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While polar metals are a metallic analog of ferroelectrics, magnetic polar metals can be considered as a
metallic analog of multiferroics. There have been a number of attempts to integrate magnetism into a polar
metal by synthesizing new materials or heterostructures. Here we use a simple yet widely used approach—
epitaxial strain in the search for intrinsic magnetic polar metals. Via first-principles calculations, we study strain
engineering of a ferromagnetic metallic oxide SrCoO3, whose bulk form crystallizes in a cubic structure. We
find that under an experimentally feasible biaxial strain on the ab plane, collective Co polar displacements are
stabilized in SrCoQj. Specifically, a compressive strain stabilizes Co polar displacements along the ¢ axis, while
a tensile strain stabilizes Co polar displacements along the diagonal line in the ab plane. In both cases, we find
an intrinsic ferromagnetic polar metallic state in SrCoOs. In addition, we also find that a sufficiently large biaxial
strain (>4%) can yield a ferromagnetic-to-antiferromagnetic transition in SrCoOs. Our work demonstrates that
in addition to yielding emergent multiferroics, epitaxial strain is also a viable approach to inducing magnetic

polar metallic states in quantum materials.
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I. INTRODUCTION

Ferroelectric [1-4] and multiferroic [5—8] materials have
wide applications. By definition, they are insulators with a
spontaneous polarization below a Curie temperature and the
polarization is switchable by an external electric field [9].
Usually, it is difficult to stabilize a macroscopic polarization
in metals since itinerant electrons screen internal dipoles and
suppress spontaneous polar displacements. In 1965, Ander-
son and Blount proposed that if the optical phonons that are
responsible for the polar displacements have weak couplings
to itinerant electrons, a ferroelectriclike structural phase tran-
sition may occur even in a metal at finite temperatures [10].
The prediction was confirmed in 2013 when Shi et al. suc-
cessfully synthesized LiOsO; and observed a continuous
centrosymmetric-to-polar structural phase transition around
140 K [11]. Since then, the study of polar metals, the metallic
analog of ferroelectrics, has drawn great attention [12-17],
not only because of interests in basic sciences [18], but also
in potential technological applications such as electrodes in
ferroelectric nanocapacitors [19]. More recently, a number
of attempts have been made to integrate magnetism into a
polar metal [20-24]. A magnetic polar metal is the metal-
lic analog of multiferroics. Experimentally, magnetic polar
metallic states have been found in Pb,CoOsOg [20], Fe-doped
CazRu,07 [21], BaTiO3/SrRuOs3/BaTiO; heterostructure
[22], and AA’-stacked (FesCogs)sGeTe, [23,24]. How-
ever, all these materials either have complicated chemical
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composition or are artificial heterostructures. On the other
hand, epitaxial strain has been widely used to tune physical
properties of quantum materials [25], in particular polar-
ization [26]. Well-known examples include strain-induced
ferroelectricity in SrTiO3;, EuTiO3, and SrMnO; [27-30],
as well as a strain-driven morphotropic phase boundary in
BiFeO; [31]. Thus, it is worthwhile to study whether strain
engineering can also be utilized to induce a magnetic polar
metallic state in known materials.

In this work, we demonstrate how to use epitaxial strain
to stabilize an intrinsic ferromagnetic polar metallic state in
a known complex oxide SrCoOj;. Bulk SrCoO; is a metal
and crystallizes in a simple cubic structure [32]. It exhibits
ferromagnetic order below T, = 305 K [33]. We use first-
principles calculations and find that an experimentally feasible
biaxial strain, either compressive or tensile, can break inver-
sion symmetry in metallic SrCoOs. Specifically, we find that
under a biaxial compressive strain of 2.4% to 4% imposed
on the ab plane, collective Co displacements along the ¢ axis
are stabilized, while under a biaxial tensile strain of 2.9%
to 4% imposed on the ab plane, collective Co displacements
along the diagonal line in the ab plane are stabilized. In both
cases, inversion symmetry is broken via a centrosymmetric-
to-polar structural transition and an intrinsic ferromagnetic
polar metallic state is induced in SrCoOjs. Furthermore, we
find that under a sufficiently large biaxial strain (>4%), a
ferromagnetic-to-antiferromagnetic transition may occur to
SrCo0Oj3. Our work shows that in addition to synthesizing new
materials or heterostructures, we can also use strain engi-
neering as a viable approach to searching for magnetic polar
metals.
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II. COMPUTATIONAL DETAILS

We perform density-functional theory (DFT) [34,35] cal-
culations, as implemented in Vienna ab initio simulation
package (VASP) [36,37]. We use the generalized gradient ap-
proximation with the Perdew-Burke-Ernzerhof parametriza-
tion (GGA-PBE) [38] as the exchange-correlation functional.
An energy cutoff of 600 eV is used throughout the calcula-
tions. The Brillouin zone [39] integration is performed with a
Gaussian smearing of 0.05 eV over a Monkhorst-Pack & mesh
of 16 x 16 x 16 for 5-atom simulation cell and a Monkhorst-
Pack k mesh of 10 x 10 x 8 for +/2 x +/2 x 2 20-atom
supercell. The convergence threshold for the self-consistent
calculation is 10~% eV. Atomic relaxation is converged when
each force component is smaller than 107> eV/A and pres-
sure on the simulation cell is less than 0.5 kbar. We use the
finite-displacement method [40,41] with the aid of Phonopy
[42] to calculate phonon band structure and phonon density
of states. For biaxial strain calculations, we fix the two in-
plane lattice constants (a and b) and allow the out-of-plane
lattice constant (c axis) to fully relax. The strain is defined as
& = (a — aop)/acpt x 100% where aqpy is the DFT-optimized
lattice constant of ferromagnetic cubic SrCoO3 and a is the
theoretical lattice constant of the substrate that imposes biax-
ial strain. All the calculations are spin polarized. To consider
the correlation effects in SrCoO3, we test a range of U on
Co-d orbitals using the spin polarized DFT 4+ U method. We
find that for both lattice constant and magnetization, U = 0
yields the best agreement between theory and experiment.
Increasing U, however, impairs the agreement. Therefore we
choose U = 0 in our calculations. See Supplemental Material
[43], Note 1, for details. Since polarity and magnetism both
originate from Co atom and the atomic number of Co is
small, we neglect spin-orbit interaction in this study. We use
the Aflow library (Automatic FLOW for Materials Discovery
[45]) to determine the space group of various SrCoOj crystal
structures and also use Phononpy to cross check it.

II1. RESULTS
A. Bulk

First, we calculate bulk properties of SrCoQOj3. Experimen-
tally, SrCoOs crystalizes in a simple cubic structure without
any oxygen octahedral rotations. The corresponding space
group is Pm3m (no. 221) and the corresponding Glazer no-
tation is a’a’a® [46]. Bulk SrCoOjs is a ferromagnetic metal
below 305 K with a saturation magnetic moment of 2.5
wp/fu. at 2 K [33]. Figure 1(a) shows the optimized crystal
structure of bulk SrCoOs in our DFT calculations. We find
that it is stabilized in a cubic structure with the optimized
lattice constant aop = 3.8271&, which is in good agreement
with experiment and the previous theoretical studies [33,47—
50]. Figure 1(b) shows the density of states (DOS) of bulk
SrCo0O3. The DOS clearly shows a ferromagnetic metallic
state with the exchange splitting being about 1 eV. Around
the Fermi level, there are Co-d and O-p states, which are
strongly hybridized with each other. Figure 1(c) shows the
Brillouin zone of an orthogonal crystal structure (cubic struc-
ture is a special case), in which all the high-symmetry k points
are labeled. They are used in this figure as well as in the
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FIG. 1. (a) The crystal structure of cubic SrCoOs. The green,
blue, and red balls represent Sr, Co, and O atoms, respectively.
(b) Density of states (DOS) of cubic SrCoOs. The red, blue, and
green curves are total, Co-d projected, and O-p projected DOS.
Inset: near-Fermi-level DOS (spin up + spin down) of cubic SrCoQOs.
() é Brillouin zone of cubic SrCoO;. (d) Phonon band structure
and phonon DOS of cubic SrCoOs. The coordinates of the high-
symmetry k points are: R(0.5, 0.5, 0.5), (0.0, 0.0, 0.0), X (0.5, 0.0,
0.0), M(0.5, 0.5, 0.0), Z(0.0, 0.0, 0.5), U(0.5, 0.0, 0.5). The red,
orange, blue, and green curves are total Sr projected, Co projected,
and O projected phonon DOS.

subsequent figures. Figure 1(d) shows the phonon spectrum
and density of states of cubic SrCoOs;. We find that cubic
SrCo0s is free from imaginary phonon modes, indicating that
the cubic structure is stable. From the phonon spectrum, we
find that the low-frequency phonons are mainly associated
with the vibration of Sr atoms since Sr atoms are the heaviest
among SrCoQs3, while the high-frequency phonons are asso-
ciated with the vibration of O atoms because O atoms have
light mass. The above results show that DFT provides a rea-
sonable description of electronic and structural properties of
bulk SrCoQs.

B. Compressive strain

Next we study SrCoOj3 under compressive biaxial strain.
Under a compressive strain, cubic SrCoOj; naturally trans-
forms to a tetragonal structure with c¢/a > 1. However, the
simple tetragonal structure with no other distortions is not
necessarily dynamically stable. To carefully check this point,
we perform phonon calculations on the simple tetragonal
structure of SrCoQOj under various compressive strains. We
show the results in Fig. 2. We find that under 1% and 2%
compressive strains, StCoOs is stabilized in a simple tetrag-
onal structure with no other distortions. This corresponds to
space group P4/mmm (no. 123) and Glazer notation (a’a’c?).
However, under 3% and 4% compressive strains, imaginary
phonon modes appear at I', M, R, and X points, indicating that
other structural distortions may occur in the simple tetragonal
structure [51]. By analyzing the vibration modes, we find that
the imaginary phonon at I point is a polar mode with the
Co and O atoms moving out-of-phase along the ¢ axis; the
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FIG. 2. Phonon band structure of SrCoQOj; under different com-
pressive strains. (a) 1% compressive strain. (b) 2% compressive
strain. (¢) 3% compressive strain. (d) 4% compressive strain. The
coordinates of the high-symmetry k points are: R(0.5, 0.5, 0.5),
'(0.0, 0.0, 0.0), X(0.5, 0.0, 0.0), M(0.5, 0.5, 0.0), Z(0.0, 0.0, 0.5),
U (0.5, 0.0, 0.5).

imaginary phonon at M point is a mode in which the CoOg
oxygen octahedra rotate in-phase about the ¢ axis; the imagi-
nary phonon at R point is a mode in which the CoOg oxygen
octahedra rotate out-of-phase about the ¢ axis; the imaginary
phonon at X point is an antipolar mode with Co and O atoms
forming an “out-of-phase local polarization” that alternates its
direction unit cell by unit cell along a axis. We note that due
to the Cy4 rotation symmetry of the simple tetragonal structure,
Y point is equivalent to X point in the Brillouin zone and
there is another imaginary antipolar mode at Y point with
Co and O atoms forming an “out-of-phase local polarization”
that alternates its direction unit cell by unit cell along b axis.
Introducing those phonon modes into the simple tetragonal
structure will lower the total energy and yield a new crystal
structure, in which a ferromagnetic polar metallic state may
be stabilized.

To find the most stable crystal structure of SrCoO; that
arises from the above imaginary phonon modes, we study
4% compressive strain and introduce each imaginary phonon
mode as well as their combinations into the simple tetragonal
structure (a similar analysis is done on 3% compressive strain,
see Supplemental Material [43], Note 4). Since the imaginary
phonons at X and Y points are degenerate, we combine them
together and consider it as a “composite” phonon, referred to
as X/Y. Thus we have 4 imaginary phonons at I', X/Y, M,
and R. Their combinations (including one phonon mode) yield
altogether C} + C? + C; + C{ = 15 different cases. How-
ever, from our calculations, we find some imaginary phonon
modes suppress each other, i.e., when two such imaginary
phonons are combined and introduced into the high-symmetry
structure, after structural relaxation we end up with a low-
symmetry structure that is identical to the one that is derived
only from one imaginary phonon. Specifically, we find that
the imaginary phonon at R point suppress the imaginary
phonon at M point, and the imaginary phonon at I" point sup-
presses the imaginary phonon at X/Y point. Excluding those
cases, we finally end up with 8 low-symmetry structures by

introducing the imaginary phonons and their combinations.
We explicitly list below all the 8 low-symmetry structures as
well as the associated imaginary phonons:

(1) The first low-symmetry structure is obtained by in-
troducing the I'-point imaginary phonon mode. It is a polar
structure. The corresponding space group is P4mm (no. 99)
and Glazer notation is a’a®c®.

(2) The second low-symmetry structure is obtained by
introducing the M-point imaginary phonon mode. It is a cen-
trosymmetric structure with an in-phase rotation of CoQOg
oxygen octahedra about the ¢ axis. The corresponding space
group is P4/mbm (no. 127) and Glazer notation a’a’c™.

(3) The third low-symmetry structure is obtained by
introducing the R-point imaginary phonon mode. It is a cen-
trosymmetric structure with an out-of-phase rotation of CoOg
oxygen octahedra about the ¢ axis. The corresponding space
group is I4/mem (no. 140) and Glazer notation a®a’c~.

(4) The fourth low-symmetry structure is obtained by in-
troducing X /Y -point imaginary phonon modes into the simple
tetragonal structures. It is an antipolar structure. The cor-
responding space group is P4/nmm (no. 129) and Glazer
notation is a’a’c®.

(5) The fifth low-symmetry structure is obtained by intro-
ducing M-point and X /Y -point imaginary phonon modes. It is
a complicated antipolar structure with an in-phase rotation of
CoOg oxygen octahedra about the ¢ axis. The corresponding
space group is P4/n (no. 85) and Glazer notation is a’a’c*.

(6) The sixth low-symmetry structure is obtained by in-
troducing R-point and X /Y -point imaginary phonon modes.
It is a complicated antipolar structure with an out-of-phase
rotation of CoOg oxygen octahedra about the ¢ axis. The
corresponding space group is P4/ncc (no. 130) and Glazer
notation is a’a’c.

(7) The seventh low-symmetry structure is obtained by
introducing I'-point and M-point imaginary phonon modes. It
is a polar structure with an in-phase rotation about the ¢ axis.
The corresponding space group is P4bm (no. 100) and Glazer
notation a’a’c™.

(8) The last low-symmetry structure is obtained by intro-
ducing I'-point and R-point imaginary phonon modes. It is a
polar structure with an out-of-phase rotation about the c axis.
The corresponding space group is I4cm (no. 108) and Glazer
notation a’a’c~.

Figure 3(a) shows the total energy of those new crystal
structures (using the simple tetragonal structure P4/mmm
as the zero point). We find that the crystal structure of the
lowest total energy is the complicated polar structure I4cm,
which is explicitly shown in Fig. 3(b). To further check that
the I4cm structure is indeed dynamically stable, we per-
form a phonon calculation on the /4cm structure and find no
imaginary modes in the phonon spectrum of I4cm SrCoOs,
as shown in Fig. 3(c). In Fig. 3(d), we show the DOS of
I4cm SrCoQOs. There is a clear exchange splitting and a finite
DOS at the Fermi level. Combining the electronic, mag-
netic, and structural properties shown in Fig. 3, we find that
under 4% compressive strain, a ferromagnetic polar metal-
lic state is stabilized in /4cm SrCoOs. In addition, as we
show below, there is a finite range of compressive strain
in which SrCoO; exhibits a ferromagnetic polar metallic
state.
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FIG. 3. (a) Total energy of different crystal structures of SrCoO3
under 4% compressive strain, using the simple tetragonal structure
P4 /mmm as the zero point. (b) The crystal structure of /4cm SrCoOs.
The arrows show that the structure has both polar displacements
along the ¢ axis and an out-of-phase oxygen octahedral rotation about
the ¢ axis. (c) Phonon band structure of /4cm SrCoOs. (d) Density
of states (DOS) of I4cm SrCoOs;. The red, blue, and green curves
are total, Co-d projected, and O-p projected DOS. Inset: near-Fermi-
level DOS (spin up + spin down) of /4cm SrCoO;.

C. Tensile strain

After studying StCoO3 under compressive strain, now we
switch to tensile strain. We also find a ferromagnetic polar
metallic state in SrCoO; when the applied tensile strain is
appropriate. However, there are some important differences
in the nature of polarity.

Similar to compressive strain, StCoO3 under tensile strain
also naturally transforms to a simple tetragonal structure but
with ¢/a < 1. We calculate the phonon spectrum of SrCoO3
in the simple tetragonal structure under various tensile strains.
The results are shown in Fig. 4. We find that under 1% and 2%
tensile strains, the phonon spectrum of SrCoOs is free from
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FIG. 4. Phonon band structure of SrCoO; under different tensile
strains. (a) 1% tensile strain. (b) 2% tensile strain. (c) 3% tensile
strain. (d) 4% tensile strain. The coordinates of the high-symmetry k
points are: R(0.5, 0.5, 0.5), I'(0.0, 0.0, 0.0), X (0.5, 0.0, 0.0), M (0.5,
0.5, 0.0), Z(0.0, 0.0, 0.5), U(0.5, 0.0, 0.5).

imaginary phonon modes. However, under 3% and 4% tensile
strains, imaginary phonon modes appear at I and X points.
By analyzing the vibration modes, we find that the imaginary
phonons at I" point are twofold degenerate. They are both
polar modes that are associated with the “polarization” of Co
and O atoms along a and b axes, respectively. The imaginary
phonon at X point is an antipolar mode with Co and O atoms
forming an “out-of-phase local polarization” that points par-
allel to b axis and alternates its direction unit cell by unit cell
along a axis. We note that due to the C, rotation symmetry
of the simple tetragonal structure, Y point is equivalent to X
point in the Brillouin zone and there is another imaginary
antipolar mode at Y point with Co and O atoms forming
an “out-of-phase local polarization” that points parallel to a
axis and alternates its direction unit cell by unit cell along b
axis.

Then we study 4% tensile strain and introduce each imag-
inary phonon mode and their combinations into the simple
tetragonal structure (a similar analysis is done on 3% ten-
sile strain, see Supplemental Material [43], Note 4). Again
since the imaginary phonons at X and Y points are de-
generate, we combine them together and consider it as a
“composite” phonon, referred to as X/Y. Similar to the case
of 4% compressive strain, we find that the phonon vibration
mode at I' point suppresses the phonon vibration mode at
X/Y point. Therefore, altogether we find two new structures
whose energy is lower than that of the simple tetragonal
structure.

(1) One is a polar structure with no oxygen octahedral ro-
tations, by introducing the I'-point polar mode into the simple
tetragonal structure. The corresponding space group is Amm?2
(no. 38) and Glazer notation is a’a®c®.

(2) The other is an antipolar structure with no oxygen
octahedral rotations either, by introducing both X-point and
Y -point antipolar modes into the simple tetragonal structures.
The corresponding space group is P4/mbm (no. 127) and
Glazer notation is a®a’c®.

Figure 5(a) shows the total energy of these two new crystal
structures, using the simple tetragonal P4/mmm as the zero
point. We find that the Amm?2 structure has the lowest total
energy. Figure 5(b) explicitly shows the Amm2 structure in
which the “polarization” lies along the diagonal line of ab
plane. We also test whether this new Amm?2 structure is dy-
namically stable. Figure 5(c) shows the phonon spectrum of
Amm?2 SrCoOj3 and we find no imaginary phonon modes. Fig-
ure 5(d) shows the DOS of Amm?2 SrCoQOs3, which has a clear
exchange splitting and a finite value at the Fermi level. Similar
to I4cm SrCoO;3 under 4% compressive strain, combining
the electronic, magnetic, and structural properties shown in
Fig. 5, we find that under 4% tensile strain, a ferromagnetic
polar metallic state is also stabilized in Amm2 SrCoOs. As
we show below, there is also a finite range of tensile strain
in which SrCoO; exhibits a ferromagnetic polar metallic
state.

D. Magnetic transition

In the preceding calculations, we assume that SrCoO;
is in a ferromagnetic metallic state. Previous studies
have shown that under biaxial strain, SrCoQO; exhibits a
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FIG. 5. (a) Total energy of different crystal structures of
SrCoO; under 4% tensile strain, using the simple tetragonal struc-
ture P4/mmm as the zero point. (b) The crystal structure of
Amm?2 SrCoQOj;. The arrows show that the structure has polar dis-
placements along the diagonal line in the ab plane. (c) Phonon
band structure of Amm2 SrCoOs. (d) Density of states (DOS) of
Amm?2 SrCoOs. The red, blue, and green curves are total, Co-d pro-
jected, and O-p projected DOS. Inset: near-Fermi-level DOS (spin
up + spin down) of Amm?2 SrCoQO;.

ferromagnetic-to-antiferromagnetic transition as well as a
metal-insulator transition [50,52,53]. Following Ref. [52], we
consider three common types of antiferromagnetic ordering:
A-type with an ordering wave vector (0, 0, ), C-type with
an ordering wave vector (7, 7, 0), and G-type with an order-
ing wave vector (i, 7, ). For all these magnetic orderings,
we consider various structural distortions with different ori-
entations of “polarization” and different types of oxygen
octahedral rotations. After atomic relaxation, for each type
of magnetic ordering under a given epitaxial strain, we ob-
tain the most stable crystal structure. Then we compare the
total energies of those crystal structures with different types
of magnetic ordering. For all the strains considered in this
study, we find that SrCoO3 remains metallic. We show the
results in Fig. 6(a). We find that no matter whether SrCoOj3
is in a ferromagnetic state or in an antiferromagnetic state,
its most stable structure undergoes a series of distortions and
changes in crystal symmetry with an applied biaxial strain.
More importantly, within 4% compressive or tensile strain, the
ferromagnetic ordering always has lower energy than the an-
tiferromagnetic orderings. Figure 6(b) summarizes the phase
diagram of SrCoO; as a function of epitaxial biaxial strain.
Under a compressive strain from 2.4% to 4%, SrCoQs is in
a ferromagnetic polar metallic state with “polarization” along
the ¢ axis (dark red range). Under a tensile strain from 2.9%
to 4%, SrCoQs is also in a ferromagnetic polar metallic state
with “polarization” lying in the ab plane (light red range).
In between, SrCoOs is a ferromagnetic metal with inversion
symmetry. Finally, we note that if the applied strain is larger
than 4%, a ferromagnetic-to-antiferromagnetic transition may
occur to SrCoOj3 (see Supplemental Material [43], Note 5 for
details).
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FIG. 6. (a) An energy diagram of SrCoOj3 as a function of epitax-
ial strain. Red, blue, green, and purple colors represent ferromagnetic
order (FM), A-type antiferromagnetic order (A-AFM), C-type anti-
ferromagnetic order (C-AFM), and G-type antiferromagnetic order
(G-AFM). Different symbols represent different crystal structure
symmetries (the space group is shown). The energy of cubic FM
SrCoO; is used as the zero point. (b) A phase diagram of SrCoO;
as a function of epitaxial strain. “Pp” means “polarization” lying in
the ab plane and “Ppop” means “polarization” pointing along the ¢
axis.

IV. CONCLUSION

In summary, via first-principles calculations, we show that
epitaxial-strain engineering provides a simple alternative to
synthesizing new materials in the search for magnetic polar
metals. We demonstrate this route in a ferromagnetic metallic
oxide SrCoQOj3. We find that using either a compressive or
tensile strain of experimentally feasible magnitude can induce
a ferromagnetic polar metallic state in SrCoO3. Specifically,
under a compressive strain of 2.4%-4%, an I4cm structure is
stabilized in SrCoOs with the “polarization” pointing along
the ¢ axis as well as an out-of-phase oxygen octahedral ro-
tation about the ¢ axis. Under a tensile strain of 2.9%—4%,
an Amm?2 structure is stabilized in SrCoO3 with the “polar-
ization” lying in the ab plane but with no oxygen octahedral
rotations. In addition, we find that under sufficiently large
epitaxial strain (>4%), a ferromagnetic-to-antiferromagnetic
transition may occur to SrCoQOs. Such a large strain is chal-
lenging via epitaxy but might be achieved in freestanding thin
films [54]. We hope that our work may stimulate further the-
oretical and experimental studies on the search for magnetic
polar metals.
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