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Transition metal oxides are well known for their complex magnetic and electrical properties. When brought to-
gether in heterostructure geometries, they show particular promise for spintronics and colossal magnetoresistance
applications. In this article, we propose a carrier-driven coupling mechanism in heterostructures composed of
itinerant ferromagnetic materials. The coupling is mediated by charge carriers that strive to maximally delocalize
through the heterostructure to gain kinetic energy. In doing so, they force a ferromagnetic or antiferromagnetic
coupling between the constituent layers. To illustrate this, we focus on heterostructures composed of SrRuO; and
La;_,A.MnOj; (A = Ca/Sr). Using the minority-carrier nature of SrRuO3, we provide a simple explanation for
antiferromagnetic alignment that is known to occur in multilayers. We present a phenomenological Kondo-lattice
model which reproduces the known magnetization properties of multilayers. In addition, we discuss a quantum
well model for heterostructures and argue that the spin-dependent density of states determines the nature of the
coupling. As a smoking gun signature, we propose that bilayers with the same constituents will oscillate between
ferromagnetic and antiferromagnetic coupling upon tuning the relative thicknesses of the layers. We present ab

initio results that support this prediction.
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I. INTRODUCTION

Magnetic heterostructures have been intensively studied
driven by the technological promise of spintronics [1] and
colossal magnetoresistance [2]. Their interesting properties
derive from the new physics that emerges when two different
magnetic materials come into contact at an interface [3]. It
is generally assumed that it is the interface that decides the
coupling between layers and the overall properties of the
heterostructure. For instance, ferromagnetic/antiferromagnetic
alignments are usually attributed to superexchange interactions
across the interface. In this article, we demonstrate a coupling
mechanism driven by conduction electrons that diffuse deep
into each constituent layer. Macroscopic behavior is deter-
mined not by the interface, but by the nature of charge carriers.
Our study paves the way for tailoring spintronics devices with
strongly coupled magnetic and transport properties.

To illustrate this coupling, we place our discussion within
the context of heterostructures with alternating layers of
SrRuO3 (SRO) and La;_,A,MnO3; (LAMO) with x ~ 0.3
and A = Ca/Sr. Both LAMO and SRO are layered metallic
ferromagnets. While LAMO is a conventional double ex-
change system, SRO is a bad metal in which conduction
is dominated by minority-spin electrons [4,5]. Multilayer
SRO/LAMO heterostructures have been extensively studied
with a view to understand the interlayer coupling. The
typical M-T phase diagram has two sharp features [6]. Upon
approaching from high temperatures, the LAMO layers first
develop ferromagnetic order at 7MY ~ 300 K. Upon further
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cooling, the SRO layers order in the opposite direction at
TSRO ~ 150 K and the net moment starts decreasing. The M-h
curve shows three hysteresis loops [6,7], with the SRO layer
flipping its ordered moment at some intermediate field. Taken
together, these effects demonstrate antiferromagnetic coupling
between the layers with a phase diagram as shown in Fig. 1.
Density functional calculations performed at zero temperature
also suggest antiferromagnetic coupling, attributing it to the
role of interfacial oxygen atoms [6]. However, interfacial
coupling does not provide a satisfactory mechanism as the
constituent materials are metallic. Unlike Mott insulators with
short-ranged superexchange couplings, itinerancy in metals
invariably gives rise to long ranged interactions [8]. Bilayers
of SRO and LAMO have also been studied, with several studies
finding antiferromagnetic coupling [7,9-11].

We propose that the interlayer coupling in these systems
is driven by charge carriers and not by interfacial Mn-O-Ru
bonds. The key ingredient in our proposal is the minority
carrier nature of SRO: its conduction electrons are predomi-
nantly polarized opposite to the direction of its ferromagnetic
moment. On the other hand, LAMO, being a double exchange
ferromagnet, has carriers which are polarized parallel to
the ferromagnetic moment. An antiferromagnetic alignment
of the ordered moments allows the conduction electrons to
polarize the same way in both materials. Electrons can then
maximally delocalize over the heterostructure and gain kinetic
energy. This mechanism is clearly consistent with the anti-
ferromagnetic ordering seen in multilayer heterostructures. In
contrast, bilayers present a more nuanced situation depending
on the density of states. We show that the carrier-driven
mechanism predicts that the coupling will oscillate with the
relative widths of layers.
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FIG. 1. Phase diagram of an SRO-LAMO multilayer heterostruc-
ture. The shaded regime above TSRO has incipient ferromagnetic
correlations in the SRO layers.

II. PHENOMONOLOGICAL MODEL FOR
MULTILAYER GEOMETRIES

To describe multilayer heterostructures, we present a
Kondo-lattice model of local moments coupled to itinerant
electrons. Our objective is to show that the itinerancy of
conduction electrons suffices to explain the nature of interlayer
coupling, with no need for interfacial defects or interfacial
superexchange couplings.

Our model consists of a square lattice divided into two
regions, one with Mn and one with Ru ions, as shown in
Fig. 2. Note that Mn and Ru are the magnetically active ions
in LAMO and SRO, respectively. At each site, we have a local
moment S; as well as an orbital that may be occupied by a
conduction electron. The spin of the conduction electron at a
given site is coupled to that of the corresponding local moment.
The resulting Hamiltonian is given by
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FIG. 2. A schematic view of the lattice model for n-LAMO/m-
SRO heterostructures. There are three different hopping parameters,
Iy fRe and #;, and two different Kondo couplings, Jy, and Jgy,.
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an external magnetic field 4. The parameters J; and f;
take different values within each material. The materials are
coupled by hopping across the interface, with strength ¢;. The
local potential ¢; takes the value A(0) for Mn(Ru) sites. The
relative on-site potential A is adjusted to achieve the desired
average electronic density on SRO and LAMO sides.

A. Parameters appropriate for LAMO-SRO multilayers

We model the (n-LAMO/m-SRO) multilayer as a cluster
with m atomic layers of Ru and n atomic layers of Mn
with overall periodic boundary conditions. Taking #y, = 1,
we choose fgy, = 0.5 to capture the relatively low value of
T, for SRO compared to LAMO. Along the interface, we fix
the hopping #; to be 0.5. The chemical potential x and the
relative on-site potential A are fixed so as to give an average
electronic filling of 0.7 (0.5) for LAMO (SRO). We find the
same qualitative results irrespective of the specific values of
the parameters.

In SRO, the magnetic moments originate from Ru** (4d*)
ions residing in an octahedral crystal field. Ab initio calcu-
lations show that the valence electrons occupy #, orbitals,
while the e, orbitals remain empty [4,12,13]. In the atomic
limit, the four electrons in the 7, levels form a high-spin state
with a total moment of 2 p g /Ru atom. If two such atoms are
brought together, the minority spins can hop between atoms,
whereas the majority spin carriers will be localized due to Pauli
blocking. As several atoms are brought together to form the
material, itinerancy effects reduce the total moment on each
Ru site to ~1.5 wp/Ru atom [4]. We model the Ru site as
a 2 pp local moment coupled to itinerant electrons, with an
average filling of 0.5 per site. The Kondo coupling is taken
to be positive (Jry > 0) to account for the minority carrier
nature. DFT+DMFT studies also point to a dual nature of
magnetism in SRO consisting of a Stoner behavior as well
as local magnetic moments above T, [14-16]. We note that a
realistic description of SRO requires a multiorbital model with
easy axis anisotropy, spin-orbit coupling, etc. However, our
simple one-orbital model captures the essential aspect required
for the carrier-driven mechanism, which is the minority carrier
character.

In LAMO, on the other hand, the Mn ions are nominally
in the +3 (3d*) state. Three electrons with parallel spins
occupy the #,, levels, while the fourth electron occupies an
e, orbital. In undoped LaMnO3, superexchange drives the
net S = 2 spins to order antiferromagnetically (the e, orbital
degree of freedom also orders). Replacing a fraction of the
La atoms by Sr or Ca, removes electrons from the e, levels
and gives rise to the classic double exchange scenario. The
filled 1, electrons form a § = 3/2 local moment. The e,
electrons can maximally delocalize when the local moments
order ferromagnetically. With this picture in mind, we assume
a local moment of 3 wp/Mn site. The Kondo coupling is
negative (Jyy < 0) reflecting the standard double exchange
scenario. This scenario is well established in the context of
bulk manganites [17,18]. In particular, in the optimally doped
regime, x ~ 0.3, a single-band ferromagnetic Kondo lattice
model can describe the magnetic and transport properties very
well [19-21]. We fix Jy, to be —20 and present results for
different values of Jgy.

184408-2



CARRIER-DRIVEN COUPLING IN FERROMAGNETIC ...

JRu 2 0 2/10 1 F (b) JRu 4 ]
1.5 A48 T [ 115
14 H 1
M : 1 ] M
0.5] - Jo.s
0 1 1111 I 1111 I 1111 I 1 0
_I T 17T I TT 17T I T T 17T I T I_ _I TTT I TT 17T I TT 17T T I_
1.5 :—() JRu=6 —: :— (d) JRu:8 —: 1.5
E ER
3 =05

e )cAY

NI AN AN IR AT b b by
0 005 01 0.15 0 0.05 0.1 0.15
T T

FIG. 3. (a)-(d) Magnetization as a function of temperature for
different values of Jg,. Each panel shows results for different relative
thicknesses of LAMO-SRO layers as indicated by n/m. n and m are
the number of LAMO and SRO rows in the unit cell, respectively,
with (n + m) = 12 fixed. The results are obtained on a 4 x 12 lattice
with periodic boundary conditions. The value of Juy, is fixed to
be —20.

B. Semiclassical Monte Carlo simulations

To solve for the properties of the model, we use a protocol
involving exact diagonalization of the conduction electrons
combined with classical Monte Carlo sampling of the local
moment configurations (see the Supplemental Material in
Ref. [22] for details). Unlike ab initio calculations, this method
is ideally suited to explore finite temperature properties. These
computations are CPU intensive and therefore restricted to
small clusters; however, they allow for an unbiased exploration
of magnetic configuration space. We present results for the
magnetization, defined as NLZQ |[M,|, where N,, is the
number of Monte Carlo conﬁvgurations used for averaging.
M, is the magnetization for each configuration, defined as

M, = %Z(Si +(T), )

where N is the total number of sites and angular brackets
denote the quantum expectation values. Our results for magne-
tization vs temperature are plotted in Fig. 3, for different values
of Jr, and different relative widths of SRO and LAMO layers.
Aslong as Jr, > 4, we find the same qualitative behavior. For
example, for a given choice of layer widths, the 7 — 0 values
of total magnetization are identical for Jg, = 4, 6, 8.

While our simulations on small clusters cannot capture
thermodynamic phase transitions, they show features that
are indicative of phase transitions. The inflection points in
the magnetization curve provide a first estimate of 7. This
can be taken as the temperature below which the correlation
length exceeds the cluster size. With our parameters, we
find TFAMO ~ 0.11y, and TSRO ~ 0.041y,. In the multilayer
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FIG. 4. Magnetization as a function of applied magnetic field
with Jy, = —20, Jra = 4, t; = 0.5. Results are obtained on 4 x
12 lattices, with n rows of LAMO and m rows of SRO, with
(n+m)=12.

system, we find that the total moment decreases when 7 <
TSRO indicating that the SRO moment is oriented opposite
to that of LAMO. This behavior is in good agreement with
experimental results [6]. We further support this picture by
computing M-h hysteresis curves at low temperatures as
shown in Fig. 4. The double-loop feature in the M-h curves
also agrees well with experiments [6,7]. It reflects a two-step
switching process as a function of %, i.e., LAMO layers align
along the field first, while SRO layers align at a stronger field.

III. QUANTUM WELL MODEL

We rationalize our results for the interlayer coupling in
multilayers within a quantum well picture; we will later
extend these arguments to make predictions for bilayers. To
understand the interlayer coupling, we focus on temperatures
immediately above TcSRO ~ 150 K. In this regime, the LAMO
layers have already developed ferromagnetic order; we assume
that their magnetic moment has formed along the ‘“up”
direction. The conduction electrons inside the LAMO layers
are spin polarized with spins pointing up, as LAMO is
a conventional “majority-carrier” ferromagnet. Within our
minimal quantum well picture, we assume maximum spin
polarization, i.e., down-spin electrons are not present inside
the LAMO layers.

Let us first consider SRO-LAMO multilayers as depicted
in Fig. 5(a). Each SRO layer can now be thought of as a
two-dimensional (2D) quantum well for down electrons. The
boundary conditions are set by the adjacent LAMO layers—up
electrons can diffuse freely into LAMO layers while down
electrons cannot. The down-spin electrons are localized within
2D quantum wells, while the up electrons move freely within
a three-dimensional (3D) system. We find the density of states
at the Fermi level (DOS) for each spin species taking the
electronic dispersion to be that of a free particle in a quantum
well with the appropriate width. The up electrons occupy states
that are described by a three-dimensional momentum quantum
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FIG. 5. Quantum well description of SRO-LAMO multilayers:
(a) Multilayer geometry, showing spin polarization just above 7580,
assuming that the LAMO layers have ordered along the up direction.
(b) Potentials seen by the two spin species; the up electrons can diffuse
throughout while the down electrons are confined to the SRO layers.
(c) The resulting band energies and DOS for the two spin species.

number. The down electrons, however, have one momentum
component (k) quantized due to the finite width of the 2D
quantum wells. Their dispersion, as shown in Fig. 5(c), forms
bands corresponding to each k; value. The DOS of both spin
species is shown in Fig. 5(c) with the up electrons always
having higher DOS. As we are just above TCSRO, incipient
ferromagnetic correlations arise inside each SRO layer. As
SRO is a minority-carrier ferromagnet, the higher density
of up-spin conduction electrons forces the magnetic moment
of SRO to point down. This explains the antiferromagnetic
coupling seen in LAMO-SRO multilayers.

The situation is more nuanced in LAMO-SRO bilayers,
depicted in Fig. 6(a). In this case, both up and down electrons
reside in 2D quantum wells; however, the widths of the
two quantum wells are different as shown in Fig. 6(b). The
resulting dispersion and DOS are shown in Fig. 6(c). Unlike
the multilayer case, the nature of the dominant spin (that with
higher DOS) depends on the precise value of the Fermi energy.
If up spin has higher DOS, we expect SRO to order with a
moment pointing down and vice versa. This paves the way
for a falsifiable signature of our conduction-electron driven
mechanism. It is somewhat difficult to tune the Fermi energy
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FIG. 6. Quantum well description of SRO-LAMO bilayers:
(a) bilayer geometry, (b) potentials seen by the two spin species;
the up electrons see a wider quantum well, (c) the resulting band
energies and DOS for the two spin species, and (d) DOS vs width of
SRO layer, keeping Liamo fixed at unity. The DOS is shown for an
arbitrarily chosen Fermi energy.
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TABLE 1. Energies in LSMO/SRO bilayers. The preferred mag-
netic structures are underlined.

SRO/LSMO (u.c.) Coupling Total energy (eV)

4/3 u.c. AFM —783.6546
FM —782.8075

4/5u.c. AFM —1072.8563*
M —1086.1658

2The calculations for this AFM state are not converged. Its energy was
estimated by a perturbative approach using the charge distribution of
the nonmagnetic state and fixed bulk spin values for Ru and Mn ions.

in experiments. However, it is relatively easy to make samples
with different relative widths of the SRO and LAMO layers.
Tuning the relative widths of the layers also changes the nature
of the dominant spin as shown in Fig. 6(d). As a consequence,
the ordered moment of SRO layers will switch direction.
This suggests a smoking gun signature of our carrier-driven
mechanism: by varying the relative width of the SRO-LAMO
layers, we can change the nature of the interlayer coupling from
antiferromagnetic to ferromagnetic. This is in sharp contrast to
a superexchange picture in which the coupling only depends
on the interface and is insensitive to the widths of the layers.

IV. AB INITIO RESULTS FOR LSMO/SRO BILAYER

We have performed first-principle electronic structure
calculations to check for the smoking gun signature suggested
by the quantum well picture. Indeed, our ab initio simulations
show that the nature of the coupling changes upon tuning
relative layer width. This provides a posteriori support for the
arguments in Sec. III above, demonstrating that the quantum
well picture successfully captures the essential physics.

LSMOY/SRO bilayers have been studied experimentally as
well as from an ab initio perspective. They have largely been
found to be antiferromagnetically coupled. However, only a
few values of relative layer widths have been explored. For
instance, Ref. [9] found antiferromagnetic coupling in bilayers
with widths 16.5/24 nm for LSMO/SRO layers.

We have studied SRO/LSMO bilayers with 4/3 and 4/5
unit cell thicknesses (details described in Appendix A).
We find that the bilayer with 4/5 unit cell thicknesses
favors ferromagnetic coupling, while that with 4/3 unit cell
thicknesses favors antiferromagnetic coupling (see Table I). As
antiferromagnetic coupling has been already been reported in
multiple studies, we present results for the 4/5 bilayer below;
the results for the 4/3 bilayer are shown in Appendix B. The
structure used for simulations is shown in Fig. 7. We con-
sider an SrRuQOj3/Lay;3Sr;,3MnO3 (SRO/LSMO) bilayer on a

Side view
Top view

STO SRO LSMO

FIG. 7. Lattice structure of a SRO(4 ML)/LSMO(5 ML) bilayer
on a STO layer.
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FIG. 8. The projected band structures of a ferromagnetically
aligned SRO (4 u.c.)/LSMO (5 u.c.) bilayer. We force both layers
to be polarized along the “right” direction as shown in (a). (b) and
(c) Electronic band structure as a function of momentum along the
bilayer. Both figures show the same dispersion—while (b) shows the
Ru orbital weights in each band, (c) shows the orbital weights of Mn.
The color denotes the t,, and e, contributions from Ru atoms in SRO
(b) and from Mn atoms of the LSMO layer (c). In both cases, we only
show the weight of “left” spin electrons; this is the minority species
in LSMO and the majority species in SRO. As LSMO is a majority
carrier ferromagnet, we do not find any minority spin contribution to
the states near the Fermi level. (d) One of the bands, dominated by Ru
1, electrons, crosses the Fermi level. It is holelike and approximately
parabolic.

(001)-SrTiO5; (STO) substrate (see Fig. 1). The SRO/LSMO
layers are taken to be 4/5 unit cells thick. The lattice structure
of SRO is orthorhombic [9].

To determine the magnetic configuration with lowest
energy, we perform electronic structure simulations with
imposed ferromagnetic and antiferromagnetic ordering as
shown in Figs. 8 and 9, respectively. In both cases, we find
that the degeneracy of f,, and e, orbitals is broken. This is due
to hybridization between layers, confinement in the z direction,
as well as the orthorhombic lattice structure of SRO. Therefore,
orbital degeneracy does not play an important role.
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FIG. 9. Band structures of an antiferromagnetically aligned SRO
(4 u.c.)/LSMO (5 u.c.) bilayer, with magnetization as shown in (a).
(b) and (c) Both show the same band structure. While (b) shows the
orbital contribution of Ru d orbitals, (c) shows that of Mn orbitals. In
both cases, we show the weight of “left” spins which is the majority
species in both layers. The states near the Fermi level are composed
of both Ru £, electrons and Mn e, electrons, as antiferromagnetic
alignment allows these states to hybridize. (d) The band that crossed
the Fermi surface in the ferromagnetic case is now pushed up. As a
consequence, the ferromagnetic state has lower energy.
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In the ferromagnetic configuration, the SRO-minority car-
riers cannot diffuse into the LSMO side as their energy is
aligned with the band gap of LSMO as shown in Figs. 8(b)
and 8(c). They are confined within the SRO layer to form
quantum well-like bands, which are approximately parabolic.
One of these bands intersects the Fermi level, see Fig. 8(d).

In the antiferromagnetically coupled system, the SRO-
minority carriers hybridize with LSMO bands. States at the
Fermi level have large Ru #;, and Mn e, contributions. In fact,
we find significant Mn #,, components [see red dots on blue
bands in Fig. 9(c)] which arise due to hybridization with SRO.
This hybridization shifts the quantum well-like bands inside
SRO away from the Fermi level [see Fig. 3(d)] to decrease the
DOS at Fermi level. Both Figs. 8 and 9 show the band structure
of only one spin species, viz., the spin that is opposite to the
net magnetic moment of the SRO layer. This is the dominant
species within SRO. The dispersion of the other species is
shown in Appendix B.

Finally, the energy of the ferromagnetically coupled bilayer
(—1086.1658 eV /unit cell) is lower than that of the antifer-
romagnetically coupled (—1072.8563 eV /unit cell) bilayer.
This supports our carrier-driven mechanism indicating that
ferromagnetic coupling can be achieved by changing the
relative width in the bilayer. A recent experimental study in
a SRO/LSMO bilayer has observed that antiferromagnetic
coupling vanishes when LSMO thickness is changed. Our
study explains this feature [23].

V. DISCUSSION

We have proposed a carrier-driven mechanism for inter-
layer coupling in ferromagnetic heterostructures. We have
illustrated this using SRO-LAMO bilayers and multilayer
heterostructures as suitable test cases. For the multilayer
case, we have presented a theoretical model amenable to
semiclassical simulations. The model qualitatively reproduces
key experimental results without invoking interface-based
mechanisms such as superexchange. This strongly supports
our picture of carrier-driven coupling.

We have presented a simple theoretical argument, modeling
the LAMO and SRO layers as quantum wells. Note that effects
of quantum confinement have previously been reported in SRO
slabs [24]. Here the density of states within the quantum wells
shows spin dependence. Relying on the minority-carrier nature
of SRO, we predict the direction of the ordered moment that
will develop in SRO. Our results suggest that SRO-LAMO
multilayers will always show antiferromagnetic coupling.
However, in SRO-LAMO bilayers, we predict that the coupling
can be tuned by varying the relative layer widths. This can
be easily verified with current experimental setups. We have
presented ab initio results which support our prediction of
oscillating coupling in bilayers. Our results demonstrate that
conduction electrons play the central role in determining the
interlayer coupling.

Our results show a deep connection between magnetic
ordering and spin polarization of charge carriers. This suggests
new avenues for manipulating spintronic devices. For instance,
a ferromagnetic bilayer can be made antiferromagnetic by
injection of a suitably polarized spin current. Alternatively, an
antiferromagnetic bilayer can be thought of as a spin-polarized
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analog of colossal magnetoresistance. At zero field, a large spin
polarized current can flow. When a large enough magnetic
field forces the layers to align parallelly, the spin polarization
of currents is strongly diminished. Conversely, heterostructure
geometries can be tweaked to obtain suitably polarized charge
carriers. They can be used as spin filters that can be tuned by
an external magnetic field.
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APPENDIX A: AB INITIO CALCULATIONS

The ab initio results presented were obtained from calcu-
lations based on the framework of density functional theory
(DFT). The VASP package [25-27] was used with the PAW-type
pseudopotential [28,29] and PBE-type [30] GGA functional.
The DFT+U method [31] was considered with the on-site
Coulomb repulsion U = 3.5, 3.0 eV for Ru [13] and Mn [32]
ions, respectively. Self-consistent processes were looped until
the total energy converged within 107° eV in all calculations.
The calculations were performed using an an 8 x 8§ x 1 k
mesh, with an energy cutoff of 400 eV. Simple mixing of
pseudopotentials of La and Sr ions, known as virtual crystal
approximation (VCA) [33], was applied to simulate the doping
of cations in Lag¢7S1933MnO3 layer [34,35]. The supercell
structure used had » u.c. of LSMO stacked on m u.c. of SRO
on a substrate of 1 u.c. STO (see Fig. 7); this corresponds
to the n/m u.c. LSMO/SRO bilayer structure. We considered
the close-to-bulk lattice structure for SRO with a /2 x +/2
perovskite u.c. in the (001) plane [36]. Unlike other magnetic
bilayer systems, distortions of oxygen octahedra cannot be
ignored here as interactions between Ru-e, and Mn-t,, orbitals
are important in this system.

APPENDIX B: BAND STRUCTURES IN
SRO/LSMO BILAYERS

In the main text we discussed the ab initio band structure
of a SRO (4 u.c.)/LSMO (5 u.c.) bilayer in ferromag-
netic/antiferromagnetic configurations. In Figs. 8 and 9 of
the main text, we only showed the dispersion of one spin
species, the majority species within the SRO layer, as the its
delocalization is central to our proposed mechanism. Here
we show the obtained energy dispersions for the other spin
species. In Figs. 10 and 11 we show the band structure
for the ferromagnetic and antiferromagnetic configuration,
respectively. In the ferromagnetic configuration, as expected,
the majority spins of LSMO do not hybridize with SRO states.
This is reflected in the band structure in Fig. 10 for the right
spin, which has no contribution from SRO orbitals near the
Fermi level. In the antiferromagnetic configuration, we see
fewer states at the Fermi level with spin right. This can be seen
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FIG. 10. The projected band structures for the “right” spin species
in the ferromagnetically aligned SRO (4 u.c.)/LSMO (5 u.c.) bilayer
with parallel magnetic moments pointing right. Both (a) and (b) show
the same dispersion. While (a) shows the weight from SRO orbitals,
(b) shows the weight from LSMO orbitals.

by contrasting Fig. 11 with Fig. 9 in the main text. The right
spin states at the Fermi level are entirely from SRO orbitals
as LSMO has strong spin polarization character (majority
carrier). The degree of spin polarization in SRO (minority
carrier) is not as strong, giving rise to a low density of right
spins in Fig. 11.

We have also performed ab initio simulations of the SRO
(4 u.c.)/LSMO (3 u.c.) bilayer. We find that it prefers antifer-
romagnetic ordering. The obtained ab initio band structures
for the ferromagnetic and antiferromagnetic configurations
are shown in Figs. 12 and 13, respectively. In each figure we
show the dispersions for both spin species. The qualitative
features in the band structure are broadly similar to the
SRO (4 u.c.)/LSMO (5 u.c.) case. In the ferromagnetic
configuration, shown in Fig. 12, neither spin species can
delocalize into both layers. The left spin states at the Fermi
level are composed of SRO orbitals, while the right states
are composed of LSMO orbitals. This is in marked contrast
to the antiferromagnetic configuration, shown in Fig. 13,
wherein the left spin states at the Fermi level have large
SRO and LSMO contributions. This indicates that left spin
conduction electrons, forming the minority species in SRO
and the majority species in LSMO, are free to delocalize

(a) sRO —

oty ®eg (b)LSMO —

S

Y X I : §

Momentum

FIG. 11. The projected band structures for the right spin species
in the SRO (4 u.c.)/LSMO (5 u.c.) bilayer with antiparallel magnetic
moments. Both (a) and (b) show the same dispersion. While (a) shows
the weight from SRO orbitals, (b) shows the weight from LSMO
orbitals.
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FIG. 12. The projected band structures for the ferromagnetically
aligned SRO (4 u.c.)/LSMO (3 u.c.) bilayer. The band structures
shown are for (a) “left” spin with SRO orbital contributions shown,
(b) left spin with LSMO orbital contributions shown, (c) right spin
with SRO orbital contributions shown, and (d) right spin with LSMO
orbital contributions shown.

throughout the bilayer. The right spin states are gapped and
are pushed down from the Fermi level due to confinement
effects.

The obtained band structures strongly support our picture
of carrier-driven coupling. At the very least, they show that
an interfacial-coupling picture is not tenable as electrons

PHYSICAL REVIEW B 96, 184408 (2017)
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FIG. 13. The projected band structures for the antiferromagnet-
ically aligned SRO (4 u.c.)/LSMO (3 u.c.) bilayer with opposite
magnetic moments as shown. The band structures shown are for
(a) left spin with SRO orbital contributions shown, (b) left spin
with LSMO orbital contributions shown, (c) right spin with SRO
orbital contributions shown, and (d) right spin with LSMO orbital
contributions shown.

delocalize throughout the sample. More strongly, they show
that our simple quantum well argument captures the essential
aspects of the band structure. The results confirm the new
prediction that arises from the quantum well picture, viz., that
the nature of coupling in bilayers can be tuned by changing
relative layer width.
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