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High figure of merit magneto-optics from interfacial skyrmions on topological insulators
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In the Kerr rotation geometry, magneto-optic memory devices typically suffer from low figure-of-merit (FOM)
and long write times. We show that skyrmions formed at the interface of a thin-film multiferroic and a topological
insulator can give rise to high FOM magneto-optic Kerr effects (MOKEs). Huge differential MOKE can arise in
parts of the phase diagram. Resonancelike features in the MOKE spectra arising from the induced low energy TI
band gap, the multiferroic-film thickness, and the high energy Drude-like behavior are resolved and explained.
The Fermi level dependence of the MOKE signatures is distinct for the different magnetic textures. This has
broad implications for magnetic texture characterization, electro-optic modulators and isolators, and high density

magnetic optic memory.

DOI: 10.1103/PhysRevB.98.024424

I. INTRODUCTION

Magneto-optic (MO) phenomenon such as Kerr and Fara-
day rotations, Voigt effect, magneto-plasma reflections, and
cyclotron resonances arise from broken time reversal symme-
try. Some MO effects also arise from the electronic structure’s
topology, and hence are used to study quantum Hall effects
[1], Kerr rotations in topological insulators (TIs) [2,3], mag-
netoelectric optical effects [4,5], magnetochiral effects [6], and
skyrmions and their Hall effects [7-9].

The magneto-optic Kerr effect (MOKE) in the polar con-
figuration is particularly interesting due to its application in
optical reading-out of magnetically stored information [10—
12]. A MOKE device can be characterized by its figure-of-
merit (FOM) [13-15], which usually depends on the Kerr
rotation angle and the reflectivity. Typically, during the MO
memory write process, a focused laser heats the magnetic
material to its Curie temperature, which allows the local
magnetic polarization to be flipped. However, the thermally
assisted write processes can be relatively slow. For readout,
the Kerr rotation is barely one degree for most MO recording
materials [16-19], which can result in higher readout error
rates. The Kerr rotation can be enhanced by the use of
cavitylike resonance conditions, but this usually lowers the
reflectivity and makes the memory write process difficult. The
required magnetic fields and effective cyclotron frequencies
for generating large Kerr rotations in a semi-infinite medium
can be unreasonably large [20,21]. However, skyrmions can
give rise to very high emergent fields. The emergent magnetic
fields from a periodic lattice of skyrmions (SkX) can reach up
to 4000 T, which is two orders of magnitude larger than what
can be generated in laboratories.
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Skyrmions are topological particlelike configurations of
continuous vector fields and are regarded as analogs of
magnetic monopoles as each skyrmion is associated with a
quantized magnetic flux [22,23]. Their nontrivial topology is a
result of competing Dzyaloshinkii-Moriya (DM), Heisenberg,
and Zeeman interactions [9,24,25]. In addition, skyrmions rep-
resent a new type of magnetic order [26,27], and they have been
observed in B20 compounds such as MnSi [28,29], FeCoSi
[30], FeGe [31], and in Cu,OSeO3 which is a multiferroic [32].
Skyrmions have been proposed for use in novel high density
electrically controllable racetrack memories [33,34].

The use of magnetic [35] and electric fields [36] has
been proposed to switch between the topologically nontrivial
skyrmion spin texture and the topologically trivial ferromag-
netic spin texture. Experimentally it is possible to create
and erase individual skyrmions using spin polarized currents
[37]. Also magnetic skyrmions can be electrically created
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FIG. 1. MOKE arising from a magneto-optic device with a thin-
film B20 material deposited on top of a semi-infinite TI. A SkX exists
at the interface of the TI and B20 compound.
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on a thin film of a chiral-lattice magnetic insulator within a
few nanoseconds by applying an electric field which couples
to the noncollinear skyrmion spins [36—42]. In Cu,08SeOs3,
the noncollinear skyrmion spin structure in the host material
behaves like a multiferroic due to spin-orbit coupling. This
enables skyrmion manipulation via electric fields instead of
electric currents [43,44] or heat pulses [45]. More recently
it has been shown that one can reversibly switch between
topologically inequivalent ferromagnetic phases and skyrmion
phases using electric fields [46]. A topological charge analysis
of skyrmion dynamics, energetics, creation, and stability was
recently described [47].

Skyrmions combined with other topological materials can
lead to emergent functionalities. In this paper we show that a
skyrmion lattice at the interface of a thin-film B20 compound
(such as Cu;0Se0s3) and a semi-infinite T (e.g., BirSes) gives
rise to a high FOM-MOKE (see Fig. 1). The large MOKE
can be exploited for characterization of the spin texture, or
application in a magneto-optic memory device.

Skyrmions can form on a TI’s surface [48] and can become
charged [49]. The B20-TI heterostructure provides electric
field switching of the skyrmion spin texture and a large MOKE
from the skyrmion phase. The large differential MOKE leads
to fast and high fidelity magneto-optical bit readout. Electric
field switching provides fast, low-power writing. The emergent
properties of the B20-TT heterostructure provide the physical
mechanisms for facile reading and writing of information bits
in a topological magneto-optic memory.

For simplicity we consider a device geometry where a
semi-infinite TI is capped by a thin Cu,0SeO; layer as
shown in Fig. 1. We consider interfaces with a ferromagnetic
(FM) texture along with Néel- and Bloch-type skyrmions.
This simple geometry allows us to best highlight the main
MOKE spectral features manifesting from different physical
effects. These are: the low energy topological MOKE, thin-film
induced enhancement of MOKE, and MOKE occurring at the
high energy plasma frequency.

II. MODEL AND METHOD

We begin by constructing a model where the surface of the
TI is coupled to the background spin texture of a SkX. A low
energy effective model describing the surface state of Bi,Ses
is used where the surface state consists of a single Dirac cone
at the I" point [50].

We consider the low energy effective Hamiltonian [51]
describing the decoupled top and bottom surface states of a
TI to avoid the well-known Fermion doubling problem on
discrete tight-binding lattice, we have added a k’c, term to
the Hamiltonian of TT [52,53]:

2 g2
H = hvp(keoy — kyoy) — Chvp(k; + k3o, 60
where the Fermi velocity vy is a material constant. This
momentum space Hamiltonian can be transformed into the

following real space tight-binding Hamiltonian coupled to the
SkX spin texture on a rectangular lattice:

H = ZCZGC,‘ — Z(C;rtcj‘ +Hc)—Jy ZC?O’,‘ -S;ici,
i (i,)) i

(@)

where S; is the localized spin of the skyrmion on site i which
couples to the TI through the Hund’s rule coupling constant
Jy. Here ¢ is the nearest neighbor hopping along the x and
y directions, o; is the spin of the itinerant electron, and
€ is the on site potential. Periodic boundary conditions are
imposed along both the x and y directed edges of a square unit
cell consisting of 9 x 9 lattice sites. We define #; = fivp/2a
and t, = ¢ /a. Here € = 8t1th0,, 1, = —it10, — 211100, 1, =
ityjo, — 2t11p0,. For our numerical simulations we choose the
discretization lengtha = 15 A, =5 A, vp = 0.5 x 10° m/s,
and Jy = 40 meV [48]. The interplay between t, , and Jy
dictates the anomalous Hall conductivity of the TI surface in
this model.

The magnetization of a single skyrmion can be described
by

n(r) = [sin ¥(r) cos ¢(¢), sin ¥ (r) sin p(¢), cos ¥(r)], (3)

where ?(r =0)=0,90 <r < Ry) =n(l — RLJ_), and 9 (r >
R,) = 7 [54]. ¢(¢) = m¢ + v and ¢ = tan"'[y/x] where the
helicity of the skyrmion is defined by the phase v [55]. In this
paper we consider both Néel-type (m = 1,v = 0) and Bloch-
type skyrmions (m = 1,v = 7/2). The skyrmion is centered
in the unit cell, and the magnetization n(r) is evaluated at each
lattice site i to obtain S; in Eq. (2).

The z component of n(r) acts on the electronlike position
dependent Dirac mass, while the in-plane components can
give rise to an emergent gauge field. The total magnetic flux
enclosed in a unit skyrmion cell is one flux quantum &y = h/e,
independent of the skyrmion radius R, [56]. The effective
magnetic field is Besr = —Po/(4R?) [57].

III. ELECTRONIC STRUCTURE

The numerically calculated band structure and the corre-
sponding density of states (DOS) are shown in Fig. 2 for the
magnetic textures proximity coupled to the TI. This includes
the ferromagnetic case (FM:TI), the Néel-type skyrmion (m =
1,v =0), and the Bloch-type skyrmion (m = 1,v = /2)
proximity coupled to the TI’s surface state. The energy gap
at I' resulting from proximity coupling to the Néel- and
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FIG. 2. Electronic band structure and density of states for prox-
imity coupled FM:TI system and SkX:TI withm = 1, and v = 0 and
v=m/2
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Bloch-type skyrmions is less than the gap resulting from
proximity coupling to the FM state. This can be understood
from the fact that the skyrmion creates a hole in the background
FM texture that reduces the total Z component of the magnetic
moment. The presence of the skyrmions also breaks the
degeneracy in other higher energy regions of the spectrum.

IV. DIELECTRIC TENSOR COMPONENTS

Observables such as magneto-optic effects and quantum
Hall type phenomenon manifest themselves through the di-
electric tensor components which depend on the electronic
structure and topological properties. In the case of normal
optical incidence for an SkX on a TI, the magnetization is
along z, which is perpendicular to the surface and parallel to
the direction of light propagation, similar to the polar Kerr
effect. The x and y directions preserve in-plane symmetry.
The complex 3 x 3 dielectric tensor has diagonal [€,x,€yy,€;.]
terms and the off-diagonal €., terms which are topology
dependent.

The matrix elements of the optical conductivity tensor can
be obtained from the band structure calculations using the
Kubo formula [58,59] as follows:

" ie? / anz(k)< (k). T1(k)],
YT QrL?h (k) \ k) —w + iy

M(k);, (k) )

where I, (k) = (,,(k)|v, |;(k)) is the velocity operator. Here
{t,7} € {x,y}, y is a broadening parameter, and %w,; (k) =
E, (k) — E;(k) is the energy difference of an optical transition
between an unoccupied band n and an occupied band /.
fulk) = fu.(k) — fi(k), where f,(k)isthe Fermi filling factor.

Since we are using an effective Hamiltonian to obtain o, ,,
we compensate for the missing higher band contributions in
Eq. (4) by adding a k /(w + i) term while relating the optical
dielectric tensor to the conductivity tensor:

“

4mi K
e,j(a)) = 808” — 70’11 —

w+iy’ )
Here « is adjusted so that the relative zero frequency dielectric
constant €p matches the known experimental value. ¢, is the
vacuum permittivity. For Bi,Ses, €(w) is given by Lorentz
oscillator fits to experiment [60], which in the low energy
regime (0-30 meV) is essentially a constant. In the effective
surface model, the bulk band contributions to the momentum
matrix elements in €, (w) are not included. However, this does
not change the qualitative behavior of the effects shown in this
paper, since the calculated €,,(w)s are qualitatively similar to
experiment [60]. Therefore we argue that all the higher energy
MOKE features discussed in this paper would still be seen in
experiments, but at higher optical frequencies.

The dielectric function consists of Berry connection type
terms a,(k) = —i (Y (k)|V,|¥(k)), which behave like a fic-
titious momentum space gauge potential or an equivalent
magnetic field b, (k) = 0, a(k) — 9, a,(k). The MOKE can
therefore be viewed as an optical manifestation of the Berry
curvature via the €,, term. This is similar to charge transport,

where the xy response is proportional to the Chern number
[26,61-63], which is the integral of Berry curvature over the
first Brillouin zone, C = % f dzkbz(k). There are differences
between MOKE and quantum Hall effect type topological
manifestations due to conduction <> valance transitions and the
frequency dependence in optics. €, depends on the topological
charge across a gap. Usually €,, is much smaller than the
diagonal €,,. In our case the three different magnetic textures
result in the same Chern number across the fundamental gap
of the proximity induced magnetic TI surface state, so that €,
does not vary much when the Fermi energy is set to 0.

V. MAGNETO-OPTICS

The complex in-plane index of refraction is ny = /ex =
€xx £ i€y, where the + (—) signs represents right (left) cir-
cularly polarized (RCP) (LCP) light propagation. The complex
MOKE effect is expressed as ®; = 6 + &, where the Kerr
rotation and ellipticity are, respectively,

O = (Ay — A)/2, (6)

& = (Irel = Ir=D/(re | +1r-1. (M

Since the eigenmodes here are LCP and RCP, the Kerr rotation
angle can be expressed as the phase difference between these
two modes. The complex phase AL can be obtained from the
Fresnel reflection coefficients r.

The MOKE arising because of the thin-film structure
can be significantly altered by internal reflection at various
interfaces of the layers. A 2 x 2 characteristic matrix method
can be used to characterize the MOKE spectra of a multilayer
structure at normal incidence, assuming that the materials are
homogeneous and isotropic. The transfer matrices are in the
LCP/RCP eigenmode basis, which for N parallel layers is

N

1 rE 1 eiﬁjiﬂ 0
+ _ Jij+1
S _Hti [ Lo ][ 0 el ®)

j=0 "J-j+1 Jij+1

The Fresnel reflection and transmission coefficients at nor-
mal incidence for each interface are respectively given by
rjijﬂ = (7 —ni /(7 +ni)and 5, = Q2n)/(n] +
n;1)- The phase factoris given by B; = (27/A)n ;d;, where d;
is the thickness of the jth layer and A is the optical wavelength.
The complex reflection coefﬁ(nent from the resultant char-
acteristic transfer matrix is r* = Sliz/S11 = |rt| exp(—iAy),
where S,i/ € §*. The observed reflective intensity is

Ry = |rel”.

VI. DISCUSSION

We first consider only an ideal single interface for our initial
analysis. The MOKE spectra and reflectivity and the optical
dielectric function are shown for a Néel-type skyrmion (m =
1,v = 0) on a TI in Fig. 3 for illustration. The corresponding
spectra for FM:TI and Bloch-type skyrmion (m = 1,v = 7/2)
on a TI look very similar.

Two distinct resonancelike features can be seen for the
Kerr rotation and the elipticity. From the approximation [64]
O ~ [ny —n_]/[nyn_ — 1], it is easy to see that MOKE
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FIG. 3. (a) Kerr rotation and ellipticity for a single SkX:TI
interface for Néel-type skyrmion m = 1,v = 0. (b) Reflectivity for
left and right circularly polarized light. (c) The corresponding optical
conductivity of SkX:TI system.

resonances spectrally occurs whenever e e_ ~ 1[20].InFig. 3
one MOKE resonance is in the low energy regime and occurs
at 38 meV. This is close to the size of the fundamental gap that
the magnetic texture (Néel-type skyrmion in this case) induces
in the TI. We will explore this regime, where the quantization
effects occurs, in more detail later in this paper.

The high energy MOKE resonance features occur in the
energy regime where free electronlike behavior dominates.
Hence this can be qualitatively understood from the semiclas-
sical Drude model e+ o {1 — a)lz, /lo(w £ o, 4+ iy)]}, where
w), is the plasma frequency and w, is the cyclotron frequency.

If €,y < €, [64], an additional approximation can be made
for the Kerr rotation ©; ~ €, /(1 — €xx)\/€x,. From this most
commonly used expression for calculating MOKE, it can be
seen that MOKE resonances should occur when €., = 1. This
is also where Ry goes to zero and the MOKE resonance occurs
near w = w, [65-67]. Note that similarly, magnetoplasmons
in graphene give large magneto-optic effects [68,69]. Using
the Drude model, one can derive a simple expression for the
spectral occurrence of this MOKE resonance [20]:

wi%%(y+mj:wc). ©)

In an attempt to explain the high energy spectral features
using the Drude model, we extract the effective w,, and effective
w, using the optical sum rules:

*° b4
A ammqgwmmn=5w; (10)
/ W Reler, (@) = —Z oo (11)
0

These values can be substituted into Eq. (9) to obtain @, which
is listed in Table I along with other parameters. The analytically
obtained w, is in excellent agreement with wg—which is the
frequency at which the high energy MOKE resonance occurs.

In this high energy regime, the magnitude of 6;"** o wca)lz, ¢

TABLEI Listofhighenergy (>2eV) Kerr rotation angles and re-
lated parameters due to free electronlike behavior for various magnetic
textures on TI. Maximum Kerr rotation angle 9;” ?, effective plasma
frequency 6;”, cyclotron frequency w., frequency of maximum Kerr
rotation wy, and its predicted value w, .

Spin texture 9,{:) r w, (V) . (V) wy(EeV) wy(eV)
FM 2.175 2.822 0.014 2.894 2.878
m=1v=0 2.032 2816 0.013 2.888 2.872
m=1v=mn/2 2029 2816 0.013 2.889 2.872

€yy is shown in Table I. Overall, if w. < w,, then the Kerr
rotation resonance is at w & w,. Whereas if w. 2 w,, then
a large MOKE resonance edge split occurs at frequencies
determined by €,€_ ~ 1 [20]. Note that these calculations are
for a single interface (i.e., assuming both the Cu,0SeO; and
Bi,;Se; layers are semi-infinite).

We next consider the MOKE features around 38 meV. The
MOKE spectra is shown in Fig. 4 in the energy regime below
300 meV. The maximum Kerr rotation is about 9°, which occurs
when R, are the furthest apart as this increases A, — A_. The
Kerr rotation is sufficiently large for magneto-optic recording
applications. In this case, there is not a clear distinguishing
feature between the interface with the FM and the interface with
the two different skyrmion spin textures. For these calculations,
the Fermi energy E ; = 0. The MOKE spectral features in this
energy regime are primarily dominated by the gap in the TI
surface state, which is induced by the magnetic textures. The
Chern number in the gap is the same for all three magnetic
textures, and hence there is no clear distinction in the MOKE
features for £, = 0.

MOKE can also be enhanced by the resonancelike effects
that arise from adjusting the film thickness of different mate-
rials. In order to understand the effects of this for our system,
we consider a thin-film structure as shown in Fig. 1 where a
Cu,08e03 film of thickness d; sits on a semi-infinite Bi;Ses
layer. The dispersion relation for Cu,OSeO3; was obtained
using experimentally fitted Lorentz oscillators [70]. As is
typical with multiferroics, there are several low energy phonon
modes present in the Cu,OSeOs dielectric function which
are also reproduced by the model [70]. We assume that the
SkX system exists in a 1 nm thin layer at the interface of
the Cu,OSeOs; thin film and semi-infinite Bi,Ses layer. The

6, (deg)

N N

0
0 100 200 300 O
® (meV)

0
100 200 3000 100 200 300
® (meV) o (meV)

FIG. 4. A comparison of the (a) Kerr rotation, (b) ellipticity, (c)
RCP reflectivity, and (d) LCP reflectivity for FM:TI and SkX:TI with
m=1,v=0andm=1,v=m/2.
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FIG. 5. A close-up comparison of the d; =200 nm thin-film
induced resonances in the (a) Kerr rotation and (b) ellipticity. The
corresponding (c) RCP reflectivity and (d) LCP reflectivity is also
shown for the FM:TI- and SkX:TI interfaces with Bloch- (m =1,
v = m/2) and Néel- (m = 1, v = 0) type skyrmions.

SkX:TI effects manifest themselves via n4. The refractive
index of air is used for the semi-infinite media above the
Cu,08Se03 layer as shown in Fig. 1.

A comparison of the magneto optic Kerr rotation, ellipticity,
LCP, and RCP reflectivity spectra are shown in Fig. 5 for a
Néel-type skyrmion, the Bloch-type skyrmion, and the FM:TI
for a CuyOSeOs; layer with film thickness d; = 200 um. At this
particular film thickness, R_ — 0, which causes a huge Kerr
rotation resonance of ~ 90° as the phase difference between
LCP and RCP is maximized. Also for a given film thicknesses
for the Cu,0SeO; layer, the MOKE spectra can be notably
different between the different SkX textures and the FM state.
In this example the maximum Kerr rotation arising from the
FM:TI is ~ 60 deg and occurs at a different optical frequency.

In order to achieve low error magneto-optic readouts, the
different states should be maximally discernible. We therefore
examine the phase diagram, as a function of w and d,, for the
differential MOKE effects,

Aek — QIFMiTI _ QkSkX:TI, (12)

ARav — R::\I]V[:TI _ RE\I,(X:TI, (13)

where R,y = (R + R_)/2 is the average reflectivity. We take
arctan[tan(6)] to avoid Kerr rotations greater than 90 deg.
The phase diagram for both the Kerr rotation and the average
reflectivity is shown in Figs. 6(a) and 6(c) for the Néel-type
skyrmion. Both Néel- and Bloch-type skyrmions have identical
phase diagrams where ;. and R, vary periodically with @ and
d;. There are several periodic parts of this phase diagram that
are insensitive to errors in film thickness or spectral tuning.
By tuning d; a large Kerr rotation can be obtained for any
frequency 2100 meV. The reflectivity would, however, be low
in this case when 6, is maximized. The differential A6, and
AR, effects are shown in Figs. 6(b) and 6(d), respectively.
Generally AR,y is low. The FM:TI and SkX:TT have slightly
different periodicity. Therefore the differential Kerr rotation
can reach up to £90° depending on d;. The phase diagram
also suggests that either the Néel- or Bloch-type skyrmions
could be used for such a magneto-optic recording device.
Typically, large Kerr rotations are accompanied by low
reflectivities which reduces the effectiveness of a MO device.
The overall useful MO signal can be quantified by the figure

10,/ (deg)
(a) 15 30 45 60 75 (b)

A0, (deg)
15 30 45 60 75

o

e
e
1 1.5 2

0.5 1 1.5 2 0.5

d1 (um) d1 (um)
R IAR_ |
av av
() 02 04 06 08 (d) 0.01 0.02 0.03 0.04

1 1.5
d1 (um)

FIG. 6. (a) The Kerr rotation for the Néel-type (m = 1,v = 0)
interface (b) and its Kerr rotation difference with the FM interface
NG = FMTL — gSKXTL 45 4 function of frequency and Cu,0SeO; film
thickness d;. (c) Average reflectivity R,, = (R4 + R_)/2 for Néel-

type interface and (d) difference in the average reflectivity AR,, =
RFM:T] _ RSkX:TI
av av *

of merit (FOM) [13-15] for the Kerr rotation configuration,
defined here as

FOM = |6k| x max(|r[,|r_|). 14)

This can be used to characterize MO memory and other MO
devices such as modulators and isolators.

For our device, the FOM is shown in Fig. 7 as a function of
w and d;. At w ~ w, ~ 2.8 eV, the FOM peaks, arising from
the free electron behavior, periodically as a function of d;. The
FOM resonance at w ~ 0.52 eV, and d; = 0.2 pum is due to
the features shown in Fig. 5. Even though 6; ~ 90°, the FOM
is not the highest due to low R,.. The FOM peak here is higher
for the Néel SkX:TI than it is for the FM:TI. Also note that the
Néel and Bloch SkX:TI's FOM are identical.

04 0.4
d1 (um) d1 (um)

o (eV) o (eV)

FIG. 7. Figure of merit for (a) FM:TI and (b) Néel SkX:TI.
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FIG. 8. (a) Low energy spectral regime Kerr rotation 6, as a
function of Fermi energy E; calculated around @ ~ 38 meV, which
is where 6" occurs in Fig. 4 at E; = 0. (b) Thin-film thickness
(dy = 200 nm) induced Kerr rotation in the intermediate spectral
regime, as a function of Fermi energy. Kerr rotations are calculated
around @ ~ 520 meV, which is where 6" occurs for E; =0 in
Fig. 5.

Finally, the most fascinating result is that the FOM at w &
38 meV is independent of d; . This is an encouraging result for
experiments and for devices as this implies that the MO-FOM
is independent of any error in the CuyOSeOs film thickness.
Also, this FOM at the gap energy is also the highest in the
entire FOM phase diagram.

Finally, we study electro-optic switching effects as a func-
tion of Fermi energy. In Fig. 8(a) 6; is shown as a function
of Fermi energy Ef. All values are shown at the w at which
6" occurs for E¢ = 0 in the low energy regime (see Fig. 4).
Similarly in Fig. 8(b), 6; is shown as a function of Ey in
the intermediate energy regime. Here w for each magnetic
texture is where the resonances induced by the Cu,0SeOs film
thickness occur in Fig. 5(a).

In Fig. 8(a) all three textures show distinct behavior. While
6" for the FM:TI shows a monotonic decrease with increas-
ing Ey, the Néel-type and Bloch-type SkXs show somewhat
oscillatory nonmonotonic behavior. This can be explained as
follows. In the present model for the FM:TI all the states
above the gap are degenerate and free electronlike. Hence
Ox decreases monotonically with E . Whereas in case of the
SkX:TI, the states just above the gap are nondegenerate and
the bands are split. This leads to additional peaks and valleys
in the DOS, which causes the sudden jumps in Fig. 8(a) as E ¢
moves up in energy. Lastly, 6 as a function of E ; differs for the

Néel-type and Bloch-type SkXs because their density of states
is different above the gap as shown in Fig. 2. These effects can
be numerically heightened if Jp is increased tenfold. The band
splittings in Fig. 2 for the two SkXs then evolve into energy
gaps where the SkXs have different Chern numbers in the gaps.
This will lead to very distinct MOKE signatures as a function
of E f-

These E; dependent nonmonotonic 6; effects are not seen
in Fig. 8(b), where the MOKE resonances are induced by the
Cu,0Se0; thin film. Here the Néel-type and Bloch-type SkXs
are indistinguishable, but they both differ from the FM:TI. 6 at
E; = 0is much smaller for the FM:TI because d; = 200 nm s
not optimal in this case. The FM:TI and SkX:TI show distinct
differences only for low E.

In summary, the MOKE from SkX-hosting thin-film B20
type compounds interfaced with TI structures displays rich
physics with important device applications. High FOM is
obtained from the low energy topological MOKE, the thin-film
induced enhancement of MOKE, and the MOKE occurring at
the high energy plasma frequency. The MOKE-FOM phase
diagram shows that the low energy peaks below the TI’s bulk
energy gap are large and independent of d,. For the thin-film
induced resonance, the differential MOKE can be large for the
FM and SkX states, which is useful for device applications.
As Ey is swept above the exchange gap of the surface state,
6y decreases monotonically for FM:TIs, and it is distinctly os-
cillatory and nonmonotonic for SkX:TIs. These distinguishing
Ok (E y) features are not seen for the thin-film induced MOKE
resonance. With a large FOM, optical readout can lead to high
density and high fidelity MO memory devices and electro-optic
devices such as modulators and optical isolators [71,72].
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