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Anomalous Hall effect in magnetic insulator heterostructures:
Contributions from spin-Hall and magnetic-proximity effects
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In this letter, we study the origin of the anomalous Hall effect (AHE) in ferrimagnetic insulator Tms;FesO,,
(TmIG)/Pt heterostructures. A monotonic decrease of the anomalous Hall resistivity (Apaug) With decreasing
temperature is observed for TmIG/Pt, and a sign reversal of Apaygg occurs at around 80 K. With the addition
of a Cu interlayer, the Apapg similarly decreases as a function of temperature, but maintains the same sign
across the full temperature range. This indicates that both the magnetic-proximity effect and spin Hall effect
in the TmIG/Pt bilayer contribute to the AHE signal with opposing signs. The spin-Hall contribution to the
AHE is dominant at room temperature but decreases with decreasing temperature. Meanwhile, the magnetic-
proximity contribution to the AHE becomes dominant with decreasing temperatures, leading to a change of sign
for Apaur. We exclude a dominant influence of a ferrimagnetic compensation point in the temperature region by
complementary magnetic hysteresis and neutron diffraction measurements. Our work, based on a simple method,
sheds light on the origin of the AHE in magnetic insulator heterostructures, where the competition between the
magnetic-proximity effect and spin Hall effect governs the sign and amplitude of the AHE.
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TmsFes01,(TmIG)/Pt bilayer structures have recently at-
tracted great interest in the field of spintronics, displaying
exciting physical phenomena, including spin Hall magnetore-
sistance [1], spin-orbit torque magnetization switching [1-4],
current-induced chiral domain wall motion [3,5] and interfa-
cial Dzyaloshinskii-Moriya interaction (DMI) and topological
Hall effects [3,5-8]. The physical interpretation of these phe-
nomena can be based on a combination of the spin Hall effect
(SHE) and interfacial mechanisms, where the latter ones are
commonly related to the magnetic-proximity effect (MPE),
a phenomenon that induces a ferromagnetic moment in a
normal metal in contact with magnetic materials [9]. Pt is
close to the Stoner criterion and has been shown to exhibit
ferromagnetic ordering due to the MPE, where the strength
of the MPE is closely related to the crystal structure at the
interface [10,11]. Several groups have focused on different
methods to quantify the magnitude of the magnetic-proximity
effect, including x-ray magnetic circular dichroism and x-ray
resonant magnetic reflectivity [12—-15]. However, it is still
under discussion in which systems the magnetic-proximity
effect is present [16—18], what is the magnitude of magnetic
moments induced by the MPE [19], and whether the MPE
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contributes to the anomalous Hall effect (AHE) signal in
magnetic insulator/Pt heterostructures. If the MPE leads to
magnetic ordering of Pt in contact with the magnetic insulator,
the anomalous Hall resistivity, A pagg, of the Pt can contribute
to, or even give rise to, the AHE in such systems. This part
of the AHE is considered to be a magnetic-proximity AHE
signal [20,21]. In addition, the imaginary part of the spin
mixing conductance can also lead to an AHE signal in mag-
netic insulator/Pt heterostructures, related to the SHE and spin
transport at the interface and thus referred to as the spin-Hall
AHE signal [22]. Several studies have attempted to separate
the contributions from the spin Hall effect and magnetic-
proximity effect to Apapg through first-principles calcula-
tions and angular dependent measurements [20,21,23-25]
or the insertion of a Cu layer to decouple the magnetic
insulator and Pt, limiting any MPE [26]. However, in mag-
netic insulator/Pt heterostructures, the relationship between
the magnetic-proximity AHE and spin-Hall AHE is missing,
and in particular, it is unclear whether the two contributions
have different temperature dependences.

In this letter, we use ferrimagnetic TmIG with perpendicu-
lar magnetic anisotropy to study the AHE signal in magnetic
insulator heterostructures. From the temperature dependence
of the AHE, we observed a sign change of Apapg in TmIG/Pt,
which is absent when a Cu interlayer is inserted to reduce the
MPE. Magnetic measurements and neutron diffraction studies
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exclude the effects of ferrimagnetic compensation, thus the
sign change of Apapg cannot be explained by the ferrimag-
netic nature of TmIG. The experimental results indicate that
both the spin Hall effect and magnetic-proximity effect con-
tribute to the AHE in TmIG/Pt with opposing signs.

High-quality crystalline epitaxial TmIG films with perpen-
dicular magnetic anisotropy were deposited on (111)-oriented
gadolinium gallium garnet (Gd;GasOj,, GGG) substrates
by pulsed laser deposition. The deposition conditions have
been reported previously [4]. The Pt and Cu layers have been
deposited ex situ subsequently by sputtering in a chamber with
a base pressure of 3 x 102 mbar, with an Ar pressure of 0.013
mbar. The thin film samples were patterned and etched into
6 um x 20 um Hall bars by standard photolithography and
ion milling. The electrical measurements of TmIG(20)/Pt(5)
and TmIG(20)/Cu(2)/Pt(5) (units in nanometers) heterostruc-
tures were performed in a vector cryostat and a physical
property measurement system (PPMS), and the current
shunting effect was considered to accurately calculate A papg
for TmIG/Cu/Pt. The anomalous Hall resistivity Apapg
can be obtained via Apagg = ARAugtum, Where ARayg iS
the change of the anomalous Hall resistance and #,,, is the
thickness of the normal metal. Magnetic hysteresis loops
were measured via a PPMS equipped with a vibration sample
magnetometer setup (VSM). The neutron diffraction study
was performed using the Peking University High-Intensity
Powder Neutron Diffractometer [27] at the China Advanced
Research Reactor. Details of the sample preparation and data
refinement can be found in the Supplemental Material [28].

Figures 1(a) and 1(b) show anomalous Hall hysteresis
loops of TmIG(20)/Pt(5) and TmIG(20)/Cu(2)/Pt(5) het-
erostructures at different temperatures. The Hall voltages
were collected via sweeping the out-of-plane field, which
show well-defined square loops, and the coercivity values of
TmIG/Pt and TmIG/Cu/Pt are similar for all temperatures.
At 280 K, the coercivity from the AHE is determined to be
1.5 mT, while the magnetic measurement indicates the coer-
civity of 20-nm-thick TmIG to be around 0.6 mT as shown in
Fig. 1(c). We attribute the change of the coercive field after
patterning the continuous film to the geometrical confinement
effect, which can vary with temperature [1]. For the data col-
lection, we reverse the polarity of the current to exclude any
polarity-dependent effects. The resistivity change 2A payg be-
tween the two magnetic states for TmIG/Pt and TmIG/Cu/Pt
at 280 K are 7.5 £ 0.3 mQ2 nm and 2.8 + 0.2 mS2 nm respec-
tively. Cu is an efficient spin conductor, however, inserting a
Cu layer creates the additional Cu/Pt interface, where strong
spin memory loss can occur [34,35], resulting in a decrease in
the absolute magnitude of Apayg in TmIG/Cu/Pt. Tang et al.
demonstrated a similar result and claimed that the decrease
of Apayg for TmIG/Cu/Pt is evidence that the MPE has a
significant contribution to the AHE in TmIG/Pt [26]. Indeed,
Cu exhibits a quite long spin diffusion length, and Cu is so
far from the Stoner criteria, it is unlikely to exhibit the MPE
[36,37]. However, we will show below the decrease of Apang
when a Cu insertion layer is added is primarily caused by the
spin scattering at the newly introduced Cu/Pt interface. Mean-
while, without considering the spin scattering, the absence of
the magnetic-proximity AHE could fundamentally lead to a
large A papg for TmIG/Pt.
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FIG. 1. (a) and (b) show the temperature dependence of
the anomalous Hall hysteresis loops for TmlIG(20)/Pt(5) and
TmIG(20)/Cu(2)/Pt(5). (c) shows the magnetic hysteresis loops of
20 nm TmIG measured via VSM. The magnitude of A payg is smaller
in TmIG/Cu/Pt compared to the value of TmIG/Pt, due to additional
interfacial scattering of the spin current and the strong spin memory
loss at the Cu/Pt interface. The anomalous Hall resistance Apanug
changes sign at around 80 K for TmIG/Pt, while the Apaur keeps
the same sign for TmIG/Cu/Pt.

Remarkably, a different temperature dependence of Apapg
is observed in TmIG/Pt and TmlIG/Cu/Pt. For TmIG/Pt,
Apape decreases with decreasing temperature, and we ob-
serve a sign change at around 80 K in Fig. 1(a). A similar sign
reversal has also been found in YIG/Pt systems [10,20,21].
However, we find that the TmIG/Cu/Pt sample does not ex-
hibit a sign reversal, as shown in Fig. 1(b). In the well-studied
YIG/Pt system, different groups have published different con-
clusions with respect to MPE [18,19] and in one work the
magnetic moment of Pt induced by the MPE has been deter-
mined to be 0.1 upg [19], and the MPE is also regarded as
an important physical mechanism that can contribute to the
AHE signal [21]. Regardless of a possible magnetic-proximity
AHE signal in magnetic insulator heterostructures, Chen et al.
theoretically studied the spin-Hall AHE in magnetic insulators
where the spin-Hall AHE is related to the imaginary part of the
spin mixing conductance. By noting that the real spin mixing
conductance is orders of magnitudes larger than the imaginary
spin mixing conductance, we can adopt the formulation of
Chen et al. for the spin-Hall AHE [22]:

AIOSHfAHE _ 29§H)"2 O’G,‘ tanhzg—x (1)
£o dy (o 421G, cot hzg—’x)?

224410-2



ANOMALOUS HALL EFFECT IN MAGNETIC INSULATOR ...

PHYSICAL REVIEW B 104, 224410 (2021)

()

s.s. “
Je ™~ Pt J J 1 i
- ae Cu —(;_' ~ ; % " t "
Ny '
' t t ' TmIG t t t ' TmIG

FIG. 2. Schematics for the different mechanisms of the origin of the AHE signals in TmIG/Cu/Pt and TmIG/Pt. (a) Cu is an efficient spin
conductor with no magnetic-proximity effect, the spin current induced by the spin Hall effect in the Pt traverses the additional Cu layer and
interacts with the magnetic moment of TmIG. The spin Hall effect induced AHE signal is related to the imaginary part of the spin mixing
conductance. (b) Several atomic layers of Pt can exhibit ferromagnetic ordering due to the magnetic-proximity effect, which can also contribute

to the AHE signal.

where the Apsy_age is the resistivity of spin-Hall AHE,
o =p 1 dy, and A are the conductivity, thickness, and spin
diffusion length of Pt, G, and G; demonstrate the real and
imaginary part of the spin mixing conductance. The spin
mixing conductance is an indicator of the spin transmission
and scattering at the interface.

The schematics for the origin of the AHE signal in
TmIG/Cu/Pt and TmIG/Pt are given in Fig. 2. For the
TmIG/Cu/Pt sample, the spin current generated in the Pt is
the only source of the AHE, and therefore represents a pure
spin-Hall induced AHE signal. The Apapg decreases for
lower temperatures, indicating a reduced imaginary part of
spin mixing conductance at lower temperatures. This effect
is related to the interfacial spin transport and the interaction
between the spin current and the local magnetic moment in
TmlG, thus we expect the temperature dependence of the
AHE in TmIG/Cu/Pt to exhibit a similar trend as the temper-
ature dependence of the magnetic hysteresis loop as shown
in Figs. 1(b) and 1(c). As long as the spin mixing conduc-
tance maintains the same sign, it is expected that the sign
of Apapge does not change for TmIG/Cu/Pt. However, this
is not the case in TmIG/Pt. If the MPE leads to a magnetic
ordering of the Pt, both the spin-Hall AHE and magnetic-
proximity AHE contribute to the Apagg in TmIG/Pt, and
the phenomenon for the sign reversal of Apagg can only be
explained assuming that the contribution to the magnitude of
AHE is opposite for each mechanism. At 280 K, the spin-Hall
AHE signal is dominating, which however decreases when the
temperature drops. Meanwhile, the magnetic-proximity AHE
is slowly increasing due to the strengthening of the exchange
coupling between the Fe** 3d orbitals and the Pt 54 orbitals
at lower temperatures [23]. The contributions from these two
mechanisms are roughly equal at around 80 K, thus canceling
each other to yield a zero AHE in TmIG/Pt [see Fig. 1(a)].
Meanwhile, we clearly observe a magnetic hysteresis loop
of TmIG at 80 K, which means the absence of an AHE in
TmIG/Pt is not related to the possible vanishing of the mag-
netic moments in the ferrimagnetic TmIG. It is also known
from the literature that there is no compensation point at 80 K
in TmIG [38,39]. Further decreasing the temperature leads to
a dominant magnetic-proximity AHE signal and thus to the
sign reversal of Apagg in TmlIG/Pt.

The sign change of Apayg is commonly found for ferri-
magnetic metal heterostructures where it is resulting from the
change of the dominating sublattices with temperature leading
to a change of the AHE signal when the temperature crosses
the magnetic compensation point [40,41]. TmIG is a typical
ferrimagnetic insulator in which the sum of the magnetic
moments of Tm** ions and Fe>* ions are colinear but pointing
in opposite directions. To clarify whether the sign change of
A pape for TmIG/Pt at around 80 K is related to the magnetic
compensation phenomenon, we performed magnetic hystere-
sis loops measurements at different temperatures to obtain the
temperature dependence of saturation magnetization (M;) for
20 nm TmlIG, as shown in Fig. 3(a). The M; initially maintains
anearly a constant value and then decreases with a decrease of
temperature while the coercivity of TmIG increases [shown in
Fig. 3(b)], which is a typical phenomenon for a ferrimagnet
when the temperature approaches the compensation point.
The magnetic moment at 150 K is roughly two times larger
compared with the value at 60 K.

To clarify if there is any compensation of the moments, we
perform neutron diffraction measurements that allow us to fur-
ther understand the temperature dependence of the magnetic
structures of powder TmIG. We note that 20-nm TmIG films
are quite thick exhibiting a similar magnetic moment value
compared to the bulk material [4] and the evolution of the
magnetization as a function of temperature in 20 nm TmIG
is similar to that of bulk materials [2], thus the magnetic prop-
erties of powder TmIG and 20 nm TmlIG should be similar.
Figure 4(a) shows the Rietveld refinement of the data col-
lected at 60 K and 150 K. As the structure of YIG is reported
to distort from cubic to trigonal [42], the refinement of the
neutron diffraction patterns for TmIG powder were performed
with the trigonal space group (R3, No. 148). For refining the
magnetic structure, the chosen magnetic space group R3 (No.
148.17) was obtained using the program MAXMAGN by giv-
ing the space group R3 and a propagation vector (0 0 0) [43].
The details for the refinement can be found in the Supplemen-
tal Material [28]. The magnetic phase symmetry was defined
to align the Fe*" ions at tetrahedral sites. The magnetic mo-
ments of the Fe®" ions at octahedral sites as well as Tm>"
ions at dodecahedral sites are in the antiparallel direction.
We note that, at 150 K, the obtained magnetic moments are
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FIG. 3. (a) Temperature dependence of M, for TmIG. (b) The coercivity of 20 nm TmIG was obtained by magnetic measurement via PPMS
with a VSM setup. There is no compensation point within the studied temperature range.

3.72 £ 0.07 up and —3.68 4= 0.07 up at tetrahedral and oc-
tahedral sites for Fe’*, and the magnetic moment of Tm?*
at dodecahedral sites is —0.30 &= 0.05 wp. Compared with the
results at 150 K, the magnetic moments of Fe3* at 60 K are
determined to be 3.83 = 0.06 up and —3.8 £ 0.07 pup respec-
tively, which represent a slight increase. However, the mag-
netic moment of Tm>* ions at 60 K increases significantly,
which yields —0.88 4= 0.05 pp. Figure 4(b) demonstrates the
temperature dependence of the magnetic moment of Fe’*
and Tm>" ions. As the temperature goes down, the absolute
value of the magnetic moment of Fe*™ and Tm>* ions in-
crease, however, at different rates. The magnetic moment of
Fe’* ions is not that sensitive to the temperature below 150
K, while the magnetic moment of Tm>* ions dramatically
increases when the temperature decreases and the rare-earth
ions Tm>* exhibits a low magnetic ordering temperature [see
Fig. 4(b)]. As a result, we can find that the moment for one
formula unit of TmIG decreases as the temperature drops. It
is worth noting, the moment for one formula unit 150 K is
2.91 £0.27 up, which is 2.3 times larger than the value at
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60 K (1.25 £ 0.24 up), within the error range, the ratio of the
total magnetic moment at 150 and 60 K obtained by neutron
diffraction analysis is consistent with the magnetic measure-
ment results as shown in Fig. 3(b). This further indicates
that there is no compensation point within the temperature
range studied. Thus, we conclude that the Apapg reversal for
TmIG/Pt does not result from any ferrimagnetic order of the
TmlIG, while the competition between the spin-Hall AHE and
magnetic-proximity AHE plays an important role.

To further understand the competition of the MPE and
SHE induced AHE signal, we studied the ratio Apaygg/pPxx
for TmIG/Pt and TmIG/Cu/Pt as a function of temperature as
indicated in Fig. 5. For TmIG/Cu/Pt, the value of Apaug/Oxx
is enlarged 4 times for clarity. When the temperature is in the
range of 150 and 280 K, M, has a relatively constant value.
However, the A payg/ 0xx of TmIG/Cu/Pt slowly decreases for
lower temperatures. When the temperature further drops be-
low 150 K, the ratio A paygg/ px. drops dramatically, exhibiting
similar behavior as the temperature dependence of M. More-
over, the decrease of Apapg/px for the TmIG/Pt is faster
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FIG. 4. (a) The refinement result of neutron diffraction patterns for TmIG collected at 60 and 150 K. (b) The temperature dependency of
the magnetic moment parameter of the Fe** ions, Tm>* ions, and one formula unit of TmIG.
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FIG. 5. (a) Apaug/px for TmIG/Pt and TmIG/Cu/Pt at different temperatures. The ratio of Apapg/px: for TmIG/Cu/Pt is enlarged four
times for ease of viewing. (b) demonstrates the coercivity of 20 nm TmIG obtained by the anomalous Hall measurement of TmIG/Pt and

TmIG/Cu/Pt.

compared with the value for TmIG/Cu/Pt when T < 150 K.
As we discussed previously, the AHE signal in TmIG/Pt has
two contributions, the spin-Hall AHE and magnetic-proximity
AHE signals that exhibit opposite sign and thus opposite con-
tributions to the total AHE signal. As the temperature goes
down, the magnitude of spin-Hall AHE decreases while the
magnetic-proximity AHE increases, which would lead to a
more abrupt change of A pagg/ox in TmIG/Pt compared with
that in TmIG/Cu/Pt. Figure 5(b) shows the coercivity of TmIG
obtained via AHE in TmIG/Pt and TmIG/Cu/Pt. Note that
inserting a Cu layer does not affect the value of the coercive
field significantly, showing that the magnetic properties of
the TmIG are not significantly altered by the metallic layer
on top. At T = 40 K, the magnetic-proximity AHE plays a
dominating role in the AHE for TmIG/Pt, while the spin-Hall
AHE dominates the AHE in TmIG/Cu/Pt. Despite the distinct
physical origin of the AHE at 40 K, the coercive fields for both
samples are similar. It indicates the magnetic properties of
the magnetized Pt are closely related to the underlying TmIG
samples.

Finally, we observed a topological Hall-like signal for
TmIG(20)/Pt(5) measured at 320 K in a PPMS shown in
Fig. 6(a). Previous studies have indicated an interfacial DMI
in TmIG/Pt [3,4], which could induce spin structures with
a topological Hall effect [6,7]. Under the assumption of
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skyrmions in the system, the transverse Hall resistivity can
be decomposed as: px, = pPonE + PAHE + PTHE, Where ponE
and pryp represent the ordinary Hall resistivity and the
topogolocal Hall resistivity. However, as demonstrated by
several groups, the DMI in the TmIG/Pt system shows an
interfacial origin, and 20 nm TmlG is likely to be too thick
to exhibit sizable interfacial DMI [3-5,8]. Thus we conclude
the Hall signal here is not resulting from chiral spin textures.
Alternatively, the topological Hall-like resistivity can also be
decomposed as: pyy = pone + panet + pane”, where the
last two terms denote the positive and negative contribution
to the p,y, and this two-channel model could successfully
capture the Hall resistivity behavior as a function of field
in certain systems [44—46]. As we discussed previously, we
could conclude that the spin-Hall AHE is positive (oapg ™) and
the magnetic-proximity AHE is negative (pagg~), in order
to fit the curve as indicated in Fig. 6(a). The fitting result
from the two-channel model agrees well with the experimen-
tal data without additional topological Hall-like inputs. The
defined pape™ and papg~ as the function of the field can
be found in Fig. 6(b). The spin-Hall AHE is directly related
to the magnetic properties of TmIG film, as the spin mix-
ing conductance is related to the thickness of the magnetic
layer which is governed by the phase shift of the reflected
electrons at the interface [4]. We would naturally expect that

(b)

Papg (MQ-nm)
o

)
S

-40
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FIG. 6. Disentanglement of the topological Hall-like signal with the two-channel model. (a) The experimental data of anomalous Hall
resistivity as a function of the field (the ordinary Hall resistance induced linear background is subtracted) and the fitting curve with the
two-channel model. (b) The defined pape™ (square, black) and papg™~ (circle, red) as the function of the field for the fitting.
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the spin-Hall AHE represents the bulk magnetic properties of
the underlying TmIG film, confirmed by the similar shape
to the magnetic hysteresis of the TmIG film. Indeed, we
find the shape of the defined papp™ is similar to the magnetic
hysteresis loop at 320 K, and we observe a spin reorientation
in TmIG films at higher temperatures, where the perpen-
dicular magnetic anisotropy slowly changes to a dominating
in-plane magnetic anisotropy [28]. The magnetic-proximity
AHE is, however, connected to the interfacial magnetism of
TmlG. The interfacial magnetism of in-plane magnetized YIG
can present an out-of-plane easy axis [47]. The interfacial
magnetism of TmIG could similarly be different from the
bulk magnetism under certain conditions. Thus the magnetic-
proximity AHE could show different anisotropy compared
with the spin-Hall AHE. The differing origins of the two
effects, alongside their different signs, in turn leads to the
topological Hall-like signal. Considering that the contribution
at these elevated temperatures indicates a transition to in-plane
anisotropy for the spin-Hall AHE (see also magnetization
measurements in the Supplemental Material), the magnetic-
proximity AHE relies on a stronger perpendicular magnetic
anisotropy at the interface than present in the bulk of the film
[see Fig. 6(b)]. However, a full exploration of the interfacial
versus bulk anisotropy of these films is outside of the scope
of this work. Thinner films to increase the interface to volume
ratio could be utilized to explore this further but then contri-
butions of interfacial DMI will also be present, clouding the
origin of this topological Hall-like shape. Moreover, this topo-
logical Hall-like signal cannot be observed for TmIG/Cu/Pt
at 320 K where the magnetic-proximity AHE is absent [28].

This result further demonstrates that both the spin Hall and
the magnetic-proximity effect would contribute to the AHE
curve, and their contributions are opposite.

In conclusion, we have systematically studied the tem-
perature dependence of the anomalous Hall effect signal in
TmIG/Pt and TmIG/Cu/Pt. Both the SHE and the MPE are
found to contribute to the AHE in TmIG/Pt, while the AHE
in TmIG/Cu/Pt heterostructures is governed by only the SHE.
The spin-Hall AHE decreases monotonically with decreasing
temperature, and the magnetic-proximity AHE is strength-
ened as the exchange interaction between Fe’* 3d orbitals
and the Pt 5d orbitals is stronger at low temperatures. This
further induces the sign reversal of A payg at around 80 K. Our
results suggest the key role of the MPE for the AHE in mag-
netic insulator heterostructures, which helps to understand the
origin of AHE, and consequences for technological work and
the design of spintronic devices based on magnetic insulators
heterostructures.
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