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Ca;Ru,05: Interplay among degrees of freedom and the role of the exchange correlation
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CazRu,07 is a fascinating material that displays physical properties governed by spin-orbit interactions
and structural distortions, showing a wide range of remarkable electronic phenomena. Here, we present a
density-functional-based analysis of the interplay among degrees of freedom, such as magnetism, Coulomb
repulsion (Hubbard U), and structural degrees of freedom, considering two exchange-correlation methods: local
density approximation (LDA) and Perdew-Burke-Ernzerhof revised for solids (PBEsol). Our goal is twofold:
first, to present a brief overview of the current state of the art on this compound underpinning to the last
proposed theoretical models and experimental research, and second, to provide an alternative interpretation of the
electronic properties compared with the previous theoretical models. Our findings show that Ca;Ru,0; displays
several electronic states (metal, semimetal, and narrow insulator) as a function of Hubbard U while it exhibits
structural transition depending on the functional. We disentangle the effect of the different degrees of freedom
involved, clarifying the role of exchange correlation in the observed electronic and structural transitions.
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I. INTRODUCTION

Physics driven by spin-orbit interactions is among the most
important topics in contemporary condensed matter physics
[1,2]. Since the spin-orbit interaction is comparable to the
on-site Coulomb repulsion and other relevant interactions,
it creates a unique balance between competing interactions
that drives complex behaviors and exotic states. In particular,
compounds involving transition metals are technologically
relevant. With their characteristic partially-filled d orbitals,
they represent this nontrivial competition between interactions
of different natures [3-5]. The series Ca,+Ru,03,,; com-
pounds exemplify these characteristics; these 4d-electrons
systems present a perovskite structure, where the relative
rotation and tilting of RuOg octahedra often affect the elec-
tronic properties depending on the number of layers (n in
Ca,+1Ru,03,41). Among these, the CazRu,O; compound
(CRO) presents several quantum phenomena such as elec-
tronic phase transitions, colossal magneto-resistance, spin
density waves, or quantum oscillations [6-9]. Early works
suggested that CRO is a hallmark material exhibiting both
metallic and insulator states. Due to these characteristics,
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CRO is cataloged as a peculiar material [10] whose further
comprehension could provide new routes to understand the
complex interplay among spin, orbital, charge, and lattice
degrees of freedom present in 4d oxides [11,12].

Currently, CRO is recognized as a polar metal holding
a strong interplay between spin-orbit coupling (SOC) and
structural inversion symmetry [11,13], which leads to their
exotic properties. Recent experimental results have given new
perspectives to manipulate and continue exploring their quan-
tum states. In this context, metamagnetic phases have been
observed [14], which may host mixed textures similar to
the chiral magnetic skyrmions. Thus it constitutes an ideal
playground to study diverse antiferromagnetic-ferromagnetic
states near metamagnetic transitions. Also, polar domain for-
mation was found in CRO, which may be controlled by
ferroelectric switching. This last discovery opens new excit-
ing questions about the mechanism behind that support such
domains in polar metals [15]. Moreover, it was shown that
CRO exhibits extraordinary lattice flexibility since its elec-
tronic states can be tuned by manipulating their crystalline
axes via external magnetic fields and under pressure [7,16].
The studies mentioned above open a new research stage on
the CRO system. The appearance of magnetic textures, polar
domains, and the possibility of manipulating electronic states
by lattice deformation could give novel perspectives to search
for the next generation of ferroelectric compounds with novel
functionalities [17].

The CRO structure is defined by RuOg planes intercalated
with calcium atoms. Due to the strong spin-orbit coupling
present in the Ru atoms, noncollinear magnetism is expected
[18,19]. The relative tilts and rotations of the RuOg octahedra
generate a noncentrosymmetric pattern that determines the
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interaction between Ru planes in these perovskite-like struc-
tures. In particular, one of the most striking characteristics
of CRO is its phase transitions under temperature, exhibiting
a first magnetic transition at the Néel temperature of 56 K
(Ty). This first transition is associated with the spins aligning
ferromagnetically within each bilayer in the [100] direction
but antiferromagnetically coupled between bilayers (AFM-a).
A second structural and magnetic transition happens at 48 K
(Ts), where a c-axis lattice parameter compression occurs and
the spins are reoriented from the [100] to the [010] directions
(AFM-D) [6,8,20].

Below Ty, the in-plane resistivity starts to increase with
cooling, showing a local maximum at 7 ~ 30K. In early
work [6], the phase transition at 7; was discussed as a metal-
insulator transition, and the temperature region between 30 K
and Ty was described as an insulating phase of CaszRu,0O;.
The nature of these phases (either metallic or insulator) has
been controversial in the literature [12]. In this context, it
was suggested that different growth batches of CazRu,0;
crystals yield distinct low-temperature properties, ranging all
the way from the metallic ground states [8,9,21,22] to insulat-
ing phases [6,23,24]. The divergent experimental observations
have motivated an intense research and debates for more than
one decade [6-9,21-24].

Using a theoretical approach based on the density func-
tional theory (DFT), we explore the electronic and magnetic
properties of CRO crystals to verify the conditions that lead
to either metallic or nonmetallic ground state solutions. Here,
we study the interplay among Coulomb repulsion (Hub-
bard U), spin-orbit coupling (SOC), structural degrees of
freedom (positions and volume), and exchange correlation.
We compare our results against the latest experimental and
theoretical results on CRO. Furthermore, we contrast the elec-
tronic band structure of CRO using two exchange correlations:
PBEsol (PS) and LDA approximations, and we perform a
linear response approximation calculation implemented by
Cococcioni-Gironcoli [25]. We establish the upper and lower
limits of the optimal Hubbard U values. The contrast of our re-
sults against the experimental evidence reveals that LDA + U
(0.2 < U < 2.0eV) models properly the electronic and struc-
tural properties of CRO.

II. THEORETICAL ADVANCES

One of the biggest problems is to conciliate the metallic
or insulator nature of the phase between 30 <7 < T, in
which some experimental works suggest a metal/semimetal
behavior [8,9,21,22] and others an insulator phase [6,23,24].
From a theoretical point of view, early DFT studies have
reported electronic properties under different approximations.
Collinear calculations predict AFM ground state with an FM
and AFM spin coupling intra- and interlayer [26], respec-
tively, in agreement with the experimental report [20]. Along
with the FM configuration, it was found that the system
exhibits a nearly half-metallic state. Later, noncollinear cal-
culations explored the role of U and SOC on the electronic
properties, indicating the U region in which the system could
be metallic or insulator, which in turn depends on the mag-
netic moment orientation [27].

Recent experimental and theoretical studies have given
new perspectives about the nature of CRO below T, reach-
ing a better agreement between theory and experiments. It
was revealed that CRO does not have a real insulator phase.
A pseudogap behavior around I' point appears and several
bands cross the Fermi level [11,13]. Despite this advance, the
mechanism that causes the phase transitions around T is still
controversial. On the one hand, it is proposed a Lifshitz-like
transition at 7; together with a new structural transition at
T ~ 30K, as a result of the RuOg octahedral distortions and
hybridization changes induced by the enhancement of the
Coulomb interactions upon cooling [28]. On the other hand, it
was suggested that the phase transition at 7T arises due to the
thermal population reduction, opening a gap at the Fermi level
[11]. These hybridization changes induce an electronic en-
ergy gain favoring the spin reorientation through Rashba-type
spin-orbit coupling, accompanied by structural changes si-
multaneously [11]. Previous theoretical works have discussed
the role of fundamental interactions such as Coulomb and
spin-orbit coupling considering GGA [27,28] and PS [28]
approximations. However, in this work, we aim to gain insight
into the interplay among several degrees of freedom, such
as magnetism, SOC, Hubbard U repulsion, and structural
degrees of freedom, considering the role of the exchange
correlation (LDA and PS) in the electronic and structural
properties of CRO.

Why is it so complicated to understand the electronic
structure of CRO? From a theoretical point of view, stud-
ies based on DFT have observed that the unconventional
magnetic and electronic properties are dictated by the com-
petition of multiple degrees of freedom (charge, spin, SOC,
lattice). This makes the electronic states highly sensitive to
the electronic interactions and correlations. Early studies us-
ing GGA approximation demonstrate a metallic state and
highly anisotropic behavior of CRO. They suggested for the
first time the crucial role of spin-orbit interaction, whereas
a metal-insulator transition happens by the interplay of SOC
and Coulomb repulsion (U) (for U > 3eV) [27]. Later, other
studies considering spin-orbit interaction with LDA and GGA
showed that the system has a semimetal state. Here, it was
evinced that GGA fails to describe the band structure at I"
point through comparison with ARPES spectra [11]. Finally,
recent works performed studies using GGA along with PS
approximation, considering the interplay among SOC + U+
structural degrees of freedom. This study revealed that for
small U values, it is possible to control the band occupation
around the Fermi level, giving a good agreement with the
ARPES spectra for U > 1.4 [28]. However, it is necessary to
propose a new structural phase transition which is not reported
by experiments so far.

III. CALCULATION DETAILS

We perform a theoretical analysis using the density func-
tional theory with spin-orbit coupling (SOC). We use the
plane wave pseudopotential method implemented in the
Vienna ab initio simulation package (VASP) [29] within the
PBEsol functional (PS) [30] and the local density approx-
imations (LDA) [31]. PS belongs to generalized gradient
approximations (GGA), and it gives structural properties
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FIG. 1. Ca3;Ru,05 in two antiferromagnetic phases, AFM-a and
AFM-b, with ferromagnetic coupling within the layers and antifer-
romagnetic coupling between the bilayers. The +/— signs represent
the relative orientation of the Ru in-plane magnetic moments: “+”
for magnetic moments oriented in the axis direction and “—" for
those oriented in the opposite direction.

closer to the experimental values when compared to the re-
sults of PBE [32]. The electronic valence considered are the
following: Ru: 5s'4d” and O: 2s*2p* (for LDA and PS), and
Ca: 3s3p4s/Ca: 2sp°s*d®0!, for PS/LDA, respectively. We
use a plane wave energy cutoff of 650 eV and set a Regu-
lar Monkhorst-Pack grid of 5 x 5 x 3 to perform the atomic
relaxation and 7 x 7 x 5 to perform the self-consistent calcu-
lation. We use a fine k-grid 14 x 14 x 5 within the tetrahedron
method for the density of states. We perform the structural op-
timization of the unit cell until a force convergence threshold
of at least 107> eV/A per atom.

To consider the electronic correlation effects in d orbitals
of Ru atoms, we consider a range of Hubbard on-site Coulomb
parameters through the Dudarev approximation [33]. Also,
we employ the Liechtenstein scheme for comparison propose
[34]. Later, we employ the linear response to estimate the
optimal Hubbard U; we follow the linear approach method
[25]. The linear response was computed by introducing the
interacting and noninteracting occupation response with re-
spect to the localized perturbations up to V = +0.2eV in
the Ru atoms; we compare the Ru d-orbital occupation
upon the perturbation V along LDA/PS, and with/without
SOC.

IV. RESULTS AND DISCUSSION

CRO crystallizes in an orthorhombic structure with space
group [20] Bb2ym (a full description of the structure is avail-
able in Ref. [35]). The atomic positions are taken from the
neutron diffraction measurements [20] at 8 K. To reproduce
the different collinear AFM configurations, the unit cell in-
cludes 48 atoms; there are 12 Ca atoms, 8§ Ru atoms, and
28 O atoms. Figure 1 shows the lattice structure of CRO,
with two possible magnetic configurations experimentally re-
portedat T < 48 K and T > 56 K called AFM-b and AFM-q,
respectively. The +a and £b notation means the ferromag-
netic states with the direction in which the in-plane magnetic

TABLE 1. Magnetic configuration (conf.) ground state, m the
magnetic moment per Ru-atom, V(RuOg) is the RuOg octahedral
volume (A?), and /(Ru-O) is the Ru-O bond average length (A) for
the most stable magnetic configuration considering U = O0eV. The
third-row label as “Exp” corresponds to the experimental data [20].

Appr. Magnetic conf. m (ug) V(RuOg) (A%) I(Ru-0) (A)
LDA FM-b 0.83 10.53 1.992
PS AFM-b 1.36 10.54 1.993
Exp. [20] AFM-b 1.8 10.53 1.992

moments align. We also introduce the FM-b configuration,
which means an FM coupling between layers with the mag-
netic moment aligned along the b direction.

1. Exchange correlation effects, U = 0 eV.

In the PS approximation, the ground state presents an
AFM-b configuration with a magnetic moment () of 1.36
(calculated in a Wigner-Seitz (WZ) radius 1.323 A). The
energy difference between the AFM-b and AFM-a config-
uration is 0.88 meV/Ru (Eapm—« — Earv—p). Within the
same approximation, the FM-b phase presents a total mag-
netic moment of 1.92 ug; this value overestimates m about
a 6% concerning the m measured by previous experimental
reports [20]. The energy differences between the AFM-b state
and FM-b phase is 1.69 meV /Ru (Epv—p — Eapm—bp).

In contrast, the LDA approximation reveals an FM-b
ground state with a low total magnetic moment of 0.83 ;.
This state is more stable than AFM-b and AFM-a configura-
tion with an energy difference of —5.85 meV/Ru (Epm—p —
Eapv—p) and —2.35 meV/Ru (Eppm—p — EarM-—a), TE€SpPEC-
tively. Besides, the AFM-a phase has lower energy than the
AFM-b phase by —2.67 meV /Ru. Despite the mismatch in the
magnetic stability order between PS and LDA, both approxi-
mations reproduce the experimental crystal structure [20] (see
Table I, calculation at the experimental volume 580.04 A3,
considering positions degrees of freedom).

Going further, we perform a volume cell relaxation; these
values are reported in Table S1, and our results for the most
stable phase are shown in Table S2, Ref. [36]. We can see
that under volume relaxation the most stable magnetic ground
state does not change.

2. Electron-electron correlation effects

Now, we will study the effect of electron-electron repulsion
on the electronic and structural properties considering posi-
tions degrees of freedom. Based on previous works [28], we
use Hubbard U values in the [0, 2] eV range and considering
the volume given by the experimental reports [20]. Figure 2
shows the effect within the PS and LDA approximations
of the Hubbard U interaction for the magnetic anisotropy
AE =E, —Ey(E, = Eapm—q and E, = Eapv-p), the mag-
netic moment per Ru atom m, and RuOg octahedra volume
(V—RUO()).

On the one hand, we will start with the LDA analysis,
represented with red dots in Fig. 2. The magnetic anisotropy
as a function of the Hubbard U is presented in Fig. 2(a). When
the Hubbard U interaction is included, the AFM-b ground
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FIG. 2. Effect of electron-electron repulsion (Hubbard U) on the
physical properties of CRO. In (a), magnetic anisotropy E, — E,,
(b) magnetic moment per Ru atom [measured in the Wigner-Seitz
radius (1.323 10\)], and (c) volume of RuOg octahedra as U increases
from O to 2.0 eV. Red and green dots correspond to the crystal
phase Bb2,m with LDA and PS approximation, respectively, and
blue dots correspond to the Pn2,a structure with PS approximation.
Note in (b) and (c) for U > 1.4eV and PS approximation, the Ru
atoms in the Pn2,a phase present two different crystallographic
environments and thus two different magnetic moments and vol-
umes. The bottom right panel displays the structural change from
Bb2;m to Pn2,a for U > 1.4 eV, the different octahedra color on
the Pn2,a structure symbolizes the different environments in this
cell.

state is restored for U > 0.2eV (this configuration became
more stable as AE > 0). In Fig. 2(b), as expected, we observe
that the U term increases the magnetic moment rise, from
m=084 uzatU =0tom=1.16 uz at U =0.2¢eV, then
the magnetic moment increases monotonously to U = 2.0eV.
Finally, in Fig. 2(c), we found that the octahedra volume
decreases as the U term increases.

On the other hand, for the PS approximation represented
with blue and green dots in Fig. 2, we can observe a non-
monotonous behavior as the U term increases. Here, we
identify the critical U term of U, = 1.4eV. When U increases
above the U, a spontaneous structural transition appears,
changing from Bb2;m to Pn2;a structure (depicted in the
bottom-right panel). This transition could be associated with
the interplay of the SOC + U and structural degrees of free-
dom [28]. In panel (a), after U, we note a drop in the
anisotropy value, where for U = 2eV, we recover the value
obtained for U = 0. In panel (b), the magnetic moment after
U, shows two different values associated with the two crys-
tallographic environments observed (see Fig. 2 bottom-right
panel). A similar behavior appears when we look at the vol-
ume of the RuOg octahedron in panel (c). Additionally, we
have verified that the spontaneous structural symmetry change

is independent of the structural degrees of freedom; further
comments are in Sec. I of Ref. [36].

To properly describe the AFM-b ground state within the
LDA approach, it is necessary to consider a large Hubbard
U (U > 0.2eV). For U < 0.2¢eV, the most stable system is
the AFM-a configuration [see Fig. 2(a)]. Furthermore, com-
paring Figs. 2(a) and 2(b), we can identify that the regions
with AFM-a as the ground state, £, — E, < 0, the magnetic
moment is smaller, m < 1.0 ug. In the regions with AFM-b
as the ground state, E, — E; > 0, the magnetic moment is
larger than 1 pg. Since the LDA approximation does not re-
produce the experimental magnetization of the ground state
for smaller U values (U < 0.2eV), to discuss the theoretical
results with the experimental data, we compare the band struc-
ture within PS and LDA approximations considering Ups = 0
and U pa = 0.5¢eV, respectively.

We should note that the magnetic moment observed for
PS and LDA is lower than the magnetic moment experi-
mentally reported (see Table I). This is because the plane
wave approximation yields minor uncertainties in predicting
localized quantities, like the magnetic moment and the charge
per atomic site. The m displayed in Fig. 2(b) is measured in
the WS radius, then lower than the total magnetic moment.
In order to compare our m results with the magnetic moment
reported by the experiment for the AFM-b phase (m ~ 1.8 ug)
[20], we compute an FM-b configuration by completeness in
order to obtain the total magnetic moment by Ru atom as a U
function for both approximations; see details in Ref. [36] (see
Fig. S2).

The band structure and its projection in atomic orbitals for
the PS and LDA approximations are shown in Fig. 3. We
will compare systems with similar magnetic anisotropy and
magnetic moments [see Figs. 2(a) and 2(b)]; for the PS ap-
proximation, we will take a value U = OeV, and for the LDA
approximation, we choose a U = 0.5 eV. In Fig. 3, we can
see that the band structure and its projection are very similar,
independent of the approximation used. The system exhibits a
metallic character with subtle differences at the Fermi level
for both approximations, mainly around the I' point. The
valence band is mainly composed of the contribution of atoms
of Ru and O (see Fig. S3). The Ru ions are embedded in
an octahedral environment formed by the oxygen atoms; the
octahedral crystal field splits the Ru 4d atomic levels, raising
the e, and decreasing the t,, orbitals. This configuration yields
a low-spin state, with the four 4d electrons partially filling
the three t, orbitals, leaving two unpaired electrons per Ru
atom [35] aligned as seen in the right panel of Fig. 3 and
in the partial density of states displayed in Ref. [36] (see
Fig. S3). The orbital projection is considered with octahe-
dra aligned to the unit cell; thus, in this reference, the ty,
and e, orbitals correspond to (d,y, d,;, dy;) and (d,>_, d2),
respectively.

In the case of PS, we can note a metallic character at I";
however, this is not observed in the LDA approximation. We
observe a local band gap of 65 meV around the I" point in
the LDA approximation. For both approximations, we identify
a Dirac-like behavior at M,, in agreement with the ARPES
measurements [11]. Along M,-X path, a small band crossing
around the Fermi level is found. The projected band struc-
ture around the Fermi level reveals a dominant contribution
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FIG. 3. (a) The upper and lower panels show the band structure along PS and LDA calculations, respectively, for U = 0 and 0.5 eV in
each case. (Right) Total bands and the decomposed orbital bands, in which the orbitals have a 25%—75% of occupation per orbital. (b) Surface
Brillouin zone of Bb2,m structure. (c) Diagram of the crystal field splitting of the Ru 4d states in the octahedral environment. The orbital
projection is considered with octahedra aligned to the unit cell; thus, in this reference, the t,, and e, orbitals correspond to (d,y, d,., d,;) and

(dy2_y2, dp2), respectively.

(between a 25% to 75% per orbital) of the d,,, d.., and d,.. The
d,>_y2, d2 orbitals represent less than 25% of the projection,
and therefore they are not displayed. In both projections, we
can see that around the I', the dominant states belong to the
hybridization between dy,-d,. (below the Fermi level) and
d,.-d,; without hybridization (above of Fermi level). Along
M,-T" the bands are mainly composed of d,, and d,, orbitals.
The Dirac-like bands are characterized by d,,, d,, orbitals,
and finally, along M,-X path, the most dominant contribution
came from d,, and d,, states (around the Fermi level).

In the case of LDA for U = 0, a different trend is found
on the band dispersion as well as for AFM-a (ground state)
and AFM-b configuration. Here, we evinced a metallic behav-
ior along all the high symmetry points (details in Ref. [36],
Fig. S4).

We systematically study the effect of Hubbard U repulsion
on the band structure; in Fig. 4, we show the evolution of
the band structure for PS and LDA approximations as U term
changes in a range from 0.5 to 2.0 eV. In general, for the same
U term value, there are similarities between PS and LDA;
below the Fermi level, the bands around the I" point that are
mainly composed by d,. and d,, orbitals, these orbitals are
pushed to lower energies as the U term increases, favoring the
hybridization between these orbitals (see Ref. [36], Fig. S5).
Along M, to X path, we can observe that these states are
slightly pushed below the Fermi level. These bands are rather
modified because they are mainly composed of d,, orbitals
being close to integer filling and then exhibiting a less grade
of hybridization (see Fig. 3 right panel). Besides, from M,-I"

as the Hubbard U increases, the bands are pushed to higher
energies inducing a band distribution aiding the occupation of
the d,; orbitals, which slightly hybridize with the d,, orbitals
just below the Fermi level (see Ref. [36], Fig. S5). Although,
for PS approximation, we can distinguish three ranges of
U-term values. The first region, between 0 < U < 1.4eV, is
characterized by a metallic state (with a band crossing the
Fermi level at I', in the first three plots of the top panel
in Fig. 4). In the second region, for 1.4 < U < 1.8eV, we
can observe that the bands at I' and the Dirac-like bands are
pushed to high energies given to the system a semimetallic
character (due to the gap around I' point). These changes
are simultaneous with the phase transition when symmetry
changes from Bb2;m to Pn2,a, as discussed before [28].

When examining the band structure along the LDA ap-
proximation (lower panels of Fig. 4), unlike in the PS case
for lower U values (U < 1.4eV), we do not observe bands
crossing the Fermi level in the vicinity of the I point and
the Bb2,m structure continues to be the most stable con-
figuration. Although, as in the case of PS, we can observe
that for U > 1.4 eV, it favors a semimetallic state in which
the Dirac-like bands (at M,) are pushed to higher energies,
besides the bands get closer to the Fermi level near the M,
forU > 1.8¢eV.

3. Effects of the functional and structural degrees of freedom

To determine the mechanism promoting the electronic and
structural changes under PS approximation, we perform an
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FIG. 4. The upper and lower panels display the band structure computed with PS and LDA approximation, respectively. The black band
corresponds to the Bb2,m structure and the color band to the Pn2;a phase. Calculation considering SOC + U + position degrees of freedom.

additional calculation to distinguish the effects of the func-
tional choice and the structural phase in the electronic band
structure. For this sake, first, we take the structure obtained
with PS for U > 1.4eV (Pn2;a phase), and with a frozen
geometry, we calculate the electronic bands within the LDA
approximation. In Fig. 5, we compare the band structure for
PS and LDA, keeping the geometry of the PS approximation
(Pn2;a). In the left panel of Fig. 5, we show the band structure
for U = 1.8 ¢V, the system with Pn2;a (PS approximation)
remains with a semimetal state. Instead, we can observe that
the Dirac-like bands are suppressed under LDA approxima-
tion, emerging a band gap of around M,-point. Furthermore,
for U = 2.0eV, shown in the right panel of Fig. 5, both ap-
proximations show a narrow bandgap insulator character with

09 Pn2;a U=18¢eV Pn2;a U=20¢eV
IAVA'BEAYA
0.1
= 0.0
[€a)
=
—0.1
A i
*0'%\11, r M, X M, r M, X
PS — LDA

FIG. 5. Band structure for Pn2;a structure performed with PS
(orange bands) and LDA (blue bands) approximations with U = 1.8
(left) and 2.0 eV (right).

a gap at M, of 0.08 eV for LDA and 0.18 eV for PS approxi-
mation. Secondly, to reveal the effect of the structural degrees
of freedom in the band structure for the Bb2m phase, we have
calculated this without and with structural degrees of freedom
along with PS and LDA approximation. In the first case, we
find that the main role of Hubbard U interaction is to control
the band occupation around the Fermi level, favoring the gap
increases around I" and the emergence of hole-like bands close
to M, (for U > 1.4) while changing the Hubbard U from O to
2 eV (see Ref. [36], Fig. S8). In the second case, the changes
in the lattice vectors induce slight modifications of the bands
around the Fermi level, affecting mainly the gap at I (see
Ref. [36], Fig. S10 and S11). In particular, the metallic char-
acter is still present for U = 1.4 eV within the PS approach;
thus, the structural transition is not concurrent with the elec-
tronic transition from metal to semimetal (gap at I" point).

4. Comparison with experimental evidence

In this section, we aim to get into contact with the ex-
periments; therefore, we focus on which approximation and
parameters best describe the band structure and magnetic
configuration (AFM-b) experimentally measured in CRO
samples. As discussed in Sec. II, understanding physical
properties has been a significant challenge. There are in-
consistencies between different experimental measurements
and theoretical predictions. One of the main inconsistencies
between observations and theory was that band structure cal-
culation performed by DFT calculations predicted that CRO is
a semi-metal with a high carrier concentration [9]. However,
on the one hand, single-crystal measurements characterized
CRO as a low carrier-concentration material on the verge of a
metal-insulator. On the other hand, the ARPES measurements
reveal that CRO displays a low-carrier metallicity but is char-
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acterized by a semimetallic state with a gapped Fermi surface
[11,13]. A summary of contradictions around CRO can be
found in Ref. [12].

A previous theoretical study (Ref. [28]) proposed a mech-
anism to model the band structure and Fermi surface of CRO
at low temperatures based on DFT calculations (along with
PS approximation). The suggested mechanism aim to explain
the electronic changes between Ty < T < 30K, taking into
account Hubbard U in the range 0.5 < U < 1.6¢eV, in which
at U = 1.4eV emerges a gap at I' point, accompanied of a
spontaneous structural transition from the Bb2;m to Pn2;a
structure. In such a scenario, the emergence of the semimetal-
lic state could be related to the gap seen below 45 K in the
optical conductivity spectra [22]. Besides, the broken transla-
tional symmetry of the Pn2;a structure could allow the charge
(spin) density wave transition agreeing with some experimen-
tal proofs [9].

However, recently a series of independent experiments
have successfully reconstructed the Fermi surface of CRO
[11-13], offering a novel approach to understanding the
evolution of the electronic structure as the temperature de-
creases. The experimental evidence shows that CRO presents
a semimetallic character at low temperatures [11,13], in which
the band structure displays a gap around I' point, Dirac-like
bands at M,, and bands intersecting the Fermi level near
the M,. Each work [11,13] reveals a key aspect to consider
identifying the mechanism underneath the CRO phase transi-
tion. On the one hand, it was shown that the reconstruction
of the Fermi surface is incompatible with the translational
symmetry-breaking density waves [13]. On the other hand, a
band gap magnitude of ~10 to 15 meV around the I" point was
estimated, comparable to the pseudogap observed in optical
spectroscopy spectra [11]. These observations bring us several
constraints to impose on our calculations.

After a systematic study and comparison with the most
recent experiments, our results indicate that the LDA 4+ U
approximation is the one that most accurately represents
the complex behavior exhibited by CRO. The LDA + U ap-
proximation successfully identifies the magnetic ground state
(AFM-b configuration) and the occupation bands in agree-
ment with the recent experimental reports [13].

The subtlest region is to model the band spectrum along the
high symmetry lines, specifically near the I" and the M,; this
region is quite sensitive to U value; however, these regions
are key, as we explained before the experiment evidences a
pseudogap (around I') and hole pocket (near the M,) and
Dirac-like bands (at M,) [13], given a semimetallic charac-
ter to the system. In contrast to the PS approach, LDA can
modulate the band occupation at I" point in the studied range
of U values. For instance, the LDA + U with U = 0.5eV
evidences a band gap of 96 meV at I'; this value is in the
same order as ARPES measurements [11]. Besides, the bands
are getting closer to M, for U > 1.8 eV; however, for this
range of U, the band dispersion around I" is pushed down to
lower energies, increasing the size gap. Additionally, we have
identified that the main band contribution around the Fermi
level comes from d,y, d,; and d,, orbitals in which d,, does
not cross the Fermi level for U > 0.5eV (see Fig. S5) in
agreement with the experimental reports [13]. In the case

of PS, several issues are found as U increases: Below U <
1.4eV band crosses the Fermi level at I' point and above
U > 1.4eV due to a spontaneous transition toward the Pn2;a
structure, being this structural phase reported theoretically
until now [28] in the best of our knowledge.

In order to dig into the role of the Hubbard U approxima-
tion and how the double counting, as well as the directional
dependence, can affect the observed results, we performed
the same calculations using the Liechtenstein approximation
[34] (along PS). A detailed analysis is provided in Sec. III
of the Ref. [36]; here, we summarize the main findings. We
have observed that for U < 1.4eV Dudarev and Liechtenstein
approximations have the same trend. However, atU > 1.4¢eV,
using Dudarev lead to the spontaneous phase transition and
with Liechtenstein, the Bb2;m phase stays stable. With this
last approximation, the transition happens for U > 2.0eV,
emerging a narrow insulator phase.

What is the underlying mechanism for the observed struc-
tural transition when considering the PS approximation with
spin-orbit coupling (SOC) and Hubbard U repulsion effects?

The spontaneous transition appears independent of the
Hubbard U approximation. To inspect the role of SOC we
have performed calculations considering Hubbard U and
structural degrees of freedom without SOC. We find that
without SOC, the spontaneous structural transition does not
appear. Our calculations show that Bb2;m is stable consider-
ing positions and volume degrees of freedom. However, the
phase Pn2;a is unstable, making it difficult to achieve an
accurate convergence. These results disagree with the studies
reported in Ref. [28].

When spin-orbit coupling effects are considered, the direc-
tion of magnetization changes from point to point, inducing
a complex magnetic landscape. The PBEsol approximation
belonging to the family of generalized gradient functional
approximations (GGA) is more susceptible to convergence
problems and can cause symmetry changes to stabilize the
system [37].

5. Linear response determination of U term

Going one step further, we employ a perturbative approach
to determine a value for the Hubbard U interaction. However,
this method tends to overestimate the value of U. Note that the
DFT + U approach also has limitations and should be consid-
ered a pragmatic way to partially eliminate the self-interaction
errors inherent in DFT. In addition, the effective U-value de-
pends on several factors that limit their transferability, such
as atomic coordination and calculation parameters [38,39]
(pseudopotentials, basis-set). We compute the Hubbard U
term through a constrained DFT-based method developed by
Cococcioni and Gironcoli [25] to compute the nonzero second
derivative of energy concerning the local occupancy of the
metal ion, in which U is given by [40]

9 sef\ 1 P nsef \ —1
Uvn (L) - (S . ()
1% 1%

where dn;/dV; is the occupation response at the site /, and
V; is the orbital energy shift in the / site. The first and
second terms are the self-consistent (scf) and
non-self-consistent (nscf) solutions. We consider a
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FIG. 6. Band structure using U computed through the linear re-
sponse method: PS with Pn2;a structure for Ups = 2.9eV (left) and
LDA with Bb2,m phase using Uppa = 2.3 eV (right).

perturbation V in the +0.2eV range. As a result of these
calculations we found that Upg = 2.9eV and U pp = 2.3eV
for PS and LDA respectively. We have also performed
calculations in a lower range of perturbation (£0.1, with steps
4 0.02). Here, we detected no large modification of the U
value of Urpa= 2.86 ¢V and U= 2.73 eV.

The electronic band structure for the Hubbard U values
found by the linear response method is shown in Fig. 6. On
the left panel, the PS band structure with Ups = 2.9 eV; on
the right panel, the LDA band structure with Uy py = 2.3 eV.
As a result of our calculation, we find that LDA retains the
same Bb2;m symmetry, and the PS approximation keeps the
Pn2ja phase. In the PS approximation, the larger U term
value (Ups = 2.9eV) results in a band gap of 0.80 eV at
M, (see Fig. 6, left panel). The large U influence in Pn2,a
structure induces ty, band distribution mainly at M., in which
the band structure changes from the hybridized bands d,.-d,,
for U = 2.0eV to be composed mainly of d,, orbitals (below
Fermi level) for U = 2.9 eV (see Ref. [36], Fig. S6).

In the case of LDA approximation, the system presents a
Bb2;m symmetry; however, we observe that to increase to
U = 2.3¢eV, the Dirac-like bands are suppressed, emerging
a gap of 0.10 eV at M, similar to the findings from PS
approximation at U = 2.0eV (see Fig. 4). The observed gap
emerges due to the re-arrangement of ty, orbitals around M,,
as under the PS approximation case. Furthermore, in Bb2;m
structure the large U causes a decrease of the d,, orbital
population (see Ref. [36], Fig. S5) and for U = 2.3eV the
band occupation of dy,-d,, around M, below the Fermi level is
favored. Additionally, for larger values of the Hubbard U term
(U > 2eV), the magnetic state along the b direction becomes
unstable, and the magnetic moment direction moves toward
the (111) direction in which m; > m, .. Figure 7 shows a
schematic representation of the electronic and structural phase
transitions as U increases to 2.6 and 3.0 eV for LDA and PS
approximations.

Giving that the structure of the ground state depends on
the functional used (PS or LDA), a direct comparison be-
tween band structures is meaningless. To compare the band
structure for a particular value of the Hubbard U, we set the
atomic position and lattice vectors to the Bb2;m structure
(with the atomic position given by the experiment [20] at 8 K).

SOC+U+SDF
LDA
Bb2;m CayRu,0,
o 0> 0> O 07
U ev)
0 0.2 1.4 2.0 2.6
metallic semimetal insulator
PS
Bb2,m Pn2,a
a ﬁ
I 0> 0> -0» 0> 0”0
b U (V)
0 1.4 2.0 3.0
metallic semimetal insulator

FIG. 7. A schematic representation with the electronic and struc-
tural phase transitions as a function of Coulomb repulsion (U) in
the presence of spin-orbit coupling (SOC) and structural degrees of
freedom (SDF). The black arrows symbolize the spin direction of
the Ru atoms (blue balls). As U increases, we can distinguish two
main regions: among 0 < U < 2eV in which the spins are along b
direction (AFM-b), and for U > 2 eV, the spins turn aligned through
(111) direction, in which the magnetic moment along b direction is
bigger than in the a-c direction (m;, > my,).

Here, we noticed that regardless of the functional, the gap at
M, appears for U = 2.3 eV; however, the system continues
metallic (see Ref. [36], Fig. S9). For LDA approximation, the
narrow bandgap insulator state appears for U above 2.3 eV
(see Ref. [36], Fig. S9 at U = 2.6eV). However, under PS
approximation, the band structure favors the metallic charac-
ter (see Ref. [36], Fig. S9). The metallic behavior tendency
could be related to a topological band arising as the U term
increases.

We should point out that the narrow band-gap insulator
character originates in the strength of U-term independent of
the functional choice and structural phase (in the presence of
structural degrees of freedom). The Pn2,a structure favors
the insulator state for U > 2.0 and > 1.8 eV for PS and
LDA approximations, respectively (see Fig. 5), whereas the
Bb2ym favors the insulator character for large U term value,
as we can observe for U = 2.3 eV Figs. 6 and S5 under LDA
approximation.

The large difference in the U term computed through the
linear approximation with the values chosen a priory could
be related to the DFT self-interaction errors or d-ligand in-
teractions between Ru and O atoms. To develop a Hubbard
U correction for the CRO system, it could be necessary to
evaluate d interactions for first principles, then construct a
Hamiltonian that explicitly contains the d orbitals and the
p orbitals of the system as interacting degrees of freedom:;
however, to solve this in practice could be a tremendous open
challenge [39,41].

To enclose our last finding, we suggest that the optimum
values of CRO lie among 0.2 < U < 2.0eV (under LDA
approximation); in this range, the band structure agrees with
the experimental report. However, for U > 1.4eV, the band
dispersion is strongly pushed to lower energies around the
I' point. The established range of U are in agreement with
the U implemented to modulate the electronic structure in
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several ruthenium families such as: Ca,RuO4 (1.0 < U <
1.5) [42], Sr,RuO4 (U = 1.5eV) [43], and CaRuO3 (1.0 <
U < 2.5eV)[44]in which both electronic and structural prop-
erties depend of the chosen U value.

V. FINAL REMARKS

We have demonstrated the strong interplay among mag-
netism, SOC, Hubbard U, and structural degrees of freedom
on the electronic properties of CRO. This was done under the
density functional theory approach considering two functional
choices: LDA and PS approximations.

Depending of the description used, we find contradictory
results. On the one hand, the LDA approximation fails to re-
produce the correct magnetic ground state of CRO, predicting
the AFM-a solution as the most stable AFM configuration;
however, the LDA + U approximation for U > 0.2 eV results
in the AFM-b alignment as the ground state solution. On
the other hand, PS and PS 4 U approximations successfully
describe the AFM-b magnetic configuration as the ground
state.

BothLDA+U (02 < U £2.0)andPS+U (05 < U <
1.6eV) approximation successfully describe the electronic
structure of CRO. However, regarding the structural proper-
ties, LDA predicts Bb2,m phase as the ground state, and PS
predicts a structural transition from Bb2;m to Pn2ia (U >
1.4eV) [28], being this last one not observed by experi-
ment so far. This new structural transition gives interesting
explanations for describing several experimental findings, as
explained in Sec. IV 4. However, new experiments will be nec-
essary to support the Pn2;a structure obtained using PS 4+ U
approximation.

We conclude that the exchange and correlation func-
tional affects the band occupation mainly at I' point. On
the one hand, the band crosses the Fermi level for PS ap-
proximation. On the other hand, a band gap appears for the
LDA approximation. Additionally, the primary effect of the
Coulomb repulsion (expressed as U term) is to modify the
band occupation around the Fermi level with the following
main characteristics associated with the exchange-correlation
approximation:

PS + U. It is possible to distinguish three regions as the
Hubbard U term increases. The system exhibits a metallic
character for U < 1.4eV, characterized by a band cross-
ing the Fermi level at I' and Dirac-like bands at M,. For
U > 1.4eV, the Bbym phase became unstable, and the sys-
tem relaxes spontaneously into Pn2ja structure, exhibiting
a semimetallic state (gap around I' point) [28], independent
of the structural degrees of freedom considered. Finally, for
U > 2.0eV, a semimetal to a narrow band-gap insulator
phase transition emerges by opening a gap of 0.16 eV at M,
(U =2.0eV).

The observed structural transition is independent of the
U approach. Along Liechtenstein approach, we find that the
transition emerges for U > 2.0 eV together with an electronic
transition from semimetal to narrow-insulator state (in agree-
ment with PS approximation for U > 2.0eV).

LDA + U. The Bb2,m phase is the most stable configura-
tion, and the band structure presents a semimetallic character.
For 0.2 < U < 2.0eV, we evinced a gap around I" (gap size

of 96 meV at I for U = 0.5eV) and Dirac-like bands at M,
in good agreement with the band structure reported by the
experiments. However, above U > 1.4 eV, the band around I
is pushed down to lower energies increasing the gap size (as it
also happens with PS).

We remark that a narrow band-gap insulator state emerges
independent of the functional choice. In the case of PS + U,
this happens for U > 2.0eV (Dudarev scheme) and U >
2.0eV (Liechtenstein approach). For LDA + U, it occurs for
U > 2.0eV (Dudarev scheme). Additionally, for these large
U values, the magnetic moment along the b direction became
unstable, and m goes from [010] to [111] direction in which
my > Mg,

From these findings, we can give the keys to model the
electronic structure of CRO system, establishing the effect of
Coulomb repulsion and structural degrees of freedom for two
different functional natures. Here, we have shown that CRO
is very sensitive to these parameters, in which, as a function
of U, it is possible to get a metal, semimetal, and narrow
bandgap insulator state independent of the structural degrees
of freedom. Depending on the functional choice, the Bb2;m
phase can be stable (LDA) or unstable (PS) in the presence of
Coulomb repulsion, SOC and structural degrees of freedom.

The Hubbard repulsion term is usually considered a free
parameter, adjusted to improve agreement between calculated
and measured properties. This is one of the simplest ap-
proaches used to improve the description of the ground state
of the many correlated systems, based on the correction of
Eipa/cea energies, leading to the called “double-counting
term (E;.)” that models the contribution of correlated elec-
trons to the DFT energy as a mean-field. However, the
double-counting term is not uniquely defined, being this an
open issue of LDA + U that has been widely discussed; see
Ref. [45] for further discussion. Some techniques, such as the
linear response approach, can estimate a value for the effective
U term. These techniques, however, require further validation.
Methods beyond DFT, such as local density approximation +
dynamical mean-field approximation (LDA + DMFT), have
been successfully used to describe the electronic, structural
properties and phase transitions in correlated materials with
4d electrons [45], including Ruddlesden-Popper compounds
[46,47]. Studies in this direction could provide a better un-
derstanding of CRO, making it possible to compare different
description levels on this compound. In this sense, there is still
much to explore in CRO systems. In this direction, our study
aims to give a first step forward, doing a systematic study of
the role of the exchange and correlation in the presence of
different degrees of freedom and considering different approx-
imations for the Hubbard U parameter.

While preparing this manuscript, we became aware of a
recent experimental report by Hao-Yu et al . (Ref. [48]) study-
ing the magnetoresistance and magnetostriction on CRO. This
study proposes the use of pulsed magnetic fields to control
the magnetic states of CRO. Additionally, in agreement with
our results, they reported the stability of magnetic phases
(AFM-b, AFM-a) using PBEsol + U with U = 1.2¢eV. Fur-
thermore, a recent experimental report has studied the CRO
under lattice deformation (Ref. [49]), proving that applied
strain can be used to tune the spin orientation. These studies
confirm the strong correlation between lattice and electronic
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degrees of freedom needed to explain the magnetic transitions
of CRO.
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