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Antiferromagnets are normally thought of as materials with compensated magnetic sublattices. This
adds to their technological advantages but complicates readout of the antiferromagnetic state. We
demonstrate theoretically the existence of a Dzyaloshinskii-Moriya interaction (DMI), which is determined
by the magnetic symmetry classes of Cr,O; surfaces with an in-plane magnetic easy axis. The DMI
explains a previously predicted out-of-plane magnetization at the nominally compensated surfaces of
chromia, leading to a surface-localized canted ferrimagnetism. This is in agreement with magnetotransport
measurements and with density functional theory predictions that further allow us to quantify the strength
of DMI. The temperature dependence of the transversal resistance for these planes shows distinct behavior
in comparison with that of the Cr,O3 ¢ plane, which we attribute to the influence of DMI. Our Letter
provides a framework to analyze surface-driven phenomena in antiferromagnets, and motivates the use of
nominally compensated chromia surfaces for antiferromagnetic spintronics and magnonics.
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Introduction.—Chromia Cr,05 is a rare example of a
room temperature uniaxial magnetoelectric antiferromag-
net (AFM) with the bulk Néel temperature 7y = 308 K.
Beyond its potential in energy efficient AFM-based mag-
netoelectric data storage [1-3], this material offers a
convenient platform for fundamental explorations of spin
Hall physics [4,5], THz magnetization dynamics [4], spin
superfluidity [6] and electric-field-only manipulation of
magnetism [2]. These studies build on the solid knowledge
collected for the highest symmetry surface cut of chromia,
terminated by the (0001) surface (c plane) [7,8] [Fig. 1(a)].
This surface hosts one AFM sublattice and features sub-
stantial magnetization perpendicular to the surface, whose
sign is linked to the bulk Néel vector L, proportional to the
staggered sum of the individual magnetic moments p; 4 in
the unit cell with odd and even indices belonging to
different AFM sublattices [7,9]. This coupling enables
all-electric access to the AFM order parameter using
conventional magnetotransport methods. In contrast to
the (0001) surface, the coupling between M « >, u; and
L is symmetry-forbidden in bulk chromia. Bulk Cr,0;
does have a symmetry-allowed coupling between the
primary order parameter L. and another antiferromagnetic
vector, Ly o gy + gy —p3 — py, due to an antisymmetric
Dzyaloshinskii-Moriya interaction (DMI) [10,11]. How-
ever, in the easy-axis ground state, L3 = 0 and thus the
bulk DMI and corresponding coupling vanishes [12].

The technological potential of thermodynamically stable
chromia surfaces other than the ¢ plane has not been

0031-9007/24/132(22)/226702(7)

226702-1

explored, in part due to a lack of understanding of the
surface magnetization and its link to the Néel vector. In
particular, high-symmetry surfaces perpendicular to the ¢
plane such as the a planes and m planes [Fig. 1(a)] are
magnetically compensated if the magnetic ordering at the
surface does not deviate from the bulk. Thus, traditionally,
the possibility of surface magnetization on these planes was
not considered. However, recent experiments provide
evidence for a sizeable spin transport and existence of
finite magnetization in particular at the m plane (1010) and
a plane (1210) of chromia [13-16], which could be highly
relevant for magnonics and physical phenomena such as
spin superfluidity because of the in-plane orientation of L.
[6]. Furthermore, there is an active search for the uncom-
pensated magnetization, which is coupled to the Néel
vector [5,16—-18] and signature of DMI in noncollinear
textures like domain walls in chromia [19].

This naturally brings attention to crystal surfaces, which
are the primary source of interfacial DMI. In contrast to
ferromagnets, the surface-induced phenomena in AFMs are
less well studied. This leads to extrapolation of the bulk
behavior of AFMs to interpret the surface phenomena and
can hide a broad family of fundamental effects. This is of
special importance due to establishment of surface-sensi-
tive techniques, such as magnetic circular dichroism [16],
nitrogen vacancy magnetometry [3,20,21], magnetoelectric
force microscopy [22], magnetotransport measurements
[2,23-26], and sophisticated theoretical methods combin-
ing first-principle and model calculations [3,5,8,27-29].

© 2024 American Physical Society
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FIG. 1. Bulk and surface symmetries. (a) Cr atoms (green spheres) in the hexagonal cell of Cr,Oj. ¢ plane (0001), m plane (1010), and a
plane (1210) are shown by the semitransparent blue, green, and red planes, respectively. Blue arrows show directions of magnetic
moments for the selected ions. (b) The basis of atoms in the bulk rhombohedral unit cell of Cr,O; with the magnetic ordering {+ — +—}.
Here, yellow and green spheres correspond to the O and numbered Cr ions, respectively. The yellow arrow indicates direction of the Néel
vector L. Threefold and twofold rotation axes C; and C,, respectively, are shown; 1’ corresponds to the center of anti-inversion.
(c) Schematic of the m plane with the mirror plane m’. Inequivalent moments are shown by bright and dark blue arrows. Axis X is parallel to
the surface normal. (d) Schematics of the a plane with the twofold rotation axis C,. Other notations same as in panel (c).

Here, we demonstrate that the magnetic symmetry of the
nominally compensated surfaces of Cr,03, i.e., m and a
planes, provides a sizeable DMI that changes the magnetic
ordering at these surfaces and is responsible for the spin
canting within the micromagnetic description of AFMs.
The DMI is described and quantified using ab initio and
micromagnetic approaches. Its physics can be understood
in terms of the single-ion and inter-ion anisotropies, as well
as antisymmetric exchange. In contrast to the interfacial
DMI induced by the inversion symmetry breaking at
interfaces [30,31], the surface-symmetry-driven DMI relies
on the change of the magnetic symmetry point group
approaching the sample’s surface from the bulk [32]. This
DMI couples the primary Néel vector L with magnetization
M, which is globally symmetry forbidden in bulk Cr,05.
The coupling causes M to switch with L, providing all-
electric access to L. for surfaces in which it lies in plane.
The temperature dependence of the transversal resistance
shows that the thermodynamic properties of these surfaces
differ from those of the ¢ plane, which we attribute to the
presence of DMI. Furthermore, we demonstrate that the
surface-symmetry-driven DMI results in a change of
the magnetic ordering from a collinear bipartite AFM in
the bulk to canted ferrimagnetic or 4-sublattice AFM at the
surface.

Single crystal Cr,O3;.—Bulk chromia belongs to the
magnetic symmetry point group 3'm’ [Fig. 1(b)]. In Cr,05,
the bulk energy of the uniform state L = {L,,L,.L.} =
const is Wy = AM? — KL? [10] (Supplemental Material
[33]), where 4 is the constant of the uniform exchange, and
K > 0is the anisotropy constant. Here and in the following,
Z is the direction parallel to the ¢ axis. The high-symmetry
c-plane cut of chromia has a finite magnetization originat-
ing from nonrelativistic exchange, which is proportional to
the sublattice magnetization [7,8].

To determine the magnetic state of a semi-infinite slab
with the surface of a given crystallographic cut, one should
complement wy,; by the surface energy density wy. In the
following, we will focus on the m plane and a plane
surfaces, which have an in-plane magnetic easy axis. The
allowed components of magnetization on a surface are
determined by the subset of bulk symmetry operations that
keep the direction of the surface normal invariant [7,18,34].

Surface magnetism of m-plane Cr,O;.—We first discuss
the magnetism on the m plane of chromia, which possesses
the magnetic symmetry group m’ [Fig. 1(c)]. The mirror
plane coupled to time-reversal m’ transforms g, into g3 (4,
into p4), which belong to the same AFM sublattices, This
changes the surface symmetry of m-plane chromia to that
of a ferrimagnet rather than of an AFM [33]. We determine
the surface energy density wy, as the scalar function that is
a sum of bilinear and quadratic forms on components
of M and L and is invariant under m’. For the m plane it is
given by

Wgn :ASM2+D(M'L)+szMxLz +szMzLx' (1)

Here, X is the direction parallel to the surface normal, and A
is the constant of the uniform exchange at the surface,
which is of the order of A. Coefficients D, D,,, and D,
correspond to the surface-symmetry-driven homogenous
Dzyaloshinskii terms that are absent in bulk Cr,O5 because
coupling between M and L is forbidden for the 3'm/
symmetry group. Their microscopic origin can be deter-
mined by considering the spin Hamiltonian with single- and
inter-ion anisotropies and antisymmetric exchange [33]. The
term with coefficient D originates from the single-ion
anisotropy and is responsible for the emergent ferrimagnet-
ism. Coefficients D, = Dgyp, + Dasym and D = Dy, —
Dgysym quantify the spin canting at the surface. The

226702-2



PHYSICAL REVIEW LETTERS 132, 226702 (2024)

(@ ®

S\ 4k 1 ¢ [ ] Z. ®

O 4 ®

= o I N L

3 sth @ @ so
oF 1 eGP wage

: @ “
—1 =05 0 05 1 ¥ AN
Canting angle (°)

L

bED ‘-‘." \—\." V‘
%‘." ~‘{" v"\*
Ol cause cos@e

“@¢ OP° O
O> <O M0

S

Layers in depth

(e) 01 T T T T
: tREERHE 1R
005 | . # e
SE 0 Og HOH\ o T =300K
E B e d B
—U. i | | |
& -1 —0.5 0 0.5 1
g Cooling field pgHcoor (T)
= I I I I I |
fg (f) —— After poHeoo) = —1.3T ?
& 01f P
- |
E l
a
: 0 ’
=] I
fav] |
= |
—0.1}F ‘—Afte‘,r MoHc?ol = +1‘.3T b
200 220 240 260 280 300 ' 320

N

Temperature (K)

FIG. 2. m-plane Cr,05 surface. (a) Calculated change in energy per surface as a function of canting angle for both directions of the Néel
vector L. Positive (negative) canting corresponds to an out-of-plane magnetization toward vacuum (bulk). The energy minima for canting
along X are indicated by black circles. (b) Side view of the Cr,05 slab in DFT simulations and (c) its front view with arrows indicating the
direction of magnetic moments. The Néel vector L is shown by the yellow arrow. (d) Schematics of the change in effective DMI per layer.
(e) Experimentally measured spontaneous transversal resistance vs cooling magnetic field. Inset shows schematic of the setup.
(f) Measured change of the transversal resistance during zero field warming after cooling in positive and negative fields (red and blue lines,
respectively). Fade regions around lines indicate standard deviation of the data. Dashed line indicates the Néel temperature 7y = 308 K.

symmetric term Dgy,,, stems from the single-ion anisotropy,
while the asymmetric term Dy, consists of contributions
from the inter-ion anisotropy and antisymmetric exchange.

The equilibrium state, determined by the energy mini-
mum for wy, and wf', corresponds to

L=0L.7Z

z

M=~ 75 {D,,0.D} + OU). (2)

Thus, the m-plane cut behaves as a canted ferrimagnet with
the magnetization in the xz plane uniquely determined by
the bulk ground state L. We stress that the presence of
relativistic terms in Eq. (1) leading to M # 0 in (2) makes
the m-plane surface qualitatively distinct from the ¢ plane
of Cr,03, where the surface magnetization is due to
exchange [7,9,33,34].

Constrained magnetic calculations within density-func-
tional theory (DFT) [18,33] confirm that the vacuum-
terminated surface of the m-plane Cr,O; having M, ,M_#0
is energetically favorable compared to an m-plane surface
with M, = M, = 0, consistent with a surface magnetiza-
tion of the form of Eq. (2). We fix Cr magnetic moments in
the center two layers of a four-layer vacuum-terminated
slab of Cr,05; with an m-plane surface to lie completely
along the bulk Néel vector ([0001] crystallographic direc-
tion) with the ground state magnetic ordering. On the top
and bottom outermost surface layers, we induce a surface
magnetization by constraining the Cr moments to cant with
equal angles along the surface normal, while allowing their

magnitudes along L, to vary [Fig. 2(a)]. The canting angle
is defined with respect to the L, [0001] direction and we
define positive angles as canting toward vacuum, and
negative as moments canting toward the bulk.

In Fig. 2(a) we plot the change in total energy per
formula unit with respect to energy at 0° canting (M, = 0)
as function of the canting angle. We perform two sets of
calculations, corresponding to the two bulk AFM domains
with L, >0 and L, <0. In line with the symmetry
analysis, the DFT data in Fig. 2(a) demonstrate that the
energy minimum corresponds to a finite canting angle of
around +0.5° (—0.5°) for L, > 0 (L, < 0). The canting
results in an induced out-of-plane magnetization of about
+0.1p5 (—0.1uy) for every four Cr surface moments within
the bulk unit cell. The in-plane ferrimagnetic magnetization
M is smaller than M, by about a factor of 2. Furthermore,
we study spin canting in subsurface layers [Fig. 2(b), [33] ].
The second layer of Cr ions reveals roughly the same
magnitude of M, and M, as the topmost layer while the
third layer of ions reveals a small canting of order of 0.1° in
the opposite direction [Figs. 2(c) and 2(d)].

The values of spin canting obtained from DFT allow us to
quantify the DMI and other material parameters in Eq. (1) for
low temperatures; see Supplemental Table II [33]. The
degree of ferrimagnetic asymmetry between magnetic
sublattices is determined by D = 0.5 x 107> T>m*/1J.
The inequality of the off-diagonal coefficients D,, ~ 1 x
10715 T2m*/J and D., ~ 3 x 107" T?>m*/J indicate that
both symmetric and antisymmetric components of the DMI
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are sizeable. The estimated values of DMI can be compared
with other materials by normalizing relative to the sub-
lattice magnetization My ~ 5 x 103 A/m [35]. Then, D,, =
4M3D.. ~ 1 mJ/m?. This value is of the same order as the
interfacial DMI in asymmetric Co sandwiches [67,68] and
the values reported for yttrium iron garnets with asymmetric
interfaces [69]. The physical consequence of the surface-
symmetry-driven DMI is the coupling between the surface
magnetization and the bulk order parameter.

To verify the presence of coupling between M and L., we
perform magnetotransport measurements of a 3-nm-thick
Pt thin film prepared on the m plane of a Cr,O5 single
crystal [inset in Fig. 2(e), [33] ]. The sample is cooled from
325 K (above Ty) to the temperature of interest in an
applied magnetic field H.,, oriented along the chromia ¢
axis. This field cooling protocol sets the dominant AFM
domain in the sample, fixing the direction of the bulk Néel
vector L. [70,71]. Subsequently, the magnetic field is
lowered to zero and the transversal resistance is measured
at remanence. We determine that the transversal resistance
P changes sign with the polarity of the cooling field
[Fig. 2(e)]. This indicates that the orientation of the out-of-
plane component of the surface magnetization M, at the
m-plane Cr,0; is linked to the bulk L. Although the
physical origin of the out-of-plane magnetization at the
surface of m plane is different than that of ¢ plane chromia
(relativistic vs exchange), the experimental fingerprint is
similar. Namely, the sign of the transversal resistance p;, is
sensitive to the sign of the interfacial M, [13,23].

In contrast to the established magnetotransport studies of
c-plane chromia, where transversal resistance changes
monotonically with temperature [23,33,36,37,72,73], the
measured p,, of the m-plane sample is not monotonic. In
particular, we observe a crossover of the two curves at
T,, ~270 K, which is evidence of the change of the
magnetization sign at the surface [Fig. 2(f)]. We attribute
the crossover to the temperature dependence of the DMI,
specifically, the different temperature scalings of the single-
ion anisotropy determining Dy, and the antisymmetric
exchange with the inter-ion anisotropy determining D ey,
while weakening of exchange cannot explain this effect [33].

Surface magnetism of a-plane Cr,O5;.—We perform the
same analysis for another nominally magnetically com-
pensated crystallographic cut of Cr,Os;, the a plane
[Fig. 1(d), [33]], which belongs to the magnetic point
symmetry group 2 having only the twofold rotation axis.
The surface magnetic energy density is given by

wé = AM? + D M, L, + Dy M,L,
+ DXZMXLZ + DZXMZLX7 (3)

with the corresponding ground state magnetic order given by

D
L=L32 M= —{zf Lz,o,O} +0(272). (4)
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FIG. 3. a-plane Cr,0j5 surface. (a) Front view of the slab used
in DFT simulations with arrows indicating the direction of
magnetic moments. (b) Measured spontaneous transversal resis-
tance vs cooling magnetic field. (c) Change of the transversal
resistance measured during zero field warming after cooling in
positive and negative fields (red and blue lines, respectively).
Fade regions around lines indicate standard deviation of the data.
Dashed line indicates the Néel temperature 7y = 308 K.

where the X axis points along the a-plane surface normal.
The twofold rotation in the a-plane surface point group maps
moments g and p5 into opposite AFM sublattices g, and py4.
Thus, the a-plane surface cut of Cr,O5 behaves as the four-
sublattice weak ferromagnet, while the bulk remains a
collinear two-sublattice AFM. The weak ferromagnetism
at the surface of the chromia a plane is determined by the
surface-symmetry-driven DMI term D, .

In contrast to the m plane, DFT calculations [33] reveal
that spin canting is present only for the first two layers of
magnetic moments [Fig. 3(a)]. The value of spin canting
angle allows us to estimate D, ~—0.6 x 10715 T?>m*/J
[33]. In line with the theoretical predictions, magnetotran-
sport measurements [Figs. 3(b) and 3(c)] [33] indicate the
presence of out-of-plane surface magnetization whose sign
is reversed upon reversing L. A crucial difference between
the a plane and m plane is that the sign of the equilibrium
surface magnetization predicted by DFT is opposite for a
fixed sign of L. This effect is also captured experimentally,
reflected in the opposite sign of the transversal resistance
measured for the a-plane and m-plane samples after
identical field cooling protocols [cf. Figs. 2(f) and 3(c)].
Similarly to the m-plane case, a crossover of the pif curves
is observed for the a plane although the crossover temper-
ature, T, = 306 K, is closer to Ty [Fig. 3(c)].

Discussion.—To summarize, we describe the surface-
symmetry-driven DMI at nominally compensated surfaces
of chromia. This strong DMI of ~1 mJ/m? causes new
physical effects at this otherwise collinear magnetoelectric
AFM, including (i) sizeable (~0.5°) spin canting at the
surface, with the direction uniquely determined by the bulk
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Néel vector, (ii) change of the magnetic ordering at the
surface from AFM to ferrimagnetic, and (iii) peculiar
temperature dependence of the magnetotransport.
Experimental characterization of spin structures in multi-
sublattice materials can be done relying on spin Seebeck
effect [38,39] (see also Sec. IV D in [33] for the remarks on
the qualitative difference between spin Seebeck effect
measurements in m- and a-plane chromia), polarized
neutron reflectometry [74,75], soft x-ray based methods
[17], or scanning nitrogen vacancy magnetometry [5]. The
distinction between bulk and surface magnetic states could
alter interfacial phenomena such as spin pumping
[14,76,77].

Our findings could be further applied for analysis of the
surface responses considering features of multisublattice
behavior of AFMs [78] as well as ferrimagnet-specific
solitons [79-81]. In particular, link between L. and M is
crucial for magnetic data storage [1,82] and logic [40]
devices and AFM magnonics [6,41].
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