arXiv:2405.05020v1 [cond-mat.mtrl-sci] 8 May 2024

First-principles study of structural, electronic and magnetic properties at the

(0001) Cry03—(111) Pt interface

Marlies Reher, Nicola A. Spaldin, and Sophie F. Weber
Materials Theory, ETH Zirich, Wolfgang-Pauli-Strasse 27, 8093 Ziirich, Switzerland
(Dated: May 9, 2024)

We perform first-principles density functional calculations to elucidate structural, electronic and
magnetic properties at the interface of (0001) CroO3—(111) Pt bilayers. This investigation is mo-
tivated by the fact that, despite the promise of CraOs—Pt heterostructures in a variety of anti-
ferromagnetic spintronic applications, many key structural, electronic, and magnetic properties at
the CrpO3—Pt interface are poorly understood. We first analyze all inequivalent lateral interface
alignments to determine the lowest energy interfacial structure. For all lateral alignments includ-
ing the lowest-energy one, we observe an accumulation of electrons at the interface between CraO3
and Pt. We find an unexpected reversal of the magnetic moments of the interface Cr ions in the
presence of Pt compared to surface Cr moments in vacuum-terminated (0001)CroO3z. We also
find that the heterostructure exhibits a magnetic proximity effect in the first three Pt layers at
the interface with Cr2Os3, providing a mechanism by which the anomalous Hall effect can occur in
(0001) Cr203—(111) Pt bilayers. Our results provide the basis for a more nuanced interpretation of
magnetotransport experiments on (0001) CroOs—(111) Pt bilayers and should inform future devel-
opment of improved antiferromagnetic spintronic devices based on the Cr2Os—Pt material system.

I. INTRODUCTION

Antiferromagnetic spintronic devices offer several ad-
vantages over their ferromagnetic counterparts. Due to
their zero net magnetization, antiferromagnets are robust
against external magnetic field perturbations, rendering
them stable against data erasure [TH3]. Furthermore, the
absence of a magnetic stray field for monodomain anti-
ferromagnets allows for crosstalk-free miniaturization of
bits and consequently a higher storage density [II, 4 [5].
Antiferromagnets exhibit ultrafast switching of the Néel
vector, with rates in the range of THz as opposed to
the GHz limit of ferromagnets [6]. Finally, antiferromag-
nets are more ubiquitous than ferromagnets. Therefore,
the exploitation of antiferromagnets in spintronic devices
vastly expands the suite of candidate materials [7].

Despite their appealing properties, a major roadblock
to the widespread use of antiferromagnets in practical ap-
plications is the inherent challenge of Néel vector switch-
ing and readout arising from the vanishing bulk mag-
netization [I, 8]. Metallic antiferromagnets with broken
time-reversal, for example CuMnAs and MnyAu, can be
switched via electrical current pulses [3, 9]. The underly-
ing microscopic mechanism in this case is proposed to be
a relativistic spin-orbit torque. On the other hand, insu-
lating antiferromagnets with broken time-reversal sym-
metry can exhibit a magnetoelectric effect (that is, an
induced bulk magnetization in response to an applied
electric field, or conversely an induced bulk electric po-
larization in response to an applied magnetic field). The
Néel vector in magnetoelectric antiferromagnets can be
switched via a combination of magnetic fields and electric
fields [10] (instead of a current) leading to lower energy
consumption. In addition, it has been shown that a rig-
orous symmetry correspondence exists between surface
magnetization (a symmetry-allowed dipole moment per
unit area) and bulk magnetoelectricity, such that anti-

ferromagnets that have a finite magnetoelectric response
for an electric field along some direction r also have fi-
nite surface magnetization on a surface whose normal is
parallel to r [T1], [12]. Since the sign of this surface mag-
netization couples to the sign of the bulk Néel vector, the
finite surface magnetization provides a direct method of
readout [IO0HI3].

Cry03 in particular is an extensively studied magneto-
electric antiferromagnet with an unusually high magnetic
ordering temperature of ~ 300 K, making it ideal for
device applications [I4HI9]. The roughness-robust, un-
compensated surface magnetization of the (0001) CryO3
surface, which has the same symmetry origin as the lin-
ear magnetoelectric response for an electric field along
the [0001] direction, has been discussed theoretically
11, 12, 20] as well as experimentally [13, 2IH23]. An
adjacent layer of Pt can in fact be used to read out the
sign of surface magnetization on (0001) CroO3 via mea-
suring the transverse Hall voltage of Pt in response to a
current applied parallel to the interface [24].

While prototype antiferromagnetic spintronic devices
based on CroOz—Pt heterostructures have been built
[25], the electronic and magnetic configuration at the in-
terface of CroO3 and Pt, as well as the detailed origin of
the Hall voltage in CroO3—Pt heterostructures are not
well understood.

One effect which almost certainly contributes to the
Hall voltage and its dependence on the sign of surface
magnetization is the so called “Spin Hall magnetoresis-
tance” (SMR), in which an applied in-plane electric cur-
rent first generates a spin current in Pt perpendicular to
the interface via the Spin Hall effect. Then, the trans-
verse voltage in Pt generated due to the Inverse Spin Hall
effect will have opposite sign depending on the sign of the
Cry03 surface magnetization (and correspondingly, the
sign of the Néel vector), which the spin current interacts
with [26] B27].



Another possible contributing factor is the anoma-
lous Hall affect, or AHE. The AHE, in which an elec-
tric current develops transverse to an applied current, is
symmetry-forbidden in both bulk CryO3 and nonmag-
netic bulk fcc Pt. Note that CroOs in fact has broken
time-reversal symmetry in the bulk, which is the mini-
mal symmetry breaking required for the AHE, but in this
case the AHE must still vanish due the product of in-
version and time-reversal symmetry being preserved, al-
though each symmetry individually is broken. However,
the AHE has been reported to be present in CraO3—Pt
heterostructures [24, 28H30]. A finite Pt magnetization
induced in a (0001) CroO3—(111) Pt heterostructure via
a magnetic proximity effect [24, BI] would break time-
reversal symmetry in Pt, thus allowing for a nonvanishing
AHE. Because the AHE and the above-described SMR,
which does not require spin polarization of the Pt, both
generate the same electric response, it is difficult to dis-
entangle the contribution of the two effects experimen-
tally. Detailed ab-initio investigations of the magnitude
of induced magnetization in Pt, as well as the penetra-
tion depth, in (0001) CroOs—(111) Pt heterostructures
can help to reveal how much the AHE contributes to
the Hall conductivity in Pt in magnetotransport experi-
ments and/or spintronic devices.

Although broadly accepted that CroOgs affects the
electronic, and possibly magnetic (for example, spin-
polarization of Pt via magnetic proximity to CryOgs)
properties of Pt, there has been little to no investiga-
tion of how the magnetic and electronic properties of
Cry0Og3 are altered due to proximity to Pt. Elucidat-
ing whether Pt alters (0001) CroO3 surface magnetiza-
tion is important for establishing the degree to which the
magnetic properties at CroOg vacuum- and heavy metal-
terminated surfaces can be directly compared.

Based on these motivations, in this work we per-
form a detailed ab-initio investigation of the struc-
tural, electronic and magnetic properties at the
(0001) Cra0O3—(111) Pt interface. In Sec. we cal-
culate the energies of all distinct high-symmetry lat-
eral alignments of (0001)CrpO3 and (111)Pt to de-
termine the most energetically favorable lattice match-
ing for the unreconstructed (0001)CryO3—(111) Pt in-
terface. In Sec. [[IIB] we analyze the charge density
distribution and layer-projected density of states for the
(0001) Cr203—(111) Pt heterostructure with the lowest
energy interface. We find a significant charge redistribu-
tion due to the interaction of CroO3 and Pt, specifically,
a substantial electron accumulation in the interstitial re-
gion between the Cr and Pt atoms closest to the inter-
face. Finally, in Sec. [TLC] we shed light on the magnetic
properties of both CryO3 and Pt near their interface, in
particular, how the presence of Pt affects the CroO3 anti-
ferromagnetic order (Subsec. 7 and how the prox-
imity of boundary magnetization in CryO3 affects the

spin polarization of Pt (Subsec. [III C 2)).

II. COMPUTATIONAL METHODS

We use density functional theory (DFT) employing
the Vienna ab-initio simulation package (VASP) [32] [33]
with projector-augmented-wave (PAW) pseudopotentials
[33, 34]. The local spin-density approximation (LSDA)
[35H39] exchange-correlation functional is combined with
a Hubbard U correction (LSDA+U) [40] on the Cr d
states in order to approximately account for their local-
ized nature. We use the rotationally invariant method of
Dudarev et al. [41] in which a single effective parame-
ter Ueg is adjusted, as opposed to separately specifying
a Hubbard U and a Hund J. We set Ugg = 4 eV based
on experience from previous studies [12] [42]. The LSDA
functional and the pseudopotentials Crgy,, O, and Pty
with valence electrons of Crg,:3523p%3d°4s'; 0:2522p?;
and 1:"513‘,:5p65d96s1 are chosen based on good agreement
of calculated and experimental lattice parameters, see
appendix. Based on our convergence tests, we choose a
7x7x1 Gamma-centered k-point grid and a cutoff energy
of 800 eV.

For the calculations described in the main text, we
use a slab structure with six layers of Cr-terminated
(0001) Cry03, six layers of (111)Pt, and 20 A vac-
uum, see Fig. unless specified otherwise. Pt forms
a (111) surface on (0001) CryO3 as shown in several X-
ray diffraction studies [30} [43H48]. The structure files for
Crs03 and Pt are obtained from the Materials Project
database [49] and transformed into a slab structure us-
ing the Atomic Simulation Environment (ASE) in python
[50, [51]. (111) Pt with a lattice parameter of a=4.79 A
is strained to (0001) Cr203 with a lattice parameter of
a=4.92 A, yielding a lattice mismatch of ~ 3%. We fix
the lattice parameters and relax the internal coordinates
(while constraining the structure to maintain the origi-
nal symmetry) until forces on all atoms are less than 0.01
eV/A. During these relaxations, we fix the Cr magnetic
moments to the collinear “up down up down” antiferro-
magnetic order with the Néel vector directed along [0001]
(Fig. [1)), which is known to be the ground-state order for
both bulk and vacuum-terminated (0001) CroO3 [20] [42].
Given the strong spin-orbit coupling of heavy metals such
as Pt, we include spin-orbit coupling self-consistently for
the heterostructure relaxations, as well as all subsequent

calculations described in Secs. [[ITA] [[TTB|and [[ITC]

III. RESULTS
A. Structural properties

First, we determine the most energetically favor-
able lateral alignment of the (0001) CryO3—(111) Pt in-
terface. An analogous ab-initio investigation of in-
terface energetics in the isostructural heterostructure
(0001) FeoO3—(111) Pt was performed in Ref. [52]. For
(0001) Cr203—(111) Pt bilayers on the other hand, the
one prior DFT calculation [30] in the literature which we
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FIG. 1. The Cra03—Pt heterostructure consisting of six
Cry03 layers, six Pt layers and 20 A of vacuum. The antifer-
romagnetic structure is illustrated through the corresponding
magnetic moments (green arrows). The numbers on the Cr
atoms show the labels used in this work. Crl2 is the interfa-
cial Cr atom.

are aware of did not compare different lateral alignments.
Possible adsorption sites for adatoms on the (111) Pt
surface are the so-called bridge, top, hollow fcc, and hol-
low hep site [B3] (Fig. [2). The difference between hol-
low fcc and hollow hcp is the presence of either a void
or an atom in the second Pt layer beneath/above the
adsorption site in the first Pt layer. We use this termi-
nology to describe the lateral alignment of the interfacial
Cr ion of (0001) Cr2O3 relative to the (111) Pt surface in
the CryOg—Pt heterostructure (Fig. [2). Two possibili-
ties arise for the hollow fcc and hep sites: the Pt atoms
of the first Pt layer can be positioned laterally above or
between the O atoms of CryOj3 resulting in the four con-
figurations hollow fcc (Pt between O), hollow hep (Pt
between O), hollow fce (Pt on O), and hollow hep (Pt on
0) in addition to the bridge and top configuration.
We performed DFT calculations for these six lateral
alignments to calculate the relaxed structure and deter-

mine the lowest energy interface configuration. Note that
we were not able to converge calculations using the bridge
lateral alignment. The authors of Ref. 62l mentioned the
same issue for their study of (0001) FeoO3—(111) Pt het-
erostructures, so we suspect that the bridge alignment
is highly unstable. Tab. [[] gives the relative energies for
the five remaining lateral alignments in eV per 6-layer-
Cry03-6-layer-Pt slab (48 atoms total) used in the calcu-
lations. Note that the atomic positions for each lateral
alignment are fully relaxed as described in Sec. [[I] using
the antiferromagnetic CroO3 order shown in Fig. |1} The
effect of magnetic order will be studied later. The hol-
low hep (Pt on O) lateral alignment exhibits the lowest
energy followed by the hollow fcc (Pt on O) lateral align-
ment. The other lateral alignments exhibit significantly
higher energies. Thus, in addition to the clear energetic
preference for Cr to lie between the Pt atoms in the inter-
facial layer, rather than directly below (corresponding to
the top lateral alignment), it is also energetically favor-
able for Pt to be positioned on top of the oxygen atoms.

TABLE I. Energies of different lateral alignments relative to
the hollow hep (Pt on O) lowest-energy lateral alignment.

Lateral alignment Energy difference [eV]
Top 10.161

Hollow hcp (Pt between O) +0.158
Hollow fcc (Pt between O) +0.113
Hollow fcc (Pt on O) +0.026
Hollow hcp (Pt on O) 0.00

The energy differences of the order of 0.01 to 0.1 eV
per unit cell (Tab are significantly larger than the res-
olution of our calculations (~107¢ eV), thus we can be
confident that the hollow hecp (Pt on O) lateral align-
ment is the most energetically stable at 0 K. Thus, for
the remainder of the main text we focus on the electronic
and magnetic properties of (0001) CroO3—(111) Pt het-
erostructures with the hollow hep (Pt on O) alignment
(the results for other lateral alignments, given in the ap-
pendix, are qualitatively similar).

Note that at room temperature (298 K), the thermal
energy kT = 0.0257 eV is close to the energy difference
between hollow hep (Pt on O) and hollow fce (Pt on O).
Thus, at the growth temperature it is possible that the
two lateral alignments coexist, or hollow fcc (Pt on O)
could even dominate. However, at lower temperatures
closer to the 0-kelvin DFT limit, we expect only the hol-
low hep (Pt on O) alignment to be stable.

Before moving on to the electronic properties, we stress
that in this work, we focus on pristine, unreconstructed
interfaces and have not considered possible surface re-
constructions or sources of disorder such as vacancies or
interstitials. Taking such disorder into account will be
an important followup study.



FIG. 2. Terminology to describe the lateral alignment of the (0001) CraO3—(111) Pt interface. Left: Top view of (111)Pt
surface, right: side view of hollow hcp (Pt on O) lateral alignment.

B. Electronic properties

We now analyze the electronic properties of the
(0001) Cr203—(111) Pt interface in the lowest-energy
hollow hep (Pt on O) lateral alignment. Specifically, we
analyze the layer-projected density of states and calcu-
late the real-space distribution of electronic charge using
the charge density difference method.

The charge density difference Ap between the charge
density of the CraO3—Pt heterostructure pcr,0,—pt and
the charge density of a CryOg3 slab pcr,0, and a Pt slab
ppt can be expressed as

Ap = pcr,05-Pt — PCry05 — PPt (1)

Ap captures the changes in electron density, relative
to the summed densities of isolated CroO3 and Pt struc-
tures, due to the mutual interaction at their interface,
and is visualized with the structure visualization software
VESTA in Fig. [3] While no charge transfer is visible for
layers 1 to 5 in CryOg, we observe a charge density dif-
ference in all Pt layers as well as in the layer of CroOj3 at
the CroO3—Pt interface. The Pt atoms exhibit a slight
depletion of electrons throughout all Pt layers, marked in
blue in Fig. Electrons accumulate between the Crl2
interface ion and the first Pt layer. Note that this accu-
mulation of electrons, depicted in yellow, is present for
all lateral alignments, with only the shape of the electron
accumulation changing, see appendix.

The accumulation of electrons at the interface indicates
a metallic behavior that is also reflected in the layer-
projected density of states, shown on the right in Fig.
[Bl While layers 1 to 5 in CryO3 are insulating with a
pronounced band gap, the interface layer (layer 6) shows
a finite density of states at the Fermi energy and no clear
bandgap. These effects are also robust across different
alignments, see appendix.

The substantial charge accumulation between the Cr12
ions closest to the interface and the Pt directly above

already provides a qualitative hint that the properties of
Cr moments at the (001) CroO3—(111) Pt interface may
be altered relative to bulk or vacuum-terminated CroQO3.
This is especially evident in the CroO3 magnetism, as we
will see in the next section.

C. Magnetic properties

Next, we calculate the magnetic properties of the
(0001) Cr203—(111) Pt interface to investigate whether
the surface magnetization of CryOg is affected by Pt,
and whether Pt is affected by CrsOs.

1. Effect of Pt on Crs0s — Flipped magnetic moment

First, we determine how the presence of Pt in
the (0001) CraO3—(111) Pt heterostructure affects the
(0001) Cr203 surface magnetization, in particular the
monolayer of Crl2 moments closest to the vacuum or
Pt interface. By revealing how the presence of the heavy
metal modifies CroO3 magnetic properties at the inter-
face compared to the vacuum-terminated surface, our in-
vestigation should indicate how directly magnetotrans-
port measurements exploiting electrical readout in heavy
metals can be compared with alternative experimental
surface magnetization probes, such as nitrogen vacancy
magnetometry.[54, [55].

We use constrained magnetic DFT as implemented
by Ma and Dudarev [56] to rotate the Crl2 interface
magnetic moment in steps of 45° from the bulk orien-
tation, in which it is antiferromagnetically aligned with
its nearest neighbor Crll, to the opposite orientation.
We then calculate the corresponding energies to check
whether canting of the surface magnetization is energet-
ically favorable. Without Pt (vacuum termination), the
energy is lowest at 0°, that is, when the CrpOg slab re-
tains its bulk antiferromagnetic ordering (Fig. [4]). This
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FIG. 3. Left: Calculated charge density difference for the hollow hcp (Pt on O) lateral alignment (0001) CroOs—(111) Pt
heterostructure. Yellow represents an accumulation of electrons, while cyan represents a depletion of electrons. The isosurface
value is set to 0.006 ﬁ Right: Layer-projected density of states, with the layers defined in the left-hand structure. Insets in

the center zoom in on properties near the interface.

is consistent with our prior DFT studies using vacuum-
terminated (0001) CroO3 [I2] as well as ab-initio studies
by other authors [57].

In stark contrast, for the (0001) Cr2O3—(111) Pt het-
erostructure, the energy is lowest when the magnetic mo-
ment of Crl2 is rotated by 180° (Fig. Il-_l[) This has the
surprising implication that, at least for pristine, unrecon-
structed (0001) CroO3—(111) Pt heterostructures, the in-
terface magnetic moment of Cr12 flips with respect to its
direction in bulk and vacuum-terminated (0001) Cr2Os,
disrupting the antiferromagnetic order at the interface
and leading to a net magnetic moment in the CryOj3
slab. We also confirm that the flipped Cr interface mag-
netic moment is energetically favorable for the four ad-
ditional lateral alignments we explored in Sec. [[TTA] see
appendix. Thus, we can conclude that the reversal of
(0001) Cr203 magnetization at the interface is a generic
consequence of CroO3—Pt interactions, and is robust to
the microscopic details of different lateral alignments.
This is a key result of this work.

Exchange interactions: Next, we calculate the
isotropic Heisenberg spin exchange interactions for Cr12
moments in the (0001) CraO3—(111) Pt heterostructure
and compare them to those in bulk Cr,O3 in order to ra-
tionalize the flipping of the interface moments. We take
the convention with the Heisenberg contribution to the
energy given by

Hiyeis = Z Jij€; - &, (2)
(4,5)

where J;; is the Heisenberg exchange coupling param-
eter between magnetic moments on sites ¢ and j, and
€; is the unit vector parallel to the magnetic moment
of the Cr ion at site i. Note that the convention of
Eq. [2| absorbs the value of spin into the exchange con-
stant, and thus when comparing this work’s J;; values
to literature values where the Hamiltonian is written as
Hyeis = Z@m Ji;Si - S;, such as Ref. 2] it is neces-
sary to divide by S2 with S being the spin of the Cr3*
ion. Also, with the convention of Eq. [2| positive values
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FIG. 4. Top: Energies calculated at different rotation an-
gles (with 6 defined in the bottom figure) of the Crl2 inter-
face magnetic moment relative to the energy at 0 degrees.
0 degrees corresponds to the antiferromagnetic structure of
Cr203, while 180 degrees corresponds to Cr12 reversed (point-
ing downwards in this case). Bottom: Exchange interaction
coupling parameters, described further in the text, for both
bulk-like (Cr7) and surface/interface (Crl2) magnetic sites.

of J;; indicate preferred antiferromagnetic alignment for
moments ¢ and j, whereas negative values indicate pre-
ferred ferromagnetic alignment. We use the four-state
total energy method [568] whereby the exchange coupling
parameter J;; of the magnetic moments on atoms ¢ and
j is calculated by constraining the magnetic moments of
atoms ¢ and j to all four possible collinear configurations
™, 4, 1T, and 1| while all other magnetic moments re-
main the same. Then

gy = BNHEG-BUD - Bth)

with N being the coupling degeneracy (the number of
symmetry-equivalent nearest neighbors corresponding to
the J;; of interest) and E the total DFT energy for each
(i) configuration [42] 58].

There are five relevant exchange interaction coupling
parameters J; to Js for bulk CroOgz,with J, denoting
the nth nearest neighbor. Couplings beyond J5 can be
safely neglected [42]. At the Cr-terminated surface of
Cr03, the dominating, antiferromagnetic J; and Jy in-
teractions are cut off and only J3 surf to Js sury are re-
tained, as illustrated in Fig. [} As a result, Crl2 in
vacuum-terminated (0001) CryOj3 is only weakly coupled
to other Cr moments, and consequently the surface mag-
netization is effectively paramagnetic at room tempera-
ture, even though the bulk Néel vector is magnetically
ordered [12].

We first calculate the Heisenberg exchange parameters
for a Cr site in the center of the CryOg3 slab (specifi-
cally Cr7, Fig. [4]) to see whether Pt affects the magnetic
structure far from the interface. The values (we show
only J; and Js in Tab. |H| as these are the dominant cou-
plings in bulk) are very close to our previous findings in
bulk Cry03 see Tab. [[Il Consequently, we can be confi-
dent that the heterostructure we use in our DF'T calcula-
tions is sufficiently thick to reproduce bulk-like behavior
of Cr203 in the middle of the slab (this is also reflected
in the layer-projected density of states in Fig. [3]in Sec.
).

In contrast, the surface exchange parameters for the
interface Crl12 are strongly affected by the presence of
Pt. The most significant change with respect to the val-
ues in a relaxed vacuum-terminated slab of (0001) CrpO3
(Tab. [l Ref. [12]) is for J3 surf, which increases by more
than a factor of 20 in the heterostructure and becomes
ferromagnetic. This indicates a preference for Cr12 and
the Crll just below to align parallel, consistent with the
observed energy lowering in Fig. [4] for flipping Cr12 with
respect to the antiferromagnetic order. Jy sursr (J5,surf)
on the other hand favor ferromagnetic (antiferromag-
netic) alignment between Crl2 and Crl0 (Cr 9), both
of which favor the normal orientation § = 0 for Crl2.
However, by calculating the contribution to the Heisen-
berg energy if Crl2 is flipped, based on Eq. [2] and the
coupling degeneracies in Tab. [T} we obtain

Cr12,flipped __
HHeis - 3J3,surf - 3J4,Su7“f + J5,surf

=—22meV. (4)

Thus, the flipping of the top layer next to the
(0001) CroO3—(111) Pt interfaces is overall energetically
favorable due to the strong ferromagnetic J3 sy,¢ in the
presence of Pt [59].

Note however, that the magnitude ~ 2 meV of the ef-
fective coupling for Cr12 in the (0001) CroO35—(111) Pt



bilayer is very similar to the magnitude of effective cou-
pling for Crl2 with vacuum termination[I2]. Thus, we
would expect Crl2 to also be effectively paramagnetic
near the bulk Néel temperature in the presence of Pt.
The key difference is that at low temperature where Cr12
is ordered, the interaction with Pt flips the effective cou-
pling, and hence the ground-state direction of Cr12, with
respect to the vacuum-terminated case.

TABLE II. Exchange parameters J, in bulk CrzQOgs, the
(0001) Cr203—(111) Pt bilayer with hollow hcp (Pt on
O) lateral alignment, and a relaxed vacuum-terminated
(0001) Cr20s3 slab as calculated in Ref. [12]. N indicates the
coupling degeneracy. Negative values of J indicate ferromag-
netic couplings, and positive values refer to antiferromagnetic
couplings. (Note that in Ref. [I2] we used a different conven-
tion for the Heisenberg Hamiltonian such that all reported
values were divided by two and multiplied by minus one rel-
ative to this table.)

bulk Cro0O3 [12] Cr203-Pt Cro03-vac. [12]

Jo N J[meV] J [meV] J [meV]
T 1 20.92 21.10 -
J 3 15.76 15.98 -
Js,surs 3 - -10.50 0.30
Jasurs 3 - -9.01 -8.88
Jseurf 1 - 2.20 0.78

2. Effect of Cro0O3 on Pt — Magnetic proximity effect

Finally, we briefly investigate the influence of antiferro-
magnetic CroO3 on Pt. A spin polarization of Pt induced
via proximity to CryOs3, that is a magnetic proximity ef-
fect is a-priori likely, considering that Pt is close to the
Stoner criterion. Our DFT calculations reveal a sizeable
magnetization of the order of + 0.01 up per atom in the
first three Pt atomic layers at the interface with CryOg3
(Fig. [). Although Pt is strained to CroOs, magnetiza-
tion caused by strain can be excluded, as a calculation of
a Pt slab strained to match the CryO3 lattice constant
gives zero magnetization in Pt without the presence of
Cry03. From the fourth layer onward, the magnetiza-
tion becomes negligible, dropping down to the order of
+ 0.001 pp. We find that the Pt magnetic polarization
is confined to the first three layers at the interface in
all other lateral alignments as well, see appendix. Thus,
based on our calculations, Pt in (0001) CroO5—(111) Pt
heterostructures exhibits a clear and localized magnetic
proximity effect (MPE).

Moreover, the magnetization in Pt is inherently cou-
pled to the antiferromagnetic domain state of CrsQOg.
When the domain state of CryOj3 is switched (Domain A
— Domain B), the magnetization values in Pt have the
same magnitude but the opposite sign (Fig. [5)). The cou-
pling of Pt to the Cr interface magnetic moment, Crl2, is
antiferromagnetic for all three Pt layers with significant
spin polarization with, interestingly, the maximum spin
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FIG. 5. Magnetization in Pt for the two different domain
states in Cro0O3 for the antiferromagnetic configuration and
the configuration with Cr12 flipped interface magnetic mo-
ment. Layer 1 is located towards CroO3 and layer 6 towards
vacuum. A magnetic proximity effect is present in the first
three Pt layers and changes sign when the Cr12 magnetic mo-
ment is flipped.

polarization occurring in the second Pt layer from the
CroO3—Pt interface, rather than in the Pt layer directly
adjacent to CrsO3.

Lastly, related to the prior section in which we
found that for a given domain, the interface Crl2 mo-
ments flip with respect to their standard antiferromag-
netic order, we also investigate the effect on spin po-
larization in Pt when Crl2 has the flipped (8 = 180°),
rather than antiferromagnetic (f = 0°) orientation. Im-
portantly for experimental implications, from the dark
blue lines in Fig. [§] we see that flipping the Crl2 mag-
netic moment into its lowest energy configuration has
a similar effect on Pt as switching the domain state of
Cry03. In addition, the CryO3 —Pt interface with flipped
Cr interface magnetic moment has an enhanced magnetic
proximity effect in the first two Pt layers compared to
the CroO3—Pt interface with antiferromagnetic order in
CI‘QOg.

IV. DISCUSSION AND CONCLUSIONS

In summary, we have carried out an in-depth
computational exploration of the interface energet-
ics, and the electronic and magnetic properties of
(0001) Cra03—(111) Pt heterostructures.

Our analysis of all possible pristine lateral alignments
shows that interface stackings (both fcc and hep) with
Pt directly on top of O are both very close in energy to



each other, as well as being substantially lower in energy
than all other lateral alignments. This finding indicates
that the position of Pt relative to O is more relevant in
the heterostructure energetics than whether the align-
ment is hollow hcp or hollow fcc. We also stress again,
that the experimental relevance of our findings on lateral
alignment stability must be explored further in followup
studies by taking into account likely possibilities of sur-
face reconstruction and other disorder.

Our calculations for the lowest-energy hollow hep (Pt
on O) alignment indicate substantial electronic and mag-
netic effects due to CraO3—Pt interactions in the layers
closest to the interface. Beyond the interface region of
one Cry0j3 layer and three Pt layers, both Pt and CrsOg3
are bulklike.

One of our most potentially consequential findings
is that a reversed Cr interface magnetic moment in
(0001) Cra03—(111) Pt heterostructures is energetically
more favorable than the usual antiferromagnetic struc-
ture of Cry0O3. This is reflected also in our calculation of
the Heisenberg coupling constants for the interface Cr, in
particular, a strongly ferromagnetic J3 ¢ Which favors
a flipping of the interface Cr compared to its alignment in
the bulk or with vacuum termination. The microscopic
mechanism of this flipping needs to be investigated fur-
ther. Qualitatively, it is presumably tied to the observed
accumulation of charge density between Cr and Pt inter-
face moments.

Our finding of the flipping of interface Cr for
(0001) Cr203—(111) Pt heterostructures suggests that
heavy metals cannot be assumed to be passive read-
out elements for surface magnetic properties, but rather,
their presence can drastically alter the magnetism at
the surface. For (0001) CryO3—(111) Pt heterostructures
in particular, our findings (Fig. [5)) reveal that a given
antiferromagnetic domain with the vacuum-terminated
(0001) Cro03 surface moment orientation produces a
qualitatively identical response in Pt as the opposite
(0001) Cr203 domain with the flipped interface moment
orientation. Thus, it is important to verify whether for
example established field-cooling procedures are actually
switching bulk CryO3 domains, or simply switching the
interface Cr with a fixed bulk domain.

Additionally, we find a substantial magnetization ~
0.01pp in the first three layers of Pt induced via CryOs3.
This calculated magnetic proximity effect is consistent
with experiments utilizing the magneto-optical Kerr ef-
fect (MOKE) measurements [31], though it must be em-
phasized that spurious signals in Kerr and soft x-ray mea-
surements can arise due to dirty samples and be con-
fused with magnetic signals from a pure sample. In con-
trast, other measurements using x-ray magnetic circu-
lar dichrosim (XMCD) do not find a significant MPE in
(0001) CraO3—(111) Pt heterostructures [30]. We hope
our work motivates experimentalists to look more closely
into the possible spin polarization of Pt, which via break-
ing of time-reversal symmetry would allow the AHE in
Pt on (0001) Cr2Os.

If an MPE in Pt for (0001) CroO3—(111) Pt exists, an
interesting experiment to test whether it contributes sub-
stantial at low temperatures to the transverse voltage sig-
nal is to compare Pt electrical resistance at depths within
and beyond three layers from the interface. Based on the
apparent penetration depth of the MPE, the electrical re-
sponse within the first three layers of Pt should contain
an additional component due to the AHE induced by the
magnetized Pt. This will disappear in deeper regions of
the Pt as the MPE falls off.

To conclude, our first-principles investigation of
structural, electronic and magnetic properties of
(0001) Cr203—(111) Pt heterostructures can help with
interpretation of magnetotransport experiments in as-
sessing the sign of the Néel vector, as well as provide
guidance in the future design of AFM spintronic devices.
We also hope that our work inspires further investiga-
tion, both theoretical and experimental, of how the inter-
actions of antiferromagnetic and heavy metal materials
can lead to unexpected electric and magnetic phenomena
at their interfaces.
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APPENDIX

Appendix A: DFT Details: Assessment of
functionals

We relaxed the lattice parameters of bulk Pt and bulk
Cry03 with different DFT functionals and compared
them to experimental values to determine the functional
that best describes the CroO3—Pt heterostructure. Ta-
bles[[TT]and [[V] give the values of the lattice parameters of
Cry03 and Pt obtained with the local (spin) density ap-
proximation (L(S)DA) and the Perdew-Burke-Ernzerhof
(PBE) functional. A Hubbard U correction is applied on
the Cr 3d orbitals in both cases, as described in Sec. [}
We used the VASP Cr_sv and O PAW pseudopotentials
as established in previous studies [12], and compared the
standard pseudopotential (Pt) and extended pseudopo-
tential (Pt_pv) for platinum for the LDA and the PBE
functional. The extended pseudopotentials ending with
_pv and _sv additionally take into account semi-core p
and s electrons respectively as valence electrons in addi-
tion to the usual outer shell electrons.

The results in Tables [ and [Vl show that the
LDA functional with the extended Pt_pv pseudopoten-
tial yields lattice parameters closest to the experimental



TABLE III. Relaxed lattice parameters of Cra2O3 computa-
tionally obtained with LDA and PBE functionals compared
to the experimental value determined in Ref. [60]. Aa and
Ac describe the relative difference between the computational
and experimental lattice parameters.

a [A] Aa c [A] Ac
LSDA 4.9156 -0.84 % 13.5186 —0.54 %
PBE 5.0340 +1.55 % 13.8026 +1.55 %

Experiment [60] 4.9572 - 13.5917 -

TABLE IV. Relaxed lattice parameters of Pt computation-
ally obtained with LDA and PBE functionals in combination
with Pt and Pt_pv PAW pseudopotentials compared to the
experimental value determined in Ref. [61]. Aa describes the
relative difference between the computational and experimen-
tal lattice parameters.

alA]  Aa
LDA (D) 3.8326 23 %
LDA (Pt_pv)  3.9096 0.4 %
PBE (Pt) 3.9137 0.3 %
PBE (Ptpv)  3.9771 +1.4%

Experiment [61] 3.9236 -

lattice parameters. Based on these results, the L(S)DA
functional (+U correction) as well as Cr_sv, O, and Pt_pv
pseudopotentials are selected to model the CroO3z—Pt
heterostructure.

Appendix B: Electronic properties - More lateral
alignments

While Sec. [[ITB] focuses on the electronic properties
of the lowest-energy lateral alignment, here we present
the electronic properties of the other lateral alignments.
We find an electron accumulation in the CryO3 interface
layer for all lateral alignments, with the detailed shape of
the electron accumulation depending on the lateral align-
ment, as shown in Fig. [f] The hollow fcc and hollow hep
configurations have a triangular-shaped accumulation of
electrons, with the triangle corners pointing towards the
Pt atoms. The hollow fcc (Pt between O) and hollow hep
(Pt between O) lateral alignment show similar accumu-
lations to each other; likewise the hollow fcc (Pt on O)
and hollow hep (Pt on O) alignments are similar. Con-
sequently, the relative O—Pt position plays a larger role
in the shape of the electron accumulation than whether
the lateral alignment is of fcc or hep type. The electron
accumulation in the ‘top’ lateral alignment occurs in a
doughnut-like shape between the Pt atom above and the
Crl2 ion below. The shape of the electron accumulation
stays similar upon variation of the isosurface value for
all different lateral alignments. We note that the layer-
projected density of states also shows a finite DOS in the
Cry O3 interface layer for all lateral alignments, consistent
with the observed electron accumulations in Fig. [0}

» / d
¢) Hollow hep (Pt between O) d) Hollow fcc (Pt between O)
AW \C

e) Top

FIG. 6. Charge density differences at the interface between
Crl2 and the first Pt layer for (0001) Cr2O3—(111) Pt het-
erostructures with different lateral alignments. Yellow repre-
sents an accumulation of electrons, while cyan represents a
depletion of electrons The isosurface value in VESTA is set
to 0.006 5.

Overall, the electron accumulations appear in prox-
imity to the Crl2 ion irrespective of whether the Cr12
magnetic moment is flipped or not, and their shape is
controlled by the platinum interface lateral alignment.

Appendix C: Magnetic properties - Thicker slabs
and supercell

In the main text, CroO3—Pt heterostructures with six
Cry03 layers are evaluated. In this section, the effect of
an increasing number of CroQOg3 layers is analyzed.

The resulting energy differences between antiferromag-
netic order and magnetic order with Crl12 flipped mag-
netic moment of four slab structures with different num-
bers of CraO3 layers are listed in Table [V] The flipped
Crl2 magnetic moment is energetically favorable for all
four of them. The energy difference is similar for all
four, and importantly there is no trend in increasing or
decreasing energy difference that would suggest an addi-
tional thickness-dependent contribution to the energy.

In addition, we analyzed the Cr interface magnetic mo-



TABLE V. Energy difference AE between the flipped and
antiferromagnetic Crl2 configurations for different slabs of
the lowest energy lateral alignment (hollow hcp (Pt on O))
with four Pt layers.

No. Crz0s3 layers Energy difference AE [meV]

6 -18.3
7 -15.0
9 -16.1
12 -19.1

ments in a 2x1x1 supercell to check whether a combina-
tion of flipped and AFM interface Cr atoms is lower in
energy than flipping all Cr moments. We found that
the 2x1x1 supercell has lowest energy for both top Crl2
flipped, intermediate energy for one Crl2 flipped and
one with the AFM configuration, and highest energy for
both primitive magnetic cells having the bulk AFM or-
der for the Crl12 moments. Thus, it seems that lateral
spin rearrangements of Cr at the (0001) CroO5—(111) Pt
which lead to a mixed flipped-AFM interface do not lower
the energy compared to a uniformly flipped Crl2 layer.
Moreover, the energy difference between both Cr flipped
and both Cr in the bulk AFM configuration for the 2x1x1
supercell is almost exactly twice as large as the energy dif-
ference for the single magnetic unit cell used in the main
text. This implies that no other energy contributions (for
example, a non-negligible magnetic exchange between ad-
jacent Cr12 moments mediated via RKKY interactions)
which were absent in the primitive magnetic cell arise in
the supercell containing two Cr12 moments. Thus, inter-
actions between neighboring surface Cr moments in the
heterostructure, like the case of the vacuum-terminated
structure, can be safely neglected, and the observed flip-
ping of Cr surface moments for the single magnetic unit
cell should occur for all Cr12 moments at an experimen-
tal (0001) CroO3—(111) Pt interface.

Appendix D: Magnetic properties - Further analysis
of MPE

Section [[TTC 2| described the observation of a magnetic
proximity effect (MPE) for a (0001) CryO3—(111) Pt het-
erostructure with six Pt layers in a hollow hep (Pt on O)
lateral alignment. This section analyzes the MPE of the
other lateral alignments as well as its dependence on the
thickness of Pt.

Fig. [7 and Fig. [§] show the calculated magnetic mo-
ment per Pt atom as a function of the Pt layer number for
different lateral alignments. For all cases, the Pt magne-
tization points along the [0001] hexagonal direction, per-
pendicular to the (0001) CroO3—(111) Pt interface, with
negligible in-plane components. We see that the MPE
is present for all lateral alignments, and in all cases oc-
curs in the first three Pt layers adjacent to CroO3. The
hollow fce (Pt on O) magnetization values (purple) and
hollow hep (Pt on O) magnetization values (brown) have
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FIG. 7. Magnetization of Pt atoms in the hexagonal [0001]
direction as a function of Pt layer for all different lateral align-
ments with antiferromagnetic order in CroOsz. A magnetic
proximity effect is pronounced in the first three Pt layers.

the same dependence on distance from the interface; like-
wise, the hollow fcc (Pt between O) values (green) and
hollow hep (Pt between O) values (red) have the same
dependence. This suggests that the relative alignment
of Pt and O affects the MPE more than whether the
alignment is of fcc or hep type. This is analogous to the
behavior of the electron accumulation described in Sec.
Bl

In the main text a heterostructure with six Pt layers
was analyzed. Here, we vary the number of Pt layers to
see whether the MPE is affected, in particular to deter-
mine whether the thickness of the penetration depth of
the MPE depends on the thickness of Pt. Fig. [0and Fig.
[10]show the magnetization in Pt for up to eight Pt layers
for a heterostructure with antiferromagnetic CroO3 and
a heterostructure with CroO3 with flipped Crl2 magnetic
moment, respectively. Regardless of the magnetic order
in CroO3 and regardless of the thickness of Pt, the MPE
is pronounced only in the first three Pt layers adjacent
to Cry03. As described in Sec. [ITC| Pt is coupled an-
tiferromagnetically to the Crl2 interface magnetic mo-
ment and the flipped Cr12 magnetic moment increases
the MPE, which explains the change in sign as well as
the difference in magnitude between Fig. [0] and Fig. [I0]
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FIG. 8. Magnetization of Pt atoms in the hexagonal [0001]
direction as a function of Pt layer number for different lateral
alignments. The Cr03 slab has the Cr12 magnetic moment
flipped, in agreement with our calculated ground state for the
heterostructure. A magnetic proximity effect is pronounced
in the first three Pt layers.
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FIG. 9. Magnetization of Pt atoms in the hexagonal [0001]
direction as a function of Pt layer number for different num-
bers of Pt layer thicknesses with antiferromagnetic order in
Cr203. A magnetic proximity effect is pronounced in the first
three Pt layers.
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FIG. 10. Magnetization of Pt atoms in the hexagonal [0001]
direction as a function of Pt layer number for different Pt layer
thicknesses with flipped Cr12 magnetic moment in Cr2Os. A
magnetic proximity effect is pronounced in the first three Pt
layers.
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