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High-pressure synthesis of Ba2RhO4, a rhodate analog of the layered perovskite Sr-ruthenate
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A layered perovskite-type oxide Ba2RhO4 was synthesized by a high-pressure technique with the support of
convex-hull calculations. The crystal and electronic structure were studied by both experimental and compu-
tational tools. Structural refinements for powder x-ray diffraction data showed that Ba2RhO4 crystallizes in a
K2NiF4-type structure, isostructural to Sr2RuO4 and Ba2IrO4. Magnetic, resistivity, and specific-heat measure-
ments for polycrystalline samples of Ba2RhO4 indicate that the system can be characterized as a correlated metal.
Despite the close similarity to its Sr2RuO4 counterpart in the electronic specific-heat coefficient and the Wilson
ratio, Ba2RhO4 shows no signature of superconductivity down to 0.16 K. Whereas the Fermi surface topology
has reminiscent pieces of Sr2RuO4, an electronlike eg-(dx2−y2 ) band descends below the Fermi level, making this
compound unique also as a metallic counterpart of the spin-orbit coupled Mott insulator Ba2IrO4.
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I. INTRODUCTION

Layered perovskite-type oxides A2MO4 (where A denotes
a rare-earth metal or alkaline earth metal, and M is a transition
metal) have been extensively studied as two-dimensional cor-
related electron systems showing exotic electronic properties.
This is typified by La2−xSrxCuO4 and Sr2RuO4 showing un-
conventional superconductivity [1–5], and Sr2CoO4 showing
ferromagnetic and metallic behavior [6]. Because of the close
analogy to La2CuO4, Sr2IrO4 has recently attracted a great
deal of attention [7–9]. The ground state of Sr2IrO4 has been
described as a spin-orbit coupled Mott insulating state with
antiferromagnetic ordering [10]. In A2MO4, the symmetry and
local distortion of the M-O square lattice, which depend on the
size of the A-site ion, seem to play an important role for their
electronic ground states. For instance, Sr2RuO4 has tetragonal
symmetry with straight Ru-O-Ru bonds, whereas Ca2RuO4,
which is known as an antiferromagnetic Mott insulator, has
large distortion of the Ru-O-Ru bonds [11]. Recently, Ba2IrO4

has been synthesized by a high-pressure technique and found
to be tetragonal with straight Ir-O-Ir bonds, which are in
contrast to those of Sr2IrO4 with orthorhombic distortion
[12]. Reflecting the absence of lattice distortion, the magnetic
ground state of Ba2IrO4 is free from the spontaneous magnetic
moment caused by the Dzyaloshinskii-Moriya interaction, un-
like the case of Sr2IrO4.

*Corresponding author: ishiwata@mp.es.osaka-u.ac.jp

As mentioned above, Sr2RuO4, which has a 4d4 electronic
configuration of Ru4+ with moderate electron correlation, and
Ba2IrO4, which has a 5d5 electronic configuration of Ir4+ with
strong spin-orbit coupling (SOC), share the same tetragonal
layered perovskite-type structure but show contrasting ground
states. Therefore, it is tempting to explore novel electronic
states in similar compounds. Following this viewpoint, we fo-
cus on the rhodium analog with a 4d5 electronic configuration
of Rh4+ with moderate electron correlation and SOC [13–16].
So far, solid solutions between Sr2RhO4 and the known com-
pounds such as Sr2Rh1−xIrxO4 [17] and Sr2−xLaxRhO4 [18]
have been studied. However, these oxides have a lattice distor-
tion unlike Sr2RuO4 and Ba2IrO4 with straight M-O-M bonds,
which can be critical for the emergence of novel electronic
states.

In this work, we achieved the high-pressure synthesis of
a layered perovskite rhodate Ba2RhO4, and we characterized
its structural, magnetic, and electronic properties. From Ri-
etveld refinements of the synchrotron x-ray diffraction data,
Ba2RhO4 was found to crystallize in the tetragonal space
group (I4/mmm), being isostructural with Sr2RuO4. In ad-
dition to this first member of Ruddlesden-Popper phases
Ban+1RhnO3n+1 with n = 1, other possible formations of the
other phases with n = 2, 3, and ∞ (perovskite phase) under
high pressures are also predicted in terms of their forma-
tion enthalpy. Although the signature of superconductivity
has not been found at low temperatures down to 0.16 K,
the close similarity to the Sr2RuO4 counterpart will be
discussed.
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II. METHOD

A. Experimental details

Polycrystalline samples of Ba2RhO4 were prepared by
the solid-state reaction with a high-pressure technique using
a cubic-anvil-type high-pressure apparatus (METEORITE).
The stoichiometric mixture of BaO2 (99.9%, Furuuchi Chem-
ical Co., Ltd.) and Rh metal powder (99.96%, Furuya Metal
Co., Ltd.) was encapsulated in a platinum capsule with a
diameter of 4 mm in a glove box with a high-purity argon
atmosphere. After taking the sample in a platinum capsule
out of the glove box, it was quickly mounted in a pyro-
phyllite cell with a BN sleeve and a carbon heater. Then,
the sample was heated up to 1350–1400 ◦C within 5 min
and kept for 30 min at 8 GPa, followed by quenching to
room temperature before the pressure was released. The poly-
crystalline sample of Ba2RhO4 was obtained as a dense and
black pellet. As the sample is sensitive to air and moisture,
it was kept in a glove box. The purity of the sample was
checked by powder x-ray diffraction with Cu Kα radiation
(BRUKER new D8). The data for structure refinements were
collected as well, by synchrotron powder x-ray diffraction
with a wavelength of 0.689 75 Å at BL-8B, Photon Factory,
KEK, Japan. The diffraction data were analyzed using the
Rietveld refinement using RIETAN-FP [19]. The resistivity
and specific heat were measured by a Physical Property Mea-
surement System (PPMS). The resistivity measurement below
2 K was performed by the Adiabatic Demagnetization Refrig-
erator (ADR) option for PPMS. Magnetic susceptibility data
were collected by a superconducting quantum interference
device magnetometer.

B. Computational details

The scan of enthalpically low configurations from con-
structed model crystals was performed using structure ex-
ploration tools as in Ref. [20]. For the convex hull, all
structural relaxations at different pressures were evaluated
within DFT at the level of the Perdew-Burke-Ernzerhof (PBE)
[21] approximation to the exchange-correlation functional. A
plane-wave basis set with a cutoff energy of 900 eV was
used to expand the wave functions together with the projec-
tor augmented wave (PAW) method as implemented in the
Vienna ab initio Simulation Package (VASP) [22]. Structures
in the convex hull construction were converged to less that
2 meV Å−1. All electronic band structures and magnetic
properties were calculated using the full-potential linearized
augmented plane-wave (FP-LAPW) method as implemented
within the ELK code [23,24]. We took into account spin-orbit
coupling (SOC) and performed a fully noncollinear LSDA
magnetic calculation (we searched for possible stable mag-
netic configurations in case the system was magnetic). For
coherence, in the last step, all volumes were optimized using
the LDA functional. Finally, the potential and density were
expanded in plane waves with a cutoff of |G| = 24/a0, and we
set Rmin × |G + k| to 9, where Rmin is the smallest muffin-tin
radius. The maximum angular momentum l for the expansion
of the wave function inside the muffin tins was set to 12.
k-point grids were chosen with a minimum allowed spac-

TABLE I. Structural parameters for Ba2RhO4. Space group
I4/mmm (No. 139). a = b = 4.0063(2) Å, c = 13.2966(8) Å, V =
213.42(2) Å3. Reliability factors: Rwp = 2.486, S = 1.95.

Atoms Site x y z B (Å2)

Ba 4e 0 0 0.3556(1) 0.60(2)
Rh 2a 0 0 0 0.24(3)
O1 4c 0 0.5 0 1.0(1)
O2 4e 0 0 0.1522(7) 1.0(1)

ing between k points of 0.15 in units of Å−1, equivalent to
14 × 14 × 8 or more.

III. RESULTS

A. Formation enthalpy of the 2-1-4 phase of Ba-Rh-O

Figure 1 shows the convex hull of enthalpy formation cal-
culated for stoichiometries between BaO and RhO2, which
can be found in the ternary phase diagram of Ba-Rh-O (see
Fig. S1 [25]). At ambient pressure, the formation energy sug-
gests that compositions such as Ba2RhO4 (2-1-4) and BaRhO3

(1-1-3) are likely to be accessible to synthesis. Under pres-
sures above 5 GPa, the 2-1-4 phase lowers its enthalpy, and
it is favorable with respect to the 1-1-3 phase (BaRhO3),
suggesting that it could be stabilized upon the application
of pressure. Our calculations also show that the Ruddlesden-
Popper phases (Ban+1RhnO3n+1) with bilayer (n = 2) and
trilayer (n = 3) structures are not stable even at high pressures
up to 20 GPa. Completing the Ruddlesden-Popper phase with
n = ∞, the enthalpy reaches the highest value and matches
the 1-1-3 in its cubic-perovskite phase. It is worth mention-
ing that in our results, the lowest enthalpy structure for the
1-1-3 phase is disputed between the hexagonal 6H and 4H
structure motif below 20 GPa, and that only at very high pres-
sures does the cubic perovskite phase dominate. Motivated by
these findings, a high-pressure synthesis was carried out to
find the stable 2-1-4 stoichiometry of the Ba-rhodate family
(Sec. II A). We only attempted the synthesis of the 2-1-4
compositions, and after optimizing the synthesis conditions,
structural and electrical measurements were carried out.

B. Structural properties

Figure 2(c) shows the powder x-ray diffraction pattern
of Ba2RhO4, which was indexed on the basis of the tetrag-
onal K2NiF4-type structure with space group I4/mmm[a =
4.0063(2), c = 13.2966(8) Å]. The model of the Rietveld
analysis is summarized in Table I, and the crystal structure
is shown in Fig. 2(a). Another possible structural model with
space group I41/acd , which allows rotation of the RhO6

octahedra as in the case of Sr2RhO4, can be ruled out by
the absence of the visible reflections, which are allowed and
forbidden for the models with I4/mmm and I41/acd , re-
spectively (see Fig. S2 [25]). Indeed, we confirmed that the
reliability factors for I41/acd are larger than for I4/mmm (see
Table SI [25]). The Rh-O bond lengths 2.00–2.02 Å refined for
I4/mmm are fairly comparable to the value expected for that
of Rh4+-O2−. On the other hand, as shown in Fig. 2(b), the
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FIG. 1. Bottom panel: convex hull of enthalpy formation calculated for stoichiometries between BaO and RhO2 at selected pressures up
to 20 GPa. For readability, the abscissa in the top shows composition range and in the bottom it shows composition ratio. Solid-black points
represent stable compositions, and empty colored circles represent unstable ones. The crystal structure of stable and unstable phases is shown
in the top and presented as the Ruddlesden-Popper sequence (Ban+1RhnO3n+1). Lower formation enthalpy means the structure and composition
are thermodynamically accessible to synthesis. For each pressure, the line of stability is indicated. We can rule out the synthesis of n = 1 and
2 at the studied pressures. The prediction that the 2-1-4 phase is stabilized upon pressure is confirmed in our experiments.

refined Ba-O lengths are significantly shorter than the value
2.87 Å expected for the bond length between Ba2+ (1.47 Å
for the ninefold coordination) and O2− ions (1.40 Å for the
sixfold coordination) [26], indicating the compressed (over
bonding) nature of the Ba-O bond. This feature points toward
the metastable nature of the crystalline phase of Ba2RhO4 at
ambient pressure.

C. Electrical resistivity, magnetic susceptibility,
and specific-heat capacity

The electrical resistivity and magnetic susceptibility as a
function of temperature for Ba2RhO4 are shown in Fig. 3.
Below 50 K, the electrical resistivity deviates from the T 2

dependence, expected for a Fermi liquid, and resistivity
evolves as ρ = ρ0 + AT α with ρ0 = 4.25 m� cm, A = 9.24
μ� cm/K2, and α = 1.52, which is in contrast to Sr2RhO4

with α comparable to or even larger than 2. Despite the
apparent anomaly in α implying a non-Fermi-liquid state,
we cannot put into evidence its origin due to the polycrys-
talline nature of the material. It is also evident that we cannot
conduct studies to rule out the possibility of anisotropy in
the electrical resistivity inherent to the layered structure. In
fact, the residual resistivity ρ0 is relatively large as reported
for the polycrystalline sample of Sr2RhO4 [27], presumably
reflecting the grain boundary scattering and the layered struc-
ture. Interestingly, even decreasing the temperature down to
160 mK, no superconducting transition was observed [see the
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FIG. 2. (a) Crystal structure of Ba2RhO4 and (b) a schematic
representation of the local structure with bond lengths around the
Rh and Ba atoms. (c) Observed (red crosses), calculated (green line),
and differential (blue line) synchrotron x-ray diffraction patterns. The
green tick marks indicate the calculated peak positions.

FIG. 3. The temperature dependence of (a) electrical resistivity
and (b) magnetic susceptibility for Ba2RhO4. The green dashed line
shows the fitting of the experimental data with ρ = ρ0 + AT α and
χ = χ0 + C/(T + θ ) below 50 K. The inset of (a) shows no super-
conducting signals down to 0.16 K.

FIG. 4. (a) Temperature dependence of the specific heat for
Ba2RhO4 (blue dots), and the reported specific heat of Sr2RuO4 (red
dots) and Sr2RhO4 (green dots). (b) T 2 dependence of specific heat
divided by temperature for Ba2RhO4 (blue dots). The blue dashed
line shows the fitting of the experimental data with T/C = γ + βT 2

between 2.0 and 7.5 K.

inset of Fig. 3(a)]. As shown in Fig. 3(b), a Curie-like tail is
distinguishable below 50 K, and fitting the magnetic suscep-
tibility with the expression χ = χ0 + C/(T + θ ) gives χ0 =
1.33 × 10−3 emu/mol, C = 1.63 × 10−2 emu/mol K, and θ =
−2.55 K. The C value is close to zero, and no signal of mag-
netic transition is visible, indicating that a localized magnetic
moment is absent in Ba2RhO4.

The specific-heat capacity of our Ba2RhO4 samples is
shown in Fig. 4 and is compared to the reported specific-heat
capacities of Sr2RuO4 and Sr2RhO4 [14,27]. The expected
dominance of the linear electronic term is seen for both
Ba2RhO4 and Sr2RuO4 below approximately 7 K. Be-
tween 2.0 and 7.5 K, the specific heat follows the equation
C/T = γ + (12/5)π4NR
3

DT 2(R = 8.31 J/mol K and N =
1), where γ and 
D represent an electronic specific-heat
coefficient and Debye temperature, respectively. Using this
relation, we obtained the values of γ = 36.56 mJ/mol K2 and

D = 360 K. The Debye temperature is comparable to that
obtained by our first-principles calculations (∼320 K) and that
of Sr2RuO4 (∼410 K) [28]. The electronic specific heat is as
large as that of Sr2RuO4 (∼39mJmol) [3], implying that the
electron correlation enhances the effective mass of conduction
electrons. Here, we estimated the Wilson ratio Rw using the
following expression:

Rw = π2k2
B

3μ2
B

χ0

γ
.

The estimated Rw (= 2.64) is comparable to or even larger
than the reported ones for Sr2RuO4 (∼1.9) and Sr2RhO4

(∼2.3), which are regarded as clean correlated electron met-
als [14,29]. One should notice that the specific heat follows
the above equation only in the narrow temperature range.
Although the origin of the deviation at low temperature is
elusive, the deviations below 4 and above 7 K may suggest an
electronic instability that violates the current Debye model.
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FIG. 5. Full-potential DFT-LSDA band structure including spin-
orbit coupling along selected high-symmetry points at zero pressure.
For comparison with the band structure of Sr2RhO4, see Fig. S6 [25].

D. Band structure and Fermi surface

Knowing that the 2-1-4 composition of Ba-Rh-O crystal-
lizes in a layered-type structure similar to the 5d counterpart,
Ba2IrO4, and the 4d counterpart, Sr2RuO4, it is interesting
to compare the electronic band structure near the valence
energy among these materials. The Kohn-Sham band structure
of Ba2RhO4 calculated within the local spin density approx-
imation (LSDA) and including SOC (LSDA + SO) is shown
in Fig. 5. To have a meaningful comparison, we used their

theoretical LDA-volume and assumed a K2NiF4-type struc-
ture for all cases. The band-structure calculation, at the level
of theory employed here, evidences a metallic and nonmag-
netic character for Ba2RhO4 (see Table SII [25]), which is
in agreement with our resistivity and magnetic measurements
(see the calculated density of states presented in Fig. S3 [25]).
The case of Sr2RuO4, a prototypical system in manifolds, has
been characterized in detail, and our calculations agree with
the reported band structure for this system [30–33]. Ba2IrO4

is an interesting case in which basal-plane antiferromagnetism
has been reported [12,34–37] at low temperatures, and a Mott
insulator transition is driven by the SOC [38]. While the level
of theory to treat this system is beyond the current theory
employed in this work, in a simplified picture we wanted to
compare with the energy bands on the 5d counterpart. The
orbital character and the electronic symmetry of the bands are
depicted as follows; the t2g-dominated bands (dxy, dxz, and dyz)
are in yellow and green, and the eg (dx2−y2 ) bands are shown
in blue.

As shown in Fig. 5, the electronic structure of Ba2RhO4

is closely related to that of Sr2RuO4, which has attracted
a lot of attention for its possibility to emerge as a spin-
triplet superconductor. However, the latest evidence suggests
to disregard the chiral p-wave nature of the superconducting
state of Sr2RuO4 [5,39–41]. On the other hand, our material,
Ba2RhO4, has appealing differences evident around the �-
point, where the eg electron pocket descends the Fermi level,
which is also found in Ba2IrO4 (using DFT-LSDA theory).
A simple interpretation arises by looking at the position of
the Fermi level in those systems, i.e., the electron counting
of d bands in Ba2RhO4 is expected to be one more than
that in Sr2RuO4. Looking at the t2g-dominated bands among
the three compounds, and comparing to the NO-SOC bands
(not shown), we can conclude that SOC plays an important
role in describing the splitting of dxz/dyz bands for the three
compounds, while more marked differences arise for Sr2RuO4

and Ba2IrO4. Another noticeable difference is on the splitting
and the width of t2g-dominated bands for Sr2RuO4, two times
larger as compared to Ba2RhO4. In our DFT optimizations, we
find both Sr and Ba in the 2-1-4 phase to have a similar c/a
ratio. As shown in Fig. S5 [25], we confirm that the difference
emerges from the volume (density) and not directly from the
c/a ratio (for comparable pressures).

Furthermore, in Ba2IrO4, the Mott insulator transition is
driven by strong SOC, an effect that raises the bands opening
a small band gap through a moderate Coulomb interaction.
Although Ba2RhO4 is isoelectronic and isostructural with
Ba2IrO4, such a gap opening is hampered by the reduced
SOC. Thus, Ba2Rh1−xIrxO4 with the tetragonal structure can
be an ideal system to investigate the SOC-induced metal-
insulator transition. As mentioned above, Ba2RhO4 is of
peculiar interest, as it not only possesses inherent bands from
the Ru counterpart, but it also shares similar electron bands
from the 5d Ir. These feature places Ba-rhodate as strategic
material that links the physics of 5d-oxides with 4d with a
metallic character [42].

Understanding the topology of the Fermi surface of
Ba2RhO4 is important to unravel the nature of electrons in
the normal phase and possibly to shed light on the super-
conducting mechanism. The top panels in Fig. 6 show a
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FIG. 6. DFT-LSDA Fermi surfaces including spin-orbit coupling
for Ba2RhO4 and Sr2RuO4. Two-dimensional projections are along
the kz vector. The first Brillouin zone and selected high-symmetry
points for the structure with I4/mmm are shown.

two-dimensional Fermi surface of Ba2RhO4 and Sr2RuO4

[43,44]. The left bottom panel includes a three-dimensional
cut, and on the right is shown the first Brillouin zone for the
I4/mmm crystal as a reference. The Fermi surface of Sr2RuO4

has been intensively investigated, both experimentally and
theoretically [30–33]. Ab initio calculations based on the
local-density approximation qualitatively reproduce the Fermi
surface topology, provided that the SOC is taken into account.
Our calculation reproduces the well-studied Fermi surface
of Sr2RuO4, and it also confirms that striking differences in
the Fermi surface of Ba2RhO4 emerged. These difference are
ascribed to the d-electron counting, and the electron pocket
with eg symmetry that pins below the Fermi level (see Fig. 5).
It should be noted that the squarelike tubular sheets along
with X -� line can be regarded as a quasi-one-dimensional
Fermi surface potentially yielding a nesting instability. More
recently, LDA+DMFT (local-density approximation + dy-
namical mean-field theory) calculations have emphasized the
interplay of Coulomb interaction and t2g crystal field and the
role of Hund’s rule coupling [45–47]. In addition, laser-based
angle-resolved photoemission spectroscopy revealed the im-
portance of SOC in Sr2RuO4, and the self-energy estimations
[48] for the β- and γ -sheets were found to display a sig-
nificant angular dependence [32]. In this study, we did not
perform calculations with higher theory beyond standard DFT,
hence we cannot rule out that similar effects are present in
Ba2RhO4.

Finally, we also performed electron-phonon calculations
for Ba2RhO4 using perturbation theory. The calculated
phonon dispersion is shown in Fig. S4 [25]. The normal-state

Eliashberg spectral function was adopted to estimate λ (the
dimensionless strength of the electron-phonon coupling) and
the phonon average ωlog. These calculations reveal a weak
BCS superconductor, and indeed our estimation of Tc is well
below 0.1 K, in agreement with the absence of any hint of
superconductivity down to 0.16 K in our experiments. To find
the superconducting phase of Ba2RhO4, one might consider
the possibility to further tune the electronic bands by applying
pressure or by doing doping substitution, as recently reported
for Sr2−xLaxRhO4 with a metal-insulator transition driven by
a Lifshitz transition [18]. To gain insight into the pressure
dependence of the bands, we also verified the dependence of
the electronic structure under isotropic compression, from 1
to 20 GPa. Ba2RhO4 remains metallic well above 20 GPa, and
the bands do not show any drastic change. The necessary pres-
sure required to do a sizable change in the electronic structure
is beyond 50 GPa. However, phase decomposition and other
enthalpic phases might become more favorable. Another op-
tion is to tune the bands with anisotropic pressure, i.e., due
to the dimensionality of the layered perovskite phase, strain
engineering via the growth of thin films is very attractive to
search for the superconducting phase, proving that a synthetic
route other than the current high pressure exists.

IV. CONCLUSIONS

Using a high-pressure technique, a layered perovskite-type
oxide Ba2RhO4 was synthesized and quenched to ambient
conditions, which was supported by the convex hull calcula-
tions. The crystal and electronic structure were characterized
by both experimental and theoretical works. Ba2RhO4 indeed
shares many of the same interesting properties as Sr2RuO4,
including the layered structure, specific heat, magnetic prop-
erties, and overall electronic features. The magnetic and
resistivity measurements indicate that the system can be char-
acterized as a correlated metal. Interestingly, the material does
not show signs of superconductivity down to 0.16 K, which is
supported by the theoretical estimation of the electron-phonon
coupling. While the Fermi surface topology has pieces rem-
iniscent of its Sr2RuO4 counterpart, one of the contrasting
features in Ba2RhO4 is the presence of an electron eg (dx2−y2 )
band placed below the Fermi level, reflecting the increase
in the d-electron counting. This feature provides a clue to
discuss the role of electron correlation on the stabilization
of a SOC-driven Mott insulating state in the isoelectronic
and isostructural counterpart Ba2IrO4. The layered 2-1-4
perovskite phase [49] adds new possibilities to characterize
4d-electron physics, and bridges to the 5d-electron that is
driven by SOC effects to Mott insulators [50]. The anomalous
increase in the specific heat capacity below 4 K and the ab-
sence of superconductivity will be the subject of future work,
conceding that single crystals can be synthesized.
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