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Abstract

We performed anomalous Hall effect (AHE) measurements in Pt/Tm;FesO;,
(Pt/TmIG) bilayers grown on (110) and (111)-oriented Gd;GasO,, (GGG) substrates
(Pt/110TmIG and Pt/111TmIG). Qualitative differences were observed in the two
sets of samples: at low magnetic fields only Pt/111TmlG displays square AHE loop,
while Pt/110TmIG exhibits non-hysteretic AHE behavior. Systematic temperature-
dependent AHE measurements in Pt/111TmIG showed double switching events of
AHE loops below 30 K, which was attributed to the larger moment of Tm*
sublattice at low temperature and was consistent with earlier theoretical calculations
[A. Lehmann-Szweykowska et al., Phys. Rev. B 37, 459 (1988)]. Our results
confirmed the strong coupling of magnetic moment of Tm?** with the lattice and the
crucial role of the interfacial structure, suggesting a way to detect the rare earth

moment switching in iron garnets by electrical measurements.
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Introduction

Interfaces present a rich source for manipulating the complex interplay between
electronic, spin and lattice degrees of freedom in materials and exploring novel
functionalities [1-3]. A very straightforward and effective approach to achieve
different interfaces is to fabricate multilayers on substrates with different
orientations [4, 5]. For example, the magnetic properties of LaFeOs-LaCrO; are
highly sensitive to the substrate crystallographic orientations: while
antiferromagnetic behavior was observed in multilayers deposited on (100)- and
(110)-oriented substrates, identical heterostructures deposited on (111)-oriented
substrates exhibited ferromagnetic character with high Curie temperatures [6, 7].
Meanwhile, exchange bias was reported in (111)-oriented LaNiO;-LaMnO;
superlattices but not in (001)-oriented samples [8, 9]. Therefore, interface
engineering by growing films on substrates with suitable orientations is of great
importance to tailor the oxides properties and to extend their functionalities towards

various applications.

Recently, the magnetotransport behavior in heavy metal (HM)/ferrimagnetic
insulator (FI) bilayers have attracted much attention, which has been shown to give
rise to spin Hall magnetoresistance and other spin current effects in Pt/Y;FesO1;
(Pt/YIG) heterostructures [10-16]. In such bilayers, charge current cannot flow into
the FI layer but a spin current flow generated by the spin Hall effect in Pt can be
transmitted across the Pt/YIG interface [13, 16-20]. Thus, spin accumulation occurs

at the HM/FI interface and couples with the surface magnetization of FI layer [21].

Meanwhile, first-principle calculations indicated that the strength of magnetic
proximity effect at Pt/YIG interface is strongly dependent on the interface structure
(crystalline orientations, termination layer or defects) [22]. On the other hand, it was

confirmed that the spin current polarization is determined by the (sublattice)



magnetization orientation and the exchange coupling strength between the iron
garnet constituent ions and the Pt conduction electrons [23, 24]. For rare-earth (Re)
iron garnets (IG) with heavy Re elements (from Gd to Tm), they possess cubic
structure that belongs to the space group /a3d [25, 26]. Octahedral and tetrahedral
sites are occupied by Fe** ions, while Re*" ions occupy the dodecahedral positions.
In these RelG, both the Fe**and Re*" ions contribute to the magnetic properties,
particularly at low temperatures [20, 27]. As for TmIG, there is no compensation
point due to larger orbital momentum of Tm?*" ions and the strong influence of the
Tm** ions on the magnetization at low temperatures [27-30]. Earlier theories
indicated that in TmIG system the magnetic properties of Tm*" are extremely
sensitive to the crystal field due to the strong coupling between Tm?>" and the lattice
[30, 31], where the crystal field in Tm** ions is considered to be cubic; the crystal
field axis, as well as the net magnetic moment direction of Tm?** ions, are along the

(111) axis [30, 31].

In the present work, in order to clarify the role of the interface and the importance
of Tm*" ions, we prepared Pt/TmIG devices on (110) and (111)-oriented Gd;GasO1»
(GGQG) substrates by pulsed laser deposition (PLD) and systematically studied the
anomalous Hall effect (AHE) at low temperatures. It was found that only
Pt/TmIG/(111)GGG samples showed square AHE loops at low temperatures,
consistent with previous reports that the net Tm>" sublattice moments are along [111]
direction [27, 30]. More importantly, the contrasting Hall resistance behavior in
Pt/TmIG devices with different orientations indicate the key role played by the
interface AHE, which is closely related to the interfacial Tm*" sublattice (at low
temperatures) and Fe’* sublattices (at high temperatures). Our results also

demonstrate a possible way to detect Re moments in RelG by electrical



measurements, which will be helpful to clarify the effect of Re moments and iron

ions moments in spin-Hall magnetotransport measurements [32].

Experimental Details

High-quality TmIG thin films with thickness 30 nm were deposited on single-
crystal (110) and (111) GGG substrates by PLD. A stoichiometric TmIG target was
synthesized by solid-state reaction at 1400°C for 10 h. Focused KrF excimer laser
pulses (wavelength 4 =248 nm) were impinged to the TmIG target placed 5 cm away
from the substrate. Before deposition, all GGG substrates were rinsed sequentially
with acetone, ethanol and deionized water, and were annealed in oxygen at 1000°C
for 6 hours; these steps permitted surface reconstruction of the substrates with
atomically-flat terraces, and hence promoted the growth of smooth TmIG films [20,
33]. Substrates were kept at 710°C during deposition in an oxygen ambient of 100
mTorr. The laser fluence was maintained at 1 J/cm? and the pulse repetition rate was
2 Hz. After deposition, the films were annealed in situ at 710°C in an oxygen

atmosphere of 10 Torr for 10 min.

The microstructure and surface morphology of TmIG films were examined by
high-resolution x-ray diffractometry (Smartlab, Rigaku, Japan) and atomic force
microscopy (AFM, Asylum 3D infinity). For magnetotransport measurements, 5 nm
of Pt with Hall bar patterns (channel width: 160 um, channel length: 500 um) were
deposited by radio frequency sputtering on (110)- and (111)-oriented TmIG films
(labelled Pt/110TmIG and Pt/111TmIG, respectively) through a stainless steel
shadow mask, at an Ar gas pressure of 2x107 Torr and using a target power of 60
W. All transport measurements were conducted in a physical property measurement

system (Quantum Design) with an applied current of 100 pA.



Results and discussions
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Figure 1. Structural characterization of TmIG films on GGG substrates with different orientations.
(a) and (c) show the XRD scans around (440) and (444) TmIG peaks, respectively. The insets
show the rocking curves of the films. (b) and (d) exhibit surfaces topography of TmIG films
deposited on (110)- and (111)-GGG substrates, respectively.

Figs. 1(a) and (c) show the X-ray diffraction patterns (6-26 scans) of TmlIG films
grown on (110)- and (111)-GGG substrates, demonstrating epitaxial growth and
clear Laue fringes. The rocking curves for (440) and (444) peaks of TmIG films
(insets of Fig.1a and c) have full-widths at half-maximum (FWHM) of 0.06° and
0.05°, respectively, confirming the low mosaic spreads of the TmIG films. Surface
morphology of TmIG films with different orientations are shown in Figs.1(b) and
(d), exhibiting root-mean-squared roughness of 0.18 nm and 0.14 nm for (110)- and
(111)-oriented TmIG films, respectively. Thus, our XRD and AFM results indicate
the high-quality of our TmIG films, which are essential for the subsequent

investigations.
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Figure 2. (a) Device geometry for magnetotransport measurements. Magnetic field H is applied
along the z axis and the current direction is along x axis. (b) Temperature-dependent longitudinal
resistance of 5 nm-thick Pt on (110)TmIG. (c¢) Magnetic field dependence of anomalous Hall
resistance Ruan in Pt/(110)TmIG at different temperatures (from 10 K to 300 K). (d) Temperature
dependent Rﬁgll of Pt/(110)TmIG (pink circles) and Pt/(111)TmIG (blue stars) devices. At low
temperatures Ry, for Pt/(111)TmIG is larger than that of Pt/(110)TmIG, and the temperature for
Hall sign reversal of Pt/(111)TmIG sample (~70 K) is also larger than that of Pt/(110)TmIG
sample (~55 K).

The magnetotransport measurement scheme is depicted in Fig.2(a), where the
direction of applied field H is normal to the substrate plane (i.e. along z axis). Fig.2(b)
exhibits the typical temperature dependence of longitudinal resistance (R,.) of Pt
grown on TmlG, indicating the metallic behavior of Pt layer and guaranteeing for
the following magnetotransport measurement. Firstly we show the field- and
temperature-dependences of Hall resistance Ry,; in Pt/(110)TmIG bilayer (Fig.2¢c
and d). From the magnetic field-dependent Hall resistance (Rua-H) curves, a
pronounced AHE effect can be observed; the linear background of magnetic field

dependent Hall resistance at high fields is subtracted. In particular, Ry, magnitude



decreases with rising temperature and demonstrates a sign change as shown in
Fig.2(c). In order to observe clearly the temperature dependent Ry, we plot the Ryan

at9 T (R{y) as a function of temperature (Fig.2(d)), indicating the gradual decrease

and eventually a sign change of Rj%; at ~55 K, which is similar to that observed in
Pt/YIG bilayers [34, 35]. The sign change temperature of Pt/(110) TmlIG is however
smaller than that of Pt/(111)TmIG device (Fig.2(d)). This Hall sign change in
Pt/RelG system [20, 34, 35] and the possible electric field modulation of the sign
change temperature by ionic liquid [34] indicates that these can be resulted from the
variation of the band structure of Pt, which is modified by the magnetic proximity

effect or electric fields.

Next we examine the field-dependent Rp,; of Pt/(111)TmIG device, which
exhibits qualitatively different behavior as compared to that of Pt/(110)TmIG and
Pt/YIG systems [34, 35]. Fig.3(a) shows the Ry, -H result of Pt/(111)TmlIG device
at 10 K. In the high field region (H > 1 T) a behavior similar to that in Pt/(110)TmIG
sample is observed (Fig.2(c)), except that the RjL, of Pt/(111)TmIG is slightly
larger than that of Pt/(110)TmIG sample (Fig.2(d)). Meanwhile, the Hall sign
reversal temperature (75) of Pt/(111)TmIG (~70 K) is larger than that of
Pt/(110)TmIG sample. The increase of 7 maybe result from the enhanced exchange
coupling between larger moment of Tm?** sublattice and electrons of Pt at the
interface for (111)-orientated samples, where it was confirmed that the net magnetic
moment direction of Tm*" ions is along the (111) axis [30, 31]. At the low field
region, a double switching behavior in Ry, -H curve can be observed, which should
be correlated with the magnetization switching of the TmIG layer, indicating the

enhancement of interfacial coupling in Pt/(111)TmIG [36].
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Figure 3. (a) Ruai—H plots of Pt/(111)TmIG device at 10 K. (b) to (h) show the Ruan-H loops of
Pt/(111)TmIG device in low field regions at various temperatures: 10 K (b), 20 K (c), 30 K (d),
40 K (e), 50 K (f), 80 K (g) and 100 K (h). Arrows indicate the scanning H directions.

To further examine this peculiar phenomenon, we plot the Ry, measurement at
various temperatures in the low field region (with the field-dependent linear
background removed), as shown in Fig.3(b). Two sharp switching events can be seen
at 10 K. With increasing temperatures, a more complex switching behavior can be
observed at 20 K and 30 K (Fig.3(c) and (d)) where multiple and asymmetric

switching occurs. Above 40 K, however, only a single switching loop is observed,



and the switching field decreases with increasing temperature (Fig.3(e)-(h)). It is
worth noting that for thulium metal, there will an incommensurate-commensurate
transition of its magnetic structure near 27 K [37], and it exhibits ferrimagnetic-like
behavior at very low temperatures, which is possibly related to the double switching
loop at 10 K and the complex behavior loops at 20-30 K. The low-temperature
magnetic structure of TmIG deserve further investigations by other advanced

techniques such as the neutron scattering or X-ray magnetic circular dichroism [38].

At temperatures above 120 K, the Pt/(111)TmIG device exhibits a qualitatively
different behavior at the low field region, with the shape of Raug-H curve changing
from square loops to U-shaped curves (Fig. 4). One possible explanation for such a
transition is that the anisotropy of TmIG is temperature-dependent, similar to Pt/Y1G
system in which perpendicular magnetic anisotropy of YIG could be induced by
substrate strain and also influenced by the capping Pt layer and subsequent
annealing [39, 40]. Meanwhile it was found that for GdIG the magnetic shape
anisotropy contribution is reduced and perpendicular anisotropy prevails with
increasing temperature [41]. Starting from 120 K (Fig. 4(a)), the square Rur loops
starts to collapse, and the U-shaped curves similar to that of Pt/(110)TmIG appear at
130 K (Fig.4b). With increasing temperature from 130 K to 200 K, the saturation
field for the R,uwr curves become larger (Figs.4(c) & (d)) and keeps almost
unchanged above 200 K (Fig.4(e)). Fig.4(f) shows the room temperature Ry,; of
Pt/(111)TmIG device at the high fields . Both Pt/(110)TmIG (c.f. Fig.2(¢)) and
Pt/(111)TmIG devices show U-shaped behavior at low fields at room temperature,
indicating the coherent moment rotation of TmIG films with increasing applied
magnetic field, and the peaks near zero field could be related to the switching of iron

moments [42].
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Figure 4. Ruan-H plots of Pt/(111)TmIG device in the low-field region at various temperatures: (a)
120 K, (b) 130 K, (c) 160 K, (d) 200 K, (e) 300 K. (f) Room temperature Ruai-H loop of

Pt/(111)TmIG device over = 9T range. Arrows indicate the scanning magnetic field directions.

As reported in [43, 44], the complex magnetic coupling at the interface can induce
novel phenomena, such as spin glass in ferromagnetic/antiferromagnetic bilayers
and superlattices. Our results also confirm that the difference of Ry,;-H behavior at
low temperatures for Pt/(110)TmIG and Pt/(111)TmIG devices results from the
interfacial coupling; such observations indicate the key role played by the interface

AHE, which may be related with following reasons:

1) Tm’" ions possess a magnetic moment of ~ 7 g (based on its electronic
configuration of 4f'?) and are expected to contribute to the magnetism of
TmlIG alongside with the Fe** ions, especially at low temperatures [27, 29, 45,
46]. Below 30 K the moment of Tm** is temperature-independent [29], and

earlier reports [27, 29, 47, 48] indicated that the average Tm>" moments in



2)

3)

4)

TmIG are about 1.28 ug, 1.27 ug and 0.89 ug at 1.5 K, 20 K and 78 K,
respectively. Meanwhile, the magnetic properties of Tm?®" are extremely
sensitive to the influence of crystal field due to its strong coupling with the
lattice, where the net magnetic moment direction of Tm>" ions is along the
(111) axis [30, 31]. Recently, first-principle calculations indicated that the
strength of magnetic proximity effect at Pt/YIG interface is strongly
dependent on the interfacial Pt-Fe and Pt-Y bond length [22]; in our structure
Pt-Tm will also have a significantly effect on the AHE behavior. Thus the
different AHE behavior between Pt/(110)TmIG and Pt/(111)TmIG can be
attributed to the larger moment of Tm?** ions at low temperature.

Unlike YIG or other garnets, TmIG shows anomalous temperature
dependence of the effective g factor g, where gesr decreases with decreasing
temperature but the simple spin-wave theory predicts the opposite
behavior.[30, 49, 50] That results from larger orbital contribution of the
ground state of Tm*" 3Hs to the total angular momentum of Tm?" [30].
Importantly, this large orbital angular momentum states will enhance the spin-
orbital coupling [50].

On the other hand, it has been confirmed that the different exchange coupling
strength between RelG constituent ions and the Pt conduction electrons or
magnon-mode-dependent interface exchange couplings will result in different
spin transport efficiencies across the Pt/RelG interface, which is highly
dependent on the crystallographic orientations [23].

The U-shaped AHE shape loops observed between 120 and 300 K in
Pt/(111)TmIG and Pt/(110)TmlIG is closely related to the magnetic moment
of Fe*" sublattice of TmIG film. As for the single square AHE loop between
30-100 K for Pt/(111)TmIG sample, one possible reason is that both the

magnetic properties of Tm*" and Fe** sublattices, as well as its complex



magnetic coupling, determinate the anomalous Hall effect of Pt/(111)TmIG at
this temperature range.

In the present work, our results in Pt/TmIG devices with different orientations
confirm that the magnetic structure should play a key role in AHE behavior, which
provides a possible way to detect the moment of rare-earth Re** ions in Pt/RelG
bilayer using electrical measurements. The interface-dependent spin current-related
behavior in Pt/RelG heterostructures with different thickness or structure, as well as
the relative contributions of spin Hall magnetoresistance and magnetic proximity
effect in the observed AHE behavior in Pt/(111)TmIG, need to be further

investigated.

Conclusion:

In summary, by comparing the AHE behavior of Pt/(110)TmIG and
Pt/(111)TmIG heterostructures, square AHE loops were found only in
Pt/(111)TmIG bilayer. The results were attributed to the interfacial Tm** ions
moment, which is along the [111] direction as predicted by the earlier theoretical
calculation. Our results indicated a strong coupling between Tm?>" ions and lattice,
and the switching behavior of Tm?" sublattice moment could be detected by the
electrical measurements. This provides a way to study other iron garnets or other

ferrimagnetic materials with designing the different interfacial moment.
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