x%) .

The total site distortion, as measured by pg, remains above
0.3 up to x ~ 0.35 compositions, reflecting a dominant
contribution from a static JT orbital mixing along with the
octahedral distortion [4,38]. For x = 0.5 and higher com-
positions, pg is about one order of magnitude smaller than
that of JT-active GAMnOs; and other manganites (RMnO3)
and resembles the one found in JT-inactive rare-earth ferrites
(RFeQO3) and vanadites (RVO3), indicating the disappearance
of orbital ordering [4,35,38].
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atoms, M. All the parameters are derived from the Rietveld refine-
ments of the respective XRD patterns.

To examine lattice anisotropy specific to the local Gd en-
vironment, NN Gd-M bond lengths are plotted, as shown in
Fig. 4. There are eight NN-coordinated M which are doubly
paired as M1—M4, as viewed schematically in the inset of
Fig. 3. Each pair of Gd—M lengths are equivalent for all com-
positions except GdCrOs3, in which they are unequal (slightly)
due to the Pna2; symmetry. The longest Gd—M1 (shortest
Gd-M4) lying in the bc plane shows a visible reduction (slight
increase) toward x = 1, which is due to the suppression of JT
distortion predominantly along the b axis. The corresponding
average local distortion, 54 [= (1/8) }_,_,_¢ [(d,— dN/{d)1%,
where d,, ({d)) is the individual (average) Gd—M bond length]
also shows a decrease of local anisotropy with an increase of
Cr content followed by a slight increase in GACrO; owing to
having Pna2; symmetry. A slope change occurs (guided by
dotted line) around the critical concentration, x ~ 0.35 of JT
crossover, consistent with earlier discussions. This suggests
that the evolution of lattice and orbital degrees freedom in the
solid solutions is also correlated with the bc-plane anisotropy
in the local Gd environment [22].

To understand the lattice/atomic vibrations present in the
above system and their role in the structural deformations,
room-temperature Raman spectroscopy measurements were
performed in the solid solutions, as depicted in Fig. 4. Ac-
cording to group theoretical calculations, orthorhombic Pbnm
structure has 24 Raman-active modes (7A, + 7Bz + 5By, +
5B3,) at the I' point of the Brillouin zone [14,39,40]. The Ra-
man modes in RM O3 orthorhombic perovskites are activated
by only one of four basic distortions such as rotation of MQOg
octahedra around [001]¢ and [110]c axes, JT-like distortion,
and R shifts from its position in an ideal perovskite lattice
and the relative intensity of Raman peaks depends on the
different magnitude of these four basic distortions [41,42].

_ 650} B, G o
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-1.5 -1.5
don A7) g
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200 600
Raman Shift (cm'l)

200 800

FIG. 4. (a) Evolution of room-temperature Raman spectra with
compositions (x) in GdMn,;_,Cr,O; (x = 0, 0.25, 0.5, 0.75, and 1.0).
The inset shows the linear dependence of the JT symmetric stretching
[B2,(7)] and antisymmetric stretching [A,(7)] mode frequency with
the dﬁyifn, where dy_¢, is the average of short and long M-02
bond lengths. A,(7) mode for x = 0.25 and 0.5 compositions are not
shown, as it is not possible to determine their positions accurately due
to the asymmetric shape of peaks and the presence of the neighboring
B,(3).

Therefore, depending on the magnitude of basic distortions
in the system, some peaks are either weak or invisible as
evidenced in LaCrO; and CaMnO; from lattice dynamical
calculations [41,42]. Further, some of the Raman bands ex-
hibit strong resonant behavior on the excitation wavelength as
reported in LaCrO3 and CaMnO; [41,42]. It is observed that
intensity of some peaks increases with increase of excitation
wavelength and of other peaks decreases, and it is concluded
that 515 nm is a suitable wavelength for Raman measurements
for simultaneous observation of all peaks. We have done mea-
surements with 514.5-nm excitation wavelength, very close
to 515 nm and found 14 Raman modes which are consistent
with the literature on both single crystals and polycrystals of
GdMnO; and GdCrOs5 [14,39,40]. Therefore, it seems that the
other predicted modes are either too low in intensity or beyond
our experimental range to be observed. The details about the
observed modes are described elsewhere [14,26,39,40]. The
modes around 670 cm~! may be the disorder-induced phonon
density of states (DOS) of oxygen vibrations [43,44]. Apart
from this, Kovaleva et al. argued that there is an additional
component to the multiorder scattering, which may arise from
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coupling between the low-energy electronic excitations and
the vibrational modes [45].

The most common distortion in orthorhombic Pbnm struc-
ture is the tilting of BOg octahedra, which can be described
either by orthogonal tilt angles (leading to the a~a ¢
Glazer’s notation) or by octahedral tilts 6, ¢, and & around
the pseudocubic [110],c and [001]pc, and [111], axes [3,46—
48]. The Raman modes A,(3) and A,(5) are correlated with
the tilt angles ¢ and 6, respectively [39,47]. The position of
A,z(3) remains unchanged throughout the series, i.e., ¢ remains
constant. In contrast, A4(5) shows hardly any shift up to x ~
0.5 compositions and, thereafter, it shifts around 15 cm™!
toward high frequency for x = 0.75 and 1.0 compositions.
This, in turn, suggests that # remains more or less constant
up to x ~ 0.5 compositions and slightly increases (negligibly
small) for x = 0.75 and 1.0 compositions. Furthermore, ® is
correlated with 6 and ¢ via the relation, cos® = cosf cos¢
[46,47], implying that ® also increases slightly for x = 0.75
and 1.0 compositions. The in-plane antisymmetric stretching
[A4(7)] and symmetric stretching [Bj, (7)] modes are the JT
modes, which are associated with the //-0O2 bond lengths in
ab planes. The variation of frequency of these modes follows
the relation, @ d;,&f)z [39,49], as shown in the inset of
Fig. 4. Ay,(7) and By, (7) modes show a clear shift up to x ~
0.5 compositions. Previously parameters extracted from the

XRD patterns, depicted in Fig. 2, shows a rapid decrease of
M-02 bond lengths with Cr doping up to x ~ 0.5, suggesting
that the clear shift in modes are arising from the rapid de-
crease of M—O2 bond lengths. Beyond x ~ 0.5 compositions,
both the variation in M—02 bond lengths as well as the shift
in modes become lesser, suggesting strong interdependence.
With Cr doping, there is a rapid decrease of M—02 bond
lengths up to x ~ 0.5 (Fig. 2), leading to a clear shift of these
two modes after that shift is less. Furthermore, the spectral
weight also decreases dramatically with increase of Cr con-
tent (x) due to the reduction of JT distortion and becomes
weak for .75 and 1.0 compositions, which are JT-inactive
compounds.

X-ray absorption spectroscopy (XAS) measurements were
performed at the O K-edge of the solid solutions for x =
0, 0.25, 0.5, 0.75, and 1 to obtain information about the
unoccupied M 3d, Gd 5d and deep Gd/M states via the
hybridization with the O 2p states [22,50], see Fig. 5(a). To
understand XAS features, we performed DOS calculations on
the end compositions; GAMnO;3; (x = 0) and GdCrO3 (x = 1)
as shown in Figs. 5(b) and 5(c), respectively. Due to JT orbital
ordering, the e, 1 band splits into two subbands: occupied
e, 1 mainly dominated by |3y> — r?) with a small contribution

from |z> — x?) and unoccupied e§ 1, mainly contributed by
|z> — x?) mixing with |3y? — 2} for one of the co-planar Mn
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FIG. 6. Variation in magnetic moment at 10 K with composi-
tions (x) in GdMn, _,Cr,O3. Stars () represent the results extracted
from Ref. [21]. Insets represent temperature-dependent magnetiza-
tion measured in field-cooled-cooling protocol of the solid solutions
forx =0, 0.25, 0.5, 0.75, and 1.

sites (for other co-planar Mn sites, these two e, orbitals are
a mixture of |3x> — r?) and |y?> — z?)), as discussed earlier.
Based on DOS calculations, it can be argued that the features
between 526.5-531 eV in the O K-edge spectra of GdAMnOj3
are contributed by unoccupied e, 1 (ef, 1), e | +e; | and
eq | [22,50,51], as labeled in Fig. 5(a). The first peak around
527.8 eV arises from e§ 1 states. From the partial DOS
[Fig. 6(b)], a gap of 1.2 eV is obtained between these JT-split
Mn e, 1 bands, which is in agreement with the calculated
indirect band gap from absorption study of polycrystalline
GdMnOs; [52]. The second peak of XAS spectrum around
529 eV is associated with f,, | and e, | states, with a small
contribution from e, | around 530.5 eV. Furthermore, there
is a splitting of 1.4 eV between ef, 1, e | +e, | states,
which agrees satisfactorily with our calculations. In contrast
to GdMnO3, the O K-edge for the JT-inactive GACrOs shows
a single peak between 529-531 eV contributed by all unoc-
cupied states of crit, e, e, 1, 1, | and e, | states and is
in good agreement with the calculated PDOS [Fig. 5(c)]. The
energy gap of 2.7 eV obtained from the calculation agrees well
with the experimentally obtained band gap values reported
in chromite family [53,54]. The above studies suggest that
the first hump (527.8 eV) in XAS spectra for intermediate
compositions generally arise from contribution of the e§ 0
state of Mn atoms and a second broad hump contributes from
the e, 1 state of Cr and 5, | and e, | state of both Mn and Cr
ions. A gradual decrease of the first peak with increasing Cr
composition is clearly observed.

The broad feature between 531-537 eV [Fig. 5(a)] cor-
responds to Gd 5d states, indicating hybridization of Gd 5d
and M 3d (e, 1) states mediated through oxygen, suggest-
ing Gd(4f)-M(3d) electronic coupling in these compounds
[55,56]. Due to the highly localized character of the 4 f states,
direct 3d(M)-4 f(Gd) coupling is unlikely. Hence the interac-
tions occur via 5d states as they are partially polarized by the
4 f electrons via intra-atomic 4 f-5d exchange interaction. The

spin polarized 5d states couple withM-3d states either directly
or indirectly through O-2p states [55,56]. The 3d-4 f interac-
tions via hybridized 5d and O-2p states is also evidenced from
the calculated DOS of GAMnO3 and GdCrO; [Figs. 5(b) and
5(0)].

Temperature-dependent magnetization measurements were
performed on the solid solutions, GdMn;_,Cr,O3, for
0 < x < 1. Figure 6 depicts variations in magnetic
moment at 10 K with doping concentration and insets
represent temperature-dependent magnetization measured in
field-cooled-cooling (FCC) mode for various x values as indi-
cated. Due to the cooperative JT orbital ordering in GAMnO3,
NNN-AFM coupling plays a significant role in addition to
NN-FM coupling in the ab plane. In addition, there exists
an AFM coupling between these layers along the ¢ axis. The
competition between these leads to sinusoidal ordering below
40 K followed by canted A-type (A, F; in Bertaut’s notation)
ordering below 20 K in Mn sublattices as described in de-
tail in our earlier report [18]. Remarkably, magnetization at
low temperature (10 K) increases gradually upon Cr doping
up to x ~ 0.25 in spite of the fact that Cr’* moment is
smaller than the Mn®** moment, indicating the strengthen-
ing of ferromagnetic (FM) interactions (or weakening of the
AFM interaction) in the system. This is probably due to the
increase in the strength of NN-FM coupling as compared to
NNN-AFM coupling in Mn sublattices caused by progressive
decrease of JT distortion. Furthermore, the possibility of hav-
ing magnetic interactions between the Mn>* and Cr** ions,
probably FM in nature, cannot be ignored. Such Mn**—Cr**
FM coupling has been reported previously in other Mn—Cr
systems like TbMn;_,Cr,O3 [26], LaMn;_,Cr, O3 [57-59]
and YMn;_,Cr, O3 [60] systems. The interaction between
two Cr*™ moments may be ignored in this doping regime
because of low Cr concentration. In GdCrOs, Cr’>t ions have
3¢V cubic-field d-electron configurations, which leads to an
isotropic 3-O-t> AFM interactions resulting in canted G-type
ordering (G, F, in Bertaut’s notation) in Cr sublattices below
169 K. The detailed magnetic interactions in GdCrOj; is re-
ported elsewhere [15]. In Cr-rich compositions, Cr¥*—Cr**+
interactions dominate and thus have similar behavior to that
of GdCrO; having a G-type magnetic structure. The canted
spin structures in these systems is a direct consequence of
antisymmetric Dzyaloshinskii-Moriya (DM) interaction [D.
(S‘} x S )1161]. Notably, FCC magnetization curves forx = 0
and 0.25 compositions show positive magnetization in the
entire temperature region. However, one sees a magnetization
reversal effect for all other compositions (x = 0.5, 0.75, and
1.0), suggesting the strengthening of AFM coupling between
Gd and M sublattices with increasing Cr content. This magne-
tization reversal as a function of temperature above a critical
Cr concentration suggests that there is a strong correlation
between the structural distortion and magnetic coupling.

To understand the structural ordering of and magnetic
coupling between transition-metal ions and their moments in
GdMn_,Cr,0O3 (for x = 0.25, 0.5, and 0.75), the total en-
ergy was calculated (within the framework of GGA including
Hubbard U) for various possible arrangements of Mn>* and
Cr** ions and for various possible spin configurations. It
is reported in TbMng sCrosO3 that the results of GGA + U
are not significantly different from those obtained including
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TABLE I. Calculated relative energies (£, in meV /unit cell) of various magnetic structures of GdMn, 5Cr sO5. The unit cell contains two
Mn and two Cr spins. The energies of the FM phase with layer-by-layer arrangements along ¢ axis [two Mn (Cr) on the ab plane] is used as
the reference energy. Subscripts M and C represent Mn and Cr ions, respectively.

Magnetic c+CH Ctr Cl
structure M1t M1 M1t M1
E 0 —16.15
Magnetic M4t C? M4t CJ
structure M1+ CH M4+ C?
E 354.87 332.98
Magnetic Ct+ M1 CcC| M|
structure M1+ CH M4+ C9
E 321.31 306.16

clcy ctrcCy crCy
M1t M4 M| M4 M1t M|
12.25 131.02 125.33
M| C1t M| C|
M1t C14 M1t C14

420.76 42131
Ct M| Cl M+t
M1t C14 M1t Cl

343.92 3723

spin-orbit coupling (SOC), i.e., GGA+ U+SOC [62]. There-
fore, we have not included SOC in the present calculations.

For the GdMn 5Cry 503 case, we found that the structure
with alternate layers of Mn** and Cr** ions along the ¢ axis
is the one with the lowest energy, independent of the mag-
netic ordering (the top row entries of Table I). This ordering
of the Mn®* and Cr** ions is found to be the same as in
LaMng 5Crys0O5 [63], but different from what was found in
TbMng 5Cro505 [62], where Mn3t and Cr3* ions alternate
along a and c directions. The ordering of the ions can be
physically understood by realizing that this arrangement re-
duces the competing JT distortion energy compared to the
situation when Mn** and Cr** ions are randomly distributed.
Also, the different orderings seen in Tb (f°) and Gd (f7) or
La (f°) compounds suggest that orbital anisotropy of the rare
earth ions can be important in local structural arrangement and
long-range ordering of ions.

To understand the ground-state magnetic structure, we
looked at different magnetic orderings as given in Table I.
The lowest energy magnetic configuration is alternate planes
of FM Mn** and AFM Cr** ions. This spin order is also
found to be the lowest energy configuration in the case of
LaMn 5Cr¢ 503 [63]. FM order in the basal (ab) plane is
also found in GdMnOj;. Switching the AFM Cr planes to
FM Cr planes, keeping the Mn planes FM, increases the
energy by ~ 16 meV/MUC (per unit cell containing four
TM ions which we will refer to as magnetic unit cell, MUC),
whereas changing the Mn planes from FM to AFM increases
the energy by ~ 140 meV/MUC. This clearly suggests the
FM coupling between the Mn spins in the basal plane is the
dominant magnetic coupling in GdMnsCrsO3. We have
also investigated the effect of local domain formation by Mn
and Cr atoms on the magnetic properties within our computa-
tional capacity. For this purpose, we constructed a2 x 1 x 1
supercell which contains four of each Mn and Cr atoms. These
atoms were arranged in clusters of three or four Mn(Cr) atoms
together. We then made different magnetic configurations by
changing the spin orientation of these atoms for intraclusters
as well as interclusters. The total energies obtained for such
configurations are all higher in energy than the above pre-
dicted ground state. The theoretical results indicating the
ordering of Mn and Cr ions are in agreement with our XRD
results. To deeply understand the magnetic structures, we pro-
pose below an effective spin Hamiltonian (SH) to estimate the
strengths of the different exchange couplings.

In constructing an effective SH to understand the spin-
dependent energetics of GdMng 5Crg sO3 only Mn** and Cr*
spins were considered, since Gd3t spins were not included
in the total energy calculations. The unit cell used in the
calculation of the energies for different Mn and Cr arrange-
ments and different spin orientations consists of 20 atoms,
Gd4Mn;Cr;01,, consisting of two Mn and two Cr ions. The
unit cell then consists of four magnetic atoms I-IV; I and II
are in one basal plane representing the Cr atoms and III and
IV are in the other basal plane representing the Mn atoms
as shown schematically in Fig. 7. The structure in the figure
is denoted as (Cr 4, Cr | )(Mn 1, Mn 1), which is the lowest
energy atomic structure obtained from the calculations.

The SH for the system is given by

Hgin = —Jy Y _S"SN" — 1, > 55755
(i) (i
— 1Y SmSE 4+ A (1)
an

where i, j indicate lattice sites in the basal (ab) plane and
[ indicates different layers along the ¢ axis. The number of

FIG. 7. The calculated most stable magnetic structures in one
unit cell for GdAMn, 5Cr( sO3. Only the transition-metal ions Mn and
Cr are shown. The ions labeled as I-IV are the nonequivalent atoms
in the unit cell, denoted as (C 1, C |)(M 1, M 1) in Table I.
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FIG. 8. The calculated most stable structure (atomic and mag-
netic) with lowest energy for GdMn, 75Cr 2503. Only the transition-
metal ions Mn and Cr are shown.

Mn-Mn bonds, Cr—Cr bonds, and Mn—Cr bonds per unit cell
are four each, as presented in Fig. 8. There are four param-
eters in the SH which were estimated using calculated DFT
energies for different spin configurations with layer-by-layer
arrangements of Mn and Cr along the c¢ axis (see Table I, first
row). Here SM" = 2; " = 3/2. In the mean-field approxi-
mation, energy/unit-cell (in meV /unit cell) for four different
spin configurations are given below. Energy for a fifth con-
figuration can be predicted within a SH model and compared
with DFT energy:

E =—16J; —9), — 12J;+ A =0, )
Ey=—16J, +9), + A = —16.15, 3)
Eny = —16J; — 9J, + 12J5 + A = +12.25, @)
Eyv = +16J; + 95 + 125+ A = +131.02,  (5)
Ey = +16J, + 9/, — 12J5 + A. (6)

Equations 2-5 can be solved to give: J;=J/M""M" = 4,39 meV
(FM), J, =JC =126 meV (AFM), J3 = JM—Cr =
0.55 meV (FM) and A = 65.48 meV. Using these parameters,
Ey = 117.78 meV can be predicted, whereas the calculated
DFT energy is 125.33 meV. Looking at the calculated ex-
change parameters, we observe that the coupling between
Mn spins is FM and strong, similar to the parent mangan-
ite, i.e., GAMnOs. The coupling between Cr spins is AFM,
again similar to the parent compound GdCrOs. The cross
coupling between Mn and Cr spin is FM and weak. It is
possible that the small magnitude of JM~C results from a
near cancellation between two competing contributions, one
the usual AFM superexchange and the other FM double
exchange.

Different atomic and magnetic structures were also in-
vestigated for x = 0.25 composition and the lowest energy
configuration obtained is shown in Fig. 8. The unit cell con-
sists of alternate layers of Mn** ions and mixed (50%-50%)
Mn3T-Cr3t ions. In contrast, the structure with Cr3t ions
occupying every layer was higher in energy by ~ 0.5 eV. The
lowest energy structure in the mixed plane consists of alternate
double chains of both Mn** and Cr** ions along the b axis.
The coupling between Mn*" and Cr** is FM, which is seen

in the basal plane. However, the NN Cr’** and Mn’* spins
along the c axis are antiparallel due to the dominance of strong
intraplanar FM exchange between the Mn>* spins and reason-
ably strong NN coupling between the Mn>* spins along the ¢
axis. Ramos er al. [59] also suggested from their XAS and
x-ray magnetic circular dichroism studies in LaMn;_,Cr,Os;
0 < x < 0.15 that the possibility of a FM double exchange
between Mn**—Cr** ions within the ab plane, but with an
antiparallel alignment of the magnetic component along the
c axis. This indicates that complex orbital mixing plays a key
role in emergence of ferromagnetism in the compound.

Next we discuss the case x = 0.75 composition. The unit
cell here has three Cr and one Mn atoms. The system consists
of alternate ab planes of pure Cr ions and 50%—-50% mixture
of Mn and Cr ions. In the Cr-rich compositions, one would ex-
pect the dominant magnetic coupling is AFM superexchange
between the half-filled #,, orbitals of Cr** ions. We calculated
total energy for different magnetic configurations. As ex-
pected, the lowest energy configuration has AFM Cr¥*—Cr3*
interactions along with a FM Cr’**-Mn>* interactions (no
Mn**-Mn** coupling) (see Fig. S2 (a) in the Supplemental
Material [32]). Permuting various in-plane and out-of-plane
Cr’**-Mn** coupling to AM and/or AFM arrangements while
keeping intact the in-plane AFM Cr**—Cr’* interactions, we
found that all such magnetic configurations including the
ground state are very close to each other on energy scale
(£ 12 meV) (see Fig. S2 in the Supplemental Material [32]).
The reason behind this could be the strongly dominating in-
plane AFM superexchange background between Cr3*—Cr**
pairs, which leaves little room for any other weaker magnetic
coupling to manifest itself in terms of contribution to the total
energy. We also tried supercell calculations to make perfect
A-, C-, and G-type magnetic configurations but we could not
converge to these desired magnetic structures.

The variation of the remnant magnetization (M,) at 10 K
with compositions (x) for GdMn;_,Cr,O; and their corre-
sponding M—H loops are shown in Figs. 9(a) and 9(b),
respectively. M, shows a nonmonotonic variation with compo-
sition: Initially, it increases with increasing Cr concentration
(x) and reaches a maximum value for x ~ 0.3. Beyond x ~
0.3, M, starts decreasing for increasing x followed by no
distinct variation beyond x ~ 0.7. As discussed previously,
magnetic behavior in the solid solution is a combination of
variety of magnetic interactions such as symmetric exchange
interactions (FM and AFM type) and antisymmetric DM in-
teraction coupled to octahedral tilting. The DM interaction
is directly proportional to the perpendicular displacement
of oxygen in the M—O-M chain, which, in turn, depends
on the tilt angles [64,65]. It is evident from Raman spec-
troscopy data that there is hardly any change of tilt angles
throughout the series, suggesting that the contributions from
canted ferromagnetism (DM interaction) remains almost con-
stant throughout the series. Thus, the increase of M, up
to x ~ 0.3 suggests an increase of NN-FM coupling as
compared to NNN-AFM coupling caused by the progres-
sive decrease of JT-orbital ordering and incorporation of
Mn**—Cr** FM interactions as discussed earlier. Beyond x ~
0.3, a ferrimagnetic-type structure arises due to the incor-
poration of AFM Cr**—Cr** interactions, thus resulting in
decrease of M,. In Cr-rich compositions (x > 0.7), AFM
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FIG. 9. (a) Variation of remnant magnetization (M,) at 10 K
with compositions (x). Stars () represent the results extracted from
Ref. [21]. (b) Enlarged view of M—H loops measured at 10 K of the
solid solutions for x = 0, 0.25, 0.5, 0.75, and 1.

Cr’*-Cr** interactions are more dominating, resulting in no
further change in M, .

IV. CONCLUSION

The structural, electronic, and magnetic properties of
GdMn,;_,Cr,O3 were studied. The Rietveld refinement of

XRD pattern shows that monoclinic P2, /b structure with al-
ternate stacking of Mn and Cr layers along [001] direction
is more reliable for GdMng 5Crg505. In structural investi-
gations, it was found that the JT distortion characteristic to
Mn** results in bond anisotropy and effective orbital ordering
for x < 0.35. A gradual variation of electronic states with
doping is also clearly seen in O-K edge x-ray absorption
spectra. The temperature dependence of magnetization under
the FCC mode shows sign reversal effects for x > 0.35,
whereas magnetization does not change signs in the JT-active
region. The change in magnetic polarity at the critical con-
centration coinciding with JT crossover implies a complex
interplay of magnetic interaction and structural distortion.
The nonmonotonic variation of remnant magnetization can
be understood in terms of doping-induced modification of
symmetric magnetic interactions (FM/AFM type). DFT cal-
culations using GGA + U -type exchange correlation potential
find that the system with x = 0.5 consists of alternate FM Mn
layers and AFM Cr layers. The strength of the FM exchange
interaction between NN Mn spins is stronger than the NN Cr
AFM exchange. The exchange interaction between NN Mn
and Cr is quite small but ferromagnetic. This is distinctly
different from the magnetic structures of both end members
GdMnO; and GdCrO;. For x = 0.25, there exist alternate
planes of Mn and Mn—Cr; the Mn—Cr layers consist of alter-
nate Mn—-Mn—Cr—Cr chains along the b axis. Both planes are
FM but are antiferromagnetically oriented to each other. For
x = (.75, there is an alternate arrangement of Cr and Cr—Mn
layers. The dominant interaction is an AFM type between Cr
ions within the ab plane along with FM coupling between
Cr—Mn ions.
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