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Surfaces of quantum materials are a platform for emergent, functional
phenomena

A

/A / Tn /(hkl)Lﬁ

Surface magnetic point group
/ g® = (R") < g for which R = #

Bulk magnetic point group il R™h

1

g = (R)

* The magnetic space group characterizing a surface is a lower-symmetry subgroup of the infinitely periodic bulk

* Thus, low-symmetry properties (ferromagnetism, ferroelectricity...) more readily emerge at surfaces and interfaces



Outline

. An unconventional bulk-boundary correspondence

(a) Bulk materials subjected to electric fields versus surfaces in equilibrium

(b) Specific case: surface properties of bulk magnetoelectrics (MEs)

Il. Bulk ME responses as predictors of surface magnetic properties

(@) Surface ferromagnetism in antiferromagnets?-?
(b) Surface antiferromagnetism (rotation or magnitude changes of bulk Néel vector)3

(c) Surface linear ME effects in bulk higher-order magnetoelectrics4

l1l. Outlook

(a) Relevance for van der Waals materials

1. SFW*, A. Urru” et al., Phys. Rev. X 14, 021033 (2024) 3. SFW et al., Phys. Rev. X 15, 021094 (2025)

2. O. V. Pylypovskyi*, SFW* et al., Phys. Rev. Lett. 132, 226702 (2024) 4. S. Bhowal...SFW et al., Phys. Rev. Lett. 134, 146703 (2025)
2



Bulk materials under applied electric fields versus surfaces in equilibrium

Bulk crystal Electric field
symmetry 9" symmetry g©

rystal+applied

field symmetry gPWK+E

g”" : set of operations leaving crystal’s atomic positions and their spins invariant

g™ : set of operations leaving electric field invariant (rotations about E axis and mirror planes containing E )

* The point group of a bulk crystal subjected to an external electric field is the intersection of their isolated point groups

bulk+E

* The operationsin g determine the properties (magnetization, polarization, strain...) that the electric field can induce



Bulk materials under applied electric fields versus surfaces in equilibrium

Bulk crystal Electric field Bulk crystal Surface normal

bulk E ~
symmetry 9 B symmetry g Symmetrygbu]k symmetry g"

rystal+applied
field symmetry g

rystal surface

bulk+E sym metry gsurf_l_'n

g™ . set of operations leaving crystal’s atomic positions and their spins invariant

g™ : set of operations leaving surface normal invariant (rotations about i axis and mirror planes containing 1)

bulk+E __ _surf LA|E

bulk+E g

° g IS identical to the point group describing a surface whose normal is parallel to E : g




Bulk materials under applied electric fields versus surfaces in equilibrium

Bulk crystalb . Electric fieldE Bulk crystal Surface normal
symmetry g - symmetry g symmetry g°" symmetry g™

rystal+applied
field symmetry g

rystal surface

bulk+E symmetry gsurf_l_n

bulk+E __ _surf LA|E

g )

* Properties induced by E in the bulk should arise in equilibrium at a surface, in the absence of any applied field!!



Review/interlude: bulk magnetoelectric (ME) effect

E / H A

bulk bulk
M P

! /
M; :|Oé_f,;j|Ej +|Bik I Ex HVijril Ll + ... Py =aiiH; + Q. HiHj + KijriHHyj Hy + ..

| |

Linear ME Quadratic  Cubic
response tensor

e Cross coupling of electric and magnetic fields: E induces M and H induces P in the bulk

e M andP can be induced at linear as well as higher orders of E and H (nonzero responses determined by bulk symmetry)



Review/interlude: bulk magnetoelectric (ME) effect

%
M; = o B + Bi i By + Viju b Ex By + ...

 We’ll focus just on M induced by polar vector E for connection to surface magnetization



There is a one-to-one symmetry mapping for bulk ME responses with
applied electric field, and surface magnetization without electric field!

1 1
MM (E) j - jEk jEkEl + ...

g’ = (R®) < g""*for which REE = E

| Cr20s3
® (Linear ME)

* Induced magnetization determined by subgroup of bulk operations retained in presence of E ||



There is a one-to-one symmetry mapping for bulk ME responses with
applied electric field, and surface magnetization without electric field!

1 1 Surf A
M (B) <@F + 0 jEkjEkEl +.. M) “ ’”ﬂ”k HQuram + -
g” = (R") < g™ for which R®™f = f

gP = (RF) < gPukfor which REE = E

Cr20s3
Y (Linear ME)

* |Induced magnetization determined by subgroup of bulk operations retained in presence of E || ¥

* Surface with normal nn acquires same magnetization components as bulk for E || id



Il. Bulk ME responses as predictors of surface magnetic properties

(a) Surface ferromagnetism in antiferromagnets

(b) Surface antiferromagnetism (rotation or magnitude changes of bulk Néel vector)

(c) Surface linear ME effects in bulk higher-order magnetoelectrics

10



Net surface magnetization in magnetoelectric (ME) antiferromagnets

quadratic response tensor

M; = o by M 5£ng Ek: M = yiju BBy

linear ME response tensor

T - [120]
O a0 0 ) 010 110]
= U ar Uy f [110] [210]
O O Q{ > A A : -'
) A LA N ——¢ I 100
T Y Z . 1100] [100]

Basal plane |[001]
O,

» Given a nonzero element @i;of ME tensor, we expect a 2D equilibrium magnetization along ; for a surface L j

* Higher-order bulk ME materials also have symmetry-mandated surface magnetization!
(e.g. for nonzero 3;;; we also expect ; -oriented magnetization on surface | ;)
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Surface magnetization arises even for planes that are magnetically
compensated in the bulk!

< | 0 0
— [0 a, O vacutim 14017 surface
00 [a,

e Surface magnetization is unsurprising when 2D planes are already ferromagnetic in bulk

(“uncompensated” surface magnetization)

12



Surface magnetization arises even for planes that are magnetically

compensated in the bulk!

[010] surface

0 0
0
0 CVH

00 B DB T- B DL

oCr °ﬂ>@:#¢t

AA&\

.0‘

\ .

* More surprising for surface planes that are antiferromagnetic in bulk! (“induced surface magnetization”)

* Modification of magnetic moments from bulk order due to symmetry lowering at surface

010] | A || g

T—>[010] | 2

210 [ f || 2

T—>[001] | 2] L

13



Induced surface magnetization in Cr203 confirmed by density functional
theory (DFT) and magnetotransport

,..’ 1.5 -

010] || nn

cantmg angle 11 z ; _
T_.[om NEXR? | o=l

0.05 - —@ m || [010], L
| —@ m || [010], L

SFW*, A. Urru* et al., Phys. Rev. X 14, 021033 (2024)
(Featured in Physics)

-

|
O
=)
C1

ms"! per surface (up)

1 5 .25 0 25 5 1
cant angle (degrees)

* Energetic preference for finite surface magnetization

» Sign of surface M switches for opposite bulk domains! (can be used for domain readout in spintronics)



Induced surface magnetization in Cr203 confirmed by DFT and

magnetotransport
El
=
2 r - - I
U] 04 Magnetotransport® l
e T — 0 :
Spin—HaII O. V. Pylypovskyi*, SFW* et al., = 09 T ,
_ surf Phys. Rev. Lett. 132, 226702 (2024) & 0. _ :
magnetoresistance JHan oc my (Editor’s suggestion) = After poHeoot = +1.3T 310
z
3 .
T(g‘ 0.2 T After /LOHcool = —1.3T :
g b= :
ot 3. £ 200 220 240 260 280 300 320
- Temperature (K) N
1.5 1
—L -
CFZOS R 1 -
,‘ ~ 05
=
Denys Makarov > B] I G
(Helmholtz-Zentrum, Dresden) 05-
-1 - : : . . ' : l
SFW*, A. Urru* et al., Phys. Rev. X 14, -1 .5 -25 0 25 5 1
021033 (2024) (Featured in Physics) cant angle (degrees)

* QOut-of-plane surface magnetization also detected in magnetotransport measurements of collaborators
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Beyond bulk magnetoelectrics

SSPPS

>
%
E

D

L

o

om

GRpn
‘E} > determined by Wyckoff site symmetry
J
/ g Wbulk - gbulk
S

net ME
response

Sl
¢

%

2

1/

. ‘|

O

| ocal ME

tensors /AN
+ +
4 © C
+

t 3% O Fe
o /e
o O
- gﬁz a\ ,
)
) 1
: :
Bulk E-field /
response
anti-ME

X. H. Verbeek et al.,
Phys. Rev. Research 5, response
1.042018 (2023)

* Even if bulk crystal symmetry disallows net ME response, local, atomic-site ME responses still occur

* |f local ME responses have same sign on all atoms: net ME response.

* |f local tensors are antiferroically ordered: an antiferroic ME response!!
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Bulk “anti-MEs” have analogous symmetry-dictated surface magnetic order

E
Vacuum #

_t

N KNIV FRIFXK
N KK > t> e

FEFE >«

Compgns_ated Ferroic local ME g,k ME response Net su.rfac?e
SFW et al., Phys. Rev. X 15, magnetic dipoles responses magnetization

021094 (2025)
E Vacuumlﬁ

>4¢P>PE +- +- AKIAK AKAK
>EPe¢ Tt AKAK > > E
>EPeE +- +- AKAK >E>E

> 4P + + + +
>EP>PE 4+ + +

>EPEC ++ + +

| | | Antiferroic
Compensated Antiferroic local Bulk anti-ME surface
magnetic dipoles ME responses response modifications

* An AFM surface stays AFM, but surface Néel vector gets modified (rotations and length changes)



DFT-based validation: surface magnetic order of CuMnAs

Laver 1
1.5x 10
‘V _‘_. -'\[.ry
0.7 %10 @ \/-‘
Mn 1 | ) O As =1 .
LN A E o Cu -0.7x107 M X al;)c ‘-
Layer 1 & : ol
Chis B TR e R T HEEh 1.5% 103 =4 -
Layer 2 L9/ [OIAO] | B 6.5% 102
W Mn 4 2/1001}&” 3 /[100] || L 3.0x10 Ozgk X 5@31{
00 e T
SFW et al., Phys. Rev. X 15, |
021094 (2025) -3.0 %1072 i Oqyy
’ . Ouur/
o ny,
“())X].U T T
1 Mn number 2

Based on relative signs of local bulk ME tensors, for the (010) surface we expect:

Laver 2
o
e e e e e e me ) | OCAl linear
ME tensors
s
T T
g

————m——=dgy LOCal quadratic
) ME tensors
, -

3 Mn number 1

1. Out-of-plane canting || ¥/|010]| which is antiferroic in-plane (surface Néel vector rotation)

2. Equal and opposite changes in length of dipole moments || z/[100] (surface Néel vector length change)

3. In-plane canting|| 2/|001] which is ferroic in-plane, but switches sign between layers

(“roughness sensitive” surface ferromagnetism)
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Energetics validate ME-based predications

Va‘:ColiUm F SFW et al., Phys. Rev. X 15, 021094 (2025)
o - g n
@0 =o»=? > > @T—vff? | L
> ,
g || i «©= = o - arm & 8
«B= -0 S
,\LZ‘: IL «0= =O» = S —%— AFM canting
® ®- -0 @ « 10 7 == FM canting
N
' N 7 \p
Vacuum SR
2
o 3.85 <1 0
3 -2
N 3.82
2 3.80 -1 -.5 0 5 1
© 3.77 ¢y (degrees)
= 3.75
= 3 7o out-of plane Néel vector rotation

123456738910

Layer number
surface Néel vector length changes

—g— AFM canting
—gr— ['M canting

qﬁ 2 (degrees.)

“roughness-sensitive”
surface ferromagnetism
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Additional surface property of higher-order bulk MEs:

surface linear ME effect
80O - (o) gi(e) s-8
g L ! - i - i
E 7+ !O 7 i vd= i EL\
> : i N
S r ! ) | - i ‘a
O 61 o} 6 5 6 \ O
> | | 1
4 T | ‘ | ‘ N e
I I B T B N N S U
002 0 0.02 003 0 003 -002-001 0 0010.02 P N
Iayer : : : \ <
o electric dipole local linear ME o
magnetization P tONSOrS ° o _Layer 8| s
O O Layer7 2R
¢ Layer6 £l
S. Bhowal, A. Urru, SFW and N. A. Spaldin, - A Layer5 )
Phys. Rev. Lett. 134, 146703 (2025) | j n | |
-0.04 0 0.04
Amplitude (A)
x Eapplied

* E.g. quadratic ME FeF2; (110) surface has equilibrium surface magnetization, and a change in surface magnetization linear
in an external electric field! (Surface linear ME effect)

"I is proportional to effective electric field Esvf, oS o gLuk E;Wf

- SUu
* Surface linear ME tensor o, . o



l1l. Outlook

(a) K

elevance for van der Waals materials
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Some general spintronics utilities for surface magnetic properties

Read from:

a Ferromagnet Antiferromagnet

-
o
3
2 MRAM AF-MRAM

.E —

=

2| 3
=
§ MERAM AF-MERAM
= 2

T. Kosub et al., Nature Comm. 8, urf ~ Bzzz\ Esurf

M?Z
13985 (2017)

”~
-

- / z
applied

0 .s?urf (Bzzz surf) applied

leulk ﬂZZZ( pplted)

* Surface magnetization: domain readout in antiferromagnets, exchange bias...
» Surface Néel vector modifications: possible efficiency increases in spin-orbit torque (?!)

* Surface linear ME effects; enhanced magnitudes of magnetoelectric coupling
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Symmetry guided search for layered (“bulk”) van der Waals materials with

surface magnetic properties

bt Rl et Y. Liu et al., Nature Reviews
RSN Materials 1, 16042 (2016)

.............
BE e 25 AL e N -

Surface

AN
SASZANAANNANK
peecevececeey

bulk

O Cr AN
° I IR
peeesceeeoey
K - -
Y
OO

B. Niu et al., Nano Lett. Materials

20, 553-558 (2020)

e | ayered vdWs with space groups allowing for bulk ME responses will have discussed surface magnetic properties, analogously to

covalent magnetic materials

Strengths of vdW motif:

1. High tunability and control of synthesis can enable tailored design of desired bulk symmetries

2. Ultra-clean, unreconstructed surfaces: enhanced responses

3. Quasi-2D nature; potential to decouple, and separately control, surface and “bulk” properties
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Application to monolayer Iimit

P

g

surf %gmonolayer

 Monolayer symmetries (“layer” point groups) are not equivalent to surface symmetries
(e.g., a surface can never preserve inversion)

 But any surface point group can also be a monolayer point group (converse not true!):

* Provides strategy for symmetry-based search/design of “surface symmetry” van der Waals monolayers
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Currently hiring postdoc! (application deadline July 15th)

Postdoctoral position in prediction of
low-dimensional magnetoelectrics

inll f il X Q=

The group of Sophie Weber (Condensed Matter and Materials Theory Division of Physics,
Chalmers University of Technology) invites applications for a postdoctoral position on the first-
principles-based prediction and design of new, low-dimensional magnetoelectric materials.
Low-dimensional materials are highly desirable for efficient device integration, and the intrinsic
coupling between electric polarization and magnetism in magnetoelectrics could revolutionize
storage and information technologies. In this project, the applicant will combine symmetry
analysis, electronic structure calculations, and high-throughput database screening to predict
promising new material candidates. The position is for two years, with a start date of January
2026.

sophie.weber@chalmers.se



mailto:sophie.weber@chalmers.se

