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Recent reports have shown that thulium iron garnet (TmIG) based bilayers are promising material
platforms for realizing small, room-temperature skyrmions. For potential applications, it is impera-
tive to accurately evaluate electrical read-out signals of skyrmions. In this context, the topological
Hall effect has been considered as a characteristic signature of skyrmion formation. Unlike previous
studies that have modeled the anomalous Hall effect in ultrathin TmIG/Pt bilayers, we isolate its
contribution to the electrical read-out signal by directly measuring the magnetic hysteresis loops
using a sensitive Sagnac magneto-optical Kerr effect technique. Our combined optical and electrical
measurements reveal that the spin-Hall topological Hall resistivity is considerably larger than previ-
ously estimated values. Our finding further indicates that skyrmions can exist at room-temperature

and near-zero applied magnetic fields.

I. INTRODUCTION

Skyrmions are an increasingly important topic both
for the fundamental science of magnetism and for the
next generation spintronic technology [IH5]. These topo-
logically protected, chiral spin textures were first ob-
served in the B20 class of crystals [2] [6H8] and later
found in common polycrystalline magnetic multilayers
with large interfacial Dzyaloshinskii-Moriya interactions
(DMI) (e.g. CoFeB/Pt) [3, OHI4]. The ideal characteris-
tics of skyrmions (i.e., small size, room temperature sta-
bility, and zero external magnetic field), however, have
not been realized in a single material [3| [15]. Epitaxially
grown magnetic garnets, e.g. TmsFe;012 (TmlG), are
among the most promising ferrimagnetic insulators for
hosting skyrmions with optimal characteristics. These
films exhibit low damping, high crystalline quality with
low pinning density [16} [17], interfacial DMI [T7HI9], and
strain-tunable anisotropy [20H26]. They have Curie tem-
peratures well above room temperature but not so large
as to prohibit the formation of small skyrmions.

In addition to efficient current induced switching [27,
28] and fast domain wall motion [I7, 29, B0], a promi-
nent and highly tunable spin-Hall topological Hall (SH-
TH) effect (also called transverse spin Hall magnetoresis-
tance) has been reported in TmIG /heavy-metal bilayers,
where electrons in the heavy metal layer adjust their lo-
cal spins adjacent to the skyrmion spin-textures, yielding
an unusual transverse resistivity term proportional to the
spin winding number in real space. [19-23]. This topo-
logical Hall transverse resistivity have been successfully
correlated with skyrmions in other materials. For exam-
ple, electrical measurements [2], neutron scattering [6],
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Lorentz transmission electron microscopy [12] 3], and
magnetic force microscopy [3, [, 10, I1], among other
techniques, have been used to establish this correlation
in B20 compounds and metallic ferromagnetic multilay-
ers. Many imaging techniques cannot be readily applied
to visualize nanometer-sized skyrmions in ultrathin insu-
lating films due to limited sensitivity. Thus, developing a
reliable electric read-out method becomes even more crit-
ical. As an essential step, one should properly separate
several contributions to the Hall signal, i.e., the ordinary
Hall (OH), anomalous Hall (AH), and topological Hall
(TH) effects [32].

Typically, the anomalous Hall contribution is evalu-
ated by measuring the magnetic hysteresis loop using ei-
ther vibrating sample magnetometry, or SQUID [8] [33].
However, these techniques do not offer sufficient sensi-
tivity to characterize ultrathin TmlIG films with rela-
tively weak magnetization in the few nanometer thick-
ness regime. Less reliable alternatives, such as longitu-
dinal transport or simple modelling, have been used to
estimate the spin-Hall anomalous Hall (SH-AH) effect in
TmIG/Pt bilayers [20, 23]. An accurate characteriza-
tion of the SH-AH signal in ultrathin magnetic insulator
based bilayers remains critically missing.

In this paper, we address this critical need by applying
a highly sensitive magneto-optical Kerr effect (MOKE)
technique to measure the hysteresis loops in ultrathin
TmlIG (i.e., 3.5 nm and 2.3 nm)/Pt bilayers. By combin-
ing optical and transverse magnetoresistivity measure-
ments, we directly separate the SH-AH and SH-TH con-
tributions to the transverse resistivity. We find that the
topological Hall resistivity of the ultrathin TmIG (2.3
nm) /Pt bilayer is considerably larger than previously
estimated values. By removing a “threshold field” ar-
tificially imposed by the lower-bound model previously
used, our study suggests that skyrmions in TmlG/Pt
bilayers can be stabilized at both near-zero external
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FIG. 1. Sample characterization and illustrations of the de-
vice and optical measurement. (a) XRD data of a typical
TmlIG/sGGG structure using this growth method is shown.
The data presented is from a 56 nm TmIG film. (b) An illus-
tration of the 6-contact device used in transport and MOKE
measurements along with a photo of one of the wire bonded
samples. (c) An illustration of the SaMOKE, a fiber-based
Sagnac interferometer (more details in SM).

magnetic field and room temperature, extending the
skyrmion phase diagram to a regime important for appli-
cations. Thus, our work represents a significant step for
developing magnetic insulator thin films for nano-sized
skyrmions and for accurate electrical read-outs of novel
spin textures.

Epitaxial TmIG/Pt thin films were deposited by off-
axis sputtering on Gda gCag 4Gag.1 Mg 2521065012 (111)
substrates (sGGG) from MTI Corporation. The differing
TmIG and sGGG lattice constants, 12.324 [20] 26] and
12.480 A respectively, result in a tensile strain and per-
pendicular magnetic anisotropy. X-ray diffraction (XRD)
scan of a representative 56 nm TmlIG film grown on
sGGG is shown in Fig. with clear Laue oscillations
around the TmlIG(444) peak, demonstrating the high
quality of the epitaxial film. It has been shown in previ-
ous work that this growth method produces films without
a magnetic dead layer at the TmIG/sGGG interface [22].
A 3.5 nm TmlG film provides a ferrimagnetically ordered
reference sample away from the skyrmion phase at room
temperature while a 2.3 nm TmlIG film (with a Pt top
layer) exhibits a strong SH-TH signal. After the TmIG
growth, a 5 nm (2 nm) Pt layer was deposited on the 3.5
nm (2.3 nm) TmlIG film. The thinner Pt layer thickness
on top of the 2.3 nm TmlG increases the Hall signals.
The bilayers were patterned into a 100 pm x 400 pm Hall
bar geometry using photolithography and ion milling, as
shown in Fig.[Ip. The schematics of the SaMOKE set-up
is shown in Fig. [lc and will be discussed in details later
in the paper.

The bilayers were mounted on chip carriers and wire
bonded for transport measurements as seen in Fig. [Ip.
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FIG. 2. Transverse resistivity and SaMOKE measurements as
a function of an applied H field perpendicular to the film. The
red arrows in (a) and (b) indicate the orientation of the mag-
netic easy axis in the 3.5 and 2.3 nm samples respectively. The
layers indicate the thickness of Pt and TmIG films. An illus-
tration of a skyrmion in (b) indicates the source of the SH-TH
resistivity. Transverse resistivity from (c) TmIG (3.5 nm)/Pt
(5 nm) and (d) TmIG (2.3 nm)/Pt (2 nm) bilayers. SaMOKE
measurements from (e) TmIG 3.5 nm and (f) TmIG 2.3 nm
bilayers. The solid curves in all panels are fits of the data.
Red (blue) solid lines are fits to the red (blue) data. Verti-
cal grey lines emphasize the agreement between optical and
transport data.

Transverse DC Hall measurements were taken with I =
300 pA as a function of the out-of-plane magnetic field
in ambient conditions.

II. RESULTS
A. DC Hall Resistivity

The Hall resistivity data shown in Figs. and
d are taken from the 3.5 nm and 2.3 nm TmlIG
films, respectively, where the linear OH and paramag-
netic backgrounds have been subtracted [34]. We fit
the curves in all loops using the following equation,
y(H) = atanh[(H — hg)/(Ah)], where a is the ampli-
tude of the signal, H is the applied field, hg the coercive
field, and Ah the width of switching.

Because TmIG and sGGG are insulators, the resistiv-
ity measurements reflect interactions involving the charge
current in the Pt layer and along the Pt/TmlG interface.
The transverse resistivity potentially includes the follow-



ing terms

Pey = PoH +PpAHPt+pTHPt+PSH—AH+PsH-TH, (1)

where pop is the OH resistivity, pam,p+ and prm, pt are
the anomalous and topological Hall resistivities from Pt
due to magnetic proximity effect [35, B6], and psy—_an
and pgy 7y are the SH-AH and SH-TH resistivities, re-
spectively. It has been shown previously that there is
negligible proximity induced magnetization in the Pt in
these bilayers [20][37]. The spin Hall terms arise from the
nonequilibrium proximity effect known as spin Hall mag-
netoresistance and not proximity induced magnetization
[38]. In the following analyses, we neglect the psp py and
pra,pt terms. We use the SH-AH and SH-TH effects to
probe spin textures in the TmIG thin films and focus on
how to independently quantify these two contributions in
Fig. 2l in the rest of measurements and analyses.

The pronounced difference between the field-
dependent transverse resistivity between the 3.5
and 2.3 nm TmlIG originates from a transition from
perpendicular to in-plane magnetic anisotropy as indi-
cated in Fig. Ph-b and shown in Fig. 2k-d. For TmIG
thicknesses 3 nm and above, the magnetization is out-
of-plane dictated by the magnetocrystalline anisotropy.
In contrast, in the 2.3 nm film the TmIG /Pt interfacial
anisotropy becomes dominant and forces the easy-axis
into the plane of the film [20, 26] 39]. More critical to
electrical read-out of the topological spin textures is the
emergence of the SH-TH effect, manifested as bumps
in the Hall resistivity loops exceeding the value beyond
saturation H field. This unusual resistivity generally
originates from the increase of Berry phase of charge and
spin currents interacting with topological spin textures
[2H4, @1, [0, [4T], indicated by the illustration of the
skyrmion in Fig. 2p.

B. Magneto Optical Determination of Out of Plane
Hysteresis

To capture the magnetic-field dependence of the very
small magnetic moment in TmIG thin films, we apply
the SaMOKE technique with a ~ 15 nrad sensitivity in
the Kerr angle. The SaMOKE measurements were per-
formed using a 1550 nm source in the zero-area loop con-
figuration (Fig. [Ik) [34]42H44]. The Sagnac interferome-
ter, a type of same path interferometry, also ensures that
any signals measured originate from broken time-reversal
symmetry. This feature ensures that the small Kerr an-
gles measured in this work are of magnetic origin. The
measurements were taken in the polar geometry by pass-
ing the probe beam through one electromagnet pole. The
spot size used for these measurements was ~100 pm in
diameter.

The SaMOKE data are displayed in Figs. [2¢ and f,
representing an average of 50 and 200 field sweeps re-
spectively. The SaMOKE data from the 3.5 nm sample
shown in Fig.[2e have good agreement with the resistivity
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FIG. 3. Comparison between two SH-AH and SH-TH sepa-
ration methods. All resistivity values are shown in n{2 cm.
(a) The transverse resistivity is shown (red and blue) with
the transport informed SH-AH fit (black) using the near zero
field and high field data, emphasized in gray. (b) The SH-TH
data derived from the transport data fit. Shown as gray infill
in (a). (c¢) The transverse resistivity is shown with the MOKE
derived SH-AH functions shown as solid curves. The SH-TH
contributions are shown as the shaded regions (d) The MOKE
informed SH-TH results.

measurements in Fig. [2c in the saturation and coercive
fields [34]. This suggests the TmIG/Pt Kerr signal at
1550 nm is proportional to the magnetization.

The SaMOKE data for the 2.3 nm TmIG sample is
presented in Fig. [2f, where the solid lines are fits to the
data. A small hysteresis loop along with a larger satu-
ration field as well as a small coercivity of 63 £ 32 Oe
is observed in the MOKE data. The 2.3 nm film ex-
hibits in-plane anisotropy. Thus, the polar MOKE signal
is necessarily small at near-zero external field. Further-
more, the ultrathin TmIG film yields a small SSMOKE
signal of ~115 nrad beyond the saturation field.

III. DISCUSSION

We now compare two methods of quantifying the SH-
AH resistivity in order to extract the SH-TH contribu-
tion. The first method follows a previous study by ap-
proximating the SH-AH (black curve in Fig. |3p) using a
tanh(H/Ah) function [20]. In this model, The SH-AH
in the low-field regime is determined by fitting the tanh
to several data points (grey points near zero field) and,
in the high-field regime, the measured resistivity beyond
the saturation field (grey points > 5 kOe). To extract
the SH-TH contribution, the SH-AH fit (black curve) is
subtracted from the measured values (red and blue data)
in Fig. [3p. The difference yields the lower bound (LB)
SH-TH, p%B _ ,,; displayed in Fig. . This fitting pro-
cedure inherently assumes there is no SH-TH contribu-



tion in the low-field regime. In a previous study [20],
it has already been emphasized that this upper bound
SH-AH model cannot accurately describe how rapidly
(or gradually) the magnetization is reversed near zero
field. In the second method, the experimentally mea-
sured SaMOKE loop was scaled to match the resistivity
data in the high field regime (Fig.[3k). The difference be-
tween them yields the MOKE-informed SH-TH p2;, 1
as displayed in Fig. 3.

To highlight the differences between the two analy-
sis methods, we re-plot Figs. and d within 4+ 250
Oe in Fig. [fh. The green line with a slope ~ 204 n{2
cm/kOe demonstrates the linearity of p, .., at small
fields. First, the maximum value of p%, . is signif-

icantly larger than the max p%5 ... At 50 Oe, the
extracted SH-TH value is ~ 4 times of that from the first
method. The SH-TH resistivity was shown to be pro-
portional to the density of skyrmions in a previous work
in the isolated skyrmion regime [4]. Secondly and more
importantly, our analysis reveals that topological spin
textures can form at near-zero applied field and generate
a reasonably large spin magnetoresistive response.

To estimate the skyrmion density ng; using the SH-TH
resistivity results, we first explored a common method,
Nsk = pSH—TH/PROH¢O [2*4, 11, 23], where P is the
spin polarization of the current in the Pt layer. Rog
is the OH resistivity coefficient of Pt which is deter-
mined experimentally from Roy = pou/H. If we as-
sume P = 0.1 [23], an unrealistic skyrmion density of ~
208,500 pum~2 is obtained at ~ 227 Oe. This equation
is derived from a single band model for electrons mov-
ing through spin textures and assumes a direct interac-
tion between charges and skyrmions [2, 40, [41]. These
assumption do not hold for TmIG /Pt bilayers where the
Pt is not magnetic and the charges only interact with the
skyrmions through spin Hall magneto-resistance mecha-
nisms.

We adapt a formalism used to describe transport prop-
erties for a bilayer consisting of a magnetic insulator and
a heavy metal (e.g. Y3Fe5012/Pt [38]) although we do
not apply the derivation of any specific interfacial ef-
fects. This general formulation may take into account (i)
the magneto-resistance effects generated by the magnetic
layer, (ii) the spin accumulation at the interface, and
(iii) inverse spin Hall effect. The SH-AH resistivity is
described by a general expression: psg_ag ~ —Apam,.
We extract psg_apg from transport measurements and
m, from our SaSMOKE measurement. We then determine
Aps, which describes the interfacial effects. In the high
field regime beyond the saturation, one can assume that
the out of plane magnetization unit vector m, = 1. Apy
is approximated as the scaling constant used in Fig. Bf.
In the low field regime, m, as a function of magnetic field
is obtained from SaMOKE measurements.

Similarly, we can describe the SH-TH resistivity by
psH-TH =~ —Apamg, where mg represents the effec-
tive field generated by the skyrmions. It can be re-
lated to skyrmion density via mgy = nsgpdo/4mMs, where

a
4 o
¢ -3-9-9-4
20} : 35
o5
k=l y &
b
—_ g A
€ 4=
)
c:ll -15 0 2
H [Oe]
£ 0
o
s
I
w
Q s
20 la-9-0-0->"

-200 -100 0 100 200
H [Oe]

FIG. 4. Skyrmion density and micromagnetic estimations.
(a) Comparison of the lower-bound SH-TH (red and blue
triangles) and the MOKE-informed SH-TH (red and blue
circles) (left-axis) and estimated skyrmion density (right y-
axis). The dashed horizontal line indicates zero resistivity and
skyrmion density from the lower-bound model for psg—_rH.
The green line shows the approximate linearity of p¥; ;4
at small fields. The inset shows the non-zero coercive field
in p¥e_7g.(b) shows a representative result of our simula-
tions at 200 Oe. There are clear individual skyrmions at 200
Oe. (c) A zoom-in panel around one of the small circular
patterns in our simulations, showing a Néel-like spin texture.
Red indicates out of the plane magnetization and blue into
the plane.

¢o = 2mh/e is the magnetic flux quantum. We then es-
timate the skyrmion density with the following equation
in Gaussian units,

dmpsp_raMs @)
PoApz

where M, is the saturation magnetization and Aps
is approximated as a constant and determined from
psu—an(H > Hga). Mg is not easily determined for
these ultrathin films. We use the M, of the sputter-
ing target ~ 115 emu/cm® as an approximation. The
maximum density calculated using this method is ng, ~
179 pm=2 at ~ 227 Oe for pdy; -y = 23.4 nQ cm.
We note that this estimated skyrmion density agrees
well with micromagnetic simulations (details included in
SI) [23]. The skyrmion density varies approximately lin-
early with the applied magnetic field over a small field
range up to ~ 50 Oe. The small hysteresis indicates the
possibility of a small but finite skyrmion density at zero-
field evidenced in p¥; 1, as seen in the inset of Fig.
[h.

We explored a different method for estimating
skyrmion density using micromagnetic simulations [45].
The simulations closely follow those performed in the
work of Shao et al. [23]. There are several parameters
that have not been measured in our series of ultrathin
TmlG films for thicknesses less than 3 nm TmIG. We
adapt the parameters for similar TmlIG films with a Pt
over-layer [23] [46] and assume an in-plane easy axis. Rep-
resentative simulation results are shown in@b at an exter-
nal perpendicular field 200 Oe. The 200 Oe panel displays

a skyrmion density of approximately 108 skyrmions/um?,

Nsk ~



which is of the same order of magnitude estimated in the
main text. Our simulations show a slow approach to sat-
uration after the 200 Oe. In[k, a zoom-in panel of a small
circular pattern in our simulations shows a skyrmion-like
spin texture. Details of our calculation are given in the
supplementary information [34].

In summary, we have performed sensitive MOKE mea-
surements on ultrathin TmIG/Pt bilayers, where a siz-
able SH-TH signal has been attributed to skyrmion for-
mation. By evaluating the SH-AH contribution more ac-
curately than previously possible, we find that skyrmions
can be stable at near-zero applied field in TmIG /Pt bilay-
ers, extending the skyrmion phase diagram beyond those
based only on transport measurements. While an esti-
mate of the skyrmion density is provided, we acknowledge
this estimate may not be accurate in absence of a full the-
ory. Estimating skyrmion density from transport data is
known to be a challenging problem especially when the
interaction between skyrmions is not negligible [4]. Fu-
ture experiments capable of imaging skyrmions with ~

10 nm radius are necessary to further establish the cor-
relation between electrical signal and skyrmion density.
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