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Abstract

We establish the sign of the linear magnetoelectric (ME) coefficient, o, in chromia, Cr,O3.
Cr, 03 is the prototypical linear ME material, in which an electric (magnetic) field induces a
linearly proportional magnetization (polarization), and a single magnetic domain can be
selected by annealing in combined magnetic (H) and electric (E) fields. Opposite
antiferromagnetic (AFM) domains have opposite ME responses, and which AFM domain
corresponds to which sign of response has previously been unclear. We use density functional
theory (DFT) to calculate the magnetic response of a single AFM domain of Cr,0O3 to an
applied in-plane electric field at zero kelvin. We find that the domain with nearest neighbor
magnetic moments oriented away from (towards) each other has a negative (positive) in-plane
ME coefficient, o , at zero kelvin. We show that this sign is consistent with all other DFT
calculations in the literature that specified the domain orientation, independent of the choice of
DFT code or functional, the method used to apply the field, and whether the direct (magnetic
field) or inverse (electric field) ME response was calculated. Next, we reanalyze our previously
published spherical neutron polarimetry data to determine the AFM domain produced by
annealing in combined E and H fields oriented along the crystallographic symmetry axis at
room temperature. We find that the AFM domain with nearest-neighbor magnetic moments
oriented away from (towards) each other is produced by annealing in (anti-)parallel E and H
fields, corresponding to a positive (negative) axial ME coefficient, «, at room temperature.
Since oy at zero kelvin and ) at room temperature are known to be of opposite sign, our
computational and experimental results are consistent.

Keywords: magnetoelectric, neutron polarimetry, Cr, O3, antiferromagnets,
density functional theory, antiferromagnetic domains
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1. Introduction

Materials in which both time-reversal © and space-inversion
7 symmetries are broken, while the product ZO symmetry is
preserved, have a term in their free energy of the form

F(E,H) = —‘l/oqu,'I‘]j, (1)
where E/H are electric/magnetic fields, « is the nine-
component magnetoelectric tensor (SI units sm~!) and V is
the unit cell volume. This term reveals two distinctive and
related material properties. First, there is a preferred magnetic
domain orientation, determined by the sign and form of «, in
simultaneous magnetic and electric fields, so that annealing in
such a combination of fields, called magnetoelectric anneal-
ing, can be used to select for a specific magnetic domain.
Second, by differentiating equation (1) with respect to electric
(magnetic) field to obtain the polarization (magnetization), we
see that

P; (EaH) = - 8E,' = Valjlijv ()
and
1 OF 1
M;(EH) = —— = —a;k;, 3
( ) o OH; — poV ! ©)

where g is the vacuum permeability. Equations (2) and (3)
reveal a linear proportionality between an applied electric
(magnetic) field and an induced magnetization M; (polariza-
tion P;), with « the response tensor. Materials with non-zero
« therefore show a linear magnetoelectric (ME) effect and
are promising for spintronic applications since they enable
voltage-control of magnetism [1].

Corundum-structure chromia, Cr,03, is the prototypical
linear ME, and the first material in which the linear ME effect
was predicted [2] and measured [3, 4]. In addition to its histor-
ical relevance, Cr, O3 has a high Néel temperature compared to
other ME materials, and continues to be the primary material
of focus in theoretical, experimental and technological studies
of the ME effect. We show the primitive rhombohedral unit
cell of Cr,O3 in figure 1(a). Below its Néel temperature Ty
= 307 K [5], Cr,03 adopts a superexchange-mediated easy-
axis antiferromagnetic (AFM) ‘up-down-up-down’ ordering
of the magnetic dipole moments on the @ Cr’* ions along
the rhombohedral (111) direction [6, 7]. The R3’c’ magnetic
space group breaks both Z and © while preserving ZO, thus
allowing a linear ME response [8]. In figure 1(b) we show the
primitive unit cell of the opposite AFM domain, with ‘down-
up-down-up’ magnetic dipole ordering. While (a) and (b) are
energetically degenerate in the absence of external fields, they
correspond to opposite ME domains. As a result, the signs of
their linear ME responses are opposite, and they are obtained
by ME annealing in opposite combinations of E and H fields.
In figure 1(c), we show the unit cell of Cr, O3 in the hexagonal
setting conventionally used in neutron diffraction, in which
the hexagonal (001) axis is parallel to the rhombohedral (111)
axis.

<111 >rhomb <111 >rhomb

< 001 >pex

= o s )

=00
0=

Figure 1. The crystal structure of Cr,O3 showing the primitive
rhombohedral unit cell, with the two AFM domains, the
‘out-pointing’ domain (a) and the ‘in-pointing’ domain (b). The goal
of this work is to determine the absolute signs of the components of
«a for the two individual domains. The hexagonal setting, which we
use in our experimental discussion, is shown in (c) for the
in-pointing magnetic domain. Note that (001 )pex || (111)thomb-

The symmetry of the R3’c’ magnetic space group allows
for a diagonal response tensor «, described by two independ-
ent components which we denote as o and o3 [2]:

o 0 0
0 ay O “)
0 0 aH

« describes the magnetization (polarization) induced when
E (H) is applied along the rhombohedral (111) axis, and o
refers to the perpendicular ME response when the field and
induced property lie in the basal plane. Figure 2 shows the
measured temperature dependence of o and «, extracted
from the original experimental report [4]. While «), which
results from the E-field induced canting of the magnetic dipole
moments away from the easy axis [9, 10], follows the usual
order-parameter onset below T, | has a peak in magnitude
just below Ty before decreasing and switching sign at low
temperature. This is understood in terms of the response of
spin fluctuations at high temperature [11], with the orbital
magnetization response [10] dominating at low temperature.
Importantly, at T = 0 K, relevant to first-principles calcula-
tions, v and Q| have the same sign, whereas at room temper-
ature, relevant to many experimental setups, oy and « have
opposite signs.

While the relative signs of o; and « were established
unambiguously in [3], it was not possible at the time to determ-
ine which set of « values correspond to the out-pointing or
in-pointing magnetic domains of figures 1(a) and (b). Instead,
[3] showed that reversal of the AFM domain reverses the
signs of « as required by symmetry, and that the measured
magnitudes in multi-domain or poly-crystalline samples are
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Figure 2. Temperature dependence of the parallel o and
perpendicular o, ME responses in Cr, 03, extracted from [4]. « is
given in dimensionless units (by multiplying by the speed of light)
multiplied by 10~* (left-hand y axis) and ST psm™"! units
(right-hand y axis). Reproduced from [4], with permission from
Springer Nature.

substantially reduced due to cancellation effects. The exper-
imental determination of the specific bulk AFM domain cor-
responding to a particular ME response is highly non-trivial
and requires a generalized form of polarized neutron scatter-
ing called spherical neutron polarimetry (SNP); to our know-
ledge only four such experiment has been performed for
Cr,,03 [12-14]. While in principle first-principles calculations
based on density functional theory (DFT) yield this inform-
ation directly, the AFM domain modeled is often not repor-
ted in the literature, and the sensitivity of the magnetic aniso-
tropy to the details of the DFT parameters render an inde-
pendent experimental determination desirable. To compound
confusion, in both the theoretical and experimental literature
the terms ‘magnetic moments’ and ‘spins’ have sometimes
been used interchangeably, in spite of their being opposite
in sign.

The purpose of this paper is to establish unambiguously the
signs of the ME effect corresponding to each of the two oppos-
ite AFM domains in Cr,O3. We achieve this goal by review-
ing and reanalyzing the relevant computational and experi-
mental literature, as well as presenting the results of our own
new DFT calculations. In section 2, we begin by reviewing
the DFT-based results for the zero-kelvin values of «; and
|, computed both by us and by others in earlier publications.
We then perform a comprehensive cross-check of the domain-
dependent sign of « using four different codes, three different
methods for applying the external fields, and different choices
of DFT parameters.

We find that the ab-initio results give consistent signs for v
across authors, DFT parameters, and codes used.

In section 3, we reanalyze the seminal neutron polarimetry
experiments which provided the first experimental indicator
for the sign of o [12—15]. While the stated conclusion of the
original polarimetry papers contradicts the DFT findings, we
show that this is actually due to the assumed sample orienta-
tion with respect to the instrument axes during analysis in [13—
15]. When we account for and correct these inconsistencies,

the raw polarimetry data indicate a room-temperature sign of o
for a given AFM domain consistent with all DFT calculations
(taking into account the experimental temperature dependence
of a found by Astrov in figure 2). We hope that this paper
clears up long-standing ambiguities and confusions in the lit-
erature, and facilitates future interpretations of theoretical and
experimental data related to the ME effect in Cr,O3; and other
ME materials.

2. Computational studies

Several ab initio studies of the magnitude and sign of the ME
effect in Cr, O3 have been performed previously [9-11, 16, 17].
Three main techniques have been employed: Explicit inclusion
of i) a static magnetic field or ii) a static electric field within
the DFT Hamiltonian, and iii) the so-called ‘lattice-mediated’
method, in which a polar displacement of the ions simulates
the application of an electric field. Both spin and orbital con-
tributions to the response have been calculated, and « has been
resolved into so-called clamped-ion (the electronic response
to an electric field with fixed ions) and lattice-mediated (in
which the ions are displaced by the electric field) compon-
ents. Since most DFT codes (in particular ABINIT [18, 19],
ELK [20], QUANTUM ESPRESSO [21, 22] and VASP [23, 24]) out-
put magnetic moments rather than spins, we adopt this con-
vention here.

First, we summarize the results of the various literat-
ure studies that report both the AFM domain studied and
the sign of the calculated «. The technical details for each
calculation are summarized in table 1. First, Malashevich
et al [10] found o) and a) to have the same positive
sign at 0 K for a domain with in-pointing moments (as in
figure 1(b)). They used the finite electric-field method so
that both spin and orbital contributions and the full lattice-
mediated and electronic responses were included. For the same
domain, fﬁiguez [9] used the ‘lattice-mediated’ method and
obtained a positive 0 K lattice-mediated spin ME response
a1 ; since [9] did not include orbital contributions, a) was
zero. Also using the lattice-mediated approach but including
the orbital contributions, Ye and Vanderbilt [16] found posit-
ive o and o) for the domain with in-pointing moments at
0 K. Bousquet et al [17], using an explicitly applied mag-
netic Zeeman field, including both the lattice-mediated and
clamped-ion spin contributions, find a positive 0 K « for
the in-pointing domain as well [26]. Finally, Mostovoy et al
[11] considered the opposite domain (note that figure 1 of
[11] shows spins) and calculated the finite-temperature spin
contribution to Qs using Monte-Carlo simulations of a DFT-
derived model Hamiltonian containing Heisenberg exchanges
and a magnetic moment—polarization coupling. They found
a positive | in the temperature range of 7' = 60-400 K, con-
sistent with a negative o at 7 = 0 K (figure 2). Since their
calculations modeled the out-pointing domain, these results
are consistent with the other computational studies discussed
earlier.

To supplement the literature results, we perform a com-
prehensive cross-check of the domain-dependent sign of |
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Table 1. Overview of parameters used in different DFT calculations, performed with different codes (QE stands for QUANTUM ESPRESSO).
The short-hand notations for pseudopotentials (PP) and exchange-correlation functionals (XC) are: projected-augmented wave (PAW) [25],
norm-conserving (NC), ultra-soft (US), all-electron (AE), local-density approximation (LDA) and generalized-gradient approximation with
the Perdew—Burke—Ernzerhof (PBE) parametrization. SOC denotes spin—orbit coupling and the different contributions to « are indicated
with LM (lattice-mediated) and CI (clamped-ion), spin (S) and orbital (O).

| aH

Source Code PP XC U(eV) SOC Unitcell Contributionsto « Method psm~! gu. (x107%) psm~! gu.(x107%)
[10] QE NC PBE NoU Yes PBE LM+CI S+0O Electric field —-1.04 -3.12 -0.02  —-0.06
[9] VASP PAW LDA Ug =2 Yes Expt. LM, S Lattice-mediated -043 -1.3
[16] QE NC PBE NoU Yes PBE LM,S+0O Lattice-mediated  —0.658 —1.97 —0.0221 —0.0663
[17] VASP PAW LDA Ug =2 Yes Expt. LM+ CLS Zeeman field —145 —-4.35
[11]2 VASP PAW LDA U =2 No Expt. LM+CIL S Magnetic exchange 3.77 11.3
This work ELK AE LDA U=4.0 Yes LDA LM, S Lattice-mediated —-0.921 -2.76

J=05
This work VASP PAW LDA U=4.0 Yes LDA LM, S Lattice-mediated —0.857 —-2.57

J=05
This work QE US PBE NoU Yes PBE LM, S Lattice-mediated —0.773 —-2.32
This work Abinit NC LDA No U Yes Expt. ILM+CIL S Zeeman field —1.48 —4.44
This work Abinit NC LDA NoU Yes Expt. LM+CI, S Electric field —1.48 —4.44

4 Results obtained at 7= 240K.

using four different codes and three different methods [27].
First, we calculate the lattice-mediated spin contribution to v |
using the lattice-mediated method, as described in [9], using
the ELK [20], VASP [23, 24], and QUANTUM ESPRESSO [21, 22]
codes, with the parameters listed in table 1. In all cases we
find o) <O for the out-pointing domain at 0 K, consistent
with the literature findings summarized above. In addition, we
use the ABINIT code [18, 19] to calculate the spin contribu-
tion to the ME effect by both explicitly applying an electric
field as in [10], and a magnetic Zeeman field method as in
[17]. Both methods give the same positive value of o for the
in-pointing domain at 0 K. Computational details for the cal-
culations in ELK, VASP, QUANTUM ESPRESSO, and ABINIT can
be found in appendices A—D. We list our calculated o val-
ues in table 1, and in figure 3, we plot the induced in-plane
magnetizations as a function of in-plane electric fields calcu-
lated here and from the literature. Although there is complete
agreement on the sign of «, it is clear that there is some spread
in the magnitude of calculated values. This distribution can-
not be explained only by the different contributions to « that
were taken into account, and is most likely also the result of
the different choices in electronic structure code, electronic
exchange parameters and convergence criteria. Considering
these differences, the agreement on the magnitude of « is
remarkable.

In summary, the calculated signs of «v are consistent across
DFT codes and methodologies, with the 0 K o, and « pos-
itive for the in-pointing domain, the 0 K «; negative for the
out-pointing domain, and the room temperature c| positive for
the out-pointing domain. We summarize this result in table 2,
where we also inferred the sign of o for the in-pointing
domain at room temperature from the knowledge that it must
be opposite to the sign of a for the out-pointing domain at
room temperature. Similarly, we infer the sign of « for the
out-pointing domain at 0 K. Finally, the signs of o at room

. --= Malashevich [10]
N .
\ — = 1Ai
- g . Iniguez [9]
S e Ye [16]
. BN
. \
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Figure 3. Induced net magnetic moment per rhombohedral unit cell
parallel to an applied electric field oriented perpendicular to the easy
axis, as a function of electric field strength for the out-pointing
domain. The three lines show the response calculated from literature
a1 values. Markers indicate our results using four different DFT
codes.

temperature are inferred from the sign at 0 K and the know-
ledge from experiment (figure 2) that o, maintains the same
sign at 0 K and room temperature.
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Table 2. The sign of alpha for the two domains, at 0 K and room
temperature (RT) as determined by different ab initio calculations.
Note that not always both domains were calculated explicitly, but
we infer the sign of « in one domain from the sign of « in the other,
as they have to be opposite. Thus, we infer the sign of « for the
out-pointing domain at 0 K and for the in-pointing domain at RT.
o) at RT was not calculated, but is inferred from the 0 K results, as
it is known not to change sign between 0 K and RT, from the
temperature dependence measured by Astrov, see figure 2. The
inferred signs are displayed in grey, while the explicitly calculated
ones are in black and bold.

(e Q]
0K Out-pointing domain -
In-pointing domain + +
(e Q]
RT Out-pointing domain +

In-pointing domain

3. Experimental studies

To our knowledge, there exist four sets of data in which the
magnetic structure of Cr,O3 was measured using SNP, the
generalized form of polarized neutron scattering [12—15]. This
technique allows for both the detection of the domain imbal-
ance between the two different magnetic structures shown in
figure 1, and for the determination of the magnetic moment
configuration of the predominant domain [12]. This is pos-
sible because with SNP, the polarization vectors of both the
incident and scattered neutron beams are determined; in com-
parison, in conventional (uniaxial) polarized neutron scatter-
ing, the scattered neutron polarization information is only
analyzed along the direction of the incident beam polariza-
tion [28]. Therefore, SNP is an ideal method for elucidating
which spin configuration shown in figure 1 is stabilized by the
parallel or anti-parallel combination of electric and magnetic
fields.

The SNP measurements reported in [12-15] were per-
formed at the IN20 and D3 beamlines at the Institut Laue
Langevin (ILL, Grenoble), using the CRYOgenic Polarization
Analysis Device (Cyopad). The Cryopad consists of a zero-
magnetic field sample chamber surrounded by magnetic fields
manipulating the incident (P;) and scattered (Py) beam polariz-
ations [29, 30]. The field regions are decoupled with a pair of
concentric superconducting Meissner shields combined with
p-metal yokes and screens. The incident neutron beam polar-
ization was controlled using a combination of a nutator and
precession coil, and was oriented along one of three orthogonal
experimental co-ordinates which were defined as x, which is
along the direction of the scattering vector Q, z, which is per-
pendicular to the horizontal scattering plane, and y, which
completes the right-handed co-ordinate set. The polarization
of the scattered neutron beam was also analyzed along these
three principal axes using another set of precession and nutator
coils.

In each of the four studies, the Cr,O3 sample was aligned
so that the crystal b-axis was perpendicular to the horizontal

scattering plane, which allowed access to the (201) reflections
(importantly, this introduces an ambiguity between b|| + z and
b|| — z, which we will discuss in more detail in the following
section). Here, the Miller indices correspond to the hexagonal
setting of the rhombohedral (R3¢) unit cell of Cr,0; adopted
in [12-15]. In the three most recent studies, prior to installing
the sample in the Cryopad for the SNP measurements, the
Cr, 03 sample was cooled through the Néel temperature (T ~
310K) in a combination of electric and magnetic fields ori-
ented along the crystallographic c axis to achieve an imbalance
of 180° domain population [12—14]. Brown et al reported that
this annealing process stabilized a single AFM domain [12—
14], and that the type of AFM domain (figure 1) could be
chosen based on the relative orientation of the external mag-
netic (H) and electric fields (E). The experimental determina-
tion of which magnetic domain is favored then boils down to
the determination and interpretation of the sign of the polariz-
ation matrix element P,,.

Experimentally, P,, is determined by measuring two quant-
ities, namely n;, and n_z, which are the number of scattered
neutrons with the polarization parallel and antiparallel to +x
for the incident neutron polarization along +z. The experi-
mental P, matrix element is in turn obtained by taking the
ratio,

Ny — Nz
p, == 5
R )

for a given Bragg reflection Q = (hkl). As such, the quantity
P, is bounded between —1 and 1.

In order to determine which AFM domain is favored,
the authors in [12-15] expressed P, in terms of three
dimensionless quantities,

—2qyy

1472 ©)

Py=n

The 7 term defines the population imbalance between
the two magnetic domains, and is given by 7 =
(vt —v7)/(vT +v7), where v and v~ are the volumes of
the two magnetic domains. Hence, the value of 7 is bounded
between 1 and —1. If the two magnetic domains are equally
populated, the factor 1 becomes 0. The term g, is determined
by the orientation of the crystal with respect to the experi-
mental set up, with the sign of g, depending on whether the
crystallographic +b axis is along the +z or —z direction of
the experimental geometry; for example ¢, is +1 (—1) if the
magnetic interaction vector M (Q) is parallel (anti-parallel)
to the +y axis of the experimental geometry. Hence, it is cru-
cial to determine whether +b is along the +z or —z direction.
Finally, the term +y is associated with the magnetic structure,
with the sign of -y being positive (negative) for the out-pointing
(in-pointing) magnetic domain.

Based on this discussion, we identify three inconsistencies
across the four [12-15], which we clarify here. (Note that the
measurements in [12—15] were made with the same crystal by
the same group of coauthors so we expect the underlying phys-
ics to be consistent).
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3.1 Spin vs magnetic moment

The first discrepancy is between [12, 14], regarding the defin-
ition of spin S and magnetic moments p. In [14], Brown
et al propose that the antiparallel E and H fields favor the
‘out-pointing’ arrows (figure 1(a)) and designate the arrows
as spin directions. On the other hand in [12], Brown et al
present ‘in-pointing’ arrows (figure 1(b)), which they desig-
nate as magnetic moments, and state that this magnetic struc-
ture is stabilized by parallel E and H fields. These two state-
ments are incompatible, since the Cr spin direction and mag-
netic moment direction are anti-parallel, i.e. g, = —gsu5S/h,
where g, is the electron g-factor.

In the neutron scattering community, however, the terms
spin and magnetic moment are often used interchangeably
to mean magnetic moment direction. We should therefore
assume that the arrows in [14] actually indicate magnetic
moments, rather than spins as stated. This resolves the appar-
ent discrepancy between [12, 14].

3.2. Orientation of the crystal b axis

Second, the labeling of the Miller indices (h0l) across the
four reports is inconsistent. In the first report [15], the two
reported reflections, namely (102) and (104), are in fact for-
bidden by the R3c space group in the hexagonal setting of
Cr,03. In the subsequent study, the two reported reflections,
(102) and (102) are both allowed by R3c. In the following
two reports [13, 14], where forty reflections were reported in
total, thirty-two are in fact forbidden by the R3c space group
of Cr;,03. The h and ! Miller indices of the remaining eight
reflections are both multiples of 3, e.g. (306) and (306), and
are hence allowed.

Given that the magnetic propagation vector of Cr,Oj3 is
Q,, = (000), the magnetic scattering intensity occurs at the
same reciprocal space location as the structural Bragg peaks
of Cr;Os. As such, the Miller index of the magnetic/nuc-
lear reflections should follow the general condition of the
R3c space group, where —h+k+1 = 3n. Since the four
reports were concerned with reflections in the (201l) plane,
the observed reflections should obey the rule —h+1 = 3n,
given that k = 0. In figure 4(a) we plot the calculated recip-
rocal space maps for Cr,O3 in the (h0[) scattering plane,
assuming that the +b crystal axis is along the +z direction
as stated in the original papers. Here, the allowed reflections,
such as (102) and (104), are denoted by the black filled
circles, and the reciprocal space location of the forbidden
reflections that do not obey —h + [ = 3n are shown by the
crosses (X).

The observed reflections in [13—15] are denoted by the
arrows in the reciprocal space map. Indeed, many of the
observed reflections, including (102) and (104), are in fact
forbidden by the R3¢ space group.

If instead, we assume that the +b crystal axis was oriented
along the —z direction (rather than -+z), then the reciprocal
space location of all forty-two observed reflections reported
in [13-15], is fully compatible with the R3¢ space group. This
scenario is very plausible, due to a possible mix up between the
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Figure 4. Plan view of the horizontal scattering plane of the
reciprocal space map of Cr,Os, with the crystal b axis (a) along the
+z direction quoted in [13—15] and (b) —z directions, respectively.
Here the filled circles indicate the allowed reflections, with the size
of the circle proportional to the neutron scattering cross-section,
whereas the cross (x) denotes forbidden reflections. (a), The arrows
indicate the reciprocal space location of the observed reflections

in [13-15], of which many are forbidden by the R3¢ space group of
Cr703. (b), Instead, if the crystal b axis were actually along the —z
direction, then the observed reflections denoted by the arrows can be
accounted for.

+b and —b crystal axes, which are inequivalent in Cr,O3. As
shown in figure 4(b), where we plot the calculated reciprocal
space maps for Cr,0s3 in the (h0!) scattering plane, assuming
that the +b crystal axis is along the —z direction, the reciprocal
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Table 3. Comparison between the measured (P}’bs') and calculated (P;-"lc') polarization matrices with ‘out-pointing’ and ‘in-pointing’
magnetic domain for the data collected with E and H parallel. The data is consistent with the ‘out-pointing’ magnetic domain, as shown in

figure 1(a).
Parallel H and E
P; P}vb& P;ach P}alc .
Out pointing In pointing
Crystal (hkl) Axis||z Axis|H Axis|E «x y z x y b4 x y z x y b4
I 102 010 001 001 0.00 0.00 0.88 0.83 0.06  0.08 0.88 0.00 0.00 —-0.88 0.00 0.00
010 001 001 0.00 0.00 072 —-0.69 0.06 —-0.06 -0.72 0.00 0.00 0.72 0.00 0.00
010 001 001 0.00 0.00 072 -0.70 0.05 —-0.05 -0.72 0.00 0.00 0.72 0.00 0.00
I 102 010 001 001 0.88 0.00 0.00 —-0.10 0.00 0.86 0.00 0.00 0.88 0.00 0.00 —-0.88
010 001 001 0.00 0.88 0.00 0.06 0.88 0.03 0.00 0.88 0.00 0.00 0.88 0.00
010 001 001 0.00 0.00 0.88 —0.87 0.03 0.02 -0.88 0.00 0.00 0.88 0.00 0.00

space location of the observed reflections denoted by all of the
arrows can now be accounted for.

Changing the direction of the +b axis has two main con-
sequences for the interpretation of the results in [13—15]. First
it swaps the i Miller index of the reflections, such that the
observed peaks which were designated as (h0[) should be
assigned as (h01) instead. This would allow the thirty-four
reflection which are originally forbidden now be compatible
with R3c, i.e. to obey the —h + [ = 3n condition. The remain-
ing eight reflections which have the 4 and [/ Miller indices
both being multiples of 3, still obey this condition. The second
is that in [12] the sign of g, changes, which means that
the interpretation of which magnetic domain is favored also
changes.

Therefore, we conclude that the conjugate field with E
and H parallel favors the ‘out-pointing’ domain, as shown in
figure 1(a). By the same token, the antiparallel E and H field
favors the ‘in-pointing’ domain. This is opposite to the inter-
pretation in [14].

3.3. Sign of ~

Finally, the third inconsistency is between [13, 14]. In these
studies, the v term was obtained by measuring the polariza-
tion P, component of various reflections. Brown et al [13]
reports, in table 3, the v values for twelve reflections obtained
on the IN20 instrument with thermal neutrons (A = 1.532 A).
On the other hand, [14] reports the measurements of  for a
further fifteen reflections acquired on the D3 instrument with
hot neutrons. Table 2 of [14] lists the y data acquired from the
D3 instrument along with those measured on the IN20 instru-
ment, which were reported in [13].

The discrepancy lies in the sign of «y of the data collected
on the IN20 instrument, which are reported both in table 2 of
[14] and also in table 3 of [13]. Although the Miller indices of
the twelve reflections and their corresponding magnitude of ~y
are the same, the signs are different. Since the sign of y is used
to interpret whether the magnetic domain is ‘out-pointing’ or
‘in-pointing’, this discrepancy calls into question which sign
of v was measured.

To resolve the ambiguity, here we use the MaG2PoL soft-
ware [31] to re-analyze the measured spherical neutron polar-
imetry data presented in table 2 of [12]. We choose this data
set because the Miller indices are allowed by the R3¢ space
group, and the raw data are presented explicitly. Moreover,
these measurements were performed on cooling the Cr,O3
sample with a conjugate field of parallel or anti-parallel E and
H fields through Ty to T = 290 K, where the measurements
were performed. Tables 3 and 4 tabulate the measured polar-
ization matrices for the case where E and H are parallel and
anti-parallel, respectively, along with the results of our new
analysis for the two cases where the magnetic domain is ‘out-
pointing’ or ‘in-pointing’.

Our analysis assuming an ‘out-pointing’ domain is consist-
ent with the measured scattered neutron polarization for the
case where E and H are parallel, contrary to the conclusions
in [12—15]. Similarly, for the case where E and H are anti-
parallel, we find that the measured polarization matrices are
consistent with an ‘in-pointing’” domain.

4. Conclusion

We have combined a literature review, new ab-initio results,
and a careful reanalysis of spherical neutron polarimetry data
in an effort to resolve long-standing confusion regarding the
domain-dependent sign of the ME coefficient in Cr,O3. We
have shown that all ab-initio results to date are in agreement in
the assignments of negative and positive low-temperature « to
the out-pointing and in-pointing domains depicted in figure 1.
These conclusions are remarkably consistent across multiple
codes and methods. Gratifyingly, the room-temperature spher-
ical neutron polarimetry data are consistent with the low-
temperature ab-initio findings given that the room-temperature
sign of «| is opposite to its low-temperature sign. The oppos-
ite interpretation in some of our literature experimental papers
stems from a sign error due to subtle inconsistencies in the
analysis which we discussed in section 3. The confusion
and deceptive inconsistency have also been compounded in
the past by ambiguous terminology from numerous authors
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Table 4. Comparison between the measured (P}’bs') and calculated (P;“lc') polarization matrices with ‘out-pointing’ and ‘in-pointing’

magnetic domain for the data collected with E and H anti-parallel. The data is consistent with the ‘in-pointing’ magnetic domain, as shown

in figure 1(b).

Anti-parallel H and E

P; P})bs. P]galc. chpach
Out pointing In pointing
Crystal (hkl) Axisljz Axis|H Axis|E  x y z x y z X y z x y z
I 102 010 001 001 0.00 0.00 0.72 071 0.12 002 -0.72 0.00 0.00 0.72 0.00 0.00
010 001 001 0.00 0.00 072 070 0.16 005 -—-0.72 0.00 0.00 0.72 0.00 0.00
I 102 010 001 001 0.88 0.00 0.00 0.12 0.00 -0.85 0.00 0.00 0.88 0.00 0.00 —0.88
010 001 001 0.00 0.88 0.00 000 088 —0.05 0.00 0.88 0.00 0.00 0.88  0.00
010 001 001 0.00 0.00 088 08 0.12 0.14 —-0.88 0.00 0.00 0.88 0.00 0.00
II 102 010 OOI 001 0.88 0.00 0.00 0.10 006 -—0.86 0.00 0.00 0.88 0.00 0.00 —0.88
010 001 001 0.00 0.88 0.00 —0.09 088 002 0.00 0.88 0.00 0.00 0.88 0.00
010 001 001 0.00 0.00 088 087 0.03 008 —-0.88 0.00 0.00 0.88 0.00 0.00
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Figure 5. The in- and out-pointing domains of Cr,O3 with the sign of o1 and «; and alignment of the E and H fields during the ME

annealing that favors each domain at O K and at room temperature.

related to the usage of ‘spin’ versus ‘magnetic’ moment. We
summarize the relationship between the domains and the sign
of «, as well as the necessary alignment of the E and H fields

during ME annealing, in figure 5.

We mention here an important consequence of our work
for a related feature of Cr,O;; the magnitude and sign of
the uncompensated magnetization on the (001) surface for a
given bulk domain [32, 33]. At the 0-K limit in the absence of
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thermal fluctuations, the direction of the (001) surface mag-
netization is unambiguously determined by the bulk domain
which is selected in the ME annealing process. For example,
with the in-pointing domain depicted for the hexagonal cell
in figure 1(c), the surface magnetization from the dangling
Cr at the (001) surface points outwards (positive). However,
for any experimental characterizations performed at room-
temperature, the relation between the bulk domain and the
sign of surface magnetization is much less clear. Indeed,
recent DFT-Monte Carlo calculations performed by Weber and
Spaldin [34] indicate that the (001) surface magnetic moments
of Cr,O3 are essentially paramagnetic at room temperature
due to weak coupling to the bulk order parameter. Thus, it
is likely that for a fixed domain, the surface magnetization
is substantially reduced, or even switches sign, with respect
to its 0 K value. Now that we have definitively determined
which domain is selected by a given ME annealing at room
temperature, it will be very interesting to re-examine, and per-
form new, experimental measurements of surface magnetiza-
tion to determine its sign for an unambiguous selection of bulk
domain.

We hope that our work convincingly demonstrates the pre-
viously questioned consistency of computational and experi-
mental findings on the sign of the ME coefficient in Cr,03,
and that it may motivate new, updated polarimetry measure-
ments to test and confirm existing experimental and theoretical
results. We also hope that this paper will assist in the correct
interpretation of future studies of Cr,Os3, as well as provid-
ing a cautionary tale for similar investigations of other ME
materials.
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Appendix A. Computational details ELK

Our DFT calculations in the augmented-plane wave (APW)
code ELK were performed with spin—orbit interaction included,
using the non-collinear local spin density approximation
(LSDA) [35]. Correlation effects were taken into account by
applying a rotationally invariant Hubbard U correction [36]
on the Cr d states, with U =4.0 eV and J =0.5 eV, which
well describe the physics of Cr,O3 [8, 37, 38]. Muffin-tin
spheres were used to describe the Cr and O core states, with
radii of 1.0716 A and 0.804 35 A. These radii are reduced by
4% with respect to the standard setting to prevent overlap of
the muffin-tin spheres. The APW functions and the potential
were expanded in a spherical harmonics basis, with cut-offs
Lmax(apw) = Imax(0) = 12. A 6 x 6 X 6 I'-centered k-point mesh
was used to sample the Brillouin zone (BZ) [39]. We obtained
the spin contributions to the lattice-mediated ME response in
the xy-plane using the lattice-mediated method of [9], in which
the response is constructed from a superposition of the mag-
netic moments induced by freezing in those eigenmodes of the
force constant matrix that give a net polarization, in this case
those with E, symmetry. We used LSDA + U relaxed lattice
parameters and atomic positions obtained from VASP calcula-
tions (see the description below). Force constant matrix eigen-
modes and their energies were obtained from vasp interfaced
with phonopy [40, 41]. Born effective charges, used to cal-
culate the polarization, were taken from VASP calculations as
well.

Appendix B. Computational details VASP

In the plane-wave code vasp, we performed DFT calculations
with the LSDA+U method, spin—orbit coupling included, and
a Hubbard U correction on the Cr d states, with U (J) =
4.0 (0.5) eV, as in the ELK calculations. The ionic cores
of Cr and O were described with projector-augmented wave
pseudopotentials [25]. We used the following settings for the
valence electrons: Cr 3p®3d4s! and O 2s>2p*, correspond-
ing to the datasets Cr_sv and O. We used a kinetic energy
cut-off of 800 eV for the wavefunctions and performed the
BZ integrations using a uniform I'-centered 7 x 7 x 7 k-point
mesh. Structural and electronic relaxations performed with
these parameters yielded a band gap and magnetic moment
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close to known experimental values and lattice parameters
of a=5.31A, the length of the rhombohedral unit cell vec-
tors and o = 54.87°, the angle between the unit cell vectors.
These values are 0.78% and 0.26% smaller than experiment
[42]. As for the ELK calculations, we used the method of [9]
to construct the lattice-mediated spin response to an applied
electric field, from the net spin magnetic moment induced by
freezing in appropriate eigenmodes of the force constant mat-
rix. The eigenmodes and corresponding energies were calcu-
lated by interfacing vasp with phonopy. The polarizations of
each of the eigenmodes were obtained from the product of
the atomic displacements of the mode and the Born effective
charges Z¢. We computed the Z¢ by displacing each atom in
the unit cell along each Cartesian direction and determining
the ionic polarization using the modern theory of polarization,
as implemented in VASP in the LCALCPOL routine. These cal-
culations were performed for four displacements of different
magnitudes, allowing us to assess the linear response regime.
The final Z¢ were obtained from the average of the Z° for dif-
ferent atoms of the same species and different displacements
within the linear regime.

Appendix C. Computational details Quantum
Espresso

First-principles calculations in Quantum ESPRESSO [21,
22] and thermo_pw [43] were performed in non-collinear
DFT using the generalized gradient approximation, with
the Perdew—Burke—Ernzerhof parametrization of the
exchange-correlation energy [44]. Ions were described
by fully relativistic ultrasoft pseudopotentials (PPs) [45],
with 3s, 3p, 4s, and 4d valence electrons for Cr (PP
Cr.rel-pbe-spn-rrkjus_psl.0.2.3.UPF from pslibrary
1.0.0 [46, 47]) and with 2s and 2p valence electrons for O
(PP 0.rel-pbe-n-rrkjus_psl.0.1.UPF from pslibrary
0.1). The pseudo wavefunctions (charge density) were expan-
ded in a plane-wave basis set with kinetic energy cut-off of
140 (560) Ry. BZ integrations were performed using a shif-
ted k-points mesh of 6 x 6 x 6 points. The lattice-mediated
spin contribution to the ME response was computed follow-
ing the approach of [9]: specifically, Born effective charges
and phonon frequencies at I' were computed using density
functional perturbation theory [48].

Appendix D. Computational details Abinit

The ABINIT calculations (version 8.8) were done with
the norm-conserving pseudo-potentials coming from the
PseudoDojo project [49] (v0.3) and within the LDA approxim-
ation for the exchange correlation functional without Hubbard
U correction. We used a kinetic energy cut-off of 40 Ha
(1088 eV) for the plane-wave expansion and integrated the BZ
using a Monkhorst—Pack k-points mesh of 3 x 3 x 3 points,
shifted by (0.5, 0.5, 0,5). Spin—orbit coupling was included
in all the calculations for both applied Zeeman field and
applied electric field calculations. The cell parameters and
shape were fixed to the experimental ones (¢ =25.37 A and

a = 55.13°). The forces were relaxed up to a tolerance of
2.7 x 1078 eV A~ and the SCF cycles to a tolerance of 2.7 x
10~° eV A~! on the force residual.
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