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a b s t r a c t

The results of X-ray diffraction, magnetic, and 155Gd M€ossbauer spectroscopy study, complemented by
the ab-initio electronic structure and the hyperfine-interaction parameters calculations, of the GdRhO3

orthorhodite are reported. GdRhO3 crystallizes in the orthorhombic space group Pnma with the lattice
parameters a ¼ 5:7450ð1Þ Å, b ¼ 7:6647ð1Þ Å, and c ¼ 5:2905ð1Þ Å. The evidence is provided for the
presence of directional covalent bonding between the Rh and O atoms and of ionic bonding between the
Gd and Rh/O atoms. GdRhO3 orders antiferromagnetically with the N�eel temperature TN ¼ 2:13ð5Þ K. The
magnetic susceptibility above TN follows the modified Curie-Weiss law with the paramagnetic Curie
temperature of �3:37ð1Þ K and the effective magnetic moment of 7.99(1) mB per Gd atom. The Debye
temperature of GdRhO3 determined from the M€ossbauer data is found to be 256(1) K. The calculated Gd
magnetic moment and hyperfine-interaction parameters are in good agreement with the experimental
values.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The compounds of the chemical formula ABO3 are the
perovskite-type oxides inwhich A is a large cation and B is a smaller
cation. They are one of the most extensively studied oxide systems.
Rare-earth (R) orthorhodites, RRhO3, are a subset of these com-
pounds [1] and their physical properties have been much less
studied.

The LuRhO3 orthorhodite was shown to be a p-type semi-
conductor that acts as a good hydrogen reduction catalyst [2]. This
orthorhodite was found to be nonmagnetic down to 2.0 K, and its
Debye temperature was determined to be 271 K [3]. The temper-
ature dependence of the electrical resistivity of other RRhO3
orthorhodites (R ¼ La, Nd, Sm, Eu, Gd, Dy, Er, and Lu) [4] confirmed
that they are semiconductors. The magnetic and specific heat
measurements of the RRhO3 orthorhodites (R ¼ rare-earth except
Ce and Pm) showed that they are either antiferromagnets or
paramagnets [4,5].
).
The aim of this work is to explore structural, electronic, mag-
netic, and hyperfine-interaction properties of the GdRhO3 ortho-
rhodites. To this end, X-ray diffraction, magnetic, and 155Gd
M€ossbauer spectroscopy measurements, complemented by the
first-principles electronic structure and hyperfine-interaction pa-
rameters calculations, have been carried out and the results are
presented and discussed here.
2. Experimental and theoretical methods

A polycrystalline sample of composition GdRhO3 was synthe-
sized by the solid-state reaction method using high-purity (99.9%)
oxides of Rh2O3 and Gd2O3 [4]. An appropriate amount of oxides
was thoroughly mixed and then pelletized under the pressure of
100 kg/cm2. The pellet was calcined at 1223 K for 10 h in an oxygen
atmosphere (1 atm). Themixing, pelletization, and calcinationwere
repeated three times. Finally, after being reground and pressed into
a pellet, the mixture was sintered at 1473 K for 12 h in an oxygen
atmosphere (1 atm).

The X-ray diffraction (XRD) spectrum of GdRhO3 was measured
at 298 K in Bragg-Brentano geometry on a PANalytical X'Pert
scanning diffractometer using Cu Ka radiation in the 2q range
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15e85� in steps of 0.02�. The Kb line was eliminated by using a
Kevex PSi2 Peltier-cooled solid-state Si detector.

The dc magnetic susceptibility was measured with a Quantum
Design (QD) Magnetic Property Measurement System in the tem-
perature range 1.8e300 K.

The 155Gd M€ossbauer measurements were done using a stan-
dard M€ossbauer spectrometer operating in a sine mode and a
source of 155Eu(SmPd3). The source was kept at the same temper-
ature as that of the absorber. The spectrometer was calibrated with
a Michelson interferometer [6], and the spectra were folded. The
M€ossbauer absorber was made of pulverized material pressed into
a pellet which was inserted into an Al disk container of the thick-
ness of 0.008 mm to ensure a uniform temperature over the whole
M€ossbauer absorber. The surface density of the M€ossbauer
absorber of GdRhO3 was 344 mg/cm2. The 86.5 keV g-rays were
detected with a 2.5 cm NaI(Tl) scintillation detector covered with a
0.6 mm Pb plate to cut off the 105.3 keV g-rays emitted from the
source.

The analysis of the M€ossbauer spectra involved a least-squares
fitting procedure which entailed calculations of the positions and
relative intensities of the absorption lines by numerical diagonal-
ization of the full hyperfine interaction Hamiltonian. In the prin-
cipal axis coordinate system of the electric field gradient (EFG)
tensor, the Hamiltonian can be written as [7]

bH ¼ gmBHhf

�bIz cos qþ 1
2

�bIþe�if þbI�eif�sin q

�

þ eQVzz

4Ið2I � 1Þ
h
3bI2z � IðI þ 1Þ þ h

2

�bI2þ þbI2��i;
(1)

where g is a nuclear g-factor of a nuclear state, mB is the nuclear
Bohrmagneton, Hhf is the hyperfinemagnetic field at a nuclear site,
Q is the quadrupole moment of a nuclear state, I is the nuclear spin,
Vzz is the z component of the EFG tensor, h is the asymmetry
parameter defined as h ¼ ��ðVxx � VyyÞ=Vzz

�� (if the principal axes are
chosen such that

��Vxx
��< ��Vyy

��< ��Vzz
��, then 0 � h � 1), q is the angle

between the direction of Hhf and the Vzz-axis, f is the angle be-
tween the Vxx-axis and the projection of Hhf onto the xy plane, and

the bIz, bIþ, and bI� operators have their usual meaning. During the
fitting procedure, the g factor and the quadrupole moment ratios
for 155Gd (Ig ¼ 3=2, Iex ¼ 5=2) were constrained to gex=gg ¼ 1:235
and Qex=Qg ¼ 0:087, respectively [8]. The interference factor x for
the E1 transition of 86.5-keV in 155Gd was fixed to the value of
0.0520 which was derived from the fit of the 155Gd M€ossbauer
spectrum of GdFe2 at 4.2 K [9].

The surface density of the M€ossbauer absorber corresponds to
an effective thickness parameter [7] Ta ¼ 33:4fa, where fa is the
Debye-Waller factor of the absorber. Since Ta >1, the resonance line
shape of the M€ossbauer spectrum was described using a trans-
mission integral formula [10]. In addition to the hyperfine param-
eters, only fa and the absorber linewidth Ga were fitted as
independent parameters. The source linewidth Gs ¼ 0:334 mm/s
and the background-corrected Debye-Waller factor of the source
f �s ¼ 0:106 [10], which were derived from the fit of the 155Gd
M€ossbauer spectrum of GdFe2 at 4.2 K [9], were used. The
155Eu(SmPd3) source at 1.5 K emits a broadened emission line; it
was found from the fit of the 155Gd M€ossbauer spectrum of GdFe2
at 1.5 K that Gs ¼ 0:708 mm/s [9].

Ab initio electronic structure and M€ossbauer hyperfine-
interaction parameter calculations have been performed within
the framework of density functional theory using the full-potential
linearized augmented-plane-wave plus local orbitals (FP-
LAPWþlo) method as implemented in the WIEN2k package [11]. In
this method, one partitions the unit cell into two regions: a region
of non-overlapping muffin-tin (MT) spheres centered at the atomic
sites and an interstitial region. The wave functions in the MT re-
gions are a linear combination of atomic radial functions times
spherical harmonics, whereas in the interstitial regions they are
expanded in plane waves. The basis set inside each MT sphere is
split into a core and a valence subset. The core states are treated
within the spherical part of the potential only and are assumed to
have a spherically symmetric charge density in the MT spheres. The
valence wave functions in the interstitial region were expanded in
spherical harmonics up to l ¼ 4, whereas in the MT region they
were expanded to a maximum of l ¼ 12 harmonics. For the
exchange-correlation potential, the generalized gradient approxi-
mation (GGA) scheme of Perdew, Burke, and Ernzerhof [12] was
used. The Hubbard parameter U ¼ 8:2 eV and the exchange
parameter J ¼ 0:68 eV were used for the Gd 4f states [13]. A sepa-
ration energy of �6.5 Ry between the valence and core states of
individual atoms in the unit cell was chosen. The values of 2.14,1.98,
and 1.70 a.u. were used as the MT radii for Gd, Rh, and O, respec-
tively. The plane-wave cut-off parameter was set to
RMT � KMAX ¼ 6:5, where RMT is the smallest MT radius in the unit
cell and KMAX is the maximum K vector used in the plane-wave
expansion in the interstitial region. A total number of 120 inequi-
valent k-points was used within a 10� 8� 11 k-mesh in the irre-
ducible wedge of the first Brillouin zone. A convergence criterion
for self-consistent field calculations was chosen in such a way that
the difference in energy between two successive iterations did not
exceed 10�4 Ry. The experimental lattice parameters (a, b, and c)
and the atomic position parameters in the space group Pnma (vide
infra) were used in the calculations.
3. Results and discussion

3.1. Structural characterization

The room-temperature X-ray powder diffraction pattern of
GdRhO3 is shown in Fig. 1. The studied compound crystallizes in the
orthorhombic space group Pnma (No. 62) [1]. A Rietveld refinement
[14] of the pattern in Fig. 1 yields the lattice parameters
a ¼ 5:7450ð1Þ Å, b ¼ 7:6647ð1Þ Å, c ¼ 5:2905ð1Þ Å, and the atomic
positional parameters that are listed in Table 1.

The values of these parameters compare well with the corre-
sponding values reported earlier [1]. The presence of no second
phase/phases could be detected in the X-ray powder diffraction
pattern of GdRhO3 (Fig. 1).

The crystal structure of GdRhO3 is shown in Fig. 2. One observes
that the unit cell is a cuboid elongated along the b-direction. Thus, a
larger separation between atoms along that direction causes rela-
tively weak electrostatic interactions between them (vide infra).
There are four formula units of GdRhO3 per unit cell. The Gd and Rh
atoms form chemical bonds with their O atom neighbors. These
bonds are depicted in Fig. 2 by the connecting rods. They form an
internal network between neighboring atoms and are responsible
for the delocalization of the valence states (vide infra). The chemical
bonds between Gd ions and the RhO3 units are ionic, whereas the
bonds between the Rh and O atoms in the RhO3 units are covalent
(vide infra). Based on the calculated electron charge density dis-
tributions and the calculated electronic structure, the nature of
various bonds in GdRhO3 is discussed below.
3.2. Ab-initio calculations

3.2.1. Charge density distributions
The nature of the interatomic interactions in GdRhO3 is a



Fig. 1. The X-ray powder diffraction spectrum of GdRhO3 at 298 K. The experimental
data are denoted by open circles, while the line through the circles represents the
result of the Rietveld refinement. The row of vertical bars represents the Bragg peak
positions for the Pnma space group. The lower solid line represents the difference
curve between experimental and calculated spectra.

Fig. 2. The unit cell of the GdRhO3 compound.
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mixture of covalent and ionic bonding. Fig. 3 displays the calculated
valence charge density distributions in the (001), (010), and (110)
planes. Electron deficiency is colored in red, and electron excess is
depicted as purple; intermediate charge densities are colored in
green/blue (Fig. 3). The charge density distribution of the valence
states explains the nature of the chemical bonding between the
atoms in GdRhO3. The presence of directional covalent bonding
between the Rh and O atoms in the [RhO3]3� units can be observed
in Fig. 3(a) (green regions). The Gd3þ ions are virtually isolated from
the [RhO3]3� units [red regions in Fig. 3(a)], which points toward a
complete electron transfer between them. This electron transfer is
due to a relatively strong ionic bonding between Gd3þ and
[RhO3]3�, which results from strong Coulomb interactions. In
particular, the existence of such strong bonds can be explained by
the large difference in electronegativity between the Gd atoms
(1.20) and the O and Rh atoms (3.22 and 2.28, respectively). The
complete charge transfer is clearly observed by the absence of the
valence charge density [red regions in Fig. 3(a)].

The intense directional covalent bonds between the Rh and O
atoms can be observed from a different perspective [green regions
in Fig. 3(b)]. Due to the relatively large spatial extension of the
dumbbell shape O 2p valence states, a considerable overlap be-
tween these states and the Rh 4d and 5s states is expected in certain
directions. This leads to the sharing of the valence electrons be-
tween the O and Rh atoms [Fig. 3(b)]. The interatomic distance
between the O and Rh atoms in GdRhO3 is small (2.11 Å). This leads
to an enhanced s-p and p-d hybridization between the Rh and O
states, resulting in the directional covalent bonding between the O
and Rh atoms.

These directional covalent bonds surround islands that result
from the absence of electron charge density [red regions in
Fig. 3(b)]. The insulating nature of the compound studied can be the
result of the existence of these islands, which indicates the
Table 1
Atomic positions for the orthogonal GdRhO3 (space group Pnma) obtained through
Rietveld analysis and calculated Vzz (in units of 1021 V/m2) and h.

Atom Site Point symmetry x y z Vzz h

Gd 4c :m: 0.4228 1
4

0.0227 1.4873 0.707

Rh 4a 1 0.0 0.0 0.0 �0.4636 0.419
O1 4c :m: 0.5555 1

4
0.6447 0.9525 0.671

O2 8d 1 0.2007 0.0619 0.3218 1.0768 0.167
presence of strong ionic interactions between Gd3þ and [RhO3]3�.
The connecting rods between Rh and O atoms surround regions of
empty space (Fig. 2) which correspond to the red islands in Fig. 3(b).
This supports the analysis above.

The insulating nature of GdRhO3 can best be seen in Fig. 3(c).
Although there is a large number of atoms in the (110) plane, their
electrostatic interactions result in vast regions deficient in electron
charge density (red and yellow regions).
3.2.2. Energy band structure
The spin-up and spin-down energy bands calculated for the

energy range between �7 and 12 eV are shown in Fig. 4. The
presence of an energy gap above the Fermi level is evident. It ac-
counts for the insulating behavior of GdRhO3. The origin of the
energy gap is due to the strong Hubbard potential (8.2 eV) corre-
sponding to the on-site Coulomb interaction between the highly
localized Gd 4f electrons. For the spin-up states [Fig. 4(a)], the 4f
bands are highly packed in a narrow energy region between�5:5 to
�6:1 eV. The localization of these states is realized through their
small energy dispersion in the various directions in the Brillouin
zone, in contrast to that of other states. The effective mass of the
electrons in these 4f states is relatively large due to the small energy
variations along different directions in the Brillouin zone. As a
result, the mobility of electrons in these states is low, and conse-
quently these electrons do not contribute to electronic transport. In
addition, since these bands are located deeply below the Fermi
level, they are fully occupied and hence no transition of electronic
type is expected. A relatively broader energy region between 5.7
and 9.4 eV is occupied by the Gd 5d states. These bands are fewer in
numbers, and more spread out in energy (less localized) than the 4f
bands.

For the spin-down state, numerous localized Gd 4f bands occupy
the energy region between about 6.5 and 7.2 eV [Fig. 4(b)]. How-
ever, as compared to the Gd 4f spin-up bands, they are fewer in
number. This leads to a large value of Gd magnetic moment. In
addition to the Gd 4f bands, the Gd 5d, Rh 4d, and O 2p bands exist
in this region and extend up to 10 eV. Since these states are located
far above the Fermi level and are mainly vacant, they do not affect
the physical and chemical properties of GdRhO3.

In the energy range 2.6�5.5 eV, the Rh 4d, Rh 5s, and O 2p bands
appear in both spin-up and spin-down bands (Fig. 4). The d bands
are localized at the lower end of this region (from about 2.6 to
3.5 eV), whereas the s and p conduction bands are more delocalized
and occupy a broader energy region (from about 3.5 to 5.5 eV). The
large energy variations of the s and p bands along various sym-
metry directions in the Brillouin zone, which corresponds to a large
gradient of energy in k-space, lead to a larger crystal momentum,



Fig. 3. Electron charge density distributions (in units of e/Å3) in the (001) plane (a), (010) plane (b), and (110) plane (c). The unit cell boundaries are indicated in (a) and (b).
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and thus results in a higher carrier mobility. This accounts for the
conductive nature of these states.

Below the Fermi level, down to �5:5 eV, there is a very broad
energy region of bands for both spin-up and spin-down states.
These bands originatemainly from the Rh and O valence states, that
is, the Rh 5s, Rh 4d, and O 2p states. These states, via s-p and p-
d hybridization, form the aforementioned covalent bonds in the
GdRhO3 compound.

The numerous delocalized O 2p valence states occupy the region
from the Fermi level and extend down to �6:0 eV. As mentioned
earlier, the Coulomb interactions between electrons in the O 2p
valence states with those in the Rh 4d states give rise to the for-
mation of the covalent bonds, supporting the conclusion made
earlier that was based on electron density calculations. The O 2p
states have a relatively high energy dispersion along the various
directions in the Brillouin zone, thus allowing them to share their
electrons with neighboring Rh and O states. This accounts for the
presence of a relatively high electron charge density in regions
between these atoms.

Most of the physical and chemical properties of a material are
determined by the bands in the near Fermi energy region. In the
compound studied, the d and s states of the Gd and Rh atoms, and
the p states of the O atoms, contribute to the bands in the near
Fermi energy region. The numerous f states of Gd lie too deep in
energy to have any contribution to the bands in the near Fermi
energy region. The valence bands mentioned earlier and also the
conduction bands merge at G, M, R, and X points (Fig. 4). This is
explained by the high symmetry of these points whichmakes these
states strongly degenerate. Electrons and holes near these high-
symmetry points become almost immobile as their effective mass
becomes increasingly large. However, the degeneracy of the
valence and conduction bands is broken as one moves from one
symmetry point to another. This can be observed along the L, S, Z,
and D paths (Fig. 4). The electrons and holes along these paths still
have a large, but finite effective mass which allows them to
participate in a very weak form of electronic transport. The insu-
lating nature of GdRhO3 is the direct result of the characteristics of
these near Fermi energy states.

The energy gap in a solid is defined as the difference in energy
between the highest occupied valence band and the lowest unoc-
cupied conduction band. In the compound studied, the smallest
energy gap between the conduction and valence bands is a direct
gap that occurs at the G point (�2.6 eV). This gap is larger than that
of a typical semiconductor but smaller than the gap in most in-
sulators. The presence of a 2.6-eV bandgap in GdRhO3 (Fig. 4) could
be potentially utilized in solar-cell technology. The band gap is wide
enough to prevent the absorption of longer wavelengths of visible
light and also of the IR radiation, thus preventing heating of the
material by sunlight. On the other hand, the band gap is small
enough to allow for the absorption of short wavelengths of visible
light, thus generating an electrical current.

3.2.3. Density of states
The features of the electronic structure described above can also

be observed in the total and partial density of states (DOS) of
GdRhO3 and its constituent atoms.

The DOS of GdRhO3 (Fig. 5) contains three major features. First,
two highly peaked features on both sides of the Fermi energy can
be seen. They arise from the contributions made by the Gd states to
the total DOS. These states are shown to be Gd 4f states which are



Fig. 4. Spin-up (a) and spin-down (b) band structures of GdRhO3.

Fig. 5. (a) Spin-polarized total and atom-resolved density of states of GdRhO3. (b) Idem
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strongly localized in energy (Fig. 6). The strong localization of the 4f
states is the direct consequence of using the orbital-dependent
potential in the calculations. For the spin-up states, the Gd 4f
states are localized between �5:5 and �6:1 eV, whereas for the
spin-down states they are highly peaked between 6.5 and 7.2 eV.
The DOS corresponding to the Gd spin-down states is smaller than
that of the Gd spin-up states ((Fig. 5). Due to the large Hubbard
parameter, these minority Gd 4f states are shifted out of the band
gap. These states are empty since they lie far above the Fermi level
and practically no electronwould have enough energy to be excited
into these states. On the other hand, the majority spin-up Gd 4f
states can be regarded as semi-core states because they are local-
ized in energies far below the Fermi level. This leads to the atomic-
like characteristics of these states. The difference in the spin-up and
spin-down Gd 4f DOS can explain the observed high magnetic
moment of GdRhO3 [5]. Since the electrons of the Gd 4f states are
highly localized in energy and lie far from the Fermi level, they do
not participate in the electronic transport in the studied compound.
This is in agreement with what was discussed above based on the
band structure arguments.

Second, the 2.6-eV energy gap mentioned earlier is clearly
observed here (Fig. 5). This gap separates the valence states below
the Fermi level from the conduction states. It explains the insu-
lating nature of GdRhO3 and thus supports the conclusions made
earlier that were based on the calculated charge density distribu-
tions. The large energy separation between the Gd 4f states, as well
as the relatively large energy gap, result from the strong Hubbard
potential with an effective U � J parameter of 7.52 eV.

The third feature is the presence of two regions of lower DOS
(compared to the Gd DOS) that are widely spread out in energy
[Fig. 5(a)]. The first region is between the Fermi level and �5:5 eV
and the second region lies between 2.6 and 5.2 eV [Fig. 5(b)]. One
can notice that these two energy regions are occupied by the
electronic states originating from the Rh and O atoms [Fig. 5(b)] and
that these states significantly overlap. Although the properties of a
solid almost entirely originate from states near the Fermi level, the
potential from the Gd 4f semi-core states affects the electrons in the
5d and 6s valence states and thus influences the distribution of
these states in the Fermi energy region. One can thus state that the
to (a) with an enlarged vertical scale.



Fig. 6. Spin-polarized total and orbital-resolved density of states of Gd in GdRhO3.

Fig. 7. Spin-polarized total and orbital-resolved density of states of Rh (a) and O (b) in
GdRhO3.
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broad energy region occupied by the valence states is the indication
of the interaction between the electrons in the 4f states with those
in the 5d and 6s valence states. As one can see in Fig. 7, the overlap
in these energy regions shows the aforementioned p-d hybridiza-
tion between the Rh 4d and O 2p states. This overlap leads to the
formation of directional covalent bonds between these atoms. The
third feature confirms the presence of high electron density regions
between the O and Rh atoms, as discussed earlier. On the other
hand, themajority of the Rh and O states do not overlapwith the Gd
4f states. This is because the Rh and O states are spread out in
energy whereas the Gd states are localized. Thus, one can expect
the existence of ionic bonding between the Gd and Rh/O atoms, as
discussed earlier.

Upon further inspection of the atom-resolved DOS of Rh and O
(Fig. 7), one notices that the spin-up and spin-down contributions
are virtually identical, with the location of DOS peaks at the same
energies. This results in almost zero magnetic moments of these
two atoms.
3.2.4. Magnetic moments and M€ossbauer parameters
The calculated total magnetic moment of GdRhO3 is 7.00 mB. This

value should be compared with the corresponding experimental
value of 6:6ð1Þ mB measured at 1.9 K and in an external magnetic
field of 9.0 T [5].

The calculated magnetic moment of the Gd atoms is 6.9316 mB
and the total magnetic moment of the interstitial regions is 0.10750
mB. The calculated magnetic moments associated with the Rh, O1,
and O2 atoms are 0.00335, �0.01451, and �0.01393 mB, respec-
tively. The non-zero magnetic moments associated with the Rh and
O atoms are induced by the magnetic field produced by the Gd
magnetic moments. This magnetic field interacts with the spins of
electrons of neighboring atoms and thus modifies their energy
levels depending on the spin orientation. This induces a non-zero
magnetic moment on the Rh and O atoms. The Gd magnetic mo-
ments are localized and this is confirmed by the fact that the
calculated Rh and O magnetic moments are very small. In other
words, if the Gd 4f states were broadly distributed such that a
significant overlap between these states and the O and Rh states
existed, the magnetic moments of Rh and O would then be
considerably affected, resulting in their much larger values than
those predicted by calculations.

Our calculations indicate that the magnetic moment of GdRhO3

almost entirely originates from the Gd atoms. This is in agreement
with the calculated spin-polarized DOS (vide supra).

The antiferromagnetic interaction between the Gd3þ ions can be
explained by an indirect exchange interaction via the intermediate
O2� ions. Due to the strong localization of the Gd 4f states, the super
exchange interaction between the Gd 4f electrons and the O 2p
electrons is negligible. As one can see from Fig. 5, there is not a
significant overlap between the majority of the O 2p states and the
Gd 4f states. However, it is the Gd 5d and 6s valence states (because
of their relatively large spatial distribution) that make the inter-
atomic exchange interaction between the Gd and O atoms through
the GdeOeGd bonds possible. The distance between the Gd nearest
neighbors in GdRhO3 is 4.07 Å and the angle of the GdeOeGd bond
is 133.6�. Due to a relatively large value of this distance, the direct
exchange interaction between the Gd spins is not possible. There-
fore, the nature of the antiferromagnetic coupling must be of the
indirect type. Because of the overlap between the O 2p states and
the Gd valence states, there is always a nonzero probability of
electron spin interaction between the O 2p states and the Gd
valence states and hence an indirect exchange interaction via the
GdeOeGd path is expected.

The calculated Vzz and h at the Gd, Rh, O1, and O2 sites are given
in Table 1. The calculated Hhf at the Gd site is 283.3 kOe. The
calculated Vzz, h, and Hhf at the Gd site will be compared with the
corresponding experimental values below.
3.3. Magnetic measurements

Fig. 8(a) shows the temperature dependence of the magnetic
susceptibility c of GdRhO3 measured in an appliedmagnetic field of
1.0 kOe. The peak at TN ¼ 2:13ð5Þ K in the cðTÞ data [inset in
Fig. 8(a)] is indicative of antiferromagnetic ordering occurring at
this temperature.

The cðTÞ data above 20 K [Fig. 8(a)] could be fitted to a modified
Curie-Weiss law

c ¼ c0 þ
C

T �Qp
; (2)

where c0 is the temperature-independent magnetic susceptibility



Fig. 9. 155Gd M€ossbauer spectrum of GdRhO3 at 5.6 K fitted (solid line) with an electric
quadrupole hyperfine interaction, as described in the text. The zero-velocity origin is
relative to the source.
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that includes contributions from Pauli and Van Vleck para-
magnetism as well as from core and Landau diamagnetism, C is the
Curie constant, andQp is the paramagnetic Curie temperature. The

Curie constant can be expressed as C ¼ Nm2
eff

3kB
, where N is the number

of Gd atoms per formula unit, meff is the effective magnetic
moment, and kB is the Boltzmann constant. The inverse magnetic

susceptibility corrected for the contribution c0 as ðc� c0Þ�1 versus
temperature is shown in Fig. 8(b); the data clearly satisfy the
modified Curie-Weiss law. The values of c0, C, and Qp obtained

from the fit are, respectively, 5:43ð1:82Þ � 10�8 cm3/g,
25:92ð1Þ � 10�3 cm3 K/g, and �3:37ð1Þ K. This value of C corre-
sponds to meff ¼ 7:99ð1Þ mB per Gd atom.

For a free Gd3þ ion (electronic configuration 8S7/2), the theo-
retical value of mtheff ¼ gmB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þp

is 7.94 mB [15]. From the fact that
the experimental value meff ¼ 7:99ð1Þ mB is close to the theoretical
value of 7.94 mB it is concluded that the magnetic moment is
localized on the Gd3þ ions and that, as expected, Rh atoms carry no
magnetic moment. The negative value of Qp indicates that the
interaction between the Gd3þ spins is predominantly
antiferromagnetic.
3.4. M€ossbauer spectroscopy

The 155Gd M€ossbauer spectrum of GdRhO3 measured at 5.6 K,
i.e., in the paramagnetic region above TN, is shown in Fig. 9. The
crystallographic site at which the Gd3þ ions are located has the
point symmetry :m: (Table 1), which implies a non-zero EFG at the
Gd3þ site, and hence a non-zero electric quadrupole hyperfine
Fig. 8. (a) Temperature dependence of the magnetic susceptibility of GdRhO3,
measured in an external magnetic field of 1.0 kOe. The solid line is the fit to Eq. (2) in
the temperature range 20e300 K, as explained in the text. The inset shows the mag-
netic susceptibility data in the low-temperature range. (b) Temperature dependence of
the inverse magnetic susceptibility corrected for the contribution c0, ðc� c0Þ�1 of
GdRhO3. The solid line is the fit to Eq. (2).

Fig. 10. 155Gd M€ossbauer spectrum of GdRhO3 at 1.6 K fitted (solid line) with a com-
bined magnetic dipole and electric quadrupole hyperfine interactions, as described in
the text. The zero-velocity origin is relative to the source.
interaction. The M€ossbauer spectrum in Fig. 9 indeed shows the
presence of a substantial electric quadrupole hyperfine interaction
and the absence of the magnetic dipole hyperfine interaction. The
absence of the magnetic dipole hyperfine interaction in the
M€ossbauer spectrum in Fig. 9 proves that at 5.6 K the Gd magnetic
moments are not magnetically ordered. For 155Gd nuclei, the
quadrupole moment of the excited nuclear state Qex ¼ 0:12 b [8] is
significantly smaller than that of the ground nuclear state
Qg ¼ 1:30 b [16]. Consequently, the quadrupole splitting of the
excited nuclear state, which is sensitive to the sign of Vzz and the
magnitude of h, is smaller than the natural linewidth Gnat ¼ 0:250
mm/s. As a result, only the absolute value of the effective quadru-

pole splitting parameter Deff
g ¼ eQg

���Vzz

��� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h2=3

p
can be derived

from a M€ossbauer spectrum of a sample in the paramagnetic state
and the spectrum, which consists of six lines, has the appearance of
a doublet [17].

The fit of the M€ossbauer spectrum in Fig. 9 yields the following
parameters: the isomer shift [relative to the 155Eu(SmPd3) source]

d ¼ 0:505ð2Þ mm/s, Deff
g ¼ 6:402ð8Þ mm/s, fa ¼ 17:1ð1Þ%, and

Ga ¼ 0:294ð6Þ mm/s. The value of d confirms the trivalent state of
Gd in GdRhO3 [17].

For the lattice vibrations treated in terms of the Debye
approximation, the absorber Debye-Waller factor fa is expressed [7]
by the Debye temperature, QD, as
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faðTÞ ¼ exp

8><
>:� 3

4
E2g

Mc2kBQD

2
641þ 4

�
T
QD

	2 ZQD=T

0

xdx
ex � 1

3
75
9>=
>;; (3)

where Eg is the energy of theM€ossbauer transition,M is themass of
the M€ossbauer nucleus, and c is the speed of light. The value of
fa ¼ 17:1ð1Þ% derived from the fit of the M€ossbauer spectrum in
Fig. 9 gives via Eq. (3)QD ¼ 256ð1Þ K. The value ofQD found here is
close to the value of 271 K determined from the specific heat data
for the LuRhO3 orthorhodite [3].

Fig. 10 shows the 155Gd M€ossbauer spectrum of GdRhO3 at 1.6 K,
i.e., below TN. This spectrum clearly exhibits the presence of a
combined magnetic dipole and electric quadrupole hyperfine in-
teractions. The fit of such a spectrum, which consists of 24 lines,
allows both the sign of Vzz and the value of h to be determined. The
presence of the magnetic dipole hyperfine interaction in the
M€ossbauer spectrum in Fig. 10 proves that the Gd magnetic mo-
ments are magnetically ordered at 1.6 K. The following parameters
were derived from the fit (because of the strong correlation be-
tween the values of h and the angle f, the latter had to be con-
strained to the value of 0:0+) of the M€ossbauer spectrum in Fig. 10:
d ¼ 0:505ð1Þ mm/s, Hhf ¼ 219:7ð3:4Þ kOe, the quadrupole splitting
constant eQgVzz ¼ 5:480ð24Þ mm/s [Vzz ¼ 1:216ð5Þ � 1022 V/m2],
h ¼ 0:98ð5Þ, the angle q ¼ 35:2ð2:1Þ+, and fa ¼ 18:2ð9Þ%. A sub-
stantial value of Hhf indicates a considerable magnetic moment of
Gd atoms.

We note here that the experimental value of Hhf is smaller than
the calculated value of 283.3 kOe. However, the agreement be-
tween the experimental values of Vzz and h and the calculated ones
(1:4873� 1022 V/m2 and 0.707) is much more satisfactory.

The point symmetry :m: (Table 1) of the 4c site occupied by the
Gd atoms stipulates the existence of a mirror plane perpendicular
to the crystallographic b-axis. Consequently, one of the principal
axes of the EFG tensor has to be parallel to the crystallographic b-
axis and the two other EFG principal axes lie in the ac-plane [18]. If
Vzz is parallel to the b-axis than the fitted parameter q ¼ 35:2ð2:1Þ+
and the assumed f ¼ 0:0+ imply that the hyperfine magnetic field
at the Gd site, and hence the Gdmagnetic moment, is 35:2ð2:1Þ+ off
the b-axis in the bc-plane.

4. Summary

We report the results of X-ray diffraction, magnetic, and 155Gd
M€ossbauer spectroscopy study, complemented by the ab-initio
electronic structure and the hyperfine interaction parameters cal-
culations, of the GdRhO3 orthorhodite. It is shown that this com-
pound crystallizes in the orthorhombic space group Pnma with the
lattice parameters a ¼ 5:7450ð1Þ Å, b ¼ 7:6647ð1Þ Å, and
c ¼ 5:2905ð1Þ Å. Evidence for the presence of directional covalent
bonding between the Rh and O atoms and of ionic bonding be-
tween the Gd and Rh/O atoms is provided. GdRhO3 develops long-
range antiferromagnetic order with the N�eel temperature
TN ¼ 2:13ð5Þ K. The temperature dependence of the magnetic
susceptibility above TN follows the modified Curie-Weiss law, with
the effective magnetic moment of 7.99(1) mB per Gd atom and the
paramagnetic Curie temperature of �3:37ð1Þ K. The Debye tem-
perature of GdRhO3 is found to be 256(1) K. The calculated
hyperfine-interaction parameters and the Gdmagneticmoment are
in good agreement with the experimental values.
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