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Abstract

Spin transport behaviors in heavy metal/ferromagnetic insulator (HM/FI) bilayers have
attracted considerable attention due to various novel phenomena and applications in
spintronic devices. Herein, we investigate the planar Hall effect (PHE) in Pt/ Tm3Fe501,
(Pt/TmIG) heterostructures at low temperatures; moment switching in the ferrimagnetic
insulator TmIG is detected by using electrical measurements. Double switching hysteresis
PHE curves are found in Pt/ TmlIG bilayers, closely related to the magnetic moment of Tm3*
ions, which makes a key contribution to the total magnetic moment of TmIG film at low
temperature. More importantly, a magnetoresistance (MR) curve with double switching
is found, which has not been reported in this simple HM/FI bilayer, and the sign of this
MR effect is sensitive to the angle between the magnetic field and current directions. Our
findings of these effects in this HM/rare earth iron garnet (HM/REIG) bilayer provide
insights into tuning the spin transport properties of HM/REIG by changing the rare earth.

Keywords: Tm3zFe50;; thin film; planar Hall effect; magnetoresistance; spintronic device

1. Introduction

The study of magnetization reversal processes using magnetotransport measurements
lies at the heart of spintronics and has potential for applications in information technology
and sensing [1,2]. Tunneling magnetoresistance (TMR), the anomalous Hall effect (AHE),
and the planar Hall effect (PHE) are commonly used for detecting magnetization reversal
and realizing highly sensitive sensors. As for the PHE, the resolution of the angle for
detecting the direction of magnetization is about twice as good as that of MR [3], and it can
be used as a magnetic sensor for applications like compasses with an angular resolution
better than 0.5° [4,5].

The PHE in magnetic materials is due to the relative orientation of the current and the
magnetization; thus, it can be used to investigate the magnetic switching and anisotropy
of ferromagnetic materials [4,6-9]. The physical origin of PHE is closely linked to the
spin-orbital coupling (SOC) effect [6]. In a simple model, the transverse and longitudinal
resistances (Ryy, and Ry, respectively) are given by the following [6,10]:
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where R|| and R are the resistances of the current parallel and perpendicular to the
direction of the magnetization, and v is the angle (in-plane) between the magnetization
and current flow.

Apart from investigating the magnetization reversal in magnetic materials [4,6-8],
the PHE has also become a powerful tool to detect the spin—orbital coupling in heavy
metal/ferromagnetic metal (HM/FM) heterostructures [11-14], in which the current pass-
ing through HM/EFM structures with a strong SOC effect offers a very efficient way to
gauge the moment of ferromagnets. Recently, SOC effects in heavy metal/ferrimagnetic
insulator (HM/FI) bilayers have also been found and attracted lots of attention [15-20],
whereby spin Hall magnetoresistance (SMR) and spin current transport have been observed
at the HM/FI interface. In prototypical HM/FI heterostructures such as Pt/ TmsFe501,
(Pt/TmlG), while charge current cannot flow in the TmIG layer, the spin current generated
by the spin Hall effect (SHE) in Pt can be transmitted across the Pt/ TmlG interface, which
is influenced by the magnetic property of the TmIG. Here, Tm3* plays a key role in the
total magnetic moment of TmIG at low temperatures, which shows obvious effects on
the spin transport in Pt/TmIG heterostructures [21,22]. So far, reports on PHE in HM/FI
bilayers are limited, and this method of detecting the SOC between HM and FI and the
magnetization switching in the FI layer may help us observe new physical phenomena.

In the present work, the PHE in Pt/ TmIG heterostructures is investigated, and the
magnetic switching behaviors of TmlIG films are detected through magnetotransport mea-
surements. More importantly, a magnetoresistance (MR) curve with double switching is
found in the Pt/TmlIG bilayer. Temperature-dependent PHE and MR effects indicate that
these unique behaviors are closely related to the magnetic moment of the Tm>* sublattice,
which clarifies the key role of this rare earth at low temperatures. Our findings show that
the possible design of novel memories based on this MR curve with double switching in
some simple HM/FI heterostructures would benefit applications in spintronic devices.

2. Experiment
2.1. Synthesis of Pt/TmlG Heterostructures

High-quality TmIG films (8 nm) were grown on (111)-orientated GdzGasO012 (GGG)
substrates through pulsed laser deposition (PLD) at 710 °C and 100 mTorr. First, 5 nm of Pt
with a Hall bar pattern (channel width: 160 um; channel length: 500 um) was deposited by
rf sputtering through a stainless steel shadow mask. Details of deposition and structural
characterization can be found in [19].

2.2. Transport Measurements of Pt/TmlG Heterostructures

All of the magnetotransport measurements were performed in a physical property
measurement system (PPMS, Quantum Design) with an applied current of 100 pA. A
schematic of the experimental configuration is shown in Figure 1a, where the current is
applied along the x-axis and the angle v denotes the direction of the (in-plane) applied
magnetic field H relative to the x-axis. Two types of experiments were carried out. Firstly,
field-dependent transport measurements were taken with H applied along with specific
values of 7. Secondly, we fixed the magnitude of H, and the sample was rotated in both
clockwise and counterclockwise directions.
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Figure 1. (a) Hall device schematic and the magnetotransport measurement setup, where the electric
current is applied along the x-axis. (b) Temperature dependence curve of the Ryy. Magnetic field
dependences of ARy (c) and Rpyg (d) at 10 K, and H is applied along the x-axis. Variation in Rpyg by
about 69 m() is recorded in (d).

3. Results and Discussion
3.1. Magnetotransport of Pt/TmlG Heterostructures at 10 K

The Hall device schematic and the magnetotransport measurement setup are shown
in Figure 1a. ARy, of the Pt layer drops linearly with the decreasing temperature, indi-
cating the metallic behavior, as shown in Figure 1b. And the resistance minimum at low
temperatures is similar to previous reports of Pt grown on other garnet thin films [20,23].
In terms of magnetotransport measurements, when H is applied along the current direction
(i.e., ¥ =0°), ARy vs. H shows a slight increase with the field (Figure 1c) and remains
persistent at high field. Herein, AR,y is defined as follows: ARyy = [Ryx(H) — Ryx(Hmax)],
where Ryy(H) and Ryy(Hmax) are the Ryy at H and the maximum applied field (4 kOe),
respectively. As for the planar Hall resistance (Rpyg) in Figure 1d, a double switching
loop is observed for v = 0° after the linear background is subtracted. One can see from the
results that the amplitude of planar Hall resistance (8Rpyg) is about 69 mQ). The two abrupt
switching events are typically correlated with magnetization switching in the ferromagnetic
layer [6,7].

3.2. Angular Dependence of the Magnetotransport of Pt/TmlG Heterostructures

Figure 2 shows the y-dependent magnetotransport behavior (ARy-H and Rppgp-H)
of the Pt/TmlIG bilayer at 10 K. From the in-plane angular dependent ARy,-H curves
(Figure 2a), it can be seen that for v = 30° and 180°, the magnetoresistance effect is almost
negligible. As for other angles, the ARyy-H plots exhibit an MR curve with double switching,
meaning the occurrence of ARy plateaus at intermediate H that are distinct from high field
situations; the amplitude of Ry, variation (8Ryy) is almost constant (~0.16 to 0.18 (2). We are
not aware of reports about such an MR behavior in the HM/FI bilayer. For the PHE curves
(Figure 2b), two switching loops are always observed at different values of 7y, accompanied
by variation in coercivity. This behavior is attributed to the magnetic anisotropy of the
TmlG film [6,9]. The angular dependence of 5Ryy is shown in Figure 3a. The sensitivity of
dRyx to 7, leading to both negative and positive MR effects, can be observed in this HM/FI
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heterostructure. Moreover, the magnitude and sign of the Rpyg are also dependent on 7.
Figure 3b shows the v dependence of dRpyg, which decreases and changes sign around
7 = 30° and then increases with 7y and reaches +69 mQ) at 180°. This MR effect with obvious
positive and negative changes is very conducive to the design and application of new
memory devices.
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Figure 2. In-plane angular dependence of ARyy-H (a) and Rpyg-H (b) loops at 10 K. The red and blue
traces indicate different sweeping field directions (red: decreasing H; blue: increasing H). The vertical
scale bars for (a,b) are different due to drawing limitations.
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Figure 3. Angular dependences of 5Ryy (a) and dRpyg (b) obtained from PHE curves.
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The dependences of ARyy and Rpyg of the Pt/ TmlIG bilayer with v at 10 K are plotted
in Figure 4, with v sweeping from 0° to 360° (black curves) and then back to 0° (red curves).
At low field (H = 300 Oe), hysteresis with abrupt transitions is observed in ARyx-y and
Rpyg-v curves at v = 90°, 135°, 270°, and 315° due to the switching of magnetization
between magnetic easy axes, indicating the presence of magnetic anisotropy in TmlG. In
the TmlIG structure, its magnetic moment consists of two Fe3* sublattices and one Tm3*
sublattice [21,22]; thus, these transitions may originate from the magnetization switching of
these magnetic sublattices. The angular dependence of the width of both hysteresis of ARy
and Rpyg systematically decreases with increasing magnetic field and then disappears
when H is up to about 1 T. At H = 5T, both angular dependences of AR,y and Rpyg show
non-hysteresis behavior, and the maximum ARy is found at 0° and 180°, indicating that
the resistance of the current parallel to the magnetic field (direction of the magnetization
of TmIG) is larger than that of the current perpendicular to the magnetic field. While for
Rpyg, it exhibits extrema for applied magnetic field orientations around 45°, 135°, 225°,
and 315°, which is consistent with Equation (1).
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Figure 4. Angular dependence of ARy, (a) and Rpyg (b) of Pt/ TmIG heterostructures with a fixed
magnitude of H at 10 K. The black traces have H sweeping from 0° to 360°, and the red traces
represent the H sweeping direction from 360° to 0°.

As reported in ferromagnetic (Ga, Mn)As [6,24], Fe304 [25], manganite [7], and other
ferromagnetic multilayers [3,4], PHE is closely linked to the in-plane magnetization vector,
making it particularly suitable for studying in-plane magnetization switching processes in
samples with weak magnetization signals. It is worth mentioning that when rare earth ion
garnet (REIG) thin films are grown on paramagnetic substrates such as GGG, the colossal
paramagnetic moment contribution [16,18-20,23] makes it difficult to separate the magne-
tization switching of the REIG films by traditional magnetic measurements. Meanwhile,
as RE3* makes a prominent contribution to the total moment of REIG [21,22], studies
of temperature-dependent magnetization are of significance. Recent experiments have
confirmed strong interface coupling between the spins of RE** and Fe** and conduction
electrons of Pt in the Pt/REIG bilayer [26]. Therefore, based on the large SOC effect in Pt
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and the spin current phenomenon in Pt/REIG heterostructures [16,18,20,23], it is possible
to detect the magnetization switching behavior of REIG films by studying the PHE of
Pt/REIG bilayers, which is confirmed by our present results.

The ARyy-H curves in Figure 2 are similar to those observed in typical magnetic tunnel
junctions, albeit in the absence of the tunneling device structure [27]. The anomalous
switching behavior of the ARyy-H curves in Figures 2 and 3 can be explained by a two-step
sequence of magnetization, resulting from the magnetic structure of TmIG, where both Fe3*
and Tm3* sublattices make contributions to the total magnetic moment of TmIG, and the
Tm3* sublattice moment plays the key role, especially at low temperatures [21].

To further study the PHE and MR effects in Pt/ TmIG bilayers observed in Figures 2 and 3,
we investigated their temperature dependences when = 0° and 90°, the results of which
are shown in Figures 5 and 6, respectively. As for ¢ = 0° (Figure 5), the magnetoresistance
effect is similar to that observed at 10 K (Figure 1c). For PHE, with increasing temperature,
the hysteresis becomes narrower; in particular, the switching field at a high field range
becomes smaller with increasing temperature, as shown in Figure 5a. When the temperature
reaches above 60 K (Figure 5b), the switching loops disappear and the shape becomes
butterfly-like. Therefore, this double switching behavior in Pt/TmIG devices is only
observed at low temperatures.
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Figure 5. Temperature dependence of Rpyg at y = 0°: (a) below 60 K and (b) above 60 K.

While the Curie temperature of TmlIG is about 550 K, [21] at low temperatures, Tm3*
makes an obvious contribution to the total moment of TmIG [21,22,28]. Bearing in mind
that Tm exhibits a long-range magnetic order up to 51 K (antiferromagnetic) [29], in
the low-temperature region, both Fe>* and Tm3* sublattices thus make contributions to
the total magnetic moment of TmIG. The observed double hysteresis loops in Pt/ TmIG
heterostructures below 60 K are likely closely related to the magnetic properties of the
Tm3* sublattice.

As for oy =90°, the PHE and MR effects of Pt/ TmlG show complex behavior (Figure 6).
With the temperature increasing up to 60 K, the ARy,-H curves still exhibit an MR curve
with double switching (Figure 6a—e), similar to that observed in Figure 2a. When the
temperature is above 60 K, the shape of ARy,-H curves (Figure 6f-h) becomes butterfly-
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like, which is similar to other Pt/RelG bilayers [15]. These results further confirm that
the magnetoresistance (MR) curve with double switching in Pt/ TmIG only occurs at low
temperatures, which likely results from the contribution of Tm3*.
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Figure 6. Temperature-dependent ARyy-H and ARpyg-H curves of Pt/TmIG heterostructures with
v=90%()T=20K,(b)T=30K,(c)T=40K,(d) T=50K, () T=60K, (f)f T=70K, (g) T =80 Kand
(h) T =100 K. In each panel, the upper (lower) plots show the magnetic field dependence of ARy
(ARpyEg)- Red and blue traces represent H sweeping from positive to negative and from negative to
positive, respectively.

As for the magnetic field dependence of PHE, the ARpyg-H curve shows up-switching
apart from the two down-switching at 30 K (Figure 6b), which becomes more obvious with
increasing temperatures (Figure 6¢). It is worth noting that four switching instances are
found between 40 K and 70 K, which have not been reported in other Pt/REIG systems.
And with further increases in temperature, the ARpyp-H curves show the butterfly-like
shapes in Figure 6g,h, which are similar to the ARy,-H curves.

In the Pt/ TmlIG heterostructure, TmIG exhibits ferrimagnetic properties but is highly
insulating, while Pt possesses a strong SOC that can be used to detect the magnetiza-
tion switching of the adjacent ferrimagnets [11-14]. Therefore, it is reasonable to at-
tribute these special switching loops in ARpyg-H and ARy,-H curves at low temperatures
(Figures 4 and 5) to the complex magnetic structure of TmIG [21,22]. The magnetic struc-
ture of TmIG consists of two sublattices of Fe3* occupying octahedral and tetrahedral sites,
where they couple antiferromagnetically, and one Tm>* sublattice where Tm3* ions occupy
the dodecahedral positions [30]. At high temperatures, iron sublattices dominate, while at
low temperatures, the Tm®* sublattice becomes increasingly relevant [21,22]. The reported
temperature-dependent magnetization of TmIG film indicates that the minimum magneti-
zation is observed near 50 K [31], which results from the interactions of Fe3* sublattices
and Tm?>* sublattices. Obviously, the limitation for this magnetoresistance (MR) curve with
double switching in the Pt/ TmlIG bilayer is that its working temperature is far below the
actual temperature, which may be improved by constructing a heterostructure TmIG with
other iron garnets or designing spin valves by using iron garnets [32].
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On the other hand, people have found the spin Hall magnetoresistance effect in
Pt/TmlIG heterostructures [19,33], where, in these HM/FMI bilayers, people can simply
measure the resistance of the adjacent HM layer to detect the magnetization direction of
the FMI layer [34]. In our present work, we measure the MR effect as the magnetic field is
rotated in the film plane; the magnetoresistance curve with double switching is related to
the magnetization switching of Tm3* and Fe?* sublattices in TmIG. Therefore, the MR effect
with double switching in the Pt/TmIG heterostructure should be induced by the SMR.

4. Conclusions

In summary, the planar Hall and magnetoresistance effects in Pt/ TmIG heterostruc-
tures at low temperatures are systematically studied. The double switching behavior of
PHE is found, which is closely related to the magnetic moment switching of TmIG. A
magnetoresistance curve with double switching is observed in magnetoresistance measure-
ments of Pt/ TmlIG heterostructures. The observation of PHE and MR effects in Pt/ TmIG
enables systematic investigation of the in-plane magnetic anisotropy, especially in some
REIG thin films, which have complicated magnetic moment switching behavior. Fur-
thermore, our study provides an electrical measurement to study the magnetic switching
behavior of the Tm3* sublattice, which can also be used to investigate other iron garnets or
magnetic insulators. Thus, our results indicate that rare earths can play an important role
in spin transport behavior in Pt/REIG heterostructures.
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