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Optical fingerprints of two-dimensional interlayer-sliding multiferroic materials
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Recently, two-dimensional (2D) interlayer-sliding multiferroic materials, consisting of two nonferroelectric
monolayer ferromagnetic (FM) layers with specific interlayer stacking and sliding, have garnered significant
interest for their potential in expanding the range of 2D multiferroics. However, the low-dimensional nature of
2D multiferroic materials results in relatively weak magnetic and ferroelectric (FE) properties, posing challenges
for traditional detection methods in characterizing these two order parameters. In this work, we study the
optical fingerprints of 2D interlayer-sliding multiferroic materials. By utilizing an abstract bilayer model, we
demonstrate that the four multiferroic states (PyN;, PyN,, PN, and P, N;) are interconnected via the horizontal
mirror symmetry M., time-reversal symmetry T, and their combination symmetries M.T. Subsequently, we
analyze the tensor elements associated with the optical Kerr effect and second harmonic generation (SHG)
effect in multiferroic states, revealing a strong correlation between both the Kerr effect and SHG effect and
the multiferroic orders of 2D interlayer-sliding multiferroic materials, as well as the presence of distinct
optical characteristics across different multiferroic states. Using VSe, and MnBi,Te, as two representative 2D
interlayer-sliding multiferroic materials, we further validate the intricate correlations between the symmetries
and optical properties. Our research provides theoretical guidance for characterizing 2D interlayer-sliding

multiferroic materials by means of optical methods.
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I. INTRODUCTION

Spontaneous spin polarization ferromagnetic (FM) order
and spontaneous electric polarization ferroelectric (FE) order
are two main order parameters in condensed matter physics.
Multiferroic materials, as a special kind of quantum material
with these two order parameters, possess profound physical
significance as well as promising application prospects in the
fields of electronics and spintronics. From the perspective of
symmetry breaking, multiferroic materials with ferroelectric-
ity and magnetism need to break both inversion symmetry P
and time-reversal symmetry 7" simultaneously. In addition, the
existence of the d° rule [1] leads to the mutual exclusion of the
coexistence of magnetism and ferroelectricity. At the same
time, the existence of depolarization field, surface energy
effect, and electron screening leads to the scarcity of intrinsic
two-dimensional (2D) multiferroic materials [2,3].

The concept of interlayer-sliding ferroelectricity [4—11]
provides an alternative method for the construction of 2D
multiferroic materials and expands the family of 2D multi-
ferroics. Recently, lots of 2D interlayer-sliding multiferroic
materials (e.g., VS, [12], VSe, [13], FeCl, [13], MnBi,Tey4
[14-17], MnSe [18], Cr,Ge,Tes [19], FesGeTe, [19], and
Crl; [13,20]) have been predicted. The mechanism of the
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ferroelectricity in 2D interlayer-sliding multiferroic materials
differs from those in conventional ones. The ferroelectric-
ity arises from the interlayer sliding of two nonferroelectric
monolayer ferromagnetic materials [12-20]. The ferroelectric
polarization results in a Coulomb-potential difference for the
magnetic atoms in the top and bottom layers, leading to a
weak uncompensated magnetic moment under the antiferro-
magnetic (AFM) configuration.

Although lots of 2D interlayer-sliding multiferroic mate-
rials have been predicted theoretically, the weak magnetic
and FE orders make them difficult to be detected by the
traditional magnetic and ferroelectric measurement methods,
which hinders the progress in experiments. The Kerr effect
and second harmonic generation (SHG) effect, within the
realm of optics, exhibit remarkable sensitivity to the violation
of T symmetry and P symmetry in condensed matter physics.
Therefore, they show strong characterization capabilities
for magnetism [21-24] and ferroelectricity [25,26]. Conse-
quently, the Kerr effect and SHG effect show the possibility
to detect the order parameters for the 2D interlayer-sliding
multiferroic materials.

In this work, we investigated the optical properties (Kerr
effect and SHG effect) of 2D interlayer-sliding multiferroic
materials using symmetry analysis (including abstract bilayer
model [10] and isomorphic group method [27]) and first-
principles calculations. We found that the Kerr effect and
SHG effect are tightly dependent on the multiferroic order in
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FIG. 1. (a) The interlayer-stacking and -sliding methods to
achieve the interlayer-sliding multiferroicity. In the case of mono-
layers lacking P symmetry but possessing M, symmetry (case 1),
the A/A stacking mode is utilized. On the other hand, for monolayers
with P symmetry but lacking M, symmetry (case 2), the A/B stacking
mode is employed. (b) The four multiferroic states (P;Ny, PyN,,
P,N,, and P N;) and the interconnected symmetry. The red arrows
represent the direction of magnetic moments, and the green arrows
stand for the direction of out-of-plane FE polarization.

PN,

2D interlayer-sliding multiferroic materials. This dependence
leads to unique optical fingerprints of different multiferroic
states. These optical properties are beneficial for the detection
of 2D interlayer-sliding multiferroic materials in experiments,
and the design of optoelectronic devices based on them.

II. SYMMETRY ANALYSIS

Next, we will discuss the process of achieving interlayer-
sliding multiferroicity by employing interlayer-stacking and
-sliding techniques with 2D nonferroelectric monolayer FM
materials. Currently, most of the monolayer FM materials
that have been discovered are nonpolar and nonferroelectric.
The crystal structures of these materials mainly fall into two
cases. Case 1 is monolayers without 2 symmetry but with
horizontal mirror symmetry Mz, e.g., VS, [12], VSe, [13],
and Fe;GeTe, [19,28]. Case 2 is monolayers with P sym-
metry but without MZ symmetry, e.g., FeCl, [13], MnBi,Tey
[14-17], Crl5 [13,20,29], Cr,Ge,Teg [19,30], and MnSe [18].
Using the bilayer abstract model [10] that we proposed earlier,
the interlayer multiferroicity can be attained by employing
interlayer-stacking and -sliding techniques. Specifically, for
case 1, the A/A stacking mode is employed, while for case
2, the A/B stacking mode (where B = C.A; A and B represent
crystal types) is utilized to achieve interlayer-sliding multifer-
roicity, as illustrated in Fig. 1(a). Furthermore, the positive
and negative FE states are connected by the M, symmetry
[10], that is

Py = M.P,, 60

where P, (P,) represents the direction of FE polarization
towards the positive (negative) z-axis direction.

In the case of stacking monolayer FM materials into
a bilayer configuration, it commonly results in an AFM
arrangement between the interlayers [12-20]. As a result,

the combination of FE and AFM states gives rise to four
distinct multiferroic states, namely PyN;, PyN,, P,N,, and
P N;.Here, Nrepresents the Néel vector, which represents the
difference in magnetic moments between the top and bottom
layers, i.e., N = M, — Myowom- Ny denotes the Néel vector
towards the positive z-axis direction (i.e., the magnetic mo-
ment of the upper layer is positive and the magnetic moment
of the lower layer is negative along the z axis). Conversely,
N, represents the Néel vector directing towards the negative
z-axis direction.

According to Eq. (1), the positive and negative FE po-
larization are connected by the M. symmetry. Meanwhile,
the transformation of the Néel vector under M, symmetry is
given by

MZN = Mz(Mtop — Myottom) = Moottom — Mtop- 2

The equality holds because the M. symmetry operation
switches the order of the two layers but does not change
the z component of the magnetic moment. Therefore, under
M. symmetry operations, the Néel vector also reverses its
direction, i.e.,

M.N, = N;. 3

Additionally, FE polarization remains unchanged under
T symmetry (TPy; = P;), whereas the Néel vector reverses
direction under 7 symmetry (TN¢ = N,). Based on these
symmetry considerations, we obtain that

MZPTNT = P¢N¢7 (4)
TPN; = P;N,, Q)
M. TPN; = P|N;. ©6)

Therefore the four multiferroic states are interconnected
through the M. symmetry, T symmetry, and the M.T sym-
metry, as demonstrated in Fig. 1(b).

Interlayer sliding results in out-of-plane FE polarization,
which can give rise to a weak but uncompensated mag-
netic moment in the AFM configuration. Consequently, the
2D interlayer-sliding multiferroic materials also exhibit the
Kerr effect, which is similar to the anomalous Hall effect
[15-17] observed in the experiments. The anomalous photo-
conductivity associated with this Kerr effect corresponds to
the a)‘g, component, if the light irradiates perpendicularly to

the material. The anomalous photoconductivity afy remains
invariant under the M, symmetry. Nevertheless, it reverses
its sign under 7 or M.T symmetry, due to its odd nature
under T symmetry operation, as shown in Table I. Since
the multiferroic order can be manipulated by the electric or
magnetic fields, the Kerr signal switches accordingly. Given
this unique characteristic, the 2D interlayer-sliding multifer-
roic materials hold applications in optical storage devices. In
contrast to traditional magneto-optical memories, which rely
on magnetic-writing-optical-reading [31-33], the interlayer-
sliding multiferroic material memory offers a more convenient
approach, enabling electrical-writing-optical-reading [34].

In 2D interlayer-sliding multiferroic materials, the break-
ing of P symmetry gives rise to the emergence of the
SHG effect in this system. Next, we will analyze the
characteristics of the SHG effect. The M. symmetry operator
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TABLE I. The relationship of SHG and Kerr coefficients within different multiferroic states. We assign the even and odd components of
the SHG and o} in the P;N; state with “+” sign, and +/— in the other multiferroic states indicates the coefficient invariant/reverse its sign.

Symmetry relation

In-plane SHG

Out-of-plane SHG (x2),
in- and out-of-plane SHG

with P, N, (X5 i j. k€ (x, y)] X i Jo k€ (x, y, 2] Kerr o}
even odd even odd
PN, E + + + + +
PN, 7 + - + -
P,N; . + - - + -
PN, M, + + - - +

leads to the in-plane SHG tensor elements [Xi(jzk) , i, j, ke

(x, y)] remaining unchanged, while it reverses the out-of-
plane SHG tensor elements (x2)) and the mixed in- and
out-of-plane SHG tensor elements [ Xl.(fk), i, j, ke, y, 2),
where there is one and only one z component present]. Addi-
tionally, the 7" symmetry is broken; the SHG tensor elements
therefore should be categorized into 7'-even (i type, Xi‘“ﬁf“) and

T-o0dd (c type, X,’ﬁd) components [35]. The even components

remain unchanged under 7' symmetry, while the odd com-
ponents reverse their signs under 7' symmetry. Based on the
above rules, we can establish the relationship between SHG
coefficients of the four multiferroic states, as summarized in
Table I. The different SHG behaviors in diverse magnetic
orders can be used to distinguish the multiferroic domain, as
studied in the following.

III. CALCULATION METHODS

Next, we will use two 2D interlayer-sliding multiferroic
materials, VSe, of case 1 and MnBi,Te4 of case 2, as ex-
amples to verify our symmetry analysis. The first-principles
calculations based on density functional theory (DFT) are
performed by using the Vienna ab-initio Software Package
(VASP) [36,37]. General gradient approximation (GGA) ac-
cording to the Perdew-Burke-Ernzerhof (PBE) functional is
used. Spin-orbit coupling (SOC) effects are considered for all
the materials. Ugr = 1.2eV (4.0 eV) is set for V (Mn) atoms
in the VSe, (MnBi,Te,) calculations. The DFT Bloch wave
functions are iteratively transformed into maximally localized
Wannier functions by the WANNIER90 package [38,39]. The
optics coefficients are calculated by our own program WRFP
(WANNIERI0 Response Function Package), based on the effec-
tive tight-binding Hamiltonian obtained by WANNIER90. The
methodology of SHG and Kerr effects are introduced in Sec. V
of the Supplemental Material [40] (see also Refs. [41-45]
therein). The symmetries of magnetic materials were analyzed
with the help of the FINDSYM [46] and Bilbao Crystallographic
Server [47] website.

IV. FIRST-PRINCIPLES CALCULATION RESULTS
A. Bilayer VSe,

The monolayer VSe, crystal structure exhibits M. sym-
metry and Cj rotational symmetry, but no 2 symmetry, and
hence it does not possess FE polarization. However, when
two identical layers of VSe, are stacked and slid in the

manner depicted in Fig. 1(a), their M, symmetry is broken,
leading to out-of-plane FE polarization [10,12,13]. The FE
states can be switched by interlayer sliding along the armchair
direction.

The magnetic space group of the bilayer VSe, belongs
to P3m/1; as a result, the anomalous photoconductivity a)’g,
of the bilayer VSe, is nonzero (see Sec. IV of the Sup-
plemental Material for details [40]; see also Refs. [27,48]
therein). The anomalous photoconductivity o)‘c‘_‘y of the four
multiferroic states of the bilayer VSe, are shown in Fig. 2(a).
We find that anomalous photoconductivity crfv keeps invariant
or switches among the different multiferroic states, whose
behaviors are consistent with the results in Table I. The
anomalous photoconductivity aj‘v can be observed by Kerr
effects in experiments, and the Kerr effect can be tuned by
either electric or magnetic fields. The anomalous photocon-
ductivity 0;_‘), and anomalous Hall conductivity share similar
symmetry requirements. Therefore, one can expect that this
bilayer VSe, should also exhibit the anomalous Hall effect
under suitable electric doping, whose mechanism is similar
to the Hall effects observed in the bilayer AFM MnBi,Tey
[15-17,49,50].

We investigate the symmetry-constrained SHG tensor
of bilayer VSe, with the isomorphic group method [27].
The magnetic point group 3m’ of VSe, imposes restric-
tions on the even (x{") and odd (X,.‘;‘}{d) components of

SHG, and these two restrictions on x;7™ and x{’j‘,’(d are

equivalent to the nonmagnetic point groups 3m and 32, re-
spectively (see Sec. IIl of the Supplemental Material for
details [40], and see also Refs. [27,35] therein). This im-
plies that the nonzero even components of SHG tensor are
X, KOS X = A = X, A= A5, and
(= =X = —Xoa® = —Xyur')» While the nonzero odd

Xyyy
components  stratify the 208 = —y 000 = —y0dd = —yodd
odd _ ,0dd _ V)

and x.\7 = Xgy = — X;’ff = — )()‘?gd. The calculated results
are shown in Fig. 2(b) and are also consistent with our sym-
metry analysis results.

Compared to the monolayer VSe;, we observe that the
SHG coefficients of even components (x,yy", Xyyy > and xyio")
are approximately twice as large as the bilayer, while the SHG
coefficients of odd components (x ey, x oo, and x o) are sig-
nificantly smaller than those of monolayer. Furthermore, the
T-odd SHG coefficients of the bilayer are much smaller than
the even in-plane SHG coefficients. The computational results
for the monolayer are presented in Supplemental Material [40]

Fig. S6 (see also Ref. [27] therein).
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FIG. 2. Calculated (a) anomalous photoconductivity ny and (b) SHG coefficients of the bilayer VSe, in four multiferroic states. The
calculated SHG and Kerr coefficients within different multiferroic states are consistent with the results in Table I.

Besides, recently theoretical works predicted that 2D ma-
terials like bilayer VS, [12] and Fe;GeTe, [19,28] possess
similar interlayer-sliding ferroelectricity akin to case 1, as
well as sharing the same symmetry. Consequently, it is antic-
ipated that these materials will also exhibit similar Kerr and
SHG effects.

B. Bilayer MnBi,Te,

The monolayer MnBi, Tey crystal structure exhibits 2 sym-
metry, but lacks M. symmetry. However, by stacking identical
layers of MnBi,Te,, rotated by 180° relative to each other
in the xy plane, and subsequently sliding them, the P sym-
metry is broken, resulting in out-of-plane FE polarization
[14—-17], as shown in Fig. 3(a). Therefore, bilayer MnBi,Tey
belongs to case 2 in Fig. 1(a). The magnetic point groups
of bilayers MnBi,Te, and VSe, are the same, i.e., 3m/,
leading to the same symmetry-constrained SHG tensor and
anomalous photoconductivity ny in both materials despite
the fact that the magnetic point groups of their respective
monolayers are different. There exists extensive prior re-
search on the basic physical properties of interlayer-sliding
MnBi, Tey, such as ferroelectricity, magnetism, electric struc-
ture, and layer-polarized anomalous Hall effect [14-17]. We
also conducted a detailed analysis of the ferroelectric polar-
ization and magnetic properties in the Supplemental Material
[40] (see Fig. S2 and Table SI), consistent with previous
works [12,17].

As shown in Fig. 3(b), our calculations for bilayer
MnBi,Te, reveal that when only one order parameter (FE or
Néel) changes, the anomalous photoconductivity a)fy reverses
its sign. However, when FE and Néel order parameters un-
dergo a sign reversal, the anomalous photoconductivity o2
remains invariant. These results align with our symmetry
analysis (see Table I). Meanwhile, the calculated SHG coef-
ficients are shown in Fig. 3(c). Nevertheless, we find that the
SHG coefficients of bilayer MnBi,Te4 in the low frequency
are particularly significant, suggesting a potential link to its
topological properties [51,52].

Similarly, theoretical predictions suggest that bilayer mate-
rials such as FeCl, [13], Crlz [13,20], Cr,Ge,Teg [19,30], and

MnSe [18] possess interlayer-sliding ferroelectricity, which
falls into case 2. Consequently, it is anticipated that these
materials are also expected to exhibit Kerr effects and SHG
effects similar to those of MnBi,Tey.

XY(PtNy,PIN)=yx(P+N,P Ny
YX(PtN1,P N )=xy(P+N,,P Ny

072 Uf4 OTG 078 1.0
hw (eV)
Odd

Even 1500
1000
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FIG. 3. (a) Crystal structure of the multiferroic state PN; of
MnBi,Te,. The red arrows represent the direction of magnetic mo-
ments and the green arrow represent the direction of out-of-plane FE
polarization. (b) Anomalous photoconductivity o7, of the multifer-
roic states. (c) SHG coefficients of the even and odd parts of the four
multiferroic states. We have symmetrized the in-plane SHG tensor
elements of the odd components (PyN; + PN, — P N, — P,N,/4).
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V. DISCUSSION AND CONCLUSIONS

As demonstrated above, each multiferroic state possesses
a unique anomalous photoconductivity a)fy and SHG char-
acteristics, which give rise to distinctive optical fingerprints
for 2D interlayer-sliding multiferroic materials. Specifically,
the switch of anomalous photoconductivity a;‘y causes the
reversal of the Kerr signal in experiments. However, the pres-
ence of numerous nonzero SHG tensor elements and their
complexity greatly surpass those of anomalous photoconduc-
tivity a)f;,, resulting in richer SHG behaviors than those of the
Kerr effect.

To comprehensively capture the multiferroic states by
means of the SHG effect, all SHG tensor elements should
participate and interfere. Therefore, we should employ the
oblique incident SHG method in experiments to detect the or-
der parameter of 2D interlayer-sliding multiferroic materials,
as shown in Fig. 4(a). Our analysis revealed that the PPP and
PSS configuration can satisfy the requirement (see Sec. VII
of the Supplemental Material for details [40]). The PPP
polarization-resolved SHG patterns of four multiferroic states
are shown in Fig. 4(b). Notably, the SHG patterns resemble
flowers with six petals. The petals are nonuniform, because of
the interference of the in-plane, mixed in- and out-of-plane,
and out-of-plane SHG coefficients. The SHG flowers exhibits
C; rotation symmetry, but are not symmetric about the x axis
or the y axis. The misalignment angles relative to the x axis
or the y axis are intimately linked to the even and odd SHG
coefficients (see Sec. VII of the Supplemental Material for de-
tails [40]). Given the fact that the polarization-resolved SHG
patterns of each multiferroic state of 2D interlayer-sliding
multiferroic materials are different, as shown in Fig. 4(b), we
can detect these multiferroic states by means of the oblique
incident SHG method in Fig. 4(a). If the positive and negative
ferroelectric states in multiferroic materials are interconnected
through the inversion symmetry, as the conventional multifer-
roic materials, the oblique incident SHG technique is unable
to distinguish these multiferroic states (see Sec. VIII of the
Supplemental Material for details [40]; see also Refs. [53-59]
therein). Therefore, the behavior of SHG in the interlayer-
sliding multiferroic shows abundant characteristics compared
to conventional multiferroic materials.

In summary, with the symmetry analysis of the abstracted
bilayer model, we found that the ferromagnetic material of
the 2D nonferroelectric monolayer can form four multifer-
roic states (PyNy, PNy, P|N, and P|N;) through interlayer
stacking and sliding, and these multiferroic states are in-
terconnected via MZ, T, and sz“ symmetries. Due to the
interlayer stacking and sliding breaking the P symmetry,
2D interlayer-sliding multiferroic materials produce out-of-
plane FE polarization, which leads to weak uncompensated
magnetic moments. Consequently, the 2D interlayer-sliding
multiferroic materials exhibit the Kerr effect and the SHG
effect. Notably, within two representative examples bilayer
VSe, and MnBi,Tes, we demonstrate that each multifer-
roic state exhibits unique optical signatures. Therefore, our
research provides a theoretical guidance for using optical
methods to detect 2D interlayer-sliding multiferroic materials.

PN,

FIG. 4. (a) Illustration of the detection multiferroic states via
oblique incident SHG method. The polarization of the funda-
mental and SHG beams is represented by double arrows lines
(P polarization), where ¢ represents the azimuth angle between
the x axis and the x'z’ plane, where x’, y', 7 are the labora-
tory coordinates axis, which keep invariant. (b) Corresponding
polarization-resolved SHG pattern with the multiferroic states with
PPP setting. Eppp(2w) Xfff cos(3¢) + xz" sin(3¢p) + 25" +

even

even even . ,,odd . even even eveny __
XS xS, where we set x5 1 x o8t T Q" xS+ xS =

1:0.5:0.2. Detailed information is shown in Sec. VII of Supple-
mental Material [40].
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