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The electronic structure and the anomalous Hall effect (AHE) at the recently grown 3d-5d su-
perlattice structure (StMnQO3)1/ (SrIrOs):1 are investigated theoretically using model and density-
functional calculations. The observed ferromagnetism for the SMO layer, which becomes electron
doped because of the charge transfer across the interface, is explained to be due to the Anderson-
Hasegawa double exchange, while the SIO side becomes ferromagnetic due to the proximity effect
and the Nagaoka physics of a hole-doped system. The broken time-reversal symmetry and the
strong spin-orbit coupling in SIO provide the two essential ingredients for the AHE, which we de-
scribe within a square lattice model of d-orbitals relevant for the present structure. The model
correctly predicts the order of magnitude of the anomalous Hall conductivity (AHC), which is com-
puted using the Kubo formula. The density-functional results for the AHC are in good agreement

with the experiments.

I. INTRODUCTION

In the ordinary Hall effect, the Lorentz force acts on
the electrons in a current carrying conductor in the pres-
ence of an external magnetic field, resulting in a trans-
verse voltage!. In a broken time-reversal system, such as
a ferromagnet, the Hall resistivity (Ry) has an anoma-
lous contribution (R;), which is usually an order of mag-
nitude larger than the ordinary one (Rp)?™, so that
Ry = RoB + Rs;Bj;, where B is the applied magnetic
field and B); is the internal magnetic field of the ferro-
magnetic sample.

Although already noted by Hall himself in his origi-
nal paper, an explanation of the anomalous Hall effect
(AHE) had to wait for the discovery of the electron spin.
Some seventy years after Hall’s original work, the effect
was finally explained in a seminal paper by Karplus and
Luttinger*, who attributed the effect to the spin-orbit
coupling (SOC) forces, that induce a left-right asymme-
try in the motion of the opposite spins. This so-called
“intrisic” AHE was elegantly reformulated in terms of
the Berry curvature of the Bloch states®”. The Berry
phase correction to the electron group velocity provides
a successful explanation of the AHE in the solids, which
can be computed using the density functional theory®1°.

Recently, there have been several studies'' 16 of the
interfaces between the 3d and 5d transition metal ox-
ides (TMOs), both for fundamental new physics in the
large SOC systems and for potential spintronics device
applications'!. In particular, the AHE has been mea-
sured for the (001) interface between SrMnOs; (SMO)
and SrIrOgs (SIO), which has been experimentally grown
and studied, where neither of the parent materials is
ferromagnetic!!. The observed AHC has been attributed
to the ferromagnetism that emerges due to a charge
transfer across the interface, which leads to a strong
coupling between the two compounds. The presence of
the AHE becomes evident from the non-linear hystere-
sis loop in the temperature dependent Hall resistance

of (SMO);/(SI0);, a typical signature of the AHE. In-
terestingly, the ferromagnetism at the interface of the
(001) superlattice structure (SMO),/(SIO), grown on
the SrTiOg3 substrate gradually decreases for n > 1 and
eventually disappears at n = 4. As a consequence, the
AHC is found to be maximum for the (SMO);/(SIO); su-
perlattice and decreases for large-period samples'!. Ad-
ditionally, in spite of recent theoretical work'S, the origin
of the charge transfer as well as the mechanism of the fer-
romagnetism at the interface remain ill-understood.

In this paper, we study the anomalous Hall effect in
the (SMO);/(SI0); superlattice from density-functional
calculations. The electronic structure is studied and the
ferromagnetism at the interface is explained in terms of
the charge transfer across the interface. On the SMO
side, the ferromagnetism is described by the Anderson-
Hasegawa double exchange physics, while on the SIO
side, it is attributed to a combination of the proxim-
ity effect (exchange interaction across the interface) and
the Nagaoka physics of a hole-doped half-filled Mott-
Hubbard insulator. The magnetization computed from
the density-functional theory (DFT) is found to be par-
allel to the c-axis (out of the plane) in line with the ex-
perimental observation. A model Hamiltonian for the
d-orbitals on a square lattice in presence of the SOC and
exchange splitting is employed to gain insight into the
non-zero Berry curvature and the AHC in the system.
The results of our model calculations are validated from
the DFT calculations, and the computed AHC, a mani-
festation of the geometric property of the band structure,
is found to be in good agreement with the experimental
results.

The remaining parts of the paper are organized as fol-
lows. A description of the (SMO);/(SIO); superlattice
structure and the computational techniques is given in
section II. This is followed by the DFT results for the
electronic and magnetic structure in Sec. III, which also
includes a description of the suggested mechanism for
the magnetism. In Sec. IV, we illustrate the observed



AHC at the superlattice structure using a model Hamil-
tonian for d-orbitals on a square lattice, appropriate for
the present system. This is followed by the DFT results
for the AHC of the superlattice. Finally a summary of
our work is presented in Sec. V.

II. STRUCTURAL AND COMPUTATIONAL
DETAILS

The unit cell of the (SMO);/(SIO); superlattice (Fig.
1) contains two formula units of SMO and SIO unless
stated otherwise. The bulk SMO crystallizes in the cu-
bic perovskite structure with ideal MnOg octahedra. On
the other hand, SIO crystallizes in the orthorhombic
perovskite structure, where the IrOg octahedron under-
goes an orthorhombic distortion. The superlattice has a
tetragonal structure as shown in Fig. 1 (a) with the in-
plane lattice parameters (a = b) matched with the exper-
imental lattice constant of the substrate SrTiOz (3.905
X2 A) and the out-of-plane lattice parameters are fixed
to the corresponding lattice constants of the bulk struc-
tures i.e, 3.80 A for SMO'7 and 3.94 A for SIO'®19, As
shown in Fig. 1 (b), both Mn and Ir atoms are arranged
on a square lattice.

(b)

FIG. 1: The (SMO)1/(SIO); superlattice structure, showing
the unit cell (a) and the square lattice formed by Ir and Mn
atoms on either side of the interface (IF) (b). The arrows
indicate the spins of the Mn and Ir atoms as obtained from
the DF'T calculations.

In order to study the magnetic properties of the su-
perlattice, DFT calculations were performed using the
plane-wave based projector augmented wave (PAW)20:21
method as implemented in the Vienna ab initio simu-
lation package (VASP)?? within the generalized gradi-
ent approximation (GGA)?? including Hubbard U?* and
SOC. The kinetic energy cut-off of the plane wave basis
was chosen to be 550 eV. Following earlier authors'6, cal-
culations were performed using U = 2 eV for Ir and U =
3 eV for Mn, unless stated otherwise.

The AHC of the superlattice structure was calculated
using QUANTUM ESPRESSO and the Wannier inter-
polation approach?>26. Self-consistency with magnetiza-
tion along the (001) direction was achieved using fully rel-

ativistic norm-conserving pseudopotentials and the PBE
generalized-gradient approximation?? for the exchange-
correlation functional. Following a self-consistent cal-
culation with total energy convergence of 10~® Ry, the
maximally-localized Wannier functions?” were computed
using the Wannier90 code?® from the ab-initio ground
state wave function obtained using a non-self-consistent
calculation on a regular 8x8x4 k-mesh. Finally, the
AHC was calculated by computing the Berry curvature
using the Wannier interpolation approach?6. The Bril-
louin zone (BZ) integration of the Berry curvature was
carried out using a mesh up to 300x300x150 k-points
with an adaptively refined mesh of 7x7x7 for the case
when the absolute value of the sum of the Berry curva-
ture over the occupied bands at a k point became larger
than 100 A2, Calculation with finer mesh confirms the
convergence of the calculated AHC. Some additional de-
tails of the calculations are presented in the Supplemental
Materials??.

III. ELECTRONIC STRUCTURE AND THE
MAGNETIC PROPERTIES OF THE
(SMO),/(SI0), SUPERLATTICE

A. Density functional results

In this subsection, we discuss the electronic structure
and magnetic properties of the (SMO); /(SIO); superlat-
tice structure obtained from the DFT calculations.

Bulk materials — The electronic structures of the two
constituent bulk materials are well understood. In bulk
SMO, Mn atoms are in the 44 charge state, with three
electrons occupying the ¢, orbitals, separated from the
unoccupied e4 states by a large crystal field splitting. The
Mn spins interact via a nearest-neighbor (NN) super ex-
change, stabilizing a G-type anti-ferromagnetic (AFM)
insulating state with magnetic moment 2.77 pp/Mn, in
good agreement with the experimental result of 2.6 +
0.2 pp'7. The strength of the NN AFM exchange J can
be estimated by mapping the energy difference between
the ferromagnetic (FM) and AFM configurations to the
Heisenberg spin model. The calculated AFM interaction
J = 9 meV is similar to that of the analogous compound
CaMnOg (J =~ 13 meV). In an earlier work, we have dis-
cussed the mechanism of the super exchange interaction
in the entire class of the colossal magnetoresistive man-
ganites, of which SMO is a member>!.

The electronic structure of the bulk SIO, on the other
hand, is to a large extent governed by the strong SOC of
the 5d transition metal (TM) atom Ir. In bulk STO, the Ir
atoms are also in the 4+ charge state with ¢3, electronic
configuration. Owing to the strong SOC, these to4 states
split into a completely filled Jog = 3/2 quartet and a half-
filled Jog = 1/2 doublet. Our DFT calculations using U
= 2 eV for the bulk SIO shows a canted AFM insulating
ground state (see the Supplemental Materials??) with the
spin and orbital moments of 0.34 pp/Ir and 0.22 ug/Ir



respectively. The canted AFM configuration for the bulk
SIO is consistent with the magnetic insulating state re-
ported in earlier calculations®2. The small energy differ-
ence among the various magnetic configurations [see Ta-
ble IT of the Supplemental Materials??] is consistent with
the paramagnetic behavior, observed experimentally!'®
The insulating ground state obtained from the DFT cal-
culations for the bulk is also consistent with the reported
transport property'®, which shows an insulator to metal
transition at Ty ~ 44 K with the low temperature struc-
ture being insulating. Indeed, experiments®3 have found
that the paramagnetic metallic state of SIO is in close
proximity to an AFM insulating state.

Superlattice — For the (SMO); /(SIO); superlattice, the
magnetic structure is drastically different from the bulk,
both from experiments and theory. DFT calculations
within the GGA+SOC+U functional show that both the
SMO and SIO sides become FM, while the Ir and Mn
spins are aligned antiferromagnetically with each other,
as sketched in Fig. 1 (a). Calculations with U = 2 eV for
Ir and U = 3 eV for Mn show that the spin moments at
the Mn and Ir sites are altered, enhanced in one case and
reduced in the other as compared to the corresponding
bulk values (3.23 pup/Mn vs. 2.77 pug/Mn for the bulk
and 0.21 pp/Ir vs. 0.34 pp/Ir for the bulk). Because the
Ir and Mn moments are not the same in magnitude, a net
FM moment emerges at the interface in agreement with
the experiments''. As expected, the orbital moment at
the Ir site is substantial (0.16 pp) due to the spin-orbital
entanglement, while it is small for the Mn site (0.03 pp).
Furthermore, comparison of the total energies (see Table
I) for the constrained spin directions, viz., along %, g, or
Z, indicates that the spins prefer to be aligned along the
Z direction consistent with the experimentally observed
easy axis'!. Test calculations with different values of U
(U =0.8. 1, 1.5 eV) at the Ir site showed that although
the magnetic moment at the Ir site increases with U (0.11
pup/Ir at U = 0.8 eV to 0.21 pp/Ir at U = 2 eV), the
ferromagnetic nature at the interface remains unchanged.

TABLE I: Total energies of the superlattice structure shown

in Fig. 1 (a), with the spins constrained along %, ¢, or 2.
Energy for the last case is set to zero.
Spin AE
direction (meV /fu)
T 6
g 6
z 0

In the (SMO);/(SIO); superlattice, there is leakage of
electrons from the SIO side to the SMO side. The layer-
projected densities of states (DOS) for the ground-state
magnetic structure, shown in Fig. 2, indicate that the
Ir-Jogg = 1/2 (half filled in the bulk SIO) and the Mn-
e} (empty in the bulk SMO) states occur in the same
energy range. This leads to the electron transfer across
the interface from the Ir-Jog = 1/2 state to the Mn—eg
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FIG. 2: Layer projected DOS for the (SMO),;/(SIO); super-
lattice (a, b). Fig. (c) illustrates the charge transfer across
the interface from the half filled Ir-Jog = 1/2 state in the bulk
to the Mn-e,4 1 state, which was unoccupied in the bulk SMO,
resulting in an electron-doped SMO layer and a hole-doped

SIO layer [see also the band structure in Fig. 6 (a)]. Fig. (c)
also indicates the crystal field splittings A.

8 6 -4

states, as illustrated in Fig. 2 (c). Integration of the total
DOS up to the Fermi energy (Er) on each side of the
interface shows that there is approximately 0.08 electron
transfer from the Ir atom to the Mn atom. Since, the
charges are projected within the atomic spheres, they
are renormalized appropriately. The computed amount
of charge transfer is also consistent with the area of the
BZ occupied by the Mn like states in the band structure
for the interface, as indicated from Fig. 6 (a), shown in
Section IV. Experimentally, such a charge transfer has
indeed been observed; however, the magnitude is much
larger, viz., about 0.5 electron, which may be attributed
to the ambiguity of partitioning charges in a solid. A
detail understanding of this discrepancy would require
further work. The charge transfer at the interface plays
an important role in determining the magnetic structure,
which we discuss below.



B. Ferromagnetism of the SIO layer: Magnetic
Proximity Effect and Nagaoka Physics

The ferromagnetism in the SIO layer is a combination
of magnetic proximity effect and hole doping. In pres-
ence of the neighboring ferromagnetic SMO layer (the
ferromagnetism in the SMO layer is discussed below in
section IIT C), the magnetic proximity effect arises due to
the AFM coupling of the Ir atoms with the Mn atoms.
DFT calculations show a strong (antiferromagnetic) ex-
change interaction between the Ir and Mn atoms across
the interface, which drives the SIO layer ferromagnetic
in order to align it with the ferromagnetic moments of
the SMO layer. In addition, the charge transfer from the
SIO side to the SMO side makes the SIO side hole doped,
which favors a ferromagnetic alignment of the magnetic
moments in the SIO side due to the Nagaoka physics.
According to the Nagaoka theorem?*, in the strong cou-
pling limit (U/W — oo0) the AFM state of the half-filled
Hubbard model can be destroyed by a single hole. How-
ever, for a finite U (typically ~ 2 eV for iridates), a crit-
ical hole concentration is needed for the system to be
FM. Explicit mean-field calculations of the hole-doped
Hubbard model show a FM ground state above a critical
hole concentration (typically a few percent), the exact
value of which depends on the U/W ratio®®. In fact,
a short-range ferromagnetism is observed experimentally
in the hole doped bulk SIO?¢, as suggested by the Na-
gaoka Theorem. Thus, the combination of the magnetic
proximity effect and the Nagaoka physics provide a quali-
tative explanation of the observed ferromagnetism on the
SIO side.

C. Ferromagnetism of the SMO layer:
Andersen-Hasegawa Double exchange

The ferromagnetism of the electron-doped SMO layer
as seen from the DFT calculations, discussed above, can
be understood in terms of the Anderson-Hasegawa double
exchange (DEX)373% well known from the manganites
physics. The essential physics of the DFT results for the
ferromagnetism, therefore, can be captured by the tight-
binding Hamiltonian discussed in this Section.

As aresult of the transfer of electrons from the SIO side
to the SMO side, the SMO layer becomes electron doped.
The leaked electrons occupy the empty e, states. The
kinetic energy gain of these itinerant e, electrons compete
against the AFM superexchange of the core 5, spins and
depending on the doped electron concentration (z) a FM
state can be stabilized at the electron doped SMO side.
The hopping of the e, electrons is a dynamic process
making the Mn atom go between the two oxidation states
Mn3t and Mn**t, with the average electron occupation
of t3,e% on each Mn atom.

To describe this double exchange physics, we consider
the tight-binding (TB) Hamiltonian for Mn atoms on a
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FIG. 3: The DEX mechanism for ferromagnetism for the elec-
tron doped SMO layer. (a) Schematic diagram indicating the
Anderson-Hasegawa t cos /2 hopping and the super exchange
Jse between the core spins. (b) Total energy of the canted
state as a function of the canting angle 6 obtained from the
model TB Hamiltonian (1). For small doping z, the AFM
ground state turns into a canted ground state and eventually
into a FM state for = 2 0.11 as seen from the figure.

square lattice, appropriate for the SMO layer,

H=—tcos(0/2) Y (chej+He)+ Y Jse S-S5, (1)
(i5) (i5)
where tcos(6/2) is the Anderson-Hasegawa DEX hop-
ping term for the itinerant e, electrons, with the Hund’s
coupling Jgy — oo, Jgg is the super exchange between
the tgg core spins, and 6 is the canting angle. We have
considered a two-sublattice structure where within the
sublattice the spins are FM, while the spins on the two
different sublattices are canted with respect to each other
with canting angle 6 (Fig. 3 (a)). In manganites, Jy is
typically ~ 1 eV. For tgg core spin, therefore, the typical
energy scale is &= 3 eV, justifying our infinite Jy approxi-
mation in obtaining the qualitative results for the present
problem?3940,
The total energy for the canted state is shown in Fig.
3 for several doping levels as obtained from the TB
model, Eq. (1). The results indicate that the ground-
state changes from AFM for the undoped case, to a
canted state for small doping x, and eventually to a
FM state for ¢ > z., with a critical concentration
. ~ 0.11. This result is easily understood with the rea-
sonable approximation, originally due to de Gennes®?,
that all doped electrons occupy the band bottom Ej, so
that F = Epz + 2Jggcosf. With E, = —4|t| cos(0/2)
for the square lattice, minimization of the total en-
ergy immediately yields the result for the canting angle
6 = 2cos™! (%) for the ground state. A FM state
is indicated when the argument exceeds one, with the
result that z. = 2Jsg/|t| = 0.11, for Jsg = 9 meV and
|t| = 0.17 eV, which we have estimated from the band cal-
culations for bulk SMO. This critical value z. obtained
from the de Gennes approximation is quite close to the
value obtained from the full TB calculation shown in Fig.
3. We found a charge transfer of about 8% across the in-



terface from our DFT calculations, which although not
more than the critical value obtained from this simplified
model, is quite close to it, suggesting the DEX mecha-
nism to be responsible for the ferromagnetic ground state
on the SMO side. We also note that in the bulk SMO,
experimentally, only about 5% dopant concentration x is
needed to turn the doped SMO ferromagnetic from the
original AFM ground state for the undoped case.

The theory of ferromagnetism in the (SMO); (SIO); su-
perlattice, as discussed above, can be directly extended
to describe the magnetism in the large period superlat-
tices (SMO),,(SIO),, with n > 2. For the large period su-
perlattices, the electrons leak into the SMO layers away
from the interface in addition to the first interfacial SMO
layer, leading to a reduced electron doping concentra-
tion in the first SMO layer. Such a reduced doping may
not exceed the critical doping concentration for ferromag-
netism, resulting in a canted anti-ferromagnetic structure
due to DEX. This results in a smaller but non-zero net
ferromagnetic moment in the (SMO), (SIO),, superlat-
tices. Similar results hold for the SIO side due to the
reduced hole concentration. Indeed, experiments'!' show
a gradual reduction in the ferromagnetic moment from n
= 1 to 3 that disappears completely for n > 4.

IV. ANOMALOUS HALL CONDUCTIVITY

In order to gain insight into the AHE of the
(SMO); /(SIO); superlattice, we first study the effect of
the various physical parameters on the anomalous Hall
conductivity using an appropriate tight-binding Hamil-
tonian, before we present the density-functional results.

The AHC (02'°) can be calculated from the momen-
tum sum of the Berry curvatures over the occupied elec-

tron states in the BZ4!,
S i SN 2)
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where 0%(k) = > f(enk)Q; (k). Qc, Ny and f(enk) are
respectively the cell volume, the number of k-points used
for sampling the BZ, and the Fermi-Dirac distribution
function. The Berry curvature Q7 (k) of the n'! band is
a geometric property of the band structure and can be
calculated using the Kubo-formula*?

I / /
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where the velocity operator v, = %gT}f,’ n = x or y, and
en and ¢, are the band energies and the wave functions.

We consider a TB model for d orbitals on a square
lattice with broken time-reversal (TR) symmetry (ferro-
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FIG. 4: Band structure and the corresponding Berry cur-
vature 27 (k) obtained from the tight-binding model Eq. 4
for SIO (left) and SMO (right). The Fermi energy EFr corre-
sponds to the dopant concentration x = 0.1 as appropriate for
the (SIO);/(SMO); interface. For the Berry curvature n =5
for SIO and 4 for SMO, which are the occupied bands closest
to EF.

magnetism) and in the presence of SOC, which reads
H = Hyin + Hey + Hoc
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Here, czw creates an electron at the i-th site, with po

being the orbital and spin indices, ¢ is the TB hop-
ping integral, which also includes the on-site energies (in
particular, the tog-e4 splitting A), Je, is the spin split-
ting, and X is the SOC constant that couples the orbital
(E) and spin moments (§ = 25). The exchange split-
ting, the second term in the Hamiltonian, is consistent
with the alignment of the magnetic moments along Z as
obtained from the DFT results.

The typical magnitudes of the hopping parameters in
Hamiltonian (4) correspond to V, = —0.2 eV (INN), -
0.1 eV (2NN), and V,/V,; = —1.85 using the Harrison’s
table3. Guided by the DFT results, two different sets of
parameters (A, J., and \) are chosen for the description
of the 5d (Ir) and 3d TM (Mn) atoms, viz., A = 3 eV,
Jez = -0.5 eV, and A = 0.4 eV for SIO, and A = 2 eV,
Jew = 3 eV, and A = 0.1 eV for SMO. These parameters
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FIG. 5: Anomalous Hall conductivity (in units of @ 'ecm™!)
for the square-lattice model (4) as a function of A and Je, as
appropriate for SIO (a) and SMO (b). We used the dopant
concentration x = 0.1, electrons for SMO and holes for SIO,
and the triangles indicate the parameters for the two materi-
als.

reproduce the key features of the iridate and manganite
band structures as shown in Fig. 4. Note that the op-
posite signs of Jg, for 5d and 3d TM atoms take care of
the anti-parallel alignment of the Ir and Mn moments, as
indicated in Fig. 1.

The broken TR symmetry of the Hamiltonian (4) en-
sures that €, (k) # —Q,(—k), while the inversion sym-
metry enforces the condition (2, (k) = Q,(—k)**, which
results in a non-zero Berry curvature. The magnetization
along 2 ensures that Q7 (k) is the only non-zero compo-
nent of €, (k). The computed values using the Kubo
formula (3), shown in Fig. 4 confirms the symmetry con-
ditions for Q7 (k) stated above. As seen from Fig. 4 (c)
and (d), for both SIO and SMO, the Berry curvature
is non-zero and is an even function of k, and k, as ex-
pected. Fig. 4 clearly shows that the contribution to the
Berry curvature primarily comes from the band crossing
regions, as anticipated from the Kubo formula (3).

It is important to note that an inter-orbital hopping
is necessary to produce a non-zero AHE. As noted by
Karplus and Luttinger, the intrinsic AHE, which is di-
rectly connected with the Berry curvature, is an inter-
band process*. The inter-orbital hopping appears in
the off-diagonal matrix element of the velocity opera-
tor, known as the anomalous velocity, and it is necessary
for a non-zero Berry curvature?®. For a 124 only model
this effect generally arises from the hopping between zz
and yz orbitals!®. In reality, such hoppings may arise
even within the NN interactions due to hybridization of
the TM-d orbitals with the ligand-p states. Within our
square-lattice model (4), there is no inter-orbital hopping
for the 1NN, and therefore the 2NN is necessary for the
AHE, which has been included in our TB Hamiltonian.

The computed AHC for the TB model using the Berry
curvature expressions Egs. 2 and 3 are shown in Fig. 5
as a function of the SOC and exchange parameters A and
Jex- As seen from the figure, the AHC is quite sensitive
to these parameters, as they control the fine details of

Eo.e
>, 04f oIe
o o
2
o s-b
2 (b)
= 4
T o
|
I X M I

FIG. 6: DFT results for the (SMO)1/(SIO); superlattice: The
band structure along high symmetry lines (a) and the Berry
curvature sum Q°(k) (b). The Ir hole and Mn electron pock-
ets are indicated by the shaded region in the band structure.
The Berry curvature sum (in units of A?) in the k, = 0 plane
is shown in (c) with color coding, indicating that large con-
tributions come from regions around the M point. The lines
in (c) represent the locus of the momentum points where the
various bands in (a) cross Er.

the band structure near the Fermi energy, which in turn
affects the Berry curvature due to the energy denomi-
nator in the Kubo formula (3). The net AHC for our
system is obtained from Fig. 5 by adding the individ-
ual contributions, indicated by the triangles in Fig. 5,
for the two parts, SIO and SMO. The calculated value
(~ 10 Q7 tem™!) correctly estimates the order of mag-
nitude of the AHC, as obtained from the experiment as
well as from our DFT calculations discussed below for the
(SMO);(S10); superlattice structure. Note that in the
present model, we have not explicitly included the cou-
pling between the 3d and 5d TM atoms (Ir-Mn coupling),
but it is taken care of indirectly by considering the mag-
netic structure, which results from the Ir-Mn coupling.
In principle, a model including explicitly the Ir-Mn cou-
pling can also be constructed, in which case, however, the
simplicity of the essential physics would be lost. Never-
theless, the simple model presented in this section gives
the qualitative understanding of the observed AHC at
the interface.

Density-Functional Results — We computed the AHC
from density-functional theory using the Wannier inter-
polation approach?® as implemented in the Wannier90
code. The band structure of the superlattice near the
Fermi energy along high symmetry lines is shown in Fig.
6 (a), where also the Mn electron and Ir hole pockets
have been indicated. Note that in the figure, the Ir
holes are missing electrons from the filled ¢§ , bands (both
Joft = 3/2 and 1/2 bands are full). In bulk SIO, the dou-
bly degenerate Jog = 1/2 bands are only half full. The
size of the electron and hole pockets indicated from Fig.
6 (a) is consistent with the charge transfer of x ~ 0.08
electrons from the half filled Jog = 1/2 bands in bulk
SIO to the empty Mn e, bands in bulk SMO. Fig. 6 (b)
shows the sum of the Berry curvatures over the occupied



states.

As seen from Fig. 6, the Berry curvature sum peaks
around the M point, where the SOC splits the Ir-d bands
in such a way that one of the bands is occupied, while the
other is empty. The small energy difference between the
bands leads to a large contribution to the Berry curvature
due to the small energy denominator appearing in the
Kubo formula (3). A pair of bands, split by SOC, do not
contribute to the AHC if both of them are occupied. The
Fermi surface and the Berry curvature in the k, = 0 plane
are shown in Fig. 6 (c). The large contribution to the
total Berry curvature around the M point is also evident
from this plot. The calculated value of the AHC obtained
from the BZ sum of the Berry curvature Eq. 2 is 26
Q 'em ™! in reasonable agreement with the experimental
value of ~ 18 Q~tem ™!, Part of the difference could be
due to the AHC due to extrinsic mechanisms not included
in the band calculations.

V. SUMMARY

In summary, from model Hamiltonian as well as a
density-functional calculation, we studied the interfacial
magnetism and the AHC of the recently grown 3d-5d su-
perlattice, viz., (SMO);/(SIO);. This superlattice is a
notable example of the 3d-5d interface, where the strong
coupling between the parent TMOs is achieved by the
transfer of electrons across the interface.

Explicit model calculations were employed to gain in-
sight into the DFT results and show that the charge
transfer across the interface plays a crucial role in alter-

ing the magnetism at the interface. The doped electrons
in SMO causes the magnetism to switch from AFM to
FM via the double exchange mechanism, while the ferro-
magnetism in the hole doped SIO part can be explained
by a combination of the magnetic proximity effect and
the Nagaoka physics for hole-doped Hubbard model.

The net ferromagnetism at the interface together with
a strong SOC of the Ir atoms leads to the AHE. Using
a general model Hamiltonian for the TM-d orbitals on a
square lattice, relevant for both SIO and SMO, we have
shown that a non-zero Berry curvature exists for both
sides. We noted that the 2NN inter-orbital hopping is
necessary for the non-zero Berry curvature, and there-
fore for the AHE as well. The model Hamiltonian was
studied as a function of the strengths of the exchange in-
teraction and the SOC parameters J., and A\, which was
used to interpret the DFT results. The calculated AHC
of = 26 O 'em~! from DFT is in reasonable agreement
with the experimental value'!. Our work provides im-
portant insight into the AHE in the 3d-5d structures and
suggests that the effect can be manipulated by chang-
ing the SOC strength and by controlling the amount of
charge transfer, e. g., by a gate voltage or external strain.
We hope that our work motivates further experimental
work in this direction.
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