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The interfacial Dzyaloshinskii-Moriya interaction (DMI) is responsible for the emergence of topological
spin textures such as skyrmions in layered structures based on metallic and insulating ferromagnetic films.
However, there is active debate on where the interfacial DMI resides in magnetic insulator systems. We
investigate the topological Hall effect, which is an indication of spin textures, in Tm3Fe5O12 films capped
with various metals. The results reveal that Pt, W, and Au induce strong interfacial DMI and topological
Hall effect, while Ta and Ti cannot. This study also provides insights into the mechanism of electrical
detection of spin textures in magnetic insulator heterostructures.
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Magnetic skyrmions are attractive for memory applica-
tions due to their nanoscale sizes, robust topological
protection, and low energy for manipulation [1–10].
Most efforts in the skyrmion field have focused on metallic
ferromagnetic (FM) systems with bulk or the interfacial
Dzyaloshinskii-Moriya interaction (DMI), while FM
insulators (FMI) are much less explored. Meanwhile,
skyrmions in heavy-metal (HM)/FMI bilayers offer high
crystal quality, low density of defects, and low magnetic
damping. Recently, signatures of topological spin textures
in Pt=Tm3Fe5O12 (TmIG) bilayers have been detected by
the topological Hall effect (THE) [11,12], where a spin
current is generated in the HM via the spin Hall effect
(SHE) and used to detect the FMI magnetization [13,14]
and topological spin textures such as skyrmions. However,
there are debates in the field on whether the main source of
interfacial DMI stems from the HM/FMI interface [11,12]
or the FMI/substrate interface [15–17], as well as the
mechanism for electrical detection of magnetic textures
in HM/FMI bilayers [11]. Recent work on TmIG and
Y3Fe5O12 films with minimum thicknesses of 5 nm were
studied using domain wall and spin wave propagation,
which found that either the majority of DMI was generated
at the FMI/substrate interface or changing the capping layer
did not affect the strength of the DMI [15–17].
Previously [12] we reported the observation of the

topological Hall effect in Pt=TmIG bilayers within certain
temperature (T) regions tunable by the TmIG thickness,
which was termed the spin-Hall topological Hall effect
(SH-THE). In this Letter, we aim to uncover the source of
the interfacial DMI and the mechanism for the SH-THE
detection of spin textures through a systematic study of
TmIG films capped with various metal films and bilayers.

Our results rule out the magnetic proximity effect as the
origin for topological spin textures and demonstrate that a
HMmust be in direct contact with the TmIG film in order to
detect a nonzero topological Hall effect. This indicates that
the interfacial DMI responsible for the emergence of
skyrmions arises from the HM/TmIG interface rather than
the TmIG/substrate interface.
Epitaxial TmIG(2 nm) films are grown by off-axis

sputtering [18] on substituted-Gd3Ga5O12 (sGGG) sub-
strates at a temperature of 700 °C. The TmIG thin films
exhibit high crystalline quality with perpendicular mag-
netic anisotropy and no magnetic dead layer (as an
example, 1.85 nm TmIG films remain ferrimagnetically
ordered at room temperature) [12]. The TmIG films are
cooled to room temperature before the deposition of metal
layers including Pt, W, Ta, Au, and Ti. Figure 1(a) shows a
cross-sectional scanning transmission electron microscopy
(STEM) image of a Pt=TmIG=sGGGð111Þ sample viewed
along the ½112̄� direction taken by an aberration corrected
FEI Titan 60=300 STEM at 300 kV. Because the atomic
numbers of Tm (Z ¼ 69) and Fe (Z ¼ 26) are close to those
of Gd (Z ¼ 64) and Ga (Z ¼ 31), and there are no
detectable defects near their interface, it is difficult to
discern TmIG from the substrate. To identify the
TmIG=sGGG interface, Fig. 1(b) shows an energy dis-
persive x-ray (EDX) color map of Ga in sGGG, Tm in
TmIG, and Pt on top, revealing their interfaces. Finally, the
films are patterned into 400 μm × 100 μmHall bars using a
standard photolithography procedure and ion milling.
Figures 1(c) show an atomic force microscopy (AFM)
image of a 5 μm× 5 μm region on the Hall bar of a
Tað3 nmÞ=TmIGð2 nmÞ bilayer on sGGG(111) with a
root-mean-square roughness of 0.29 nm.
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The Hall measurements are carried out in a flow cryostat
and an oven inside an electromagnet with a maximum field
(H) of 16 kOe. Figure 1(d) shows a schematic of the
measurement setup superimposed over an optical image of
a Hall bar. A positive and negative direct current (dc) of
300 μA is applied to the Hall bar, resulting in current
densities ranging from 7.5 × 108 to 1.5 × 109 A=m2

depending on the thickness of the metal layer.
Figure 2 shows the Hall resistivity for HM/TmIG

bilayers with Pt, W, Ta, and Au with a varying degree
of interfacial DMI and spin Hall angle. The measured Hall
resistivity includes ρxy ¼ ρOHE þ ρSH-AHE þ ρSH-THE,
where ρOHE, ρSH-AHE, and ρSH-THE are due to the ordinary
Hall effect (OHE) that is proportional to H, the spin-Hall
anomalous Hall effect (SH-AHE) proportional to the
out-of-plane magnetization of TmIG, and the SH-THE
proportional to the density of topological spin textures,
respectively [12]. It has been demonstrated that a signifi-
cant topological Hall effect is observed in Pt=TmIG
bilayers in various temperature windows depending on
the TmIG thickness [11,12]. Figure 2(a) shows the Hall
resistivity for a Ptð3 nmÞ=TmIGð2 nmÞ bilayer at 340 K
with the linear OHE background subtracted, which exhibits
saturation at large magnetic fields due to the SH-AHE and
clear peaks at lower magnetic fields due to the SH-THE.
We extend this study to other heavy metals to gain

deeper insights. Figure 2(b) shows the result for a
Wð2 nmÞ=TmIGð2 nmÞ bilayer at 300 K, which is similar
to the Pt=TmIG bilayer with a larger SH-THE signal in a

lower temperature region. Therefore, W can also
supply sufficient interfacial DMI to generate a topolo-
gical Hall effect that strongly points towards the stabi-
lization of topological spin textures. However, the
Tað3 nmÞ=TmIGð2 nmÞ bilayer exhibits a qualitatively
different behavior as shown in Fig. 2(c). Within the
temperature range of 250–450 K, the Ta=TmIG bilayer
only shows a slanted ‘S’-shaped Hall curve due to the SH-
AHE with a linear OHE background. This indicates that Ta
can measure the TmIG magnetization through the SH-
AHE, but cannot induce topological spin textures, for
which the reason is unclear considering the similarities
between Wand Ta. Note that the sign of the SH-AHE is the
same for all three metals, and is unaffected by the opposite
sign of spin Hall angles (θSH > 0 for Pt and θSH < 0 for W
and Ta) [19]. This is consistent with experiments and
theoretical predications which demonstrate [20] that the
sign of SH-AHE is a function of ðθSHÞ2. Lastly, Fig. 2(d)
shows the Hall resistivity for an Auð2 nmÞ=TmIGð2 nmÞ
bilayer, where only the linear OHE is present.
The fact that the Au=TmIG bilayer only exhibits the

OHE provides the opportunity to use Au as a spacer layer to
investigate the origin of the SH-THE. There has been
debate in the field about whether the detected Hall peaks
originate from the magnetic proximity effect in Pt=TmIG
bilayers [11]. To address this issue, we decouple Pt from
TmIG using a Ptð3 nmÞ=Auð1 nmÞ=TmIGð2 nmÞ trilayer.
In this trilayer, Pt generates the spin accumulation at the
Pt=Au interface via the SHE, which diffuses to the
Auð1 nmÞ=TmIG interface with little decay given the spin
diffusion length (λsf) of ∼30 nm in Au [21]. The spins then

FIG. 1. Structural characterization of metal/TmIG structures.
(a) Cross-sectional STEM image of a Pt=TmIG (1.85 nm) bilayer
on sGGG(111) viewed along the ½112̄� direction. (b) STEM
image combined with an EDX color map that distinguishes Tm in
the TmIG film from Ga in the sGGG substrate. (c) AFM image of
a Ta=TmIG (2 nm) bilayer on sGGG(111) with a roughness of
0.29 nm. (d) An optical microscope image of a Hall bar combined
with a schematic to show the geometry of the applied field (H),
current (I), and measured Hall voltage (Vxy).
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FIG. 2. Hall measurements of bilayers. Hall resistivity of
heavy-metal/TmIG bilayers with (a) Pt, (b) W, (c) Ta, and
(d) Au. Prominent peaks are observed for (a) Pt and (b) W on
TmIG, indicating the detection of the SH-THE arising from the
topological spin textures. (c) Only the SH-AHE and OHE are
present for the Ta=TmIG bilayer. (d) Only the OHE is present for
the Au=TmIG bilayer.
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exert a spin-orbit torque on the TmIG moment at the
interface, generating voltage signals in the longitudinal
(spin Hall magnetoresistance) and transverse direction
(SH-AHE and/or possibly SH-THE) [13].
As a heavy metal, Au can potentially induce a sizable

interfacial DMI at the Au=TmIG interface and generate a
topological Hall effect. This is confirmed in Fig. 3(a)
where prominent SH-THE peaks are observed for
the Pt=Auð1 nmÞ=TmIG trilayer at 350 K. Together,
Figs. 2(d) and 3(a) offer several key insights. First, Au
induces strong interfacial DMI on TmIG, similar to Pt and
W. Second, Au alone cannot detect either the magnetization
(via SH-AHE) or spin textures (SH-THE) in TmIG despite
its comparable spin Hall angle as Ta [19]. One possible
reason for this behavior is that the large spin diffusion
length [22] of Au suppresses the spin accumulation at the
Au=TmIG interface, which hinders the SH-AHE or
SH-THE detection. Meanwhile, the Pt=Auð1 nmÞ can
detect the TmIG moment where Pt is the spin generator
or detector and Au is transparent to spins. Third, the
magnetic proximity effect is not the origin of the detected
THE because the Au spacer prevents Pt from getting
magnetized by proximity. The observation of the same
THE signals between the Pt=TmIG bilayer and the
Pt=Au=TmIG trilayer proves that the THE resistivities
originate from the SH-THE scheme.
To extract ρSH-THE, the SH-AHE contribution that is

proportional to the TmIG magnetization needs to be
subtracted. The magnetization of the 2 nm TmIG films
is too small to be accurately measured. Therefore, we
approximate it as tanhðH=H0Þ where H0 is a fitting

parameter as shown in Fig. 3(a) [12]. Figure 3(b) shows
ρSH-THE after the subtraction of ρSH-AHE with a THE field
range of �2 kG and a peak of 5.8 nΩ cm.
To verify if the interfacial DMI comes from the metal/

TmIG interface, we choose a lighter element, Ti, as the
spacer in a Ptð3 nmÞ=Tið1 nmÞ=TmIGð2 nmÞ trilayer,
where Ti (λsf ∼ 13 nm) is transparent for spins [23].
Figure 3(c) shows that only the OHE and SH-AHE are
detected for the Ptð3 nmÞ=Tið1 nmÞ=TmIGð2 nmÞ trilayer
at 325 K (and all other temperatures measured), indicating
that (i) the Ti layer is transparent to spins generated in Pt
allowing spins to interact with TmIG, and (ii) the Ti=TmIG
interface has small interfacial DMI which does not induce a
topological Hall effect. The distinct results of Au and Ti
spacers in the trilayers suggest that Au with large spin-orbit
coupling can generate sufficient interfacial DMI to stabilize
spin textures in TmIG, while Ti with small spin-orbit
coupling cannot. The presence of SH-AHE in both
Pt=Au=TmIG and Pt=Ti=TmIG trilayers, but SH-THE
only in Pt=Au=TmIG indicates that the interfacial DMI
stems from the metal/TmIG interface rather than the
TmIG=sGGG interface. If the interfacial DMI was induced
at the TmIG=sGGG interface, the SH-THE signals would
be present regardless of the spacer layer.
Interestingly, Ta generates a sufficient spin accumulation

such that the SH-AHE can be detected, but the Ta=TmIG
interface does not harbor a strong enough interfacial
DMI to produce a topological Hall effect, as shown in
Fig. 2(c). To confirm this understanding, we measure a
Ptð3 nmÞ=Tað1 nmÞ=TmIGð2 nmÞ trilayer as shown in
Fig. 3(d), which exhibits only the SH-AHE at 293 K
(and all temperatures), demonstrating that the Ta=TmIG
interface does not stabilize topological spin textures.
Using the procedure discussed above [12], we extract the

SH-THE resistivities and construct the H�T phase dia-
grams for two bilayers and two trilayers. Figure 4(a) shows
the phase diagram for the Ptð3 nmÞ=TmIGð2 nmÞ bilayer
within a temperature window of 310–400 K. The
Wð2 nmÞ=TmIGð2 nmÞ bilayer in Fig. 4(b) exhibits a
qualitatively similar behavior except that ρSH-THE shifts
to a lower temperature region at 260–370 K. Furthermore,
the peak value of ρSH-THE for W=TmIG reaches 9 nΩ cm, as
compared to 6 nΩ cm for Pt=TmIG—a 50% increase. The
field region of W=TmIG is also wider than that of
Pt=TmIG. For the Ptð3 nmÞ=Auð1 nmÞ=TmIGð2 nmÞ tri-
layer [Fig. 4(c)], the phase diagram is very similar to
Pt=TmIG [see Fig. 4(a)] albeit a slight increase in the
temperature region to 330–420 K. Additionally, ρSH-THE
peaks around 6 nΩ cm for the Pt=Au=TmIG trilayer which
is close to that of the Pt=TmIG bilayer. Figure 4(d) shows
that the Ptð3 nmÞ=Tið1 nmÞ=TmIGð2 nmÞ trilayer exhibits
no SH-THE for the whole H�T region.
Lastly, for each temperature measured, we determine

HSH-THE;max, the magnetic field at which ρSH-THE reaches
the maximum for the W=TmIG and Pt=TmIG bilayers as

(d)

(a)

(c)

(b)

FIG. 3. Hall measurements of trilayers. (a) OHE-subtracted
Hall resistivity and (b) SH-THE resistivity of a Ptð3 nmÞ=
Auð1 nmÞ=TmIGð2 nmÞ trilayer with a heavy metal (Au) spacer
layer showing large SH-THE peaks. OHE-subtracted Hall re-
sistivity of (c) a Ptð3 nmÞ=Tið1 nmÞ=TmIGð2 nmÞ trilayer with a
Ti spacer layer and (d) a Ptð3 nmÞ=Tað1 nmÞ=TmIGð2 nmÞ
trilayer showing only the SH-AHE features.
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well as the Pt=Au=TmIG trilayer as shown in Fig. 5. While
the temperature range varies for each sample, all three
exhibit the similar temperature dependence: HSH-THE;max

increases rapidly with T before the SH-THE signal dis-
appears. We fit theHSH-THE;max vs T data for each sample to
an exponential function, HSH-THE;max ¼ aþ be−E=ðkBTÞ,

where a, b, and E are fitting parameters. E represents a
characteristic energy that determines the temperature win-
dow for the emergence of THE, which is obtained from the
fitting to be 0.31� 0.01, 0.45� 0.01, and 0.54� 0.02 eV
for the W=TmIG, Pt=TmIG, and Pt=Au=TmIG, respec-
tively. This systematic, exponential temperature depend-
ence possibly originates from the magnetic anisotropy,
interfacial DMI, and exchange stiffness [11,24,25], which
is not currently understood and requires further experi-
mental and theoretical investigations.
In conclusion, we investigate the topological Hall effect,

which is an indication of topological spin textures, in
insulating Tm3Fe5O12 epitaxial thin films capped with
various metals. The presence of the spin-Hall anomalous
Hall effect and/or spin-Hall topological Hall effect in these
structures reveals the ability of the metal layers to induce
interfacial DMI, generate spin accumulation, and detect the
magnetization in Tm3Fe5O12. Our results further clarify the
mechanism for electrical detection of topological spin
textures in insulating magnetic films.
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