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We report a theoretical investigation on the effects of interface reconstruction on magnetic anisotropy (MA)
and Dzyaloshinskii-Moriya interaction (DMI) for nonisostructural heterostructures formed by an infinite-layer
oxide SrCuQ, and a perovskite oxide StRuO;. Due to the atomic, charge, spin, and orbital reconstructions at
interface, the SRO film thickness-dependent magnetic anisotropy oscillation behavior has been greatly tuned in
two SrCuO,/SrRuOj heterostructures. A strong DMI of 3.5 meV/Ru and a large DMI/exchange constant ratio
[D/J| of 0.63 are obtained at the CuO,-Sr-RuO, interface, which are beneficial to the creation and stability
of skyrmions. Besides, the DMI is tunable, monotonically decreasing with the increase of the content of the
apical oxygen ions in the interfacial layer, and takes the minimal value of 0.1 meV /Ru at the CuO,-SrO-RuO,
interface. We evaluate the formation energy of oxygen vacancy in interface SRO layer, which turns out to be
half as much as that in bulk SRO. This small value ensures the experimental feasibility towards two interfaces.
Combining first-principles calculations with tight-binding model, we find that the effectively modulated MA and
DMI at the CuO,-Sr-RuO; interface are mainly associated with the occupation of d;>_,» orbital, the enhanced
interface symmetry breaking, and orbital hybridization. The present work demonstrates the distinct features of
the interface formed between nonisostructural oxides and suggests a conceptually different strategy towards the
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modulation of MA and DMI.
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I. INTRODUCTION

Spin manipulation is of major interest due to the novel
physics involved and the emergence of spin orbitronics such
as spin-momentum locking [1,2], spin Hall effect [3,4], and
topological spin textures [5,6]. Among these phenomena, chi-
ral magnetic skyrmions are especially attractive since they
display high current-velocity characteristics [7,8]. Generally
speaking, stable skyrmions are the result of the competi-
tion among the Dzyaloshinskii-Moriya interaction (DMI),
magnetic anisotropy (MA), and the Heisenberg exchange
interaction. Therefore, magnetic materials with strong and
tunable DMI are highly desired, which may host tunable
skyrmions that are required by practical application.

DMI can be effectively tuned via interface engineering,
since it stems from the spin-orbit coupling (SOC) and the
inversion symmetry breaking [9]. Meanwhile, different inter-
faces will result in a variety of MA. Perovskite oxides are
promising candidates for interface engineering. Many differ-
ent approaches have been attempted for tuning the MA and
DMI at perovskite/perovskite interface [10-15]. For example,
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a giant topological Hall effect and a large perpendicular mag-
netic anisotropy have been observed in the Lag7Sry3MnOj3
films in proximity to SrlrOs;, an oxide with strong SOC
[10,11]. Besides, the manipulation of MA and DMI can be
achieved by tuning the degree of the inversion symmetry
breaking, such as tuning oxygen octahedron rotation and
tilting [12], controlling the interface termination [13], intro-
ducing the oxygen defect [14], and inserting a ferroelectric
proximity layer [15]. However, it remains a challenge to real-
ize a sizable DMI to meet the size of spin textures for practical
applications in high density devices.

Recently, a nonisostructural interface was found to show
strong interfacial reconstructions due to the mismatch of oxy-
gen sublattice at the interface, resulting in physical properties
not envisaged in bulk material [16-19]. Meanwhile, oxy-
gen sublattice mismatch provides spare space for selective
control of interfacial chemical bonding, for the modification
of polyhedral connectivity at interface and for the artifi-
cial design of the degree of interfacial inversion symmetry
breaking.

In this work, we present a systematic investigation of the
nonisostructural SrCuQO,/SrRuO; (SCO/SRO) heterostruc-
tures with two different interfacial structures, CuO,-Sr-RuO,
and CuO,-SrO-RuQ,. Different interfacial structures result in
different interfacial bonding geometries as shown Figs. 1(a)

©2022 American Physical Society
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FIG. 1. Optimized lattice structures of SCO/SRO heterostructures with (a) CuO,-Sr-RuO, and (c) CuO,-SrO-RuO, interface for the tsgo =
4 uc case. The Sr-Sr distance are also shown. (b),(d) Corresponding orbital-decomposed projected density of states (PDOS) of different SRO
layers. The Fermi level is set to zero in energy and marked by dashed lines. (e) Layer-resolved vertical displacement 5 ¢ of the B sites from
their respective oxygen layers. Here B denotes Cu and Ru in SCO and SRO layers, respectively. (f) Layer-resolved projected magnetic moments
of Ru ions. (g) Layer-resolved charge difference at Cu and Ru sites relative to those of corresponding atoms in bare SCO and SRO films. The
layer indices 07 in (e)—(g) denote the St/SrO layer in heterostructures from bottom to top.

II. METHODS

and 1(c). Based on first-principles calculations, we pro-
vide a quantitative description for atomic, charge, spin, and
orbital reconstructions around interface. Besides, the forma-
tion energy of oxygen vacancy in interfacial SRO layer is
reduced to half as much as that in bulk SRO, thus we ex-
pect that the CuO,-Sr-RuO, interface is easy to fabricate
experimentally. Meanwhile, by controlling the oxygen at-
mosphere, the CuO,-SrO-RuQO, interface can be obtained.
We found an oscillation of magnetocrystalline anisotropy
energy (MCA) with the layer thickness of SRO ((fsro). Be-
sides, the MCA-tsro oscillation of two heterostructures are
both different from that in corresponding bare SRO films.
Moreover, a strong DMI strength of 3.5 meV/Ru at the
CuO,-Sr-RuQ; interface is obtained. Remarkably, the DMI
strength is tunable when changing the oxygen content of the
interfacial Sr layer. It takes the minimal value of 0.1 meV/Ru
when the interface layer becomes CuQO,-SrO-RuQ,. Fur-
ther investigations demonstrate that the occupation of d3._,2
orbital and the inversion symmetry breaking affect both

Density functional theory (DFT) calculations were per-
formed within the projected augmented-wave method [20]
as implemented in the Vienna ab initio simulation pack-
age codes [21,22]. The generalized gradient approximation
of Perdew-Burke-Ernzerhof modified for solids was adopted
for the calculation of exchange-correlation energy [23,24].
A cutoff energy of 600 eV was found to achieve numerical
convergence. The Brillouin zone was sampled with 13 x 13
x 13 and 13 x 13 x 1 Monkhorst-Pack meshes [25] for
bulk SRO and SCO/SRO heterostructures, respectively. The
convergence criteria of total energy and atomic force were
10°eV and 0.01eV A~ in collinear calculations. Gaussian
smearing of the electron occupations was applied with a width
of 0.05 eV. The effects of the smearing parameters on the
oscillations of the MCA energy are also given in Fig. S4 of
the Supplemental Material [26]. To consider the correlation
effects of Ru 4d electrons, the on-site Coulomb interaction of

MA and DMI.

Uer = 2.1eV [27] was used within the rotationally invariant
Dudarev’s formalism [28]. The on-site Coulomb interaction of
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FIG. 2. (a) Total MCA and (b) the MCA of interfacial Ru ion as functions of fsrg. Orbital-resolved MCA for the interfacial Ru ion in
(c) SCO/SRO-A and (d) SCO/SRO-B heterostructures (tsgo = 4 uc). Orbital-resolved MCA for the interfacial Ru ion with different tsgo show

largely identical results as shown in Fig. S3 [26].

Ut = 6.5eV [29] was used for the Cu 3d electrons. We also
confirmed that a smaller value of Uy = 4 or 0 eV [30,31] for
Cu 3d electrons leads to similar results.

To simulate the epitaxially grown SCO/SRO heterostruc-
tures, we constructed slab models as shown in Figs. 1(a) and
1(c), in which we stacked 4 unit cells (uc) on 2-6 uc SRO,
with the RuO;,- or SrO-terminated surface in contact with the
SCO layer, respectively. In the z direction, the vacuum region
spanned 15 A to prohibit the interactions between neighbor-
ing heterostructures and the dipole correction was applied to
remove artificial dipole interaction [32]. The in-plane lattice
constant was fixed at the experimental value of the SrTiO3
substrate (a = 3.905 10\). We confirmed that main results are
similar using the /2 x +/2 supercells. The lattice distortion
in SRO (ap. =3.93 A) was ignored in this work for sim-
plicity as it can be effectively suppressed under compressive
strain [33].

MCA can be calculated by force theorem and defined
as the total energy difference between in-plane and out-
of-plane magnetization orientation in the presence of SOC
in VASP [34,35], i.e., MCA = E) —EZL. In detail, self-
consistent calculations without SOC were performed first
and then non-self-consistent calculations with SOC were
performed with different magnetization orientations. The
particular formulation of the total MCA can be expressed

as follows [36-38]:

Ny, N,
— gl 1~ Iyl L Ly L
MCAw = Eyy — Ejy ¥ Z Z [f” (ékn)ekn -f (Ekn)ekn]’
k n
(D
where El" are the total energy in non-self-consistent calcula-

tions with different spin orientations, and N, (with band index
n) and N, (with k-point index k) are the number of bands and
k points (in first Brillouin zone), respectively. f and € are
the Fermi-Dirac distribution functions and the one-electron
eigenvalues, respectively.

To obtain reliable values of MCA, a more precise con-
vergence criterion of total energy was set to be 10~ eV and
denser 17x17x1 k-point meshes were adopted to calculate
the MCA. In the main text, Fig. 2(a) was calculated based
on this method, where the positive and negative values rep-
resent the perpendicular magnetic anisotropy and in-plane
anisotropy, respectively.

To gain more insight on MCA, we could evaluate the
atomic and orbital-resolved contributions by projecting the
SOC energy on each atom. Considering the SOC Hamiltonian

2 . .
Hye = 5 n’;’zcz %‘fl—‘:L - §, the matrix elements of H,,. in VASP can
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be written as [39]

Ellmilm’ — 8 81 Z Wi fuk Z <¢5k|ﬁilm><1//ﬁm|H:(t)€|1//jﬁ[’m’)

nk af
x (Bjime | V15) b
where

G = Ri(lr — RiDYiu(Ir — R;]) are the partial waves
of an atom centered at R;, [(I"), m(m’), «(B) are the angu-
lar momentum quantum number, magnetic quantum number,
and the spinor component at site R;(R;), ‘ng is the spinor-
component « of the pseudo-orbital with the band index »n and
Bloch vector k, and f,; and w; are the Fermi and k-point
weights, respectively.

Since only half of the expectation value of Ey, can be
translated into the MCA energy [40,41], the other 50% of
the SOC energy is translated into the crystal-field energy and
the formation of the unquenched orbital moment [40]. The
atomic-resolved MCA thus can be expressed as the SOC en-
ergy difference between in-plane and out-of-plane orientation,

ie, MCA' ~ L(ELl — ELL), where Ei =Y, EXlmi™
with j =i and I’ =1[. The atomic-resolved MCA is used
to obtain the MCA of interfacial Ru atoms in Fig. 2(b).
The MCA can also be obtained by summing up the atomic-
resolved MCA over all atoms, i.e., MCA = Zi MCA'.
Comparison of the total MCA calculated by total energy
difference and by the projected SOC energies is shown in
Supplemental Material Note 6 [26].

The d-orbital-resolved MCA, e.g., Figs. 2(c) and 2(d),
can be extracted from VASP results using the spin-
orbit matrix elements and their energy difference between
in-plane and out-of-plane orientations, i.e., MCAmm
%(Esi(l)'c"“’l/m,’H — Ellmitm Ly ith j=iand I’ = I. Tt is note-
worthy that the applied method of decomposing the MCA
energy is not unique and is presumably different from other
available methods [42].

The DMI strength was calculated using the chirality-
dependent total energy difference approach [43] in the
presence of SOC in noncollinear calculations in VASP, in
whicha4 x 1 x 1 (SCO),/(SRO), supercell with a vacuum
layer of 15 A and a 3 x 13 x 1 k mesh was adopted. Detailed
information about the DMI calculations can be obtained in
Supplemental Material Note 2 [26].

III. RESULTS AND DISCUSSION
A. Electronic structures

We performed DFT calculations to investigate interfa-
cial reconstructions, as detailed in the Methods section.
As depicted in Figs. 1(a) and 1(c), two ideal interfaces
of the SCO/SRO heterostructures are CuO,-Sr-RuO, and
Cu0,-SrO-Ru0O; when the SCO and SRO is stacking along
the [001] direction. For the convenience of discussion,
we denote the heterostructure with the former interface as
SCO/SRO-A and that with the latter interface as SCO/SRO-
B. As revealed by previous experiments [44], the SRO
films thicker than 2 uc is both ferromagnetic and metal-
lic. Therefore, tsgo was chosen from 2 to 6 uc in the
present investigations. The SCO layer is set to 4 uc to
guarantee its planar structure [45,46]. Various magnetic

configurations are taken into consideration to search for mag-
netic ground states and the ferromagnetic state is found
to be most energetically favorable in SRO layers for all
heterostructures.

Our discussion in the main text will focus on the repre-
sentative case of fsro = 4 uc unless otherwise specified. For
SCO/SRO-A [Fig. 1(a)], the surface CuO, layer is buckled
with the Cu ion upwards displacing with respect to the cor-
responding oxygen plane by 8c,_o = 0.30 A, whereas the
central CuO, layer remains coplanar. This implies that the
SCO is a polar film with a built-in electric field (Fig. S1
[26]). Meanwhile, the Sr-Sr distance is enlarged to 4.05 A
across the CuO,-Sr-RuQ, interface. This result can be at-
tributed to electrostatic doping, similar to that observed at
the LaAlO3/SrTiO3 (001) interface (La-Sr distance ~4.06 A)
[47]. However, the interfacial Ru ion only displaced vertically
by Sru—o0 = —0.08 A, much smaller than that of the Ti ion at
LaAlOs/ SrTiO; (001) interface (~0.17 A) [48]. Possibly, the
polar-induced effective electric field is partially screened by
metallic SRO. As shown by the orbital-decomposed PDOS of
Ru ions in Fig. 1(b), the spin up ds3,2_,> orbital is occupied
for interfacial Ru ion whereas it remains empty for the Ru
ions in other SRO layers. As a consequence, the interfacial
Ru ion displays a high spin state. Its projected magnetic mo-
ment is 2.10ug/Ru while other SRO layers have a magnetic
moment around 1.42 ug/Ru [Fig. 1(f)]. To get a quantitative
idea about charge reconstruction, the Bader charge analysis
[49] is performed. It shows that the Ru ion gains 0.33¢ and
Cu ion loses 0.17¢ at the CuO,-Sr-RuO; interface, compared
to the corresponding ions in bare SRO and SCO films, re-
spectively. Notably, the Ru ion gains more electrons than Cu
ion donated. This can be ascribed to the loss of the apical
oxygen of RuQg, leading to the formation of RuQOs. This in
turn modifies the crystal field splitting and the orbital hy-
bridization between Ru 4ds3,._,» and 5p, (as shown in Fig.
S2 [26]), substantially lowering the energy level of ds._,2
orbital [50]. As a result, the nominal electron configuration
of the interfacial Ru ion will be d° (tg‘gegl,, S =3/2). The
projected magnetic moment is smaller than that expected for
the 4d°-electron system (3 g /Ru). It could be a consequence
of Ru 4d-O 2p hybridization. This hybridization shows its
occurrence by polarizing O atom, yielding a magnetic moment
of ~ 0.24 ug /0.

For the CuO,-SrO-RuQ; interface [Fig. 1(c)], the Sr ion
shifts upward by 0.42 A with respect to the corresponding
oxygen plane. This result can be attributed to the different
Coulomb interaction between the (CuQO,)> layer and the
(Sr)*>* or (0O)* ions. Notably, the RuOg octahedron is pre-
served at the interface but the center Ru ion moves upward by
Sru—o = 0.15 A. We also calculated the orbital-decomposed
PDOS for this interface [Fig. 1(d)]. The electronic structures
of four SRO layers are similar except that the spin down f,,
state of the interfacial Ru ion has less occupation than those
in other SRO layers. This implies the occurrence of interface
charge transfer, as suggested by the Bader charge analysis. We
find that the Ru ion loses 0.14e and the Cu ion gains 0.08e at
interface, in comparison with the bare counterparts [Fig. 1(g)].
This result confirms the charge transfer from the interfacial Ru
ion to the Cu ion, with the help of the O 2p orbital that lifts
the energy level of the spin down Ru d,;,,, orbital as shown
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FIG. 3. Projected band structures of the interfacial Ru ion in (a)
SCO/SRO-A and (c¢) SCO/SRO-B. The schematic electronic config-
urations of (b) high spin Ru** (4d°, § = 3/2) at a square pyramidal
RuO; site at the CuO,-Sr-RuQ; interface and (d) low spin Ru*t (444,
S = 1) at an octahedral RuOg site at the CuO,-SrO-RuQ, interface.
Arrow marks the magnetic easy axis.

in Fig. 3(c). In other words, the valence of the interfacial Ru
ionis +(4—4), which explains the slightly enhanced magnetic
moment of the Ruion [1.76 ug/Ru in Fig. 1(f)].

Following the thermodynamic approaches [51,52], the
formation energy of apical oxygen vacancy located at the
Cu0,-Sr0;_«-RuO, interface is defined as Ey = E4 — Ep +
o, where E4 and Ep represent the DFT total energy of
SCO/SRO-A and SCO/SRO-B, respectively, o denotes the
chemical potential of the O atom, about half the DFT energy
of O,. Based on this formula, we obtain the formation energy
of ~2.3 eV for the apical oxygen vacancy located at the inter-
face. This value is generally low. For example, the calculated
formation energy is ~4.6 eV for bulk SRO and ~4.0 eV for
the SRO/StTiO; interface [53]. Therefore, the apical oxygen
at the SCO/SRO interface is relatively easily reduced dur-
ing the epitaxial growth. In other words, the CuO,-Sr-RuO,
interface can be easily obtained experimentally. Meanwhile,
by controlling the oxygen atmosphere, the CuO,-SrO-RuO,
interface can also be obtained. Based on the above results,
we conclude that by controlling the interfacial termination
(or apical oxygen), charge and orbital reconstructions can be
effectively modulated for interfacial Ru ions.

B. Magnetic anisotropy

It is an interesting topic how the interface reconstruction
affects magnetic anisotropy. As is well known, the magnetic
anisotropy energy (MAE) of a magnetic material generally

consists of two contributions. One comes from the MCA in
the electronic band structure with SOC, and the other stems
from magnetic dipole interaction. We find that the contribu-
tion from magnetic dipole interaction is only ~0.04 meV/Ru
[26], while the total MAE is in the order of several meV /Ru.
Therefore, the MAE in our systems is mainly contributed by
SOC, i.e., MAE ~ MCA.

As shown in Fig. 2(a), the MCA oscillates with the vari-
ation of fsrp in all systems. The positive (negative) MCA
corresponds to the preferred out-of-plane (in-plane) magne-
tization orientation. The blue curve of MCA oscillation in
Fig. 2(a) has the same trend with that of Fig. S4 in Ref. [54],
which indicates that the MCA oscillation in SRO ultrathin film
is universal even though calculated with different exchange
functionals. Detailed discussions on this comparison can be
obtained in Supplemental Material Note 7 [26]. This oscilla-
tory behavior related with spin-polarized quantum well states
has been investigated extensively in 3d ferromagnetic metals
[55-59]. It was also reported for SRO films by Chang et al.
[54] and was attributed to the orbital-selective quantum con-
finement effect of Ru 1,, orbitals [44]. In order to understand
this oscillation, we adopt the definition of MCA based on the
force theorem [38,60-62]:

Er
MCA ~ f (E — Ep)An(E)dE, 3)

where Ep denotes the Fermi level in collinear calculations
and An(E) is the difference of the density of states between
different magnetization states.

For a SRO thin film on SrTiO3 (001) substrate, as re-
ported [44,63], the spin down d,; and d,, states form quantum
well states due to the quantum confinement along the z di-
rection, unlike the d,, state that lies in the x-y plane. The
biggest An(E) between in-plane and out-of-plane magneti-
zation states mainly contributed by the quantum well states
located near the Fermi level [54]. In this case, even a minor
tuning to fsgo Will lead to a considerable energy shift of the
spin down d,. and d,, states, resulting in a variation of MCA
in sign and magnitude. In this picture, we can understand the
oscillation of MCA against fsro [Fig. 2(a)].

Notably, the MCA-fsgo relation of the SCO/SRO-A het-
erostructure is similar to that of the SRO thin film but for an
upward shift [Fig. 2(a)]. A similar oscillation is attributed to
the similar behavior of the spin down d,,,. orbital at the Fermi
level in SCO/SRO-A heterostructure and in SRO film. As for
the upward shift of the MCA-tsgo relation, it is a consequence
of the occupation of the spin up d3,2_,» orbital in the interfacial
layer, which positively contributes to MCA as demonstrated
by Fig. 2(c). In Fig. 2(b) we show atomic-resolved MCA
for interfacial Ru ions. The MCA also displays a similar
oscillation for SCO/SRO-A and SRO, and the MCA is always
positive for SCO/SRO-A.

Compared to SCO/SRO-A, SCO/SRO-B displays a differ-
ent MCA-tsro dependence. However, the MCA-fsro curve of
SCO/SRO-B is nearly identical to that of SRO after a leftward
shift by one uc. i.e., one SRO layer in SCO/SRO-B deviates
from the oscillation behavior. This could be a consequence
of interface reconstruction. Since spin down d,. and d,, or-
bital states of interfacial Ru ion are unoccupied [Fig. 1(d)],
their difference of the density of state between different
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magnetization states does not contribute to the MCA based
on Eq. (3). As a result, the interfacial Ru ion in SCO/SRO-B
will not follow the similar oscillation curve with SRO films.
This is consistent with the atomic-resolved MCA in Fig. 2(b),
which is almost unchanged when tsrp varied. As for inner
SRO layers, their d., and d,, orbital states are occupied and
thus contribute to the MCA-tsgo oscillation.

To get an idea about orbital contribution to the MCA at in-
terface, in Figs. 2(c) and 2(d) we show the d-orbital-resolved
MCA, which can be described by the second order perturba-
tion theory [37,64—66]:

MCA = £? Z (=1%o

u,0,0,0"

N 2 N 2
[uo" La|u)|* = (0 | L lu®)| }

g7 — &g
“

where u® (0"') and &7 (g5 ') stand for, respectively, the eigen-
state and eigenvalue of unoccupied (occupied) orbital state
dyy, dy;, d32_j2, dyy, OF d_yp (here s and p orbitals have
been omitted because of their negligible contributions), o (o)
represent the spin state, and § is the kronecker function.

On the basis of Eq. (4), we are able to analyze the orbital
contribution to MCA. Figure 2(c) shows the MCA for all or-
bital pairs for the interfacial Ru ion in the fsgo = 4 uc case of
SCO/SRO-A. It shows that positive MCA mainly comes from
the SOC term with the (d;zz_r2|Lx|djz) matrix element, i.e.,
the spin-orbit coupling between occupied spin up d2_,» and
unoccupied spin down d,, orbital. In addition, (dQZ|Lx|djy) (or
(d)g,|Lx|djz)) also contributes a sizable positive MCA. Com-
pared with positive MCA, negative MCA is negligibly small.
For SCO/SRO-B, the positive MCA comes from the SOC term
with the (4| |L,|d},) matrix element. It is significantly smaller
in magnitude than the negative MCA, which stems from the
(dvTZ|LZ|de) matrix element. Since the energy difference be-
tween the occupied spin up d,, and unoccupied spin down d;
state, A1V, is larger than that between the occupied spin up
dy, and unoccupied spin down d,; state, A;foz, as shown in
Fig. 3(c), the counteraction between the positive and negative
element results in a negative MCA. Nearly identical results
of the orbital-resolved MCA for the interfacial Ru ion in
SCO/SRO heterostructures with different fsgp are also given
in Fig. S3 [26].

These results can be understood based on a simple pic-
ture of electronic configuration in terms of selection rules
proposed by Whangbo et al. [67], in which the preferred
spin orientation can be depicted using the minimum differ-
ence |AL;| in the magnetic quantum numbers. The projected
band structures of the Ru ions at two interfaces are shown in
Figs. 3(a) and 3(c) and the corresponding electronic configu-
rations are illustrated in Figs. 3(b) and 3(d).

As depicted in Fig. 3(b), the Ru ion at the
CuO,-Sr-RuO, interface has the electronic configuration

of (dl, d1Y'@}) @l._.) (d. db)'. Because the half-
filled degenerate (d} dy{,)l, the highest occupied molecular

xXZ? 4
orbital (HOMO), and the lowest unoccupied molecular
orbit (LUMO) are degenerate with |AL,| =0, the
preferred spin orientation is parallel to the z axis. As

shown in Fig. 3(d), the electronic configuration of the

(b)
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FIG. 4. (a) Clockwise and (b) anticlockwise spin configurations
in SCO/SRO-A. (c¢) The DFT calculated DMI strength (|D]) in
SCO/SRO heterostructure. For comparison, the DMI of SRO/SrIrO;
[68], defected-engineered SRO/SrTiO; [14], SRO/BaTiO; [15], and
ferroelectric distorted SRO [14,15] are also plotted here as a function
of Sru—o0, the polar shift of central Ru ion. (d) Total DMI strength |D|
as a function of interfacial oxygen vacancy concentration V.

interfacial Ru ion at the CuQO,-SrO-RuQ, interface is
@@l diy’@y) @l di)’. In this case, the spin

down d states have only the djy level filled with the empty

(djz, dylz)0 set lying immediately above. Thus, |AL,| =1
occurs between HOMO and LUMO. Therefore, the preferred
spin direction is perpendicular to the z axis, i.e, negative
MCA. Obviously, the nonisostructural interface provides a

promising platform for tuning magnetic anisotropy.

C. Dzyaloshinskii-Moriya interaction

Because of the inversion symmetry breaking at interface
and the sizable SOC of the Ru atom (ég, = 0.14 meV [26]),
sizable interfacial DMI is expected. The constrained magnetic
moment method is used to fix the direction of Ru spins as the
schematic shows in Figs. 4(a) and 4(b). Given spins §; and
S; for two neighboring Ru atoms, the DMI can be expressed
by Epmi = D;j - (S; x S;). The DMI strength is determined
using the chirality-dependent total energy difference approach
[43]: D = (Ecw — Eacw)/m. Here m = 8 for our systems,
Ecw and Epcw represent the total energy of SCO/SRO with
clockwise and anticlockwise spin configurations, respectively.
The derivation of m is further elaborated in the Supplemental
Material [26].

Figure 4(c) shows the magnitude of DMI as a function of
Sru-0, a vertical shift of the center Ru along the normal direc-
tion of the oxygen plane. For comparison, the reported DMI
values for several typical systems and the DFT calculation-
derived DMI for a bare SRO film suffering from different
polar shifts (6ry—o) are also included [14,15]. As shown in
Fig. 4(c), the magnitude of the DMI is as large as 3.5 meV/Ru
for SCO/SRO-A while it is only 0.1 meV/Ru for SCO/SRO-B:
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100%

Eqoc (meV)

FIG. 5. Orbital-resolved contribution to DMI with different interfacial apical oxygen vacancy concentration. As the interfacial oxygen
vacancy concentration varies from 100% to 0, the interfacial structure transforms from CuO,-Sr-RuO, to CuO,-SrO-RuO,.

the DMI has been strongly modified by interfacial struc-
ture. Notably, |D| = 3.5meV /Ru is almost 1.8 times greater
than the largest reported value [15]. The stability of mag-
netic skyrmions can be evaluated by the critical DMI D¢ =
4/|JK|/m, where J and K are Heisenberg exchange con-
stant and the out-of-plane magnetic anisotropy, respectively
[69,70]. According to this analysis, we calculate the J between
in-plane neighboring Ru ions based on the four-state method
[71]. Assuming S = 3/2 for interfacial Ru ion, the J and D¢
are calculated as —5.60 and 5.22 meV, respectively. Thus
the D/J and D/D¢ ratio attains 0.63 and 0.67, respectively,
which is beneficial to the creation and stability of magnetic
skyrmions. More than that, the DMI of SCO/SRO-A strongly
deviates from the predicted |D|-0ry—o relation; it is at least
three times greater than the theoretical value with the same
Sru—0- Obviously, the polar shift §g,—o at interface is not the
main source for the DMI observed here.

To explain this deviation, we must consider interface
reconstruction. As stated in Sec. IIT A, there exists a polar-
induced electric field and an apical oxygen vacancy-induced
orbital hybridization at the CuO,-Sr-RuQO, interface. As we
smoothly decrease the content of interfacial oxygen vacancy
(Vo), |D| undergoes a rapid decrease [Fig. 4(d)]. Obviously,
the Vp-induced orbital hybridization plays the dominative role
in determining the DMI for our SCO/SRO system. To have
a better understanding of the interfacial DMI, we show the
orbital resolved SOC contribution to the DMI, which can be

described by the first order perturbation theory [65,66]:

9% (NIBZ,ONIE, (DL, ()

o _ o0’
8j Sj,

D = —mi& Z (
J#]
o#o’

80’,70’7

&)
where m is the exchange field, and ¢] j(r) and e}’ are the
eigenstate and eigenvalue of the occupied orbital state, respec-
tively. A detailed derivation of Eq. (5) can be found in the
Supplemental Material [26]. As given in Eq. (5), the DMI is
directly related to the admixture of the orbital states induced
by inversion symmetry breaking, i.e., the (¢,‘:j,(r)|¢,‘; j(r))
term. The second term of the numerator only has three
nonzero terms, i.e., (ds2_p|Ly|dy;) = V3, (dylLyldy;) = 1,
and (d,>_,2|Ly|d,;) = 1. The denominator &7 —8‘;,/ is the en-
ergy difference between two different orbitals with opposite
spins.

Based on Eq. (5), we are able to analyze the orbital-
resolved SOC contribution to the DMI as shown in Fig. 5.
When the content of apical oxygen vacancies is high, the
DMI comes mainly from the positive SOC term with the
(d32_,2|Ly|d,;) matrix element. This is understandable not-
ing the introduction of the electron population in the d3.2_,2
orbital state due to the formation of an interfacial RuOs
square pyramid. With the introduction of oxygen ions into
interface, the RuOg octahedron emerges, causing a decrease
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of the electron population in the d3,2_,2 state thus a reduction
of the SOC term with (d3._,2|L|d,;) matrix element. As
shown in Fig. 4(d), when the interface contains 25% oxy-
gen, the SOC term with the (d3.2_,2|Ly|d,;) matrix element
is halved, and it becomes negative when 50% oxygen is intro-
duced. Similarly, the DMI of SCO/SRO-B is also dominated
by (ds.2_,2|Ly|d,;). In this case, the interface contains 100%
oxygen, and (d3,_,2|Ly|d,.) becomes negative.

A five tight-binding model of the Ru atom at the interface
including SOC and orbital hybridization is also constructed.
Further details are given in the Supplemental Material [26].
Combining the tight-binding model and Eq. (5), the DMI
strength for two SCO/SRO heterostructures is obtained. The
calculated DMI strengths are 3.43, 0.24 meV /Ru for the Ru
ion at CuO,-Sr-RuO, and CuO,-SrO-RuO; interface, respec-
tively. These results are basically identical to those obtained
from the DFT calculations before. Based on these analy-
ses, we get the conclusion that the oxygen vacancy-induced
occupation of the spin up d3,2_,> orbital and orbital hybridiza-
tion are pivotal for strong interfacial DMI. These results
indicate that interfacing perovskite SRO with infinite-layer
SCO provides a different way towards modulating interface
reconstruction, leading to the effective modulation of the
antisymmetric spin exchange interaction at interface, i.e., in-
terfacial DMI.

IV. CONCLUSIONS

A theoretical investigation is presented for nonisostruc-
tural heterostructures SrCuQO,/SrRuQO; with two different
interfaces of CuQO,-Sr-Ru0O, and CuO,-SrO-RuQO,. Our re-
sults show that the electronic structures, MA and DMI of
the heterostructures, are strongly correlated with the inter-
facial structure. We present a quantitative description for
atomic, charge, spin, and orbital reconstructions at interface.
A high spin state of 2.1up/Ru has been achieved at the
CuO,-Sr-RuO; interface, due to the depletion of apical oxy-
gen and the polar nature of SCO. However, the interfacial Ru

transforms into a low spin state of 1.7upg/Ru when the inter-
face becomes CuQ,-SrO-RuO; by artificially modifying the
interfacial termination. A strong oscillation of the MA with
the layer thickness of SRO is observed, which gives us oppor-
tunities to tune MA. Besides, a strong DMI of 3.5 meV/Ru
in the bilayers is obtained at the CuO,-Sr-RuQ,; interface.
Moreover, the DMI is tunable, monotonically decreasing with
the increase of the content of the apical oxygen ions in the
interfacial layer, and takes the minimal value of 0.1 meV/Ru
at the Cu0O,-SrO-RuQ; interface. A quite small formation
energy of apical oxygen vacancy in interfacial SRO layer is
achieved, which is half as much as that in bulk SRO, indicating
the experimental feasibility towards the CuO,-Sr-RuO; inter-
face. To get a deep understanding of the possible factors that
influence the DMI in low-dimensional systems, we develop
a tight-binding model including the spin orbit interaction and
the interface symmetry breaking term. The tight-binding cal-
culations show that the enhanced interface symmetry breaking
and the occupation of ds,2_,» orbital are crucial for obtaining
a sizable DMI. This work suggests that the interface design
between dissimilar structures could be an effective way to
realize structural modulation and provides a clear picture for
the effect of interface reconstructions on MA and DMI.
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