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ABSTRACT: We demonstrate that the magnetic anisotropy in SrRuO3 (SRO) ultrathin
films can be well controlled by thickness or electrical modulations: The easy axis (preferred
magnetization direction) of a SRO ultrathin film can be switched between out-of-plane and
in-plane magnetization either by altering the film thickness or by tuning the doping level
through applying a gate voltage or chemical doping. Such a capability to manipulate the
magnetocrystalline anisotropy energy (MCAE) is given by the spin−orbit coupling (SOC)-
induced energy splitting in the spin-polarized quantum well states (QWSs) near the Fermi
level. These QWSs are susceptible to the intrinsic spin−orbit interaction and thus drive a
large energy discrepancy when an SRO ultrathin film rotates its magnetization direction. As
a result of the MCAE nature, a SRO film has a magnetic anisotropy approximately an order
of magnitude larger than those in 3d-ferromagnet ultrathin films and its easy-axis direction
depends on the film thickness, gate voltage, and substrate. This tunable large magnetic
anisotropy in SRO ultrathin films provides an excellent route toward advanced spintronic
devices such as storage and memory devices.
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■ INTRODUCTION

Nanoscaled magnetic-tunneling-junction devices, including
solid-state drive (SSD)1 and magnetoresistive random access
memory (MRAM) devices,2−4 are extremely important for
their high potential for extensive applications. A key character
of these devices is the MCAE, which measures the energy
difference between magnetic states with different magnet-
ization orientations. To gain the ability to control the easy axis
in magnetic devices through selecting materials with suitable
properties, tailoring the device geometry, and/or applying a
gate voltage, a microscopic understanding of the MCAE origin
is thus indispensable.
Ultrathin films of strontium ruthenate SrRuO3 (SRO, known

as SRO113) have attracted great attention for they are
predicted to have unique spintronics properties, such as the
quantum anomalous Hall effect5 and two-dimensional half-
metallic electron gas.6 Novel magnetic properties, such as spin-
transfer torque7 and spin current,8 can be induced and tailored
in magnetic complex oxides by external system factors. In
addition, the switching of ferroelectric resistance was observed
recently in the SRO/ferroelectric heterostructure.9,10 The
dramatic modulations of the SRO magnetic properties are
found to be driven by the intrinsic nonstoichiometric
properties of the SRO system.11,12 In this respect, the
MCAE effect in a SRO thin film is an important research
direction that has been investigated in many experimental
works in the past half-century.13−17 The magnetic anisotropy is

observed to be much stronger than those in 3d ferromagnet
films (such as Fe and Co films)18,19 and can be altered
dramatically by selecting a substrate that introduces a large
interfacial strain to change the lattice constant and rotate the
Ru−O−Ru bond angle.20,21 The easy magnetic axis in SRO
films, however, is somewhat confusing for its direction can be
either in plane or out of plane in different pioneer
studies13,14,21 This indicates that the easy axis significantly
depends on the conditions in the SRO sample, including its
film thickness,22 detailed lattice structure,13,14,21 and substrate
material.23

The microscopic origin of the MCAE and easy axis in 3d
ferromagnet films have been investigated extensively and
exhaustively in studies based on experimental measurements
and theoretical models. The spin-polarized quantum well states
(QWSs) are confirmed to significantly contribute to the
MCAE.24−27 Different spins and groups of the QWSs,24,28,29

surface states,30,31 and intrinsic and interfacial spin−orbital
interactions32−36 are found to cooperate to induce the MCAE.
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Moreover, the positive or negative sign of the QWSs-induced
MCAE directly decides whether the direction of the easy axis is
out of plane and in plane, respectively.37,38 Crucially, the spin-
polarized dxz and dyz QWSs have been observed in SRO(001)
ultrathin films recently.39 Investigation of the MCAE due to
the QWSs opens routes to study the nature of the
magnetocrystalline anisotropy and also how to tune it.
A quantum well state is electronic state of an ultrathin film

confined by the boundaries, such as the cap layer and substrate.
When the film thickness varies, the QWS may pass through the
Fermi level, inducing huge changes in the DOS near the Fermi
level. This dramatic DOS change thus dominates the material
properties, such as thermal stability,40 effective mass,41,42 work
functions,43 surface energy,44−46 interlayer exchange cou-
pling,47 and superconductivity critical temperature,48,49 as
presented in previous experiments and theories. Yet, a clear
picture and deep understanding for the relation between
quantum confinement (which leads to the QWSs formation),
spin−orbit coupling, and magnetocrystalline anisotropy have
not been shown to date.
In this article, we study the SRO(001) ultrathin film using

density functional theory. We start with the SrRuO3 simple
perovskite structure called “bulk SRO”. We then stack the bulk
SRO unit cell to form symmetric SRO ultrathin films with
thickness varying from 3 to 15 unit cells, which correspond to a
stoichiometry of Srn+1RunO3n+1 with n = 3−15. As revealed in
experiments,6 SRO films with such thickness show metallic
ferromagnetism. From DFT simulation, we show that the
magnetic easy axis of a SRO ultrathin film switches between in
plane (100 direction, M⊥z, as shown in Figure 1a) and out of

plane (001 direction, M∥z) due to the dxz and dyz QWSs with
spin−orbital coupling. We further demonstrate that both the
sign and the magnitude of the MCAE in a SRO(001) ultrathin
film can be tuned by shifting the energy of the QWSs by
geometrically adjusting the film thickness or electrically
applying a gate voltage. This flexibility of controlling the
magnetocrystalline anisotropy of a SRO ultrathin film indicates
that this film has high potential for advanced spintronic
devices.

■ ELECTRONIC STRUCTURES OF SRRUO3 FILM
To understand the nature of the QWSs in the SRO ultrathin
film (Figure 1a), we studied the experimental SRO films
composed of a tetragonal Bravais lattice50−52 with lattice
constants a = 3.935 Å and c = 3.905 Å23,52 in the SRO

perovskite unit cell (u.c.) (Figure 1b). Experimentally, the
tetragonal SRO thin film has been synthesized using suitable
substrates.23 The experimental lattice constant of 3.93 Å of the
SRO tetragonal phase is adopted in this work. In this structure,
each Ru ion is surrounded by six oxygen ions forming an RuO6
octahedron. The octahedral crystal field splits the Ru 4d states
into the off-axial t2g and axial eg orbitals. The Jahn−Teller
distortion and rotation of the RuO6 octahedron may be
important in bulk cases of SRO. However, as reported in
previous studies, the lattice distortion can be suppressed by
suitably adopted substrates52,53 and is therefore ignored in this
work for simplicity. It has been demonstrated that the on-site
Coulomb repulsion U is important for obtaining the correct
half-metallic ground state;54 therefore, we only present the
LDA+U results here. The majority and minority bulk band
structures of SRO along the high- symmetry lines of the first
Brillouin zone (Figure 1c) without SOC are shown in Figure
1d. The size and color of the circles indicate the magnitude of
the atomic orbital contributions. As shown, there exists an
energy gap at the Fermi level between the Ru t2g and the eg
bands in the majority spin channel, while the Fermi level lies in
the minority Ru t2g bands, providing spin-down conduction
carriers. These results show the half-metallic nature of SRO,
consistent with previous theoretical studies, including LDA
+U54 and GW approximations,55 as well as with experimentally
measured high-spin polarizations.56−58

For a SRO ultrathin film with the confinement along the z
direction, both dxz and dyz electronic states in the minority t2g
bands form QWSs owing to the boundary condition, while the
dxy state does not form QWS as it lies in the xy plane, as
observed in recent experimental measurements.39 In the
following, we will demonstrate that these thickness-dependent
dxz and dyz QWSs can have a significant effect on the
magnetocrystalline anisotropy of SRO ultrathin films, provid-
ing an excellent platform for manipulating the MCAE energies
through QWSs by controlling the thickness, strain, doping,
and/or gating voltage.
We note that the MCAE behavior in SRO ultrathin films

studied in this work is unique in comparison with other
ferromagnetic thin films such as iron and cobalt studied
previously.24,25,28,29 The former exhibits single-spin and single-
class QWSs near the Fermi level, which leads to a simple
relation between the MCAE and the QWSs. The latter,
however, show rich classes of QWSs in a wide range of
Brillouin zone and thus has a complex relation between the
MCAE and the QWSs.

■ QUANTUM WELL STATE AND SPIN−ORBIT
COUPLING IN SRRUO3

Figure 2 shows the band structures of SRO ultrathin films with
thicknesses of 6 and 9 unit cells (u.c.) (Figure 1b) with/
without SOC. In the absence of SOC, the dxy bands (red
curves in Figure 2a and 2e) are similar to those in the bulk
phase (blue curves in Figure 1d) while the dxz and dyz bands
show a discrete energy level behavior owing to the QWS
nature (blue curves in Figure 2a and 2e). The dxz and dyz
QWSs keep 2-fold degeneracy at the Γ̅ point and then slightly
split away from the Brillouin zone center, giving rise to
somewhat flat bands around the zone center. Both the energy
positions and the number of QWSs change with the
confinement condition given by the film thickness. In the
vicinity of the Fermi level, for instance, the QWSs of the 6-u.c.
SRO film (Figure 2a) locate at the Fermi level, while in the 9-

Figure 1. (a) Lattice structure of a 6-u.c SRO ultrathin film. (b) One
unit cell in the SRO ultrathin film. (c) First Brillouin zone and high-
symmetry points of bulk SRO. (d) Spin- and orbital-resolved band
structures of bulk SRO. Left and right panels are the majority and
minority spin channels, respectively. Size and color of the dots
indicate the components from different orbitals and ions. Moreover,
yellow region presents the band gap of spin majority.
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u.c. SRO film case, they shift to higher energy above the Fermi
level (Figure 2e). Note that these bands around the Fermi level
belong to different quantum numbers of the QWSs in the 6-
u.c. and 9-u.c. cases.
The SOC given by the perturbative approach has the form

HSO = λSOL × S = λSO(L+σ− + L−σ+ + Lzσz)/2, where σ (L) is
the Pauli matrix (orbital angular momentum) and λSO is the
material-dependent SOC parameter indicating the spin−orbit
coupling strength. For orbitals dxz = (|−1⟩ − |1⟩)/2 and dyz =
(|−1⟩ + |1⟩)/2 with ±1 being the magnetic quantum numbers,
all of the matrix elements of operator L± are zero in the
{dxz,dyz} basis. Hence, the dxz and dyz QWSs are only
influenced by the z component of HSO

λ σ= =H H L /2z
z zSO

eff
SO
( )

SO (1)

The minority spin band structures (SOC included) of the 6-
u.c. and 9-u.c. SRO films with different magnetizations, i.e.,
parallel and perpendicular to the SRO film normal, are shown
in Figure 2b and 2c and Figure 2f and 2g, respectively. Since
the above equation is similar to the Hamiltonian of the
Zeeman effect, the degeneracy of the magnetic quantum
numbers ml = ±1 at the Γ̅ point is equivalent to the Kramers
degeneracy. When the magnetization is along the z direction
(M∥z or 001 direction), eq 1 acts as an effective Zeeman term
to split states |−1⟩ and |1⟩. This leads to a large energy split of
≃0.1 eV around the Γ̅ point, which corresponds to the λSO of
Ru (see orange arrow near the Γ̅ point in Figure 2b and 2f).

On the other hand, for theM⊥z state (the magnetization along
the x axis or 100 direction), the spin states of the Ru dxz and
dyz QWSs can be expressed by the up and down direction of
the spin z component (that is, |↑ − ↓⟩/2). Therefore, the
leading order perturbation of HSO

(z) for the dxz and dyz QWSs
becomes zero since ⟨↑ − ↓ | σz |↑ − ↓⟩ = 0. Consequently, the
induced energy gap reduces to merely a few meV (see circles in
Figure 2c and 2g). This band gap variation due to the different
magnetization directions of M∥z and M⊥z results in a
significant change in the density of state (DOS) as shown in
Figure 2d and 2h. In Figure 2d, for instance, the M∥z state has
a relatively smaller DOS at the Fermi level due to the SOC-
induced energy gap in the QWS bands.
We note that the band structures and system energies of

M∥100 and M∥110 are approximately the same as shown in
Supporting Information Figure S5. This is due to the fact that
both systems keep a vertical mirror symmetry. Therefore, we
focus on the M∥100 orientation, which in general represents
the M⊥z behavior.

■ MAGNETOCRYSTALLINE ANISOTROPIC ENERGY
AND QUANTUM WELL STATES

The dramatic differences in the DOS between the parallel and
the perpendicular magnetization states (Figure 2d and 2h)
have profound influences on the magnetocrystalline aniso-
tropic energy. The MCAE is the energy discrepancy between
these two magnetic states

Figure 2. Minority spin band structures and density of states of 6-u.c. and 9-u.c. SRO ultrathin films. Blue (red) circles indicate the Ru dxz and dyz
(dxy) orbital components. (a and e) Minority spin band structures in the absence of SOC. (b and f) Band structures of M∥z phase with SOC.
Orange arrows indicate the SOC-induced energy splits. (c and g) Band structures ofM⊥z phase with SOC. Orange circles indicate negligible SOC-
induced energy splits. (d and h) DOS of M∥z and M⊥z phases.
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≡ −E EMCAE x z (2)

where Ex (Ez) is the total energy of the SRO ultrathin film with
the magnetization M⊥z (M∥z). Our DFT calculations yield
MCAE = 3. 73 and −2.01 meV for 6-u.c. and 9-u.c. SRO
ultrathin films, respectively. The positive (negative) MCAE
indicates the out-of-plane (in-plane) magnetization direction
of the 6-u.c. (9-u.c.) SRO ultrathin films. As a result of SOC,
the SRO ultrathin film selects a magnetization direction that
can decrease the DOS at the Fermi level to reduce the total
energy (Figure 2d and 2h). Here, we note that the total
magnetic anisotropy energy (MAE) contains both the
magnetocrystalline anisotropy energy (MCAE) and the
magnetic dipole anisotropy energy (MDAE), namely, MAE =
MCAE + MDAE. The MDAE is a perturbation in the total
energy due to the magnetic dipole−dipole interaction in the
system with M⊥z and M∥z.59,60 Since the MCAE of the SRO
ultrathin film in our calculation is an order of magnitude
smaller than the MCAE (see Supporting Information), we thus
ignore the impact of the MDAE on the magnetic anisotropy of
SRO ultrathin films.
To demonstrate the evolution of the MCAE and QWSs

energies of SRO thin films as a function of the film thickness,
Figure 3a illustrates the energy of the dxz−dyz states at the Γ̅

point to reflect the character of the t2g band over the full
Brillouin zone, similar to previous QWSs-related stud-
ies.41,43,44,46,47 In this figure, the simulations start from three
unit cells owing to the SRO ultrathin film present in
nonmagnetic phase in one and two unit cells.6 For the 3-u.c.
SRO ultrathin film, only three QWSs with quantum numbers n
= 1, 2, and 3 appear. As the film thickness increases, the QWS
with the same quantum number shifts toward lower energy;
therefore, the quantum number of the QWSs in the vicinity of
the Fermi level increases. As shown in the red dots of Figure
3a, certain QWS thus is located almost at the Fermi level for
special SRO thicknesses such as 6-u.c., 11-u.c., and so on. With
the SOC included, these QWSs at the Fermi level split and
generate the large positive MCAE in these SRO ultrathin films

(thickness of 6-u.c. and 11-u.c.). Figure 3b illustrates the
microscopic understanding of the MCAE origin by comparing
the MCAE (blue squares) and the difference in DOS at the
Fermi level between two magnetic states (gray dots). As can be
seen, there exist correlations between the MCAE and the
differences in DOS of the two magnetizations: The SOC
introduces energy splittings in the QWSs at the Fermi level and
yields significant differences in DOS, which finally results in
the periodic MCAE oscillation with a large MCAE at specific
SRO thicknesses. It has been observed in a 4 ML Fe that the
magnetic anisotropy can be altered by 40% via applying a
moderate gate voltage.35 The screening effect in the Fe layer is
stronger than that in an SRO layer since Fe is a better
conductor. The amplitude of the MCAE oscillation in the SRO
ultrathin film is four times larger than that in iron ultrathin
films (Figure 3b), which is robust against thermal fluctuations.
We can conclude that the SRO ultrathin film provides a better
platform for controlling the magnetic anisotropy than the
conventional ferromagnetic metal such as Fe.

■ MANIPULATING THE QWS AND MCAE BY
APPLYING GATE VOLTAGE

Finally, we emphasize that the MCAE in SRO ultrathin films is
not only geometrically tunable but also electronically control-
lable. To demonstrate such a capability of SRO ultrathin films,
we vary the total electron number of a 6-u.c. SRO to simulate
the doping effect as induced by an applied gate voltage in the
MCAE and DOS difference between the two magnetization
directions. As shown in Figure 4a, the undoped 6-u.c. SRO
ultrathin film with positive MCAE between M⊥z and M∥z
states of 3.73 meV prefers the out-of-plane magnetization
direction. Under gate voltage-induced doping ranging from
−0.04 to 0.12 e/Ru ion, the MCAE value decreases and finally
switches the sign from positive to negative around 0.05 e/Ru,
indicating the transition from out-of-plane to in-plane
magnetization.
The DOS of the M⊥z and M∥z states with hole dopings of

0.017 and 0.083 e/Ru are shown in Figure 4b and 4c,
respectively. For the hole doping case with 0.017 e/Ru as
shown in Figure 4b, the situation is similar to the undoped case
(Figure 2d): The SOC splits the QWS at the Fermi level,
leading to a positive MCAE with the out-of-plane magnet-
ization. When the hole doping increases to 0.083 e/Ru (Figure
4c), the Fermi level shifts moderately to a lower position, and
thus, the DOS of M⊥z decreases to be smaller than that of
M∥z. This eventually leads to the sign change in the MCAE
and rotation of the easy axis from M∥z to M⊥z. The above-
mentioned mechanism of how the QWS influences the MCAE
is sketched in Figure 4d. Combinings Figure 3 and 4, our
calculations clearly demonstrate that both the sign and the
magnitude in the MCAE of a SRO ultrathin film can be
controlled not only by the previously discussed film thickness
but also by the electric modulation through applying a gate
voltage or chemical doping. Similar behaviors are also expected
in other oxide ultrathin films.

■ DISCUSSION

The origin of the large MCAE in Figure 3b is due to formation
of the QWSs with dxz and dyz orbitals in SRO films. In the
absence of SOC, these dxz and dyz SRO QWSs are degenerate
at the Γ̅ point due to the vertical mirror symmetry that has
mirror planes perpendicular to the directions of (100), (010),

Figure 3. QWSs and MCAE of SRO ultrathin films. (a) Evolution of
the QWS energies with different SRO thicknesses. Red dots indicate
the QWS energies at the Fermi level. (b) MCAE (blue line) and DOS
difference between two magnetization states (gray line). Positive
MCAE indicates that the magnetization direction is perpendicular to
the film. Red dots indicate the periodically appearing highest MCAE.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c00775
ACS Appl. Nano Mater. 2021, 4, 5932−5939

5935

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00775/suppl_file/an1c00775_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00775?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00775?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00775?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00775?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00775?rel=cite-as&ref=PDF&jav=VoR


(1̅00), and (0 1̅0). When SOC is turned on and magnetization
is perpendicular to the SRO film surface, all vertical mirror
symmetry is broken, and hence, energy gaps between these
QWSs are induced (see Figure 2).
We note that the rotation of RuO6 octahedrons is neglected

in our previous calculations from Figures 1−4 and may break
vertical mirror symmetry, and this rotation appears in some
SRO films.18,61 To understand the impact of RuO6 rotations in
the lattice symmetry that crucially decides the MCAE, we
separate the component of rotation in 3D as the in-plane angle
θ and out-of-plane angle ϕ. Specifically, vertical mirror
symmetry is kept when ϕ = 0 and θ ≠ 0, see the solid lines
in Figure 5b. For a SRO film on a SrTiO3 (STO) substrate, for
instance, it indeed has ϕ = 0 because of a moderate in-plane
strain due to STO substrate.61 We calculate the bulk band
structure of a distorted non-SOC SRO with ϕ = 0 and θ = 2°,
and the Ru t2g bands remain degenerate at the Γ̅ point due to
the vertical mirror symmetry being kept, as shown in Figure
5d.
We further calculate the 6-u.c. SRO film with SOC and

rotation angles ϕ = 0 and θ = 2°. Its band structure with

magnetization perpendicular and parallel to the film surface is
illustrated in Figure 5e and 5f, respectively. The change of the
QWSs band gaps between Figure 5e and Figure 5f is the same
as that between Figure 2b and Figure 2c, and the position of
the QWSs are approximately the same in this film with and
without the RuO6 rotation. As the result of the rotation of
RuO6 octahedrons in an SRO film, the nature of the MCAE is
the same and the MCAE value changes moderately when the
angle θ appears (see Figure S2 in Supporting Information). We
also investigate the MCAE with respect to other realistic
samples, including a SRO ultrathin film with compressed in-
plane lattice structure due to different substrate (see Figure S3
in Supporting Information) and is placed on a the STO
substrate (see Figure S4 in the Supporting Information). In
these systems, the peaks in the MCAE oscillation change
mildly and features of the MCAE remain the same as that in
Figure 3b because the nature of the spin-polarized SRO QWSs
is kept.

■ CONCLUSIONS
The correlations between the rich QWSs and the MCAE have
been studied widely in different ferromagnetic materials such
as iron and cobalt in pioneer works.24,25,28,29 For the first time,
we theoretically establish a clear direct relation between the
MCAE and the spin-polarized QWSs (see Figure 3). The half-
metallic nature of SRO provides an excellent platform for
studying the relations among SOC, the QWS, and the MCAE.
We show in this work that the MCAE oscillates with the SRO
film thickness periodically due to the minority dxz and dyz

Figure 4. (a) MCAE of the 6-u.c. SRO film with doping ranging from
−0.04 to 0.12 e/Ru ion. (b and c) DOS of M∥z (black curve) and
M⊥z (blue area) states with hole doping of 0.017 and 0.083 e/Ru,
respectively. (d) Sketch of the mechanism of how the QWS influences
the MCAE. Easy axis of magnetization becomes M∥z (out-of-plane)
when the energy of the QWS near the Fermi level with SOC splits the
QWS energies. This MCAE can be tuned by changing the QWS
energy by adjusting the film thickness and/or tuning the doping level
by applying a gate voltage or chemical doping.

Figure 5. Top view of SRO with rotation angle (a) θ = 0 and (b) θ =
2°. Mirror symmetry is kept in both axes. (c) SRO bulk band
structure with √2 × √2 lattice and rotation θ = 0. (d) SRO bulk
band with √2 × √2 lattice and rotation θ = 2°. (e and f) Bands of
SRO film with θ = 2° for M∥z and M⊥z, respectively.
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QWSs that are susceptible to intrinsic SOC. The amplitude of
the MCAE oscillation in a SRO ultrathin film is an order larger
than that in iron ultrathin films, which is robust against thermal
fluctuations. Moreover, we demonstrate that both the sign and
the magnitude of the MCAE can be tuned through controlling
the QWSs not only geometrically by adjusting the film
thickness but also electrically by tuning the doping level via
applying a gate voltage or chemical doping. These important
findings show that the easy axis of SRO thin film is structurally,
electrically, and/or chemically tunable.
Our results explain the key features of the MCAE observed

in SRO films in the experimental studies, including a large
MCAE and a switchable easy axis crucially depend on detailed
system conditions. In previous experiments, the MCAE of a
SrRuO3 ultrathin film with a thickness of over 700 Å, or over
175 layers, has been reported.62,63 Our study encourages
scientists to measure the MCAE in ultrathin SRO films. We
confirmed that the same exotic MCAE nature appears in a
general SRO film that has rotation of RuO6 octahedrons with a
changed in-plane lattice constant or on a substrate. The
important findings in this work on the SRO/ferroelectric
heterostructure9,10 show that electric properties are fine tuned
by varying the gate voltage and can be related to the spin-
polarized QWSs when the strain effect is moderate.
Finally, we propose the proper experimental systems for

examining our predictions on the tunable large magnetic
anisotropy in SRO ultrathin films. Our model SRO ultrathin
films have two key features: a tetragonal lattice structure and a
small Ru−O−Ru angle that is equal to or smaller than 2°. The
tetragonal SRO thin film with a lattice constant that is the
same as in our calculation (3.93 Å) has been manufactured.23

Besides, the Ru−O−Ru angle is very small and can be
approximately neglected for the SRO ultrathin film on a STO
substrate.64 These SRO films provide suitable playgrounds to
fulfill the tunability of the large magnetic anisotropy. This
prediction in our simulations havein view of the large
magnetic anisotropy in the SRO ultrathin filmshows great
promise in achieving a spintronic device such as storage and
memory devices with size on the nanoscale.

■ METHOD

First-principles calculations were performed using the Vienna
Ab-initio Simulation Package (VASP)65 based on density
functional theory (DFT). The projector augmented wave
(PAW)66,67 pseudopotential was adopted in the local spin
density approximation (LSDA) with the Ceperley−Alder68 and
Perdew−Zunger69 (CA−PZ) exchange-correlation functional.
The on-site Coulomb repulsion U = 3.5 eV and exchange
parameter J = 0.6 eV for Ru d states54 were used in the
rotationally invariant LDA+U scheme.70 The k mesh of 24 ×
24 × 1 over the two-dimensional Brillouin zone with a cutoff
energy of 400 eV for the plane waves was used. Spin−orbital
coupling (SOC) was included in the calculations. The energy
convergence upon the density of the k mesh and cutoff energy
was carefully checked for the MCAE calculations of SRO
ultrathin films.
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(30) Młynćzak, E.; Eschbach, M.; Borek, S.; Minár, J.; Braun, J.;
Aguilera, I.; Bihlmayer, G.; Döring, S.; Gehlmann, M.; Gospodaric,̌ P.;
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