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Structural and magnetic properties of the doped terbium manganites (Tb,A)MnO5; (A =Gd,
Dy, and Ho) have been investigated using first-principles calculations and further confirmed by
subsequent experimental studies. Both computational and experimental studies suggest that
compared to the parent material, namely, TbMnOj (with a magnetic moment of 9.7 uj, for Tb>™)
Dy- and Ho-ion substituted TbMnO; results in an increase in the magnetic susceptibility at low
fields (< 10.6, for Dy> " and Ho ™). The observed spiral-spin AFM order in TbMnOs is stable
with respect to the dopant substitutions, which modify the Mn-O-Mn bond angles and lead to
stronger the ferromagnetic component of the magnetic moment. Given the fact that magnetic
ordering in TbMnO; causes the ferroelectricity, this is an important step in the field of the mag-
netically driven ferroelectricity in the class of magnetoelectric multiferroics, which traditionally
have low magnetic moments due to the predominantly antiferromagnetic order. In addition, the
present study reveals important insights on the phenomenological coupling mechanism in detail,
which is essential in order to design new materials with enhanced magneto-electric effects at
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higher temperatures. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926369]

The phenomenon of inducing electric polarization in a
material by the application of an external magnetic field, or
vice versa, has attracted considerable attention from the point
of view of fundamental science challenges as well as their
envisaged appealing potential for applications in the general
area of spintronics.'” Since the discovery of TbMnOs,> in
which ferroelectric polarization (~600 xC/m?) is induced at
its magnetic transition ~27K and Neel temperature is
observed ~41K, the orthorhombically distorted perovskite
rare-earth manganites, RMnQOs, have become the most notable
class of materials due to their high magnetoelectric coupling
(due to magnetically induced ferroelectricity).* However, due
to the relatively small electric polarization (< 100 uC/m?) and
low Neel temperature (<27 K), these materials are not suita-
ble for most technological applications.'

Owing to the intrinsic capability of the perovskite struc-
ture to host ions of different sizes, chemical doping is consid-
ered as a new knob to tune the physical properties of this class
of materials.’” Both computational and experimental techni-
ques have been used to study a variety of dopants in perov-
skites.”™>" In the particular case of TbMnOs, dopants with
different ionic size and different oxidation state such as
Ru,'”1® Ca,1%% §r2° Na2' AL? Sn, La,* Dy, Y,26 and
Ho?>*® have been introduced at the Tb site to tune the mag-
netic properties. On the other hand, dopants with small ionic
size, such as Cr,27 Sc,zg’29 Co,30 or Fe,3l have been introduced
at the Mn site to increase the magnetic transition temperature
and to induce ferromagnetic (FM) interactions.

At ambient conditions, the perovskite RMnOj crystalli-
zes in either orthorhombic or hexagonal phases.?®*’ With
large ionic size R (such as in the cases of Pr, Nd, Tb, and
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Dy), the orthorhombic phase (Pbnm) is found to be stable
(Fig. 1(a)), while with small ionic size R (such as in Ho, Er,
Yb, and Lu) RMnO; stabilizes in the hexagonal phase
(P63 cm, at room temperature). The orthorhombic RMnO;
with small R ions (Ho and Lu) can also be synthesized in a
metastable orthorhombic phase by high pressure synthesis
technique®® or special chemical methods.*® Owing to the
several magnetic transitions occurring at low temperatures,
RMnO3; (R=Tb, Dy, and Lu) with orthorhombic distorted
perovskite structure have recently been identified as candi-
dates for magnetic refrigeration utilizing the magnetocaloric
effect (MCE).* However, due to the relatively broad tempe-
rature dependent peak in magnetic entropy change, the
underlying phenomenon governing the origin of such a large
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FIG. 1. (a) Crystal structure of perovskite rare-earth manganites TbMnO;
consists of corner sharing MnOg octahedra, with the Mn ions in the center of
the octahedral. The Tb and dopant A atoms are at the center of a cube
formed by MnOg octahedra. Green, blue, pink, and red spheres represent the
Tb, A, Mn, and O atoms, respectively. (b) DFT based energetics comparing
two types of magnetic ordering considered in (Tb,A)MnO; (where A =Gd,
Dy, and Ho), namely, E-AFM type and spiral-spin ordering. Considering
both E-AFM type and spiral-spin ordering is also shown. For all cases,
spiral-spin ordering is energetically found favorable, hence as a reference is
set to be zero.
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MCE is still unclear. Since one can treat the magnetic struc-
ture and lattice distortions simultaneously in first principles
computations, these techniques can be used to understand
and explain the phenomenological coupling mechanism and
can provide necessary insights to design new materials with
enhanced MCE operateable at higher temperatures.

In this contribution, using first-principles density-functional
theory (DFT) based methods, we have carried out a careful
investigation of structural, electronic, and magnetic properties of
pure and doped terbium manganites: (Tb,A)MnO; (A = Gd, Dy,
and Ho). First, we have compared the relative energetics of the
two types of magnetic orderings anticipated in (Tb,A)MnO;,
namely, the E-AFM type (observed in HoMnO;) and the spiral-
spin ordering (observed in TbMnO;). Next, we have studied the
effect of dopant A (where A = Gd, Dy, and Ho) on the electronic
and magnetic properties of (Tb,A)MnO;. Finally, we have com-
pared our computational results with experimentally obtained
magnetic properties of pure and doped TbMnO; bulk ceramics.
The present study provides an improved understanding of both
the spin structure and magnetization of doped systems and sug-
gests that the substitution of rare-earth ions with R-ions with
some magnetic moment directly affects the ordering of the o>+
moments and indirectly affects the Mn ordering (causing an
increased ferromagnetic component).

The DFT calculations were carried out using the projec-
tor augmented plane-wave basis functions as embodied in
the Vienna ab initio simulation package (VASP).**~¢ The
exchange-correlation interaction was treated within the gen-
eralized gradient approximation (GGA) using the Perdew-
Burke-Ernzerhoff (PBE) functional.®” It is worth mentioning
that for many multiferroic materials such as TbMnO;,***
HoMnO;,*® and CaMn-,0,,,*' the first-principles results are
very sensitive to the choice of the on-site Coulomb energy
U2 Our tests with different U values confirm that for
TbMnO; U =2¢eV for the 3d states of Mn reproduces the ex-
perimental band gap value of 0.5eV.*’ Hence, all the calcu-
lations are performed using U =2eV for Mn atoms, while
for dopants U =0eV was used.”” A Monkhorst-Pack k-point
mesh* of 3x3x2 is employed to produce converged
results within 0.1 meV per formula unit. In all calculations,
spin-orbital coupling (SOC) was included. In doped
TbMnOj; studies, one Tb atom was substituted with dopants
Gd, Dy, or Ho, thereby resulting in a dopant concentration of
25%.

Powder samples of pure TbMnO5; and doped Tbg 6740.33
MnOj; (A=Gd, Dy, and Ho) were prepared by a solution
based citrate route. High purity nitrate precursors of Tb, Ho,
Dy, Gd, and Cr as well as citric acid were dissolved in water
and mixed in the stoichiometric ratios. After drying, the
powder samples were annealed at 900 °C for 2 h in an O,
environment. Structural characterization by X-ray diffraction
(XRD) was performed using a Bruker D8 diffractometer
using Cu-Ko radiation. Subsequent Rietveld refinement of
the diffraction data was accomplished using the FullProf
Suite package.*’ The background was fitted by a linear inter-
polation between a set of background points with refinable
height, while refining the structural parameters, and then
removed to obtain an accurate goodness of the fit (measured
in terms of y?). DC magnetization measurements were per-
formed with the vibrating sample magnetometer attachment
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to the Evercool Physical Property Measurement System
from Quantum Design. It is noteworthy that the experimental
dopant concentration was 33% (for optimal ferroelectric
polarization), while the DFT computations were limited to a
dopant concentration of 25% due to supercell constraints.

TbMnOs stabilizes in an orthorhombic distorted perovskite
structure (Pbnm symmetry) consisting of the corner sharing
MnOQOg octahedra, with the Mn ions in the center of the octahe-
dral.?6278 The (Tbh,A) ions are at the center of a cube formed
by MnOg octahedra as shown in Fig. 1(a). This structure is
highly distorted because of the mismatch of (Tb,A)-O and Mn-
O bond distances and the Jahn-Teller (JT) distortion of the Mn-
O bonds. It should be noticed that multiple factors contribute to
the spin-orientation of a system. Specially, in orthorhombically
distorted RMO; (R =rare earth, M = transition metal), spin-
orientation is dominated by the M-ion array and the interaction
between the R and M sublattices, such as antisymmetric
exchange interactions,*® strong coupling,’’ and anisotropic
interactions.*” Here, as mentioned above, two types of the pos-
sible magnetic ordering arrangements (below ferroelectric tran-
sition temperature) in (Tb,A)MnQOj; are investigated. Our first-
principles calculation based energetics confirm that both pure
and the doped terbium manganites favor (lowest energy) the
spiral-spin type magnetic ordering, shown in Fig. 1(b).

To get insights on the interplay between orbital- and
magnetic-ordering in these manganites, we have analyzed
the density of states (DOS). DFT + U + SOC computed total
and atom projected DOS of pure and doped terbium mangan-
ites are plotted in Figs. 2(a)-2(d). It is evident from Fig. 2
that the large portion of the DOS (—6¢V to 5eV) is contrib-
uted mainly due to Mn atoms accompanied by Tb atoms.
First, we focus on the pure TbMnOs5 (Fig. 2(a)), which is
found to be an insulator with energy gap of about 0.5eV.?®
The DOS in the conduction band can be explained in terms
of optical conductivity spectra and first peak near ~1.7eV is
mainly an attribute of the first optical transition as observed
in the earlier optical conductivity spectra measurements.*®
The noteworthy feature of the atom projected DOS is that
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FIG. 2. Calculated total and atom projected DOS of (a) TbMnOs, (b)
(Tb,Gd)MnOs3, (c) (Tb,Dy)MnO;, and (d) (Tb,Ho)MnO; atoms. In each
case, both up and down spin contributions to the DOS are shown.
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the peak corresponding to the lowest optical transitions
shows a slight shift toward the Fermi level with increasing
dopant ionic radius (see Figs. 2(a)-2(d)).

Next, we examine the partial DOS (PDOS). The orbital-
projected DOS in Figs. 3(a)-3(d) also confirm that in the
vicinity of the Fermi-level, the majority of the DOS in the
valence band arises from the d-states of the Mn atoms, while
in the conduction band, the DOS have contributions from
both Mn and O atoms. The notable point is that the highest
occupied level shows O 2p character, while the lowest unoc-
cupied level has Mn 3d character and mainly dominated by
occupation of the d(,»_ .y orbitals (Fig. 3). Specifically, in the
region just above the Fermi level (between 0 and 2eV), the
DOS arise due to the unoccupied Mn (d);,._,2) states and
above 2eV the DOS spectrum is dominated by all Mn (3d)
orbitals. On the other hand, in the valence band below
—2¢eV, joint contribution from O (2p) and all Mn (3d) orbi-
tals has been observed. It is also evident from Figs. 3(a)-3(d)
that the O (2p) states and Mn (3d) states further enhance the
strong hybridization between the orbital and spin order
resulting in the magnetic and structural modulations, consist-
ent with the Jahn-Teller mechanism.*®

The XRD 0-20 data for the pure TbMnO; and doped
Tbg.6740.33MnO3 (A =Gd, Dy, and Ho) samples are shown
in Figs. 4(a)-4(d). Peaks corresponding to only the ortho-
rhombic symmetry (space group Pbnm) are observed indicat-
ing that all the samples are phase-pure. Rietveld refinement
was used to refine the XRD data of all samples. Measured
and DFT computed structural parameters (lattice constants,
atomic positions, etc.) are listed and compared in Table I.
The lattice parameters for pure TbMnO; are found to be in
agreement with available computational and experimental
data.?®*"3% The slight change in lattice parameters due to the
doping can be understood in terms of the ionic size mismatch
between host (Tb) and dopants (Gd, Dy, and Ho). For
instance, the lattice constant was expected to decrease when
Ho>" of smaller ionic radius (107.2 pm in 9-coordination) is
substituted in the site of Tb>" with larger ionic radius
(109.5 pm in 9-coordination). For doped terbium manganites,
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FIG. 3. Calculated orbital projected density of states of O and Mn atoms in
(a) TbMnOs3, (b) (Tb,Gd)MnO3, (¢) (Tb,Dy)MnO;, and (d) (Tb,Ho)MnOs.
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the average ionic radius of the A-site ion (rs) is 108.741 pm
and the ionic-size mismatch represented by the variance
c =2y, r? — (r)? is 1.17 pm?, where 1; corresponds to the
radii of the various A-site cations and y; to their fractional
occupancies. The lowered average radius of the rare-earth
ion also explains the reduced value of the Mn-O-Mn bond
angle (in-plane) as listed in Table I, which as previously
mentioned has been shown to be crucial in determining the
magnetic properties of the rare-earth manganites.””

To validate our predicted results, we measure the mag-
netic properties of these powder samples. The temperature
dependent magnetization of the present TbMnOj; and
Tbg.6740.33Mn0O3 (A = Gd, Dy, and Ho) samples is shown in
Figure 5 in both zero-field-cooled (ZFC) and field-cooled
(FC) conditions (with applied field of 50 Oe). The peak at
~7K in each of the present samples is due to the rare-earth
magnetic ordering. No such features are observed for the par-
amagnetic to spiral antiferromagnetic and incommensurate
to commensurate Mn magnetic transitions for pure and
doped terbium manganites samples.’’ A bifurcation of the
ZFC and FC curves is observed at 60K and 63K for
Tbg ¢7Dy0.33MnO3 and Tb, ¢7Hop 33Mn0O3, respectively, sug-
gesting a weak ferromagnetic component of the Mn ordering.
The high temperature (paramagnetic) susceptibility data
were fit to the Curie-Weiss law: y = C/(T — 0), where y is the
susceptibility, C is the Curie constant, and 0 is the Weiss
temperature. The negative Weiss temperatures observed in
all of the present samples indicate antiferromagnetic order-
ing. The effective magnetic moments were calculated from
the Curie constants and are presented in Table I. Gd substitu-
tion significantly reduces the effective magnetization,
whereas Dy and Ho substitution only slightly reduce the
effective magnetization as compared to pure TbMnOj3. This
is likely due to the high magnetic moments of Tb, Dy, and
Ho compared to the moderate moment of Gd.>* The meas-
ured magnetic moments are found to be in good agreement
with our DFT calculated values (see Table I).
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experimental measurements on the same material systems.
The major findings of this work are that the spiral AFM order
observed in TbMnOs is stable with respect to the present A-
site substitutions. These substitutions do, however, modify
the Mn-O-Mn bond angles. The higher Mn-O-Mn bond
angles, caused by the Dy and Ho substitutions, induce a
weak ferromagnetism as observed through bifurcation of the
ZFC and FC curves. This is a crucial finding that the mag-
netic order of TbMnQs5, which is known to cause the ferroe-
lectricity, can be preserved while the net magnetic moment
enhanced. This is an important step in the field of the
magnetically driven ferroelectric class of magnetoelectric
multiferroics, which have traditionally had low magnetic
moments due to the predominantly antiferromagnetic
order.>>>° In a broad sense, our theoretical and experimental
research has led to an improved understanding of both
dopant-mediated spin structure and magnetization in pure
and doped TbMnO;. However, further studies are needed to
determine how these present substitutions could affect the
ferroelectric polarization.
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