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Structural and magnetic properties of the doped terbium manganites (Tb,A)MnO3 (A ¼ 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, TbMnO3 (with a magnetic moment of 9.7 lB for Tb3þ)
Dy- and Ho-ion substituted TbMnO3 results in an increase in the magnetic susceptibility at low
fields ( 10:6lB for Dy3þ and Ho3þ). The observed spiral-spin AFM order in TbMnO3 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 TbMnO3 causes the ferroelectricity, this is an important step in the field of the magnetically 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
C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926369]
higher temperatures. V

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.1,2 Since the discovery of TbMnO3,3 in
which ferroelectric polarization (600 lC/m2) is induced at
its magnetic transition 27 K and Nèel temperature is
observed 41 K, the orthorhombically distorted perovskite
rare-earth manganites, RMnO3, have become the most notable
class of materials due to their high magnetoelectric coupling
(due to magnetically induced ferroelectricity).4 However, due
to the relatively small electric polarization ( 100 lC/m2) and
low Nèel temperature ( 27 K), these materials are not suitable for most technological applications.1–3
Owing to the intrinsic capability of the perovskite structure to host ions of different sizes, chemical doping is considered as a new knob to tune the physical properties of this class
of materials.5 Both computational and experimental techniques have been used to study a variety of dopants in perovskites.5–31 In the particular case of TbMnO3, dopants with
different ionic size and different oxidation state such as
Ru,17,18 Ca,19,20 Sr,20 Na,21 Al,22 Sn,23 La,24 Dy,26 Y,26 and
Ho25,26 have been introduced at the Tb site to tune the magnetic properties. On the other hand, dopants with small ionic
size, such as Cr,27 Sc,28,29 Co,30 or Fe,31 have been introduced
at the Mn site to increase the magnetic transition temperature
and to induce ferromagnetic (FM) interactions.
At ambient conditions, the perovskite RMnO3 crystallizes in either orthorhombic or hexagonal phases.26,27 With
large ionic size R (such as in the cases of Pr, Nd, Tb, and
a)
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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) RMnO3 stabilizes in the hexagonal phase
(P63 cm, at room temperature). The orthorhombic RMnO3
with small R ions (Ho and Lu) can also be synthesized in a
metastable orthorhombic phase by high pressure synthesis
technique32 or special chemical methods.33 Owing to the
several magnetic transitions occurring at low temperatures,
RMnO3 (R ¼ Tb, Dy, and Lu) with orthorhombic distorted
perovskite structure have recently been identified as candidates for magnetic refrigeration utilizing the magnetocaloric
effect (MCE).4 However, due to the relatively broad temperature dependent peak in magnetic entropy change, the
underlying phenomenon governing the origin of such a large

FIG. 1. (a) Crystal structure of perovskite rare-earth manganites TbMnO3
consists of corner sharing MnO6 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 MnO6 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)MnO3 (where A ¼ 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 structure 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)MnO3 (A ¼ Gd, Dy,
and Ho). First, we have compared the relative energetics of the
two types of magnetic orderings anticipated in (Tb,A)MnO3,
namely, the E-AFM type (observed in HoMnO3) and the spiralspin ordering (observed in TbMnO3). Next, we have studied the
effect of dopant A (where A ¼ Gd, Dy, and Ho) on the electronic
and magnetic properties of (Tb,A)MnO3. Finally, we have compared our computational results with experimentally obtained
magnetic properties of pure and doped TbMnO3 bulk ceramics.
The present study provides an improved understanding of both
the spin structure and magnetization of doped systems and suggests that the substitution of rare-earth ions with R-ions with
some magnetic moment directly affects the ordering of the Tb3þ
moments and indirectly affects the Mn ordering (causing an
increased ferromagnetic component).
The DFT calculations were carried out using the projector augmented plane-wave basis functions as embodied in
the Vienna ab initio simulation package (VASP).34–36 The
exchange-correlation interaction was treated within the generalized gradient approximation (GGA) using the PerdewBurke-Ernzerhoff (PBE) functional.37 It is worth mentioning
that for many multiferroic materials such as TbMnO3,38,39
HoMnO3,40 and CaMn7O12,41 the first-principles results are
very sensitive to the choice of the on-site Coulomb energy
U.38–42 Our tests with different U values confirm that for
TbMnO3 U ¼ 2 eV for the 3d states of Mn reproduces the experimental band gap value of 0.5 eV.43 Hence, all the calculations are performed using U ¼ 2 eV for Mn atoms, while
for dopants U ¼ 0 eV was used.27 A Monkhorst-Pack k-point
mesh44 of 3  3  2 is employed to produce converged
results within 0.1 meV per formula unit. In all calculations,
spin-orbital coupling (SOC) was included. In doped
TbMnO3 studies, one Tb atom was substituted with dopants
Gd, Dy, or Ho, thereby resulting in a dopant concentration of
25%.
Powder samples of pure TbMnO3 and doped Tb0.67A0.33
MnO3 (A ¼ 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 O2
environment. Structural characterization by X-ray diffraction
(XRD) was performed using a Bruker D8 diffractometer
using Cu-Ka radiation. Subsequent Rietveld refinement of
the diffraction data was accomplished using the FullProf
Suite package.45 The background was fitted by a linear interpolation 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 v2). DC magnetization measurements were performed 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.
TbMnO3 stabilizes in an orthorhombic distorted perovskite
structure (Pbnm symmetry) consisting of the corner sharing
MnO6 octahedra, with the Mn ions in the center of the octahedral.26,27,38 The (Tb,A) ions are at the center of a cube formed
by MnO6 octahedra as shown in Fig. 1(a). This structure is
highly distorted because of the mismatch of (Tb,A)-O and MnO bond distances and the Jahn-Teller (JT) distortion of the MnO bonds. It should be noticed that multiple factors contribute to
the spin-orientation of a system. Specially, in orthorhombically
distorted RMO3 (R ¼ rare earth, M ¼ transition metal), spinorientation is dominated by the M-ion array and the interaction
between the R and M sublattices, such as antisymmetric
exchange interactions,46 strong coupling,47 and anisotropic
interactions.49 Here, as mentioned above, two types of the possible magnetic ordering arrangements (below ferroelectric transition temperature) in (Tb,A)MnO3 are investigated. Our firstprinciples 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 þ U þ SOC computed total
and atom projected DOS of pure and doped terbium manganites are plotted in Figs. 2(a)–2(d). It is evident from Fig. 2
that the large portion of the DOS (6 eV to 5 eV) is contributed mainly due to Mn atoms accompanied by Tb atoms.
First, we focus on the pure TbMnO3 (Fig. 2(a)), which is
found to be an insulator with energy gap of about 0.5 eV.38
The DOS in the conduction band can be explained in terms
of optical conductivity spectra and first peak near 1.7 eV is
mainly an attribute of the first optical transition as observed
in the earlier optical conductivity spectra measurements.48
The noteworthy feature of the atom projected DOS is that

FIG. 2. Calculated total and atom projected DOS of (a) TbMnO3, (b)
(Tb,Gd)MnO3, (c) (Tb,Dy)MnO3, and (d) (Tb,Ho)MnO3 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 orbitalprojected 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 unoccupied level has Mn 3d character and mainly dominated by
occupation of the dðx2 z2 Þ orbitals (Fig. 3). Specifically, in the
region just above the Fermi level (between 0 and 2 eV), the
DOS arise due to the unoccupied Mn ðdÞ3ðz2 r2 Þ states and
above 2 eV 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) orbitals 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, consistent with the Jahn-Teller mechanism.38
The XRD h–2h data for the pure TbMnO3 and doped
Tb0.67A0.33MnO3 (A ¼ Gd, Dy, and Ho) samples are shown
in Figs. 4(a)–4(d). Peaks corresponding to only the orthorhombic symmetry (space group Pbnm) are observed indicating 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 TbMnO3 are found to be in
agreement with available computational and experimental
data.26,27,38 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
Ho3þ of smaller ionic radius (107.2 pm in 9-coordination) is
substituted in the site of Tb3þ with larger ionic radius
(109.5 pm in 9-coordination). For doped terbium manganites,

FIG. 3. Calculated orbital projected density of states of O and Mn atoms in
(a) TbMnO3, (b) (Tb,Gd)MnO3, (c) (Tb,Dy)MnO3, and (d) (Tb,Ho)MnO3.

Appl. Phys. Lett. 107, 012901 (2015)

FIG. 4. The simulated and measured XRD h–2h scans of orthorhombic (a)
TbMnO3, (b) Tb0.67Gd0.33MnO3, (c) Tb0.67Dy0.33MnO3, and (d) Tb0.67Ho0.33
MnO3.

the average ionic radius of the A-site ion hrA i is 108.741 pm
and the ionic-size mismatch represented by the variance
r2 ¼ Ryi ri2  hrA i2 is 1.17 pm2, where ri corresponds to the
radii of the various A-site cations and yi 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.50
To validate our predicted results, we measure the magnetic properties of these powder samples. The temperature
dependent magnetization of the present TbMnO3 and
Tb0.67A0.33MnO3 (A ¼ 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
7 K in each of the present samples is due to the rare-earth
magnetic ordering. No such features are observed for the paramagnetic to spiral antiferromagnetic and incommensurate
to commensurate Mn magnetic transitions for pure and
doped terbium manganites samples.51 A bifurcation of the
ZFC and FC curves is observed at 60 K and 63 K for
Tb0.67Dy0.33MnO3 and Tb0.67Ho0.33MnO3, respectively, suggesting a weak ferromagnetic component of the Mn ordering.
The high temperature (paramagnetic) susceptibility data
were fit to the Curie-Weiss law: v ¼ C/(T  h), where v is the
susceptibility, C is the Curie constant, and h is the Weiss
temperature. The negative Weiss temperatures observed in
all of the present samples indicate antiferromagnetic ordering. The effective magnetic moments were calculated from
the Curie constants and are presented in Table I. Gd substitution significantly reduces the effective magnetization,
whereas Dy and Ho substitution only slightly reduce the
effective magnetization as compared to pure TbMnO3. This
is likely due to the high magnetic moments of Tb, Dy, and
Ho compared to the moderate moment of Gd.52 The measured magnetic moments are found to be in good agreement
with our DFT calculated values (see Table I).
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a (Å)
5.27 (5.32)
d
2.13 (2.24)
Mn-O2-Mn (deg)
Mn-O1-Mn (deg)
v2
Magnetic
moment (lB )

a (Å)
5.29 (5.34)
d
2.17 (2.25)
Structure
parameters (in Å)

Distances (Å)

0.98 (0.98)
0.08 (0.11)
0.69 (0.70)
0.00 (0.00)
Tb/R (4c)
O1 (4c)
O2(4c)
Mn (4c)

b (Å)
c (Å)
5.84 (5.88)
7.40 (7.48)
d1
d2
1.99 (1.98)
1.907 (1.936)
144.13 (144.16)
153.5
2.53
11.31 6 0.01 (11.29)

a (Å)
5.31 (5.34)
d
2.17 (2.25)

b (Å)
5.84 (5.91)
d1
1.98 (1.98)
143.8 (144.16)
153.5
2.53
9.6 6 0.01 (9.29)

c (Å)
7.40 (7.48)
d2
1.91 (1.94)

a (Å)
5.30 (5.33)
d
2.18 (2.24)

b (Å)
c (Å)
5.83 (5.90)
7.42 (7.47)
d1
d2
1.94 (1.97)
1.92 (1.93)
145.5 (144.25)
150.0
1.96
11.29 6 0.01 (11)

b (Å)
c (Å)
5.81 (5.89)
7.38 (7.45)
d1
d2
1.99 (1.98)
1.90 (1.92)
144.8 (144.15)
153.3
3.48
11.1 6 0.01 (10.7)

0.25 (0.25)
0.25 (0.25)
0.05 (0.05)
0.50 (0.50)
0.08 (0.08)
0.50 (0.46)
0.32 (0.33)
0.00 (0.00)
0.99 (0.98)
0.08 (0.12)
0.70 (0.70)
0.00 (0.00)
0.25 (0.25)
0.25 (0.25)
0.05 (0.05)
0.50 (0.50)
0.98 (0.98)
0.09 (0.12)
0.70 (0.70)
0.00 (0.00)
0.25 (0.25)
0.25 (0.25)
0.05 (0.05)
0.50 (0.50)
0.08 (0.08)
0.50 (0.46)
0.33 (0.33)
0.00 (0.00)
0.98 (0.98)
0.08 (0.12)
0.69 (0.70)
0.00 (0.00)
0.25 (0.25)
0.25 (0.25)
0.05 (0.05)
0.50 (0.50)

x

0.08 (0.08)
0.50 (0.46)
0.33 (0.32)
0.00 (0.00)

y

0.08 (0.08)
0.51 (0.46)
0.33 (0.33)
0.00 (0.00)

x
y

z

y
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Atomic coordinates

y

z

x

Tb0.67Gd0.33MnO3

z

x

Tb0.67Dy0.33MnO3

Tb0.67Ho0.33MnO3

z
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TbMnO3

TABLE I. Summary of the measured structural and magnetic properties of TbMnO3 and Tb1xAxMnO3 (A ¼ Gd, Dy, and Ho). Quantities computed using DFT calculations using the GGA þ U methods are provided in parenthesis. Dopant concentration in experiments and DFT computations is 33% and 25%, respectively. Note that v2 is the chi-squared test for the goodness of the fit between the Reitveld refinement and the measured data.
The distance between Mn and O atoms d, d1, and d2 correspond to d1ðMnO2Þ , d2ðMnO2Þ , and dðMnO1Þ , respectively.

012901-4

FIG. 5. (a) The temperature dependent zero-field cooled (ZFC) and field
cooled (FC) dc magnetization data for (a) TbMnO3, (b) Tb0.67Gd0.33MnO3,
(c) Tb0.67Dy0.33MnO3, and (d) Tb0.67Ho0.33MnO3 bulk samples.

Above the Tb ordering temperature at 7 K, the Tb sublattice is expected to exhibit ordering as a consequence of
JMnTb exchange coupling.53 Even below 7 K, the ordering of
Tb is demonstrated to be related to the wave vector of Mn
ordering in this temperature regime as a result of relatively
strong Mn exchange field.54 Tb is thought to be a special
case of intermediate coupling that leads to complex spin
ordering behavior with respect to Mn sublattice, whereas
Dy-Mn coupling is weak and Ho-Mn is very strong which
leads to the wave vectors completely decoupled or coupled
(respectively) down to zero temperature. Thus, we can
expect that the substitution of 33% Tb with another rareearth ion will significantly impact the exchange coupling and
consequently the ordering of the rare-earth moments at low
temperatures. The modulation of the Mn-O-Mn bond angles
and JMnA in the present samples may explain a significant
difference in susceptibility and coercivity observed in the
magnetic field dependent magnetization behavior (not
shown), with stronger coupling leading to increased susceptibility at low applied fields. Gd substitution in TbMnO3
slightly reduced the Mn-O-Mn bond angle and lead to
slightly weakened magnetization values. Dy and Ho substitution both resulted in higher Mn-O-Mn bond angle than that
in pure TbMnO3 and enhanced ferromagnetic component of
the magnetization value. Additionally, the strong Ho-Mn
interaction could account for the much larger increase in the
magnetization value in case of Ho substitution, as compared
to the weak Dy-Mn interaction present in the Dy substituted
sample. However, any modification to the magnetic ordering
of the Mn moments (i.e., the weak ferromagnetism observed
in Dy- and Ho-doped TbMnO3 samples at higher temperatures) is expected to be a result of the theoretically and
experimentally determined change in the Mn-O-Mn bond
angles that will directly affect super-exchange interactions.
In summary, we extend this dopant-mediated search for
new possible multiferroic candidates by introducing rareearth dopants in the parent material TbMnO3. Using DFT
based computations, we predict that at low temperatures
magnetic ground state of both pure and doped material systems is spiral-spin type of antiferromagnetic (AFM) ordering. The predicted results are in favorable agreement with
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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 TbMnO3 is stable with respect to the present Asite 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 magnetic order of TbMnO3, which is known to cause the ferroelectricity, 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.55,56 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 TbMnO3. However, further studies are needed to
determine how these present substitutions could affect the
ferroelectric polarization.
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M. Pȩkala, V. Drozda, J. F. Fagnard, Ph. Vanderbemden, and M.
Ausloose, J. Alloys Compd. 467, 35–40 (2009).
24
Y. Zhang, T. Tong, W. Kinsman, P. Jiang, G. Yin, and S. Li, J. Alloys
Compd. 549, 358–361 (2013).
25
M. Staruch, G. Lawes, A. Kumarasiri, L. F. Cotica, and M. Jain, Appl.
Phys. Lett. 102, 062908 (2013).
26
M. Staruch, L. Kuna, A. McDannald, and M. Jain, J. Magn. Magn. Mater.
377, 117–120 (2015).
27
M. Staruch, V. Sharma, C. dela Cruz, R. Ramprasad, and M. Jain, J. Appl.
Phys. 116(3), 033919 (2014).
28
V. Cuartero, J. Blasco, J. Garca, G. Subas, C. Ritter, and J. A. RodrguezVelamazn, Phys. Rev. B 81, 224117 (2010).
29
V. Cuartero, J. Blasco, J. Garca, J. Stankiewicz, G. Subas, J. A. RodrguezVelamazn, and C. Ritter, J. Phys.: Condens. Matter 25, 195601 (2013).
30
V. Cuartero, J. Blasco, J. Garca, S. Lafuerza, G. Subas, J. A. RodrguezVelamazn, and C. Ritter, J. Phys.: Condens. Matter 24, 455601 (2012).
31
J. Jin-Ling, Z. Xiang-Qun, L. Guo-Ke, and C. Zhao-Hua, Chin. Phys. B
21, 107501 (2012).
32
V. E. Wood, A. E. Austin, E. W. Collings, and K. C. Brog, J. Phys. Chem.
Solids 34, 859 (1973).
33
S. Quezel, J. Rossat-Mignod, and E. F. Bertaut, Solid State Commun. 14,
941 (1974).
34
G. Kresse and J. Hafner, Phys. Rev. B 49, 14251 (1994).
35
G. Kresse and J. Furthmuller, J. Comput. Mater. Sci. 6, 15 (1996).
36
G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169 (1996).
37
J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865–3868
(1996).
38
A. Malashevich and D. Vanderbilt, Phys. Rev. B 80, 224407 (2009).
39
A. Malashevich and D. Vanderbilt, Eur. Phys. J. B 71, 345–348 (2009).
40
S. Picozzi, K. Yamauchi, B. Sanyal, I. A. Sergienko, and E. Dagotto,
Phys. Rev. Lett. 99, 227201 (2007).
41
X. Z. Lu, M.-H. Whangbo, S. Dong, X. G. Gong, and H. J. Xiang, Phys.
Rev. Lett. 108, 187204 (2012).
42
V. Sharma, M. K. Mahapatra, P. Singh, and R. Ramprasad, J. Mater. Sci.
50, 3051–3056 (2015).
43
Y. Cui, C. Wang, and B. Cao, Solid State Commun. 133, 641 (2005).
44
H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188–5192 (1976).
45
J. Rodrguez-Carvajal, Physica B 192, 55 (1993).
46
Y. L. Su, J. C. Zhang, Z. J. Feng, L. Li, B. Z. Li, Y. Zhou, Z. P. Chen, and
S. X. Cao, J. Appl. Phys. 108, 013905 (2010).
47
K. Yoshii, J. Solid State Chem. 159, 204 (2001).
48
W. S. Choi, D. G. Kim, S. S. A. Seo, S. J. Moon, D. Lee, J. H. Lee, Ho. S.
Lee, D.-Y. Cho, Y. S. Lee, P. M. J. Yu, and T. W. Noh, Phys. Rev. B 77,
045137 (2008).
49
L. G. Marshall, J. G. Cheng, J. S. Zhou, J. B. Goodenough, J. Q. Yan, and
D. G. Mandrus, Phys. Rev. B 86, 064417 (2012).
50
T. Kimura, S. Ishihara, H. Shintani, T. Arima, K. T. Takahashi, K.
Ishizaka, and Y. Tokura, Phys. Rev. B 68, 060403(R) (2003).
51
M. Staruch, D. Violette, and M. Jain, Mater. Chem. Phys. 139, 897 (2013).
52
J. Jensen and A. Mackintosh, Rare Earth Magnetism: Structures and
Excitations (Clarendon Press, Oxford, 1991).
53
G. Lawes, A. B. Harris, T. Kimura, N. Rogado, R. J. Cava, A. Aharony, O.
Entin-Wohlman, T. Yildrim, M. Kenzelmann, C. Broholm, and A. P.
Ramirez, Phys. Rev. Lett. 95, 087205 (2005).
54
O. Prokhnenko, R. Feyerherm, M. Mostovoy, N. Aliouane, E. Dudzik, A.
U. B. Wolter, A. Maljuk, and D. N. Argyriou, Phys. Rev. Lett. 99, 177206
(2007).
55
T. Goto, Y. Yamasaki, H. Watanabe, T. Kimura, and Y. Tokura, Phys.
Rev. B 72, 220403(R) (2005).
56
J. F. Scott, J. Mater. Chem. 22, 4567 (2012).

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: 137.99.20.63
On: Thu, 09 Jul 2015 15:08:54

