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Covalent states and spin-orbit coupling in electronic and magnetic properties of BagY,Rh,Ti,O,;
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In 4d and 5d transition metal compounds, novel properties usually arise from the interplay of electron
correlation and spin-orbit interaction based on isolated single-site physics. However, there are also a large
number of compounds where the intersite effect plays an important role. Here, we report the electronic and
magnetic properties of a hexagonal perovskite BagY,Rh,Ti, 0,7, which is featured with widely spaced Rh,Oq
spin dimers. Our calculations indicate that BagY,Rh,Ti, Oy is a semiconductor with a small band gap of 0.2 eV,
which is consistent with the experimental value of 0.16 eV. In particular, the band gap of BagY,Rh,Ti, 0,7 is not
due to the Jor = 1/2 state from isolated single site but due to the joint effect of covalent states and spin-orbit
coupling formed by Rh’s 1,, orbitals inside the Rh,O9 dimers. Furthermore, we find a giant magnetic anisotropy
energy (MAE) of about 20 meV/Rh in BagY,Rh,Ti, 07 with the easy axis being the ¢ axis. Model calculations
show that the giant MAE is mainly due to first-order perturbation on the doubly degenerate antibonding states of
eg orbitals. Our work not only reveals the interesting electronic and magnetic properties of BagY,Rh,Ti,O,7 but
also could stimulate more studies on the materials with 4d and 5d spin dimers.

DOI: 10.1103/PhysRevB.104.075123

I. INTRODUCTION

The rhodium-based compounds have been widely investi-
gated over the past decades because of their unusual electronic
and magnetic properties. For example, the layered material
SroRhOy4 hosts the paramagnetic metallic state [1-3] while
SryRhOg is the spin-orbit driven magnetic insulator with
Jesf = 1/2 character [4]. Both materials have quadrivalent
rhodium cations (Rh**) coordinated by six divalent oxygen
anions, forming RhOg octahedra. Therefore, their low-energy
electronic structures are dominated by the ,, bands filled by
five d electrons under large crystal field splitting. The RhOg
octahedra in Sr,RhOy are corner sharing and have larger dis-
tortion but in Sr4RhOg they are spatially separated and almost
maintain perfect cubic structures. These different features
result in large bandwidth in Sr,RhO4 and strong single-site
effect in Sr4RhOg, which makes them hold different ground
states. Besides, similar octahedra occur in CaRhO5; which is
crystallized in a perovskite structure [5] and can transform
into a postperovskite structure by subsequent annealing [6].
The two bulk structures show paramagnetic metallic state and
antiferromagnetic (AFM) state, respectively. However, the
isostructural StTRhOj3 films have the evidence to demonstrate
magnetism which differs from the paramagnetic metallic
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ground state that governs in the bulk samples. This is also
strongly related to rotations of RhOg octahedra [7,8]. More-
over, layered material KysRhO, with edge-sharing RhOg
octahedra is predicted to hold noncoplanar AFM configura-
tion and a quantum topological Hall insulating phase [9].

In all materials mentioned above, there exist RhOg
octahedra with different connections which are very cru-
cial to their ground states. Recently, a hexagonal material
BagY,Rh;Ti;O7 containing RhOg octahedral dimers has
been synthesized [10]. The electric transport and optical ex-
periments show that the material is a semiconductor with a
band gap of 0.16 eV at low temperatures. However, a large
temperature-linear term in the specific heat is observed which
provides evidence to support the material BagY,Rh,Ti,O;7 as
a spin liquid candidate [10]. Besides, the Curie-Weiss fit-
ting from the high-temperature magnetic susceptibility of
BagY,Rh;Ti;Oy7 implies the weak AFM interactions with
an effective moment of e = 1.52up/dimer. This is much
smaller than the expected value (e = 3.46up /dimer) from
the spin moment of Rh**. The possible mechanisms such as
charge order and joint effect of spin-orbit coupling (SOC)
and singlet molecular orbitals of suppression on magnetic mo-
ments in the similar dimer structures were proposed [11,12].

The most important structural feature of BagY;
Rh,TiyOy7 is that a pair of RhOg octahedra are combined
through face-sharing connection, forming a dimer struc-
ture [10,13]. The valence of Rh in BagY,Rh,Ti,O;7 would
be +4 with five electrons in its 4d shell since Ba, Y, Ti,
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and O are +2, 43, +4, and —2, respectively. However, in
contrast to the single-site physics (Jer = 1/2 state), here we
deal with a strongly coupled pair of Rh ions. The intersite
electron hopping would play an important role, similar to its
intra-atomic parameters, such as Hund’s exchange coupling
(Jg), SOC strength (A), and intra-atomic Hubbard repulsion
(U). Indeed, in going from 3d to 4d and 5d orbitals, the
Hubbard U decreases, from about 5 eV for 3d orbitals to
2-3 eV for 4d orbitals, and then to 1-2 eV for 5d orbitals.
Similarly, the Hund’s coupling Jy also gradually decreases,
from 0.7-0.9 eV for 3d orbitals to 0.5-0.6 for 4d orbitals,
and then to about 0.5 eV for 5d orbitals [14]. At the same
time, with the size of d orbitals increasing in this series the
p-d and d-d hoppings can easily reach 1-1.5 eV for 4d-5d
materials [15-17]. In this situation, there may occur strong
modification of the behavior expected for isolated 4d (e.g.,Rh)
ions. BagY,Rh,Ti;O7 may be a good example in which one
can investigate the relative importance of single-site versus
intersite effects.

In this paper, we systematically investigate the electronic
and magnetic properties of BagY,Rh,Ti;O7 by using the
first-principles calculations. We find that there exists a strong
covalent state in this material. Based on the orbital energy
level formed by the intersite effect, Hund’s coupling is taken
into consideration and the bands are split into spin-up and
spin-down channels. The SOC plays an important role in
opening the band gap of BagY,Rh,Ti,O17. The covalent states
and SOC introduce interstitial moments and orbital moments,
respectively. In addition, the SOC introduces a giant single-
ion magnetic anisotropy energy (MAE) due to the first-order
perturbation on the doubly degenerate antibonding states of

eg orbitals around the Fermi level.

II. COMPUTATIONAL DETAILS

The electronic band structures and density of states calcu-
lations of BagY,Rh,Ti,O;7 have been carried out by using
the full potential linearized augmented plane wave method
as implemented in the WIEN2K package [18]. We use the lo-
cal spin density approximation (LSDA) exchange-correlation
functional in our calculations since it is widely used for
various transition metal compounds [19-21]. A 6x6 x 2 k-
point mesh is used for the Brillouin zone integral. The SOC
effect is included by using the second-order variational pro-
cedure since it plays an important role in materials with
heavy elements [22-24]. We utilize the LSDA + U scheme
to take into account the effect of Coulomb repulsion in 4d
orbitals of Rh ions [25] and vary the parameter U between
1.0 and 4.0 eV. The radii of muffin-tin spheres are 2.28,
1.93, 2.18, 1.57, and 1.42 Bohr for Ba, Y, Rh, Ti, and O
ions, respectively. The size of the bases is controlled by the
condition of Ry Knax = 7, where Ry is the smallest muffin-
tin sphere radius in the unit cell and Ky, is the largest
reciprocal lattice vector used in the plane-wave expansion.
Based on the experimental lattice constants, we optimize
all independent internal atomic coordinates and confirmed
that the structural parameters are in good agreement with
the experimental results (see Table I). Thus we perform all
calculations based on the experimental structure [10]. In the
structural optimization and self-consistent calculations, the

TABLE I. Selective theoretical and experimental bond lengths
(A) and angles (°) of BagY,Rh,Ti,Oy5.

Bond lengths This work Experiment [10]
Rh-Rh 2.571 2.520
Rh-O, 1.969 2.001
Rh-O, 2.024 1.965
Angles This work Experiment [10]
0,-Rh-0O, 91.5 91.1
0,-Rh-0, 84.0 83.3

convergences of the total energy and the maximum force
tolerance are set to be 0.1 mRy and 1.0 mRy/Bohr, re-
spectively. For the magnetic calculations, we consider the
ferromagnetic (FM) and AFM configurations for the two Rh
ions in the same dimer of BagY,Rh;Ti,O17.

III. RESULTS AND DISCUSSION

A. Crystal structure

The material BagY,Rh,Tip 07 is crystallized in the hexag-
onal structure (space group P63/mmc) [10], as shown in
Fig. 1(a). It has a large unit cell, with the experimental lattice
constants of a = b = 5.920 A and ¢ = 29.497 A, which con-
tains two formula units and a total of 58 atoms. These atoms
are located at 11 nonequivalent crystallographic sites. The Rh
ions are located at the 4f position: (1/3, 2/3, 0.7073), each
of which is coordinated by six oxygens forming a slightly
distorted RhOg octahedron. The average length of six Rh-O
bonds is 1.98 A. It is worthwhile to mention that two RhOg¢
octahedra are face sharing and form a Rh,Og dimer, as shown
in Fig. 1(b). This special connecting mode between the oc-
tahedra may result in interesting features of orbital and spin
structure, such as strongly AFM quantum magnets [26] and
highly symmetric SU(4) spin-orbital model [27]. As shown in
Fig. 1(b), the nearest neighboring Rh-Rh distance across the
common face is 2.52 A, which is even smaller than that in
rhodium metal (2.69 A [28]). There are two Rh,Oy dimers in

(@) (b)

FIG. 1. (a) Hexagonal crystal structure of BagY,Rh,;Ti,O17. The
green, yellow, grey, blue, and red balls represent the Ba, Y, Rh, Ti,
and O ions, respectively. Rh and Ti ions are at the center of RhOg
octahedron and TiO, tetrahedron, respectively. (b) The optimized
Rh;0y dimer and its related structural parameters.
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FIG. 2. (a) Total and partial density of states. (b) Partial density of states of Rh projected in the octahedral local coordinate system of
BagY,Rh,Ti, 07 based on the nonmagnetic LDA calculation. The Fermi energy is set to zero.

one unit cell belonging to different layers, separated by 14.76
A along the ¢ axis, while the two dimers in the same plane
obey the triangular arrangement, with the distance of 5.94 A.
These remarkable structural features of BagY,Rh,Ti,O7 sig-
nificantly affect its electronic band structure and magnetic
properties.

B. Nonmagnetic calculation and covalent states

To have a basic understanding of the compound
BagY,Rh;Ti, 017, we first perform the local density approxi-
mation (LDA) calculations. The calculated partial density of
states (PDOS) and band structure are given in Figs. 2 and 4(a),
respectively. Since the Ba, Y, and Ti atoms are highly ionic,
their bands are far away from the Fermi energy, which is
mainly located either below —6 eV or above 4 eV (not shown
here). The valence bands between —6.0 and —1.5 eV are
dominated by O’s 2p bands with some contributions of Rh’s
4d orbitals due to the p-d hybridization. Hence the chemi-

Rh,O, dimer
antibonding state
LDA tbonding
et J—_— —‘ eg
by a, —_- a, by
bonding state
LSDA

.

FIG. 3. The schematic picture of orbital occupation around
Fermi level.

cal valence for O is —2 and the nominal valence of Rh in
BagY,Rh;Ti; 0,7 is +4. So the electronic configuration of the
Rh ion is 4d°. The density of states (DOS) around the Fermi
energy is mainly contributed by Rh’s 4d orbitals. Due to the
RhOg octahedral crystal field, the Rh’s 4d orbitals split into
the 154 (dyy, dy;, and d,;) and e (d2, and d>_,>) ones. The
estimated crystal field splitting energy is about 3 eV and the
12 15, bands from four Rh ions are mainly located from —1.2
to 0 eV, as shown in Fig. 2(a). The e;’ orbitals have larger
hybridization with O ions due to their distribution mainly
along the Rh-O line. And the ,, DOS between —6 and —3 eV
in Fig. 2(a) indicates the distortion of the octahedral crystal
field.

In 4d and 5d transition metal oxides, t;, bands are usu-
ally transformed into Je = 1/2 states due to large SOC in
a single-site environment. However, here the distorted oc-
tahedral and dimerized structure result in covalent states as
shown in Fig. 2(b). In detail, the t, bands will further split
into nondegenerate a;, orbital —= (dx\ + dy; + d,;) and doubly
7§ (dxy + 6127!/3dyz + e—z2ﬂ/%dxz) and
% (dyy + €7#3d,, + €*/3d,;) due to the large distortion
of the RhOg octahedron. And the energy of the a;, orbital
is usually slightly lower than that of the eg ones in a dimer
structure. As we can see in Fig. 2(b), the PDOS of a,, takes
place on both sides of that of e;. This implies that the two
face-sharing Rh orbitals will bond with each other, leading to
the orbital occupation as shown in Fig. 3. Since the electrons
of the a;, orbital are mostly localized along the connecting
line between the two Rh cations in one Rh,Og dimer, it leads
to larger bonding-antibonding splitting for the a;, orbital than
that for the e orbitals. The energy size of the a;, bonding-
antibonding splitting is about 0.9 eV. The LDA calculation
produces a metallic state due to partially occupied covalent
states formed by Rh’s #,, orbitals.

degenerate ¢, orbitals

C. Magnetic calculation and spin-orbit coupling

Our nonmagnetic LDA calculation indeed finds a siz-
able bonding-antibonding splitting. Then we do the spin-
polarized calculations to understand the magnetism of
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FIG. 4. Band structures of BagY,Rh;Ti,O; from the (a) LDA, (b) LSDA+ U (U =2 eV), and (¢c) LSDA +SOC+ U (U =2 eV)
calculations. The Fermi energy is set to zero. The black and red lines in panel (b) represent spin-up and spin-down bands, respectively.

BagY,Rh;Ti;O17. The band structure of FM configuration is
shown in Fig. 3(b). As we introduce the Hund’s exchange
coupling, the degenerate energy level will split into spin-up
and spin-down ones, as shown in Fig. 3. There are ten elec-
trons filling in the orbitals of one Rh,Oy dimer and the Fermi
energy will locate at the e antibonding states between two
Rh ions. Since the orbital is half filled, we can expect the
metallic solution in the LSDA calculation. It is well known
that Hubbard U can easily gap the half-filled band with small
bandwidth leading to the metal-insulator transition. However,
the LSDA + U calculations give the metallic bands which
keep for different U values varying from 1 to 4 eV. The band
structure based on the LSDA + U (U = 2 eV) calculation is
present in Fig. 4(b), which is metallic. Since the reasonable
Hubbard U is about 2-3 eV for 4d transition metal [14,29],
we believe that the LSDA + U calculations could not open
the band gap in BagY,Rh,Ti,O;7 and they also give a metallic
ground state like the case of LDA.

The strengths of SOC in 4d orbitals are about 0.1-
0.3 eV [30], which is one order of magnitude larger than
those of the 3d ones. Therefore, SOC usually changes the
electronic properties of 4d electron significantly and can play
an essential role in the band gap opening. To investigate the
effect of SOC in BagY,Rh,Ti,O;7, we then calculate the band
structure with SOC, which is given in Fig. 4(c). We can see
that once we include the SOC, a band gap of about 0.2 eV is
opened, which is close to the experimental value of 0.16 eV.
We also perform the LSDA 4 SOC 4+ U (U = 24 eV) calcu-
lations and obtain increasing band gap as shown in Table II.
Therefore, SOC is a critical factor in opening the band gap
of BagY,Rh,Ti,O;7 which could be enhanced gradually by
Hubbard U.

We also present the total energy and magnetic properties
of BagY;Rh;Ti;O;7 by the LSDA + SOC + U calculations in
Table II. When U = 1 eV, the AFM configuration converges
to the FM state, thus we do not list the result. When the
Hubbard U is in the range 2—4 eV, the total energy of the FM
configuration is always much lower than that of the AFM one,
indicating a strong FM coupling between two Rh ions in the
same dimer. However, a small negative Curie-Weiss tempera-
ture of —2.8 K was found in the experiment, which implies the

weak AFM interaction in this material [10]. Considering the
strong FM coupling inside the dimer, we believe that the small
negative Curie-Weiss temperature in BagY,Rh,Ti;Oy7 is due
to weak AFM interdimers interactions caused by the large
distance (about 5.94 A) and triangular arrangement of Rh, Oy
dimers.

As shown in Table II, it is found that the spin and orbital
moments at each Rh ion are 0.60up and 0.26 45 respectively,
while the interstitial moments from the covalent states are
0.23ug from the LSDA + SOC + U (U = 2 eV) calculation.
The O ions in the Rh; Oy dimers also carry a small but nonva-
nishing moment due to the p-d hybridization with Rh atoms.

D. Magnetic anisotropy energy

Finally, we study the MAE of BagY,Rh,Ti,O;7 by per-
forming the LSDA + SOC + U (U = 2 eV) calculation with
the FM configuration for three different orientations of mag-
netic moment: along (001), (010), and (100) directions. Our
calculations show that (001) is the easy axis while (010) and
(100) are the hard axes and share the same total energy. We
list the calculated magnetic moments and total energies in Ta-
ble III. Remarkably, we find that BagY,Rh,Ti,O,7 has a giant
MAE, which is around 40 meV per Rh;Og dimer (20 meV per
Rh atom) with the highly preferential easy axis being the ¢

TABLE II. Calculated band gap, spin moments (i, ), orbital
moments (Mopita1), interstitial moments (Mpersiivial ), total energy dif-
ference (AE) per Rh,Oy dimer in the FM configuration from the
LSDA + SOC + U calculations. The spin is along the ¢ axis. The
total energy difference (AE) is defined as the energy difference
between the FM and AFM configurations. The total energy of AFM
configuration is set to zero.

LSDA 4+ SOC + U U=2eV U=3eV U=4eV
Gap (eV) 0.20 0.26 0.30
Mgpin (UB) 1.20 1.22 1.24
Morbital (MB) 0.52 0.58 0.62
Minerstitial (MB) 0.23 0.22 0.22
AE (meV) -216 -242 -180
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TABLE III. Calculated total energy difference (AE), spin
moments (mgpi,), orbital moments (Momiia), interstitial moments
(Minterstitia) per RhyOy dimer in the FM configuration from the
LSDA +SOC+U (U =2 eV) calculations with different spin
directions. The total energy of spin orientation along the (001) di-
rection is set to zero.

Spin directions  AE (meV) mgpin (UB) Morbital (4B) Minerstitial (14B)

(001) 0 1.20 0.51 0.23
(100)/(010) 40 1.18 0.02 0.22

axis. This MAE is close to the size of the anisotropy energy of
other adsorbed or freestanding transition-metal dimers such as
Pt-Ir on the defected graphene, Co-Co, and Rh-Rh with MAEs
of 30-70 meV [31,32], which may have practical applications
at room temperatures.

To understand the origin of MAE, we consider the single-
ion anisotropy with orbital energy level and the electronic
occupation shown in Fig. 3. The SOC Hamiltonian is [33,34]

~ [ » 1. ) 1, .
Hye = A8, <Lz cosf + §L+e_"” sin@ + EL_e"” sin 0)

Ao P P A 20
+§S+r —L,sinf — L, e " sin §+L_e‘”cos >

Ao £ P 20 s 2t
+§S_z —L,sin6 + L,e " cos E—I—L_e“’sm )

where A is the SOC constant, & and ¢ are the azimuthal
and polar angles of the spin direction with respect to the
local coordinate. The (111) direction in local coordinate (6 =
arccos %, ¢=7) is equal to the (001) direction, i.e., the ¢ axis
in Fig. 1. As we can see from Fig. 3, the antibonding states of
e orbitals are doubly degenerate with the absence of SOC
around the Fermi level. Thus it can be expected that the SOC
Hamiltonian has the first-order energy term proportional to
A on MAE from the degenerate perturbation, which is more
important than the higher Nth (N > 2) order terms (o< AY)
omitted here. Following the standard degenerate perturbation
theory, we consider the SOC Hamiltonian as the perturbation
part and obtain its matrix in the €3 orbitals subspace:

€5 b 1Huoclely 1) (el 4 Huoelely. 1)

(€ b Huoclefy ) {epy 4 Huoelely 1) |
The | |) represents spin down. The egl and egz orbitals
represent % (dy + €7 3d,, + e77/3d,,) and \/% (dy +

e 73d,. + e7/3d,,), respectively. We diagonalize the ma-
trix and get the energy splitting as +A(cos 6 + sin6 cos ¢ +
sin 6 sin ¢)/2+/3. Then it is found that the splitting for the
spin polarization along the (001) direction is 2%, while the
antibonding states formed by ey orbitals remain doubly de-
generate when the spin polarization is along the (100) and
(010) directions. This model analysis is consistent with our
band structures from LSDA + SOC + U (U = 2 eV) calcu-
lation, as shown in Fig. 5. As we can see from Fig. 5(a), the
bands made up of two antibonding states in the band structure
of the (100) spin direction are close to each other at the vicin-
ity of the Fermi level like LSDA + U calculations. However,
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FIG. 5. Band structure of BagY,Rh,Ti,O;; from LSDA +
SOC+U (U =2 eV) calculation. Spin orientations along the
(a) (100) and (b) (001) direction, respectively. The Fermi energy is
set to zero.

they separate when we set the spin direction along (001). One
of them is pushed down and becomes fully occupied. This
makes the total energy of the (001) direction lower than that of
the (100) direction, which mainly contributes to the single-ion
anisotropy. The other degenerate orbital energy levels below
the Fermi energy are also split but they have no contributions
due to being fully occupied. In addition, from the splitting
energy result introduced by SOC we can know that not only
does the (100) spin direction have zero energy splitting but
also all directions perpendicular to the (001) direction, i.e.,
spin directions lying in the ab plane share the same results.

IV. CONCLUSIONS

We perform first-principles calculations on the recent syn-
thesized hexagonal perovskite BagY,Rh,Ti,Oy7. It is found
that there exists a strong interplay of covalent state and SOC
in this material. The LSDA + U calculations give a metallic
solution for the different U values varying from 1 to 4 eV.
When SOC is included, it becomes a semiconductor with a
small band gap of 0.2 eV, which is close to the experimental
value of 0.16 eV [10]. Although this band gap originates from
the SOC, it is not the J.ir = 1/2 state from an isolated single
site but the covalent states inside the Rh,Og dimers. We also
find a giant MAE of 40 meV/dimer (i.e., 20 meV/Rh) in
BagY,Rh;Ti;Oy7 due to the first-order perturbation on the
doubly degenerate antibonding states of e; orbitals. Our work
demonstrates that the strong intersite coupling may invalidate
the single-site picture and lead to more novel properties in the
materials with spin dimers.
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