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Direct observation of topological Hall effect in Co/Pt nanostructured films
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A method consisting of simultaneous measurements of a Hall effect and a magneto-optic Kerr effect is
used to study a topological Hall effect in thin ferromagnetic films. The method is based on the idea that
the values of the topological effects are different at dc and optical frequencies. The topological Hall effect
in the artificial lattices of magnetic bubbles in nanostructured Co/Pt multilayers with perpendicular magnetic
anisotropy is investigated using this method. The Lorentz transmission electron microscopy measurements
demonstrate skyrmionic topology of the magnetic bubbles. The measured topological Hall effect is proportional

to the skyrmion density in the system.

DOLI: 10.1103/PhysRevB.103.054429

A topological Hall effect (THE) arises from the Berry
phase acquired by an electron moving in a non-coplanarly
varying magnetic field [1]. In the case of electrons in
ferromagnetic material with non-coplanar distribution of mag-
netization it is a transversal transport effect of the exchange
nature [2], while the well-known giant magnetoresistance is a
longitudinal transport exchange effect [3]. The experimental
observation of the THE became much more feasible after the
discovery of magnetic skyrmions [4,5]. The skyrmions are
swirling noncoplanar spin textures with nonzero topological
charge [6], which are soliton-like solutions for magnetization
in materials with uniaxial anisotropy [7]. The THE was ex-
perimentally observed in the skyrmionic A phase of the chiral
magnet MnSi [8] where it is stabilized by the Dzyaloshinskii-
Moriya interaction (DMI). To date the THE in chiral magnetic
materials is reported in a number of works. The first obser-
vations of the THE in transitional ferromagnetic metal films
on the surface of a heavy-metal sublayer are demonstrated
in [9,10]. The THE is observed as an additional contribution
in Hall measurements superposed on the ordinary and the
extraordinary (anomalous) Hall effects (AHE) [11-13]. The
problem is that it is impossible to measure the THE sepa-
rately. The ordinary Hall effect can be measured at high fields
and then subtracted from the Hall hysteresis loop. To divide
the THE and AHE they usually assume some form of AHE
hysteresis a priori and then subtract this assumed AHE from
the experimental curve. This procedure is a weak point of
most of the THE measurements “on the market” and leads
to a criticism in some later works. It is demonstrated that the
features of the Hall effect usually attributed to the THE can be
explained in the framework of AHE [14,15]. So there is still a
problem of the interpretation of the THE measurements.
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In the case of bulk materials, the THE effect can be
extracted by comparing Hall loop and magnetization loop
measured with a magnetometer. For ultrathin films they com-
pare the Hall effect and magneto-optic Kerr effect (MOKE),
assuming that the magnitude of the Kerr signal is proportional
to the magnetization [16,17]. This assumption is not obvious.
Before using the MOKE to measure the magnetization of a
system, it is necessary to estimate the value of the topological
component of this effect.

In this work, we raise the question of the possible de-
pendence of the topological effect on frequency. At first we
estimate the value of the topological effect in magneto-optics
and show that it is negligible in the optical range. Then we
use the method of simultaneous measurements of the Hall
effect and the magneto-optical Kerr effect to study the THE in
artificial lattices of magnetic bubbles in nanostructured Co/Pt
multilayers. Due to a sophisticated method of nanomodifica-
tion of the films the magnetic bubbles can become skyrmions
in the magnetization process. The skyrmionic topology of the
magnetic bubbles is verified by Lorentz transmission elec-
tron microscopy (LTEM) measurements. Our methods make
it possible to create skyrmion lattices of a predetermined den-
sity. The experimental difference in the normalized Hall and
MOKE signals is interpreted as the THE. The observed THE
value is proportional to the density of the topological charge
in the system.

Estimation of topological magneto-optic effect. Phe-
nomenologically both the magneto-optic Kerr effect and the
Hall effect are described by the off-diagonal components of
the permittivity tensor. According to the Onsager reciprocal
relations for kinetic coefficients, these components are odd
functions of the magnetization M. In a homogeneous mag-
netic medium the permittivity tensor is proportional to the
magnetization. In an inhomogeneous non-coplanar magnetic
medium, an additional contribution to the off-diagonal com-
ponents of the permittivity appears, due to the existence of a
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“hidden” topological magnetic field. The expression for the
permittivity tensor components describing the Kerr and Hall
effects takes the form
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Here €, is Levi-Civita symbol. The first term describes lin-
ear magneto-optic effects and anomalous dc Hall effect (at
w — 0). The second term corresponds to the topological con-
tribution to the Hall and Kerr effects. The phenomenological
coefficients «(w) and B(w) describe the frequency dispersion
of these effects. So from a symmetry point of view the topo-
logical MOKE should also exist.

The initial theoretical approach to the THE is based on
the assumption that the inverse transit time of the electron
through magnetic inhomogeneity t~! is less than the fre-
quency wg of quantum transitions between two electron spin
sublevels split by the exchange interaction with localized
magnetic moments. The adiabatic approximation is applicable
in this situation [1,2,18]. The calculated topological correction
to the Hall effect is proportional to the effective field B =
®yyr, where @y = hc/ep is the magnetic flux quantum and
¥ = ﬁ(n[g—;’ X g—’y‘]) is the local density of the topological
charge of the magnetization distribution (n = M/M is the
magnetization direction vector). The adiabatic approximation
corresponds to the dc current through skyrmions in Co/heavy-
metal systems where skyrmion size is more than 50 nm. The
opposite situation when wgt < 1 corresponds to materials
with with smaller skyrmions and relatively weak exchange
interaction. In this case the adiabatic approximation is not
applicable and the problem can be solved by perturbation
methods [19,20]. So adiabatic and nonadiabatic regimes can
be realized in the systems with different material parameters
and with different ratios of these characteristic times.

The system of classical equations describing the THE
consists of Newton’s equation for an electron moving in an ex-
change field and the Landau-Lifshitz equation for its magnetic
moment [1]. These equations are obtained in the approxima-
tion of adiabaticity (wgT > 1) and quasiclassicality (ak > 1,
where a is the scale of the magnetic inhomogeneity and k
is the wave number of an electron). Consider this model by
adding a weak alternating electric field to Newton’s equation
as a correction. A rigorous justification of such a generaliza-
tion is beyond the scope of this work and is the subject of a
separate theoretical study. We only note that the introduction
of a uniform electric field leaves the quasiclassical approxi-
mation valid:
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where e, mg, and S are electron charge, mass, and internal an-
gular momentum. M is magnetization, J is the dimensionless
exchange constant, and y is the gyromagnetic ratio. The first
term in (2) is supposed to be small. In this case the oscillating
electron is in an alternating field of the magnetization,

M~ M + (rV)M = My — (EV)M———e "' (4)
w~my

Such representation is valid, as the amplitude of electron
displacement is small due to high frequency. Let us find the
solution of (3) in the standard form
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where s < S. In the case when @ > wg = yJ M the solution
can be found (see [21], for example) in the form of

§= —————
yJMymyw

=AM x (EV)M]. )

. , |
i¢0So (@) M x (EV)M]e "
w

The constant

iepSo (a)R)Z @

- )/.I M()m()(,z) w
is introduced for brevity. wg = 5 x 10'3 to 5 x 10'* Hz is the
frequency of the electron magnetic moment precession in the
exchange field. It is 10-100 times less than optical frequency.
Now it is possible to find the exchange force in (2) taking into
account that Sy || My:
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Here €y, is the Levi-Civita symbol, and n = M/M is the
magnetization direction vector. Let us take into account that
electron velocity is V; = iegEje™"" /mow and Sy = 1i/2. In its
turn (n[é’T‘i g—;]) = 4m & jxbr, where b is a unit vector, and
is a local density of the topological charge of the magnetiza-
tion distribution. Thus the founded force can be rewritten as

F; = (e/c) @0 (wr/w) ek Vbr, )

where @y = hc/e is the magnetic flux quantum. Evidently F
has the form of the Lorentz-type force with effective field

B = QoY (wr/w)’. (10)

The additional factor (wg/w)> appears in the comparison
with the dc THE. The topological magneto-optic rotation of
the electromagnetic wave polarization should be resonantly
high at the frequencies corresponding to the energy of the
exchange interaction and noticeable in the infrared band. In
the optic band wg/w ~ 107! to 1072 and the magneto-optic
topological effect is negligible in comparison with the dc
THE. So the direct comparison of optical band Kerr and dc
Hall effect loops can be used to subtract the THE.
Experimental methods and samples. A measuring home-
built system is developed to obtain the MOKE and Hall
effect hysteresis loops of the samples in the same run. This
ensures that the MOKE and Hall data are obtained for the
same magnetization configuration of the system. Thin Co/Pt
multilayered samples [5 alternating Co (0.5 nm thick) and Pt
(1 nm thick) layers grown by dc magnetron sputtering] have
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FIG. 1. (a) The geometry of nanomodification: the irradiated spots with the reduced anisotropy form a rectangular lattice with the period
of a; Dy and D, are the diameters of the concentric regions with different irradiation fluence (f; and f>, correspondingly) and anisotropy
(K1, K>). (b) Photo of the 50 x 50 um? Hall cross; the red circle depicts the visible spot size of the focused laser beam. (c) The same for
the 150 x 150 pm? Hall cross. (d) The MFM image of the labyrinth domain structure of the initial Co/Pt film in the demagnetized state. (e)
The Hall (black line) and polar MOKE (red crosses) hysteresis loops of the initial Co/Pt film plotted on the same scale. A minor loop is also

presented.

a square form with attached golden current and voltage leads.
Two identical series of the samples which differ only by sizes
of Hall crosses [50 x 50 um? and 150 x 150 um?; Figs. 1(b)
and 1(c)] are fabricated for comparison. The current in the
Hall bridge is 50 ©A. MOKE measurements are done in the
polar geometry (A = 632 nm). The laser beam is focused on
the Hall cross; the visible light spot diameter is ~150 um.
Experimental data are taken as a function of magnetic field
to generate MOKE and Hall hysteresis loops in the same run.
This helps us to avoid artifacts resulting from using differ-
ent measurement setups. The samples are thin enough (total
thickness is 7.5 nm) that the entire volume of the sample
contributes to the MOKE signal. All experiments are carried
out at room temperature.

The samples are nanostructured using the focused He™ ion
beam irradiation technique described in detail in Ref. [23]
to form a rectangular lattice of the nanospots with radially
dependent reduced perpendicular anisotropy. The central part
of a spot is irradiated with a smaller fluence. This reduces the
anisotropy value but the anisotropy remains of the easy-axis
type. The peripheral area is irradiated with higher fluences
to form narrow concentric ring-shaped area with easy-plane
type anisotropy [Fig. 1(a)]. We choose the necessary fluences
according to [22]. The parameters of the samples are sum-
marized in Table I. Such sophisticated nanostructuring allows
us to artificially form the dense uniform lattices of magnetic

TABLE 1. Parameters of the samples. D; and f; are the diameter
and the fluence of the central part of an irradiated spot [Fig. 1(a)], D,
and f> are the same for the outer ringed region, a is the lattice period,
and v is density of magnetic bubbles.

D, h D, f2 a Yinax
No. (nm) (cm™2) (nm) (cm™?) (nm)  (um™?)
1 180 2 x 109 200 4 x 109 300 11
2 80 2 x 109 100 4 x 10 160 39
3 60 2 x 101 100 4 % 10 200 25
4 100 2 x 109 200 25

bubbles which can become skyrmions in the magnetization
process. The lattices with different periods are obtained. This
facilitates the observation of the THE in the system. The
formation of the skyrmions in such systems was previously
predicted by micromagnetic calculations [23,24].

We should note here that the initial unpatterned Co/Pt
film demonstrates rectangular hysteresis loops which is typi-
cal for magnetic film with perpendicular easy-axis anisotropy
without any noticeable difference between MOKE and Hall
curves [Fig. 1(e)]. In the demagnetized state the film exhibits
a labyrinth domain structure [Fig. 1(d)].

We used magnetic force microscopy (MFM) to visualize
magnetic states, existing at zero field. A phase shift of the
probe oscillations is registered as an MFM signal. Small
voltage is applied to the probe to compensate the tip-sample
contact potential difference and reduce the electrostatic inter-
action [25]. MFM cannot resolve a topological structure of
appearing magnetic bubbles but it allows us to verify unifor-
mity of the obtained domain lattices, to estimate the density
of the bubble domains, and to distinguish magnetic vortices
from magnetic bubbles [22].

The topology of magnetization distribution in the appear-
ing magnetic bubbles is examined by Lorentz transmission
electron microscopy (LTEM) measurements [26]. The Ci-
corrected transmission electron microscope TITAN 80-300
(FEI) operated at 300 kV is used. The overfocused conditions
(defocus value 3 mm) are used to increase Fresnel contrast of
the LTEM images [27]. The spatial resolution of the method
is approximately 70 nm. The special Co/Pt nanostructured
samples are prepared on commercial SizNy 50 nm thick
membranes for these measurements. The diameters of the
irradiated concentric spots are increased to 300 and 400 nm
for better resolution.

Experimental results. The principal experimental result is
represented in Fig. 2 for sample 1. The Hall and MOKE
curves are very similar in general. Nevertheless there is one
noticeable difference between them. Namely it is an additional
step in the Hall curve at H &~ —200 Oe which is absent in
the MOKE curve. Both the MOKE and AHE are linearly
proportional to the magnetization. So it is possible to calculate

054429-3



M. V. SAPOZHNIKOV et al.

PHYSICAL REVIEW B 103, 054429 (2021)

10} 1 6
;5_ 195 5|
L 1 >
= E
=0r 10 b=

~— =4k

T | _g %4

D_s_ | é S5t

L 1= 3t
1ot __15

-800 -400 0 400 800 -400

Prncm)

[N

- L L L
-800 -400

FIG. 2. Experimental data for sample 1 (50 x 50 um? Hall
cross), Table 1: (a) MOKE (red line) and Hall (black line) hysteresis
loops plotted on the same scale. Thinner lines are for minor loops.
(b) The close view of the step in the Hall curve. Letters “Sm” and “S”
correspond to the skyrmionium lattice (remanent state) and skyrmion
lattice. (c) The hysteresis curve of the topological Hall effect. Dotted
line is for minor loop. (d) MFM image of the system in the remanent
state [corresponding to point Sm in (b)].

the THE by subtracting the properly scaled MOKE curve from
the Hall curve. The following procedure is used. Taking into
account the small value of the ordinary Hall effect in Co in a
field equal to the saturation field (~500 Oe) and the absence
of the THE in a uniformly magnetized state, we determine the
proportionality coefficient between the AHE signal and the
MOKE. Since a topological MOKE is negligible, the MOKE
is proportional to the magnetization of the system. This allows
the AHE loop to be restored from the MOKE loop. Subtract-
ing the AHE loop from the total Hall effect loop, we obtain
the dependence of the THE on the external magnetic field.
The result is represented in Fig. 2(c). The corresponding step
in the Hall resistance has a value of A ~ 4 nQ2 cm.

The general form of the MOKE and Hall loops of sample
2 (Fig. 3) is different in comparison with the curves of sample
No. 1. But what is really important is that the second sample
demonstrates a similar step in the Hall effect [Fig. 3(b)] which
is absent in the MOKE [Fig. 3(a)]. To make the difference
more evident we plot the same minor hysteresis loops in both
figures. The THE is more pronounced in the second sample;
the step in the Hall signal has a value of A ~ 15 nQ2cm.

Figure 4 shows the loops for sample 3. The difference of
the MOKE and the Hall loops is visible for this sample too.
This difference corresponds to the THE value and is equal to
A ~ 10 nQ2cm.

The MFM measurements demonstrate dramatic change
in the magnetic states of the nanostructured samples com-
pared with the initial unstructured film. The irradiated spots
show individual magnetic contrast in this case. The MFM
signal has radial symmetry within the spot, which indicates
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FIG. 3. Experimental data for sample 2 (50 x 50 um? Hall
cross): (a) MOKE hysteresis loop. (b) Hall hysteresis loop. Points de-
noted by “1” and “ii” are the same for Hall and MOKE loops. (c) The
hysteresis curve of the topological Hall effect; lines corresponding to
minor loops are not represented. (d) MFM image of the dense lattice
of magnetic bubbles in the remanent state.

the radial symmetry of the magnetization distribution; we
do not observe magnetic poles of the different sign within
the same spot. In the remanent state, each irradiated point
contains a magnetic bubble. Thus, the formation of dense
regular lattices of magnetic bubbles is observed in all samples
[Figs. 2(d), 3(d), 4(a)]. Note that MFM imaging in saturation
magnetic field does not show any contrast. Thus, we conclude
that neither the magnitude of the magnetization nor the surface
potential changes are in the irradiation spots.

The study of the topology of the magnetization distribution
in the magnetic bubbles in the demagnetized state [point “S”
in Fig. 2(b)] is carried out by LTEM methods. The results are
shown in Fig. 5. It can be seen that the cores of the domains are
surrounded by circular Bloch domain walls that do not contain
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FIG. 4. (a) MOKE (red line) and Hall (black line) hysteresis
loops plotted on the same scale for sample 4 (50 x 50 pwm? Hall
cross). Inset: MFM image in the remanent state. (b) Hysteresis curve
of the topological Hall effect.
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FIG. 5. (a) LTEM image of a lattice of magnetic bubbles in a
demagnetized state. The observed contrast corresponds to the distri-
bution of magnetization for Bloch skyrmions. It is observed from the
skyrmion with both right and left helicity. (b) Schematic representa-
tion of the formation of LTEM images for skyrmions with different
helicity.

Bloch lines. The possible presence of the Néel component in
the domain wall does not affect the formed LTEM image and
cannot be verified. Thus, from the topology point of view,
the magnetic bubbles formed in the demagnetized state are
skyrmions. The sign of the topological charge of a skyrmion
does not depend on its helicity. Accordingly, the contribution
of right and left twisted skyrmions to the observed effects
must be additive. The number of skyrmions with right and left
helicity approximately coincides, which confirms the absence
of the bulk DMI in the samples under study.

We should note that the measured MOKE and Hall loops
for the samples of 150 x 150 um? and 50 x 50 um? are
identical. This means that the possible nonuniformity of the
laser irradiation or current distribution in the Hall bar do not
affect the obtained results.

Discussion. The problem of the magnetization reversal
in the system under study is theoretically examined in
Refs. [23,24] in detail. A possible sequence of the magnetic
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FIG. 6. (a) Hall hysteresis loop of sample 1. The numbers in-
dicate the parts of the loop corresponding to the different magnetic
states of the system. (b), (c) Schematic sequence of the magnetization
states in the samples during magnetization reversal. Arrows denote
direction of in-plane magnetization; colors denote direction of per-
pendicular magnetization. Dotted circles represent schematically the
irradiated areas [see also Fig. 1(a)]. (b) Concentric distribution of
the anisotropy value in the spot (samples 1, 2, and 3). (c) Uniformly
decreased anisotropy value in the spot (sample 4).

states in the system appearing during the magnetization re-
versal process, which can explain the observed MOKE and
Hall hysteresis loops, is schematically represented in Fig. 6.
The formation of skyrmions in the system is facilitated by
the specially designed shape of the irradiated areas. The outer
concentric ring [Fig. 1(a)] has easy-plane anisotropy while
other areas of the film have easy-axis anisotropy. The re-
sults of micromagnetic simulations of the system allow us
to assume that the scenario of magnetization reversal of the
system might be the following. With a decrease of the external
field the magnetization reversal of the saturated state in the
system begins with the tilting of the magnetization in the ring
resulting in formation of magnetic bubbles. At this moment
the bubbles have the topology of the skyrmionium. Actually,
the “skyrmionium” is a topologically trivial state, which can
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be considered as a pair of concentric magnetic skyrmions with
opposite topological charges [28,29]. As a trivial state it does
not cause the THE. Further decrease of the magnetic field
leads to collapse of the central core of the skyrmionium and
its transformation into the topologically charged skyrmion. As
the volume of the cores is sufficiently small at this moment,
the magnetization of the system changes negligibly, so there
is no step in the MOKE curve of the system. At that, the
dense skyrmion lattice appearing at this moment carries the
topological charge equal to the density of the irradiated spots
Y. This is accompanied by the emergence of the THE leading
to the step appearance in the Hall curve. If at this point the
magnetic field is returned to zero, the skyrmions remain stable
and the THE contribution remains, leading to the difference in
the main and minor Hall loops at the zero field [points “Sm”
and “S” in Fig. 2(b)].

At the same time the minimal difference between the
MOKE signal in the Sm and S points in Fig. 2(b) allows us to
conclude that the central core of the skyrmionium takes small
volume at the zero external field. Therefore the MFM images
of the skyrmionium lattice state [Fig. 2(d)] and skyrmion
lattice state are actually the same, as the MFM technique does
not allow us to resolve the small central core of the skyrmio-
nium in this case. With the increase of the magnetic field
the “skyrmionium” (upper) branch and “skyrmion” (lower)
branch of the MOKE curve diverge from each other as the
central cores of the skyrmioniums expand and begin to no-
ticeably contribute to average perpendicular magnetization.

The experimentally observed general difference in the
loops of samples 1 (Fig. 2) and 2 (Fig. 3) exists because the
samples have different geometry and so different magneto-
static interaction between and inside appearing skyrmioniums.
The irradiated spots in the case of sample 3 take 20% of the
whole surface of the film. This is less than in the two previous
samples (35% and 30%). The smaller size of the skyrmio-
nium states or larger distance between them increases their
magnetostatic energy and makes them less stable. Therefore,
topologically charged skyrmions appeared earlier—already in
H =~ 4100 Oe. So, even in the remanent state we have the
dense skyrmion lattice and the difference in the MOKE and
Hall curves for the third sample.

It is remarkable that measured value of the THE is propor-
tional to the density of skyrmions [Fig. 7(d)] appearing in the
irradiated spots (see Table I). This additionally confirms that
the observed effect is indeed the THE. The measured THE
value is ~ 0.4 n2 cm per skyrmion/zm?.

This value is qualitatively close to the values mea-
sured in other films of transition ferromagnetic metals,
which are 0.6 nQ2cm per skyrmion/um? measured for the
THE in Ir/Fe/Co/Pt multilayers [10] and 0.67 n2cm per
skyrmion/um? measured for the THE in Pt/Co/Ta films [9].
Due to the strong DMI in these structures, the size of
skyrmions is slightly smaller compared with our samples and
is ~50 nm.

If we consider chiral B20 materials, then FeGe is closest
to transition ferromagnetic metals in its properties. The
skyrmions in it have the same typical size of ~40 nm and
are stable at nearly room temperature [30]. Due to the
sufficiently large size of skyrmions, the adiabatic condition
for electron current is satisfied for it, as well as for transition
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FIG. 7. (a) MOKE (red line) and Hall (black line) hysteresis
loops plotted on the same scale for sample 4 (50 x 50 wm? Hall
cross). (b) Hysteresis curve of the topological Hall effect. The arrow
denotes minor loop. (¢c) MFM image for the remanent state. (d) De-
pendence of the THE on the value of the irradiated spot density in
the system. The squares are for the samples with concentric dis-
tribution of the irradiation fluence in the spot (samples 1-3). The
linear dependence passing through zero indicates the skyrmionic
topological nature of the magnetic bubbles. Black circle is for sample
4. White circle corresponds to the estimated density of the skyrmions
in sample 4, which is ~1/4 of the irradiated spot density in this case.

ferromagnetic metals. Indeed adiabaticity parameter a =
wrT = wrd Vi ~ 5 x 10 x 0.5 x 1077/2 x 10° ~ 10.
Here d is the skyrmion size and Vi is Fermi speed. The typical
measured value of the THE in FeGe is 80 nQ2cm [31] to
136 nQcm [32], or 0.4 nQcm per skyrmion/um? to 0.68
n2cm per skyrmion/um?, which is also close to the value
of the effect we obtained. The characteristic value of the
THE in the A phase of MnSi is noticeably less and is 4.5-40
nQ2cm [8,33]. Perhaps this is due to the noticeably smaller
size of skyrmions (d =A/2=9 nm) and the exchange
constant value, which leads to violation of adiabatic
conditions and a decrease in the magnitude of the effect.

It is easy to estimate the magnitude of the topological
field arising in our system using the relation B = ®y, where
&y = hc/ey = 40 G um?. So the topological fields are within
400-1600 G in our structures. The coefficient of the ordinary
Hall effect Ry in Co/Pt films has a very small value of about
0.5-1 x 1073 mQcm/G. The use of this value for estimat-
ing the THE in our system yields effect values that are an
order of magnitude smaller than those observed experimen-
tally. Such a significant discrepancy between simple estimates
of THE [34,35] and experimental values was previously ob-
served in transition metal films [10]. As discussed in Ref. [10]
in detail, the topological Hall coefficient can significantly
exceed the ordinary Hall coefficient for thin films of transition
metals. The use of Ry for the direct estimation of the THE
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should work well for single-band materials, while transition
ferromagnets have several active electron and hole bands. In
this case, the ordinary Hall effect is suppressed, since the
contributions of electrons and holes cancel each other. On the
contrary, due to the fact that the Berry phase can act differently
on charge carriers from different bands, the topological effect
does not decrease.

Although our LTEM images demonstrate pure Bloch-type
skyrmions, this method does not allow us to determine the
real helicity of the skyrmions appearing in our samples. This
is because the Néel component of the domain does not con-
tribute to the contrast of the images. In this regard, we want
to point out the following circumstances. (i) The THE does
not depend on the helicity of skyrmions and is the same for
both Bloch and Néel and intermediate twisted skyrmions.
(i1) Sufficiently high values of the DMI are required to sta-
bilize pure Néel skyrmions (1-2 mJ/m?) [36,37]. This can
be achieved in three-layer structures, when the ferromagnetic
layer is surrounded by two different heavy metals, so that the
DMIs at both interfaces have the same sign. For example,
Pt/Co/Ir [34,35] or Ir/Fe/Co/Pt [10] are such systems. In
the case of a symmetric Pt/Co/Pt structure, the DMIs at
opposite interfaces have opposite signs also, canceling each
other. In our initial films, we observe an ordinary labyrinth
domain structure [Fig. 1(d)]. Magnetic bubbles (skyrmions)
are stabilized due to the pinning effect in regions with a
reduced anisotropy [24] in our case. It is highly likely that
the DMI is also present in our system [38] and the appearing
skyrmions have a twisted structure (and they are not of pure
Bloch type as shown in Fig. 6). But this does not affect in any
way the observed THE. In addition, the schematic sequence
of magnetic configurations shown in Fig. 6 should also remain
the same in the case of twisted skyrmions.

An additional sample, sample 4, with uniformly reduced
anisotropy in the spot is studied for comparison. Only a part
of the spots contains magnetic bubbles [Fig. 7(c)] in the re-
manent state of the sample. Micromagnetic simulations [23]
demonstrate that the magnetization reversal begins with the
magnetization turnover in the center of the spot in this case
[Fig. 6(c)]. The process is less determined here and formation
of both the topologically trivial onion states and topologically
charged skyrmions are possible in different spots. While there
are no evident steps in the Hall curve of sample 4 there is
some difference between the minor Hall and MOKE loops.
The corresponding value of the THE is A ~ 2.5 nQ2 cm. It is
four times less than the THE in sample 3, which has the same
density of the irradiated spots in the lattices. This means that
in the case of the uniformly irradiated spots only 1/4 of them
contain magnetic bubbles which are skyrmions while the rest
of the bubbles are topologically trivial. It should be noted that
some of the points do not exhibit magnetic contrast in zero
field. This fact indicates that the observed magnetic states are
just magnetic bubbles, not magnetic vortices [22]. This also
confirms that the used irradiation fluence equal to 2 x 10"
(Table I) reduces the value of perpendicular anisotropy, but
does not make it easy plane.

Can the observed effects be explained not by the topo-
logical contribution to the transport measurements, but, for
example, by the contribution of the magnetoresistance or
other effects associated with the current through the regions

of inhomogeneous magnetization? It can be seen that the
appearance of magnetic bubbles in itself does not lead to a
difference in the magneto-optical and Hall signals [Sm point
in Fig. 2(b)]. Similarly, sample 4 demonstrates the effect that
is 4 times lower than the value that should follow from the
estimate of the number of magnetic bubbles. So the nonuni-
form magnetization cannot explain the observed effects by
itself. In principle, the contribution of magnetoresistance to
the observed transport effects is not excluded. However this
contribution is ~M? and is an even effect in the external
magnetic field. The same quadratic terms are possible in the
magneto-optical response (the Vogt and Cotton-Mouton ef-
fects), but it makes no sense to discuss them in more detail,
since we do not see even dependencies on the external field
in the experiments. Could there be other contributions to the
Hall signal that are not related to normal, anomalous, and
topological Hall? In principle, they can be in media with a
nonuniform distribution of magnetization. The contribution of
inhomogeneous cubic terms to the conductivity tensor can be
represented as

3
U,'gc ) = yikpqxlnMpaqual1Mr~
In this case, a lot of effects are possible, for example,

o) = (M- [3M x 3,M]) + y,M(div M)
+ ysM(rot M)%.

However, only the first topological term has an exchange
nature, since it is invariant with respect to the coherent ro-
tation of the magnetic moments. All other contributions are
of a spin-orbital nature. Since they contain the same order
of the spatial derivative of the magnetization as the exchange
topological term, they are small compared to it.

In summary, we estimated the value of the topological
magneto-optic effect at the optical frequencies and showed
that it should be 10? to 10* times less than the topological
Hall effect in the same system. We did this by using that fact
the THE in Co/Pt multilayers was measured by comparing
Hall and magneto-optic Kerr effect loops obtained in the same
run. Specially designed nanostructured samples were used to
obtain dense lattices of the magnetic bubbles with the prede-
termined density. The observed THE was proportional to the
skyrmion density in the system. We also want to mention here
that while the topological magneto-optic effect at the optical
frequencies is negligible, it should be resonantly large at the
frequencies corresponding to the exchange interaction energy.
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