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We use a combination of density functional theory and Monte Carlo methods to calculate the surface
magnetization in magnetoelectric Cr,O5 at finite temperatures. Such antiferromagnets, lacking both
inversion and time-reversal symmetries, are required by symmetry to possess an uncompensated
magnetization density on particular surface terminations. Here, we first show that the uppermost layer
of magnetic moments on the ideal (001) surface remains paramagnetic at the bulk Néel temperature,
bringing the theoretical estimate of surface magnetization density in line with experiment. We demonstrate
that the lower surface ordering temperature compared to bulk is a generic feature of surface magnetization
when the termination reduces the effective Heisenberg coupling. We then propose two methods by which
the surface magnetization in Cr,O5 could be stabilized at higher temperatures. Specifically, we show that
the effective coupling of surface magnetic ions can be drastically increased either by a different choice of
surface Miller plane, or by Fe doping. Our findings provide an improved understanding of surface

magnetization properties in AFMs.
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Magnetoelectric (ME) antiferromagnets (AFMs) acquire
a net magnetization M in response to an applied electric
field E, and conversely, a net electric polarization P in
response to an applied magnetic field H [1]. For the linear
ME effect to manifest, an AFM must lack both inversion
and time-reversal symmetries. This implies another in-
triguing property of ME AFMs; namely, certain surfaces
must have a finite magnetic dipole per unit area [2], which
we refer to as “surface magnetization” throughout this
Letter. Such surface magnetization has promising device
applications, since the ME effect allows the bulk domain to
be readily switched using electric fields in a constant
magnetic field [3], and the direction of surface magneti-
zation, which couples to the bulk Néel vector, can be
directly detected [4]. Additionally, surface magnetization
plays a role in exchange bias coupling, exploited in
magnetic storage devices to pin the magnetization orienta-
tion of a ferromagnet (FM) by an adjacent AFM [5,6].

An important question about surface magnetism is its
degree of disorder close to the bulk Néel temperature 73X,
near which relevant devices typically operate. Indeed, in
the case of Cr,O5 (chromia), a ME AFM viewed as a
promising spintronics candidate due to its relatively high
Néel temperature ~300 K [3,7-9] (which can be increased
further with boron doping [10]), theoretical predictions
assuming that bulk AFM order persists at the surface
overestimate the (001) surface magnetization measured
using nitrogen vacancy magnetometry [11-13]. This dis-
crepancy is resolved if the surface Cr moments are dis-
ordered at room temperature [13]. A better understanding of

0031-9007,/23/130(14)/146701(6)

146701-1

the temperature dependence of surface magnetization in
AFMs would facilitate quantitative comparison between
theory and experiment, and could inform design of related
spintronics devices.

In this Letter, we use density functional theory (DFT)
and Monte Carlo (MC) calculations to explore the temper-
ature dependence of surface magnetism, taking Cr,O5 as an
example. We show that partial to full disorder is a generic
property of surface magnetization around T8"% when sur-
face magnetic moments have fewer or smaller magnetic
interactions than the bulk. We then propose two promising
options for stabilizing the surface magnetization of Cr,0O5
at higher temperatures, first by using a Miller plane with
magnetic coupling close to bulk, and secondly by deposit-
ing an Fe monolayer on the (001) surface.

We first restate two key concepts, discussed in detail
elsewhere [13,14]. The first regards the construction of an
electrostatically stable, nonpolar surface termination for a
given Miller plane (h,k,[) [14]. A stable surface has no
bound charge, since finite o, implies a diverging electro-
static potential [15]. o, is determined by the component
of bulk electric polarization Py, perpendicular to the
surface [16]: Py, - i = og,s, Where 1 is the unit surface
normal and Py is the polarization of the unit cell which
periodically tiles the semi-infinite solid containing the
surface of interest. Thus, a stable surface plane has
Pou - i = 0gurr = 0.

Second, we point out the connection between the bulk ME
multipolization tensor and surface magnetization [13]. The
multipolization tensor is defined as M;; =1/V [ r;u;(r) d’r,
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where r; is the ith Cartesian position component, 4;(r) is
the jth magnetization density component at r, and V is
the unit cell volume. M describes first-order asymmetry
in u(r) beyond the magnetic dipole [17]. For materials in
which (r) is localized around magnetic ions, M,; can be
approximated by

1
Mij =, > rims, (1)

where the sum is over magnetic ions in the unit cell, and m® is
the magnetic dipole moment of atom a.

The requirements for M to have nonzero components,
that is, broken inversion and time-reversal symmetries, are
identical to those for a nonzero linear ME response.
Introducing a surface reduces symmetry in the same way
as applying an electric field in bulk; therefore, ME AFMs
have nonzero surface magnetization [2,13,18]. Analogously
to the surface charge density resulting from bulk polariza-
tion, the bulk multipolization tensor M, calculated from
Eq. (1) for the unit cell which tiles the semi-infinite solid
containing the surface, gives rise to a surface magnetization
Hsur [13], where component M,; gives the J-oriented dipole

moment per unit area on a surface with normal 7. Given a
specific plane and atomic termination, the three multi-
polization components and thus the surface magnetization
corresponding to the surface normal 7 are fixed, assuming
bulklike surface moments.

Results and discussion.—Cr,O5 crystallizes in the corun-
dum structure with magnetic space group R3'c’ [19].
Figure 1(a) shows the 12-Cr unit cell in the hexagonal
setting. Bulk Cr,0O5 adapts an “up down up down” ordering
of the Cr magnetic moments along [001] as shown in
Fig. 1(b). This magnetic ground state is well described
[20,21] by a Heisenberg Hamiltonian,

Hheis = —Zfi.j(ei : ej)’ (2)
(i.j)

that includes coupling up to fifth-nearest neighbor inter-
actions, where e; is the unit vector parallel to the magnetic
moment of the Cr ion at site i, and J;; is the coupling
constant between sites i and j. J;—J5, where J, denotes
the coupling for the nth nearest neighbor, are depicted in
Fig. 1(a). Quantitative values of J;—J5 for bulk Cr,0;5,
which we calculate using first-principles DFT + U as
implemented in VASP [22], are given in Table I [23]. Our
values agree with previous calculations using similar
parameters [21]. The magnetism is dominated by AFM
J, and J, couplings.

We first review magnetism on the (001) surface of
vacuum-terminated chromia. The bulk unit cell with a
single terminating Cr on the left of Fig. 1(b) defines the
nonpolar (001) surface according to Py = 1/V >, Z;r;,

(b) M'(Zom) = H(zom) =

+11.9 1B g4 tB
m

T3 (x3) 5 5

bulk

Oo Cr® bulk
FIG. 1. (a) Unit cell of Cr,O5 with nearest-neighbor Heisenberg
couplings indicated for bulk (solid lines) and (001) surface Cr’s
(dashed lines). Numbers in parentheses indicate coupling degen-
eracies. Lighter colored atoms are in the adjacent unit cell. White
numbers label the 12 Cr in the (001) slab. (b) Left: unit cell
defining the nonpolar (001) surface with ground state AFM order.
Right: unit cell for calculating surface magnetization if the top
moment of the nonpolar surface is disordered.

where Z; is the formal ionic charge (+3 and —2 for Cr and
O, respectively), and r; the position of atom i in the unit
cell. If we assume all Cr magnetic moments point along
[001] with bulk AFM order, using the formal value 3 up
for Cr’* and the Cr positions in the hexagonal cell [23],
Eq. (1) yields a +%/[001]-oriented (001) surface magneti-
zation of 11.9 up/nm? for the magnetic domain depicted
(all other multipolization tensor components are zero
within the local moment approximation; small (1,1) and
(2,2) components are symmetry-allowed if one use the
exact integral form [38]). The energetically equivalent
AFM domain with reversed magnetic moments has a value
of equal magnitude and opposite sign.

As mentioned previously, this predication overestimates
measurements of (001) Cr,O5 surface magnetism using
scanning nitrogen vacancy magnetometry [11,12], which
are consistent with values between 1.6 to 2.3 ugz/nm?.
Recall, however, that the 11.9 uz/nm? value is calculated
assuming that all Cr magnetic moments are completely
along [001]. The outermost Cr for the nonpolar termination
in Fig. 1(a) lacks J; and J, nearest neighbors, only
retaining smaller J3-J5 couplings. From a mean-field
argument, the ordering temperature for a magnetic moment
at site i is proportional to A;S; [39], where S; is the spin
value and the total effective coupling for site i is

Ay = Zfij x (& - €)). (3)
J

Using the J values in Table I calculated for bulk Cr,03,
A; for a bulk Cr spin is A3 =—J, —3J,-3J;3+
6J, —J5 = 40.25 meV, whereas the Cr on the (001)
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TABLE 1. Heisenberg coupling constants, degeneracies in parentheses, and effective coupling 4, calculated for bulk Cr,Oj, for Cr on
the (001) surface (using bulk and structurally relaxed values, respectively), for Cr on a (102) surface, and Cr-Fe couplings for (001)

Cr,05; with an Fe monolayer.

(001) Surface (001) Surface (102) Surface (102) Surface Fe on (001)

Bulk (bulk) (relaxed) (bulk) (relaxed) (relaxed)
J, (meV)  —10.46(1) —10.46 (1) ~17.16 (1)
J, meV)  —7.88(3) ~7.88/(2) —9.42(2)
Jy meV)  +0.86(3) 10.86(3) ~0.15 (3) 40.86(1) 4043 (1) ~30.81(3)
Jo (meV)  +1.22(6) +1.22(3) 14.44(3) 11.22(5) 10439 (4)/ + 3400 (1) —19.77(3)
Js (meV)  —141(1) —141(1) ~0.39(1) ~3.63 (1)
A; (meV) 40.25 2.48 14.18 31.47 40.16 155.33

surface [Cr 12 in Fig. 1(a)] has A" = —3J5 +3J, —
Js =2.48 meV. Thus, A5"T/A54 = 0.06, implying that
for the 7 =295 K magnetometry measurements, just
below TR ~ 300 K, the surface Cr should be largely
paramagnetic. Given this magnetic dead layer (which
occurs even for an idealized, atomically-smooth (001)
surface), a more appropriate basis for predicting surface
magnetization is that shown on the right of Fig. 1(b),
corresponding to displacing the surface magnetic moment
downwards by one c¢ lattice vector. Recalculating the (3,3)
component of M using the Cr positions of this new unit
cell [23] yields '“fom) = —2.4 ug/nm?, in line with experi-
ment. Note that this is an upper bound, since near T8"* the
bulk moments also deviate marginally from complete [001]
alignment.

To confirm our analysis, we examine the temperature
dependence of magnetization for a [001]-oriented Cr,04
slab with Monte Carlo (MC) simulations as implemented in
UPPASD [23,40]. We enforce in-plane periodic boundary
conditions and vacuum boundary conditions along [001].
Figure 2(a) shows the normalized magnitude of the [001]/2
component of bulk sublattice magnetization as a function of
temperature, calculated by averaging m, of the sixth Cr
sublattice in the center of our unit-cell thick slab, compared
to the averaged m_ of the terminating Cr’s on the (001)
surface. While both become nonzero at TR, their
approaches to T are different: the “bulk” Cr sublattice
exhibits the normal Langevin-like m$'®(T') behavior, but the
surface magnetization falls off rapidly with increasing
temperature and is negligible just below 7% consistent
with earlier DFT-MC calculations [41]. Note that our
calculated couplings lead to a significant underestimate of
TR, this has been observed in previous DFT-MC calcu-
lations of Cr,O5; and we discuss the origin of the under-
estimation further in the Supplemental Material [23,42].
While m_(T) in Fig. 2(a) for both surface and bulk Cr’s
is computed using the DFT J values calculated with
bulk Cr,0O5, atomic relaxation can lead to significant

renormalization of the surface couplings. The third column
of Table I shows the values of J;—J5 for the surface Cr

computed using a [001] vacuum-terminated 12-Cr-thick slab
structurally relaxed within DFT. The modified effective
coupling for the surface Cr is A" = 14.2 meV.
Figure 2(b) shows m$"°(T) for the surface Cr with these

relaxed values. While 7" is still mostly disordered just

below TR the increased 45" leads to a roughly linear

decrease of mS"™*" with increasing T, as opposed to the

exponential-like falloff in Fig. 2(a). This temperature
dependence could likely be probed with magnetotransport
measurements, given the short spin decay length of
Cr,05 [43].

To determine the detailed dependence of the surface
magnetism on A$"™, we next vary A3 in the MC simu-
lations by setting all other surface couplings to zero except
for J$"T = 25" /3. For each value of 13" we calculate
m=3 /mES at T = 100 K; the result is plotted in Fig. 3.
We choose 100 K as a representative temperature because

(b)  —— bui
—d— surface

@) = bulk
—#— surface |

e o e 2o
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=]
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FIG. 2. (a) Normalized sublattice magnetization along 2/[001]
versus temperature for a bulk Cr in the center of a [001]-oriented
slab, and for the surface Cr. Here the couplings calculated from
bulk Cr,O;5 are used for both surface and bulk Cr moments.
(b) m$"® using couplings calculated from a relaxed slab for the
surface Cr.
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FIG.3. Ratio of m&5° to m&’ at T = 100 K (~T%'/2) versus
A;‘"f. The dashed blue line indicates /1‘}“"‘.

it is roughly 7% /2 (due to the finite slab size, T /2
depends negligibly on  AP).  (mZM/mES) 100

increases monotonically with A5 and matches the bulk

sublattice magnetization [(mZ°/m&Si) = 1] roughly

when A" equals 25 (dashed blue line). Therefore, by
engineering A3 to be close to A2, one obtains bulklike
temperature dependence of surface magnetization.
Moreover, if the Heisenberg J’s for a material are known,
one can estimate from AT how much m3"% is likely to be
reduced relative to m{™ . Beyond this Letter’s focus, tuning
both bulk and surface m*®(T) and the corresponding
critical exponents by modifying 1; is a broadly applicable
strategy to enhance material tunability in both FMs and
AFMs [44]. We now discuss two approaches, also appli-
cable to other ME AFMs, for stabilizing surface magneti-
zation in Cr,Oj; at higher temperatures. The first is simply
to use a surface corresponding to a different Miller plane for
which A5 is close to 25X, We demonstrate this for Cr,Os.
Figure 4(a) shows the unit cell corresponding to the
nonpolar termination of a (102) surface, which has a large
23T and a non-negligible theoretical surface magnetization
density. Specifically, for the domain shown, Eq. (1) predicts
an out-of-plane (in-plane) magnetization component of
—4.75 pg/nm? (+7.55 pp/nm?), respectively, on the (102)
surface [23].

The couplings and degeneracies, shown in Fig. 4(b),
retained by the outermost Cr and corresponding /1§“rf for the
(102) surface are given in Table I both with DFT values
calculated from bulk Cr,O; and with surface couplings
calculated from a relaxed (102) slab. The a and b super-
scripts refer to the J4 couplings in Fig. 4(b) which become
inequivalent upon relaxation. 23" is 31.47 (40.16) meV for
bulk (relaxed) coupling values on the (102) surface. Even
using the bulk values, the surface magnetization is nearly
bulklike, and with the relaxed values leading to A" ~ 250k,
bulk and (102) surface m$*®(T) lie on top of each other
[Fig. 4(c)].

(b)

— T3 (x1)
_Jsurf(x 2)
T3l (x1)
Tt (xq)
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FIG. 4. (a) Bulk unit cell defining nonpolar (102) surface of
Cr,0;. (b) Heisenberg couplings for Cr on the (102) surface.
(c) |ms"™(T)| (with z along the [001] easy axis) for Cr in bulk and
on a (102) surface (using relaxed surface couplings).
(d) |m™®(T)| for Fe, Cr 10, and a central bulk Cr for (001)
Cr,05; with an Fe monolayer.

Extensive research has been devoted to the application of
(001) Cr, 05 films in spintronic memory devices, where the
AFM bulk domain serves as a logical bit whose direction
can be read out by the sign of the surface magnetization
(determined indirectly via the sign of the exchange bias field
in an adjacent FM [3,18,45]). Our results imply that
magnetism on the (102) surface in chromia is strongly
coupled to the bulk AFM domain, even at 7%, in contrast
to the (001) surface, which is essentially paramagnetic at
room temperature. Thus, a Cr,03-based device with a (102)
rather than (001) surface plane might be a more robust
option for memory applications. More fundamentally, a
comparison of exchange bias properties of (001) and (102)
surfaces could shed light on the underlying mechanism.

Our second proposal for stabilizing surface magnetiza-
tion involves chemical substitution. We take the Cr,0O4
(001) surface, and deposit a monolayer of Fe, substituting
the 12th Cr in Fig. 1(a). Since Fe adopts a 34 valence state,
this structure is nonpolar [23]. Crucially, while Cr-Cr J3—J5
are negligible compared to J; and J,, prior DFT studies
using a Cr,05-Fe, 05 heterostructure indicate that the J3
and J, Cr-Fe couplings are tens of meV [46]. The
differences in strengths and signs of Cr-Cr and Cr-Fe
couplings are attributed to the relative e, — 1, occupation

of the Cr’* (13, €)) and Fe* (13, e;
the coupling angles via oxygen [42]. In the final column of
Table I, we show our results for the surface Fe-Cr couplings
calculated using a relaxed Cr,O; slab terminated on one
side with Fe. J3""“¢ and J5""“F¢ are even larger than the

J§C and JSTC dominant in Cr,0O5 bulk.

e2) ions, combined with
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Figure 4(d) shows |m$"™®(T)| for the surface Fe mono-

layer and center Cr bulk, as well as for “Cr 10” [labeling in

Fig. 1(a)] which couples to Fe via J$" " (Cr 10 reverses

its orientation compared to that in pristine Cr,O5 due to this

strong AFM J5™F ) From T8 until very low temper-
atures, the Cr ions coupled directly to the Fe monolayer
have magnetization intermediate between the deeper bulk
Cr and the Fe.

A notable feature of the surface magnetization in
Fe-capped Cr,05 in Fig. 4(d) is that mf:;‘;ll’lrf (and m&P
increases more rapidly with decreasing temperature than
the bulk Cr, making this an attractive test case for
fundamental research in paramagnetic bulk materials with
surface magnetic order [47-49]. Moreover, if scanning
nitrogen vacancy magnetometry measurements could be
compared at temperatures just above (where only Fe and
the topmost Cr are fully ordered) and below T8, mon-
itoring surface magnetization changes would provide an
indication of the technique’s depth resolution.

In addition to stabilizing the surface magnetization just
below TR Fig. 4(d) shows that an Fe monolayer increases
the absolute value of TR, Reciprocally, bulk modifica-
tions, such as boron doping [10,50,51], that raise T8 are
likely to enhance the surface magnetization at room
temperature. Graded doping could even be an effective
strategy for engineering similar temperature dependencies
for bulk and surface sublattices.

In summary, we have examined finite temperature
properties of surface magnetization in ME AFMs using
Cr,05 as an example. Our DFT-MC calculations demon-
strate that disorder of surface magnetic ions at T8 likely
explains discrepancies between theoretical and experimen-
tal surface magnetization estimates for (001) Cr,O5;. We
have established a framework for assessing the relative
ordering temperature of surface and bulk magnetization
based on effective Heisenberg couplings. Finally, we have
discussed two options for stabilizing surface magnetism,
which would allow for higher temperature operation of
relevant spintronic devices. We hope this Letter stimulates
further theoretical studies, and that it motivates develop-
ments in the nitrogen vacancy magnetometry community,
in particular temperature-dependent measurements, which
will be essential in characterizing the detailed temperature
dependence of surface magnetization in AFMs.
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