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Abstract:

We investigate the spin Hall magnetoresistance (SMR) in a gadolinium iron garnet (GdIG)/platinum (Pt)
heterostructure by angular dependent magnetoresistance measurements. The magnetic structure of the
ferromagnetic insulator GdIG is non-collinear near the compensation temperature, while it is collinear far from
the compensation temperature. In the collinear regime, the SMR signal in GdIG is consistent with the usual sin? 8
relation well established in the collinear magnet yttrium iron garnet (YIG), with 6 the angle between
magnetization and spin Hall spin polarization direction. In the non-collinear regime, both a SMR signal with
inverted sign and a more complex angular dependence with four maxima are observed within one sweep cycle.
The number of maxima as well as the relative strength of different maxima depend strongly on temperature and
field strength. Our results evidence a complex SMR behavior in the non-collinear magnetic regime that goes

beyond the conventional formalism developed for collinear magnetic structures.

1. Introduction

Emerging phenomena driven by spin currents have attracted much attention in recent years due to their
potential to circumvent Oersted fields and reduce Joule heating in spintronic devices [1,2]. In ferromagnetic
insulators (FMI), pure spin currents can be generated for instance by spin pumping [2-6] or the spin Seebeck effect
(SSE) [7-16]. The conversion of charge currents to spin currents via spin-orbit coupling in hon-magnetic metals
is referred to as the spin Hall effect (SHE) [17-19], while the inverse process is the inverse spin Hall effect (ISHE)
[20,21]. In FMI/heavy metal (HM) systems, spin currents with a polarization ¢ generated by the SHE in the HM
flow towards the FMI/HM interface and are either reflected (o || M) by the interface or absorbed by the
magnetization M of FMI due to spin-transfer torque (o L M) [22]. The reflected transverse spin currents are re-
converted into a longitudinal charge current by the ISHE, adding to the originally applied current. Thus, the
simultaneous action of SHE and ISHE in the HM leads to a dependence of the HM resistivity on the magnetization
orientation of the adjacent FMI, giving rise to the spin Hall magnetoresistance (SMR) [23-26]. In the widely

accepted SMR picture, the measured resistivity of the HM is given by p = p, + Ap(M - 6)%, where p, is the



magnetization independent electric resistivity of the HM and Ap>0 is the change of resistivity due to the SMR
[9,23-25]. In conventional collinear magnetic structures, the SMR thus is described by a sin?6 angular

dependence when rotating M by a magnetic field H in the sample plane with 6 the angle between M and o.

So far, most SMR studies focus on ferrimagnetic materials with collinear magnetic sublattices [23,27-31],
while there are only a few studies for non-collinear magnetic systems [32-34]. The best known magnetic garnet
material, yttrium iron garnet (YsFesO12, YIG), has been widely used in the study of the SMR due to its large
insulating band gap (2.85 eV) [35] and magnetic softness, which allows for the accurate control of magnetization
via relatively small magnetic fields. To form a non-collinear magnetization state in Y1G, magnetic fields of a few
hundred Tesla are required to induce the spin-flop transition [36], which is difficult to realize in practice. An
alternative way to introduce a non-collinear magnetization is to replace the non-magnetic Y3* ions in YIG by
magnetic rare-earth ions such as Gd*". The resulting magnetic structure of gadolinium iron garnet (GdsFesOxy,
GdIG) comprises three magnetic sublattices, including a-site Fe®* atoms octahedrally coordinated by O% ions, d-
site Fe®* atoms tetrahedrally coordinated by O% ions and c-site Gd** atoms dodecahedrally coordinated by O% ions.
The moments of a-site Fe3* are antiferromagnetically coupled to those of d-site Fe®* and exhibit weak
ferromagnetic coupling to the moments of c-site Gd®*. The magnetization of the Gd** sublattice is very sensitive
to temperature and the magnetic moments of the three sublattices cancel each other at the compensation

temperature (Tcomp), Where the net spontaneous magnetization of GdIG vanishes. A non-collinear magnetization
state can be achieved by applying a field of several Tesla around T,y . Previously, GdIG has been used to study
the SSE, in which a distinct sign change of the SSE signal is observed around T, [14] and in (In,Y)co-doped
GdIG an inversion of the SMR signal was observed close to T, [33]. However itis unclear if this is a universal

behavior and this surprising observation calls for studying this phenomenon in other compensated ferrimagnets

in more detail.

In this manuscript, we investigate the effects of non-collinear magnetization of the prototypical three
sublattice ferrimagnet GdIG and study the resulting SMR near its compensation point T¢om,. We determine the
angular dependent magnetoresistance (ADMR) — the evolution of p with H orientation -- around this temperature
and find four maxima instead of the typical 2 maxima characteristic of the sin? 8 angular dependence observed in
the collinear regime. We ascertain the relative strength of these maxima as a function of temperature as well as
magnetic field to determine the behavior of the SMR in this regime based on the configurations of the sublattice

magnetizations.



2. Experimental

GdIG thin films with 100 nm thickness are grown by pulsed laser deposition (PLD) on commercial (100)
oriented gadolinium gallium garnet (GdsGasO12, GGG) substrates and 5.5 nm of Pt is deposited ex-situ by
magnetron sputtering [14]. Pt is commonly used in SMR studies due to its large spin Hall angle [19]. Two Pt
stripes, each with a width of 100 um and a length of 4 mm, separated by 1 mm, were patterned by optical
lithography and subsequent ion milling. The measurement scheme of our GdIG/Pt sample is shown in Fig. 1(a)
and the applied charge current | is aligned along the x axis in all our transport measurements. Figure 1(b) shows
temperature dependent magnetization measurements of a GdIG sample recorded at a magnetic field of 0.1 T by
superconducting quantum interference (SQUID) magnetometry. The magnetization first decreases with
decreasing temperature before eventually increasing again. Tom,, is observed around 180 K, which is lower than
the bulk value of 288 K [37]. This is probably the result of strain effects in the film on the GGG substrate [38].
Due to the lower Teopp, it is relatively easy to study the SMR across a wide temperature range that comprises both
collinear and non-collinear magnetization regimes of GdIG by using a cryostat with a variable temperature insert
(10 K ~ 300 K).

3. Results and Discussion

We first rotate M via a magnetic field of 0.8 T in the xy, xz, and yz planes at 295 K in the collinear
magnetization regime (see Fig. 1(a)) and measure the corresponding resistivity. The results are shown as red, blue
and pink curves in Fig. 1(c), respectively. As the spin current polarization ¢ points along the y axis at the FMI/NM
interface, the small variation of the resistance R when rotating M in the xz plane, where 6 keeps a constant value
of 90°, indicates that magnetic proximity induced anisotropic magnetoresistance (AMR) effects are negligible.[39]
When rotating M within the yz plane, the ADMR shows a clear sin? angular dependence, which is a direct
evidence for the SMR and also indicates a collinear magnetization that is aligned with the applied field direction
(6 = B). For the xy scan the MR is also dominated by the SMR and the inverted SMR signal is due to 8 = 90° —

.

Secondly, we extract the SMR ratio of the GdIG/Pt sample from ADMR measurements in the yz plane as a

function of temperature at a magnetic field of 0.8 T. The SMR ratio, defined as

R(B=90°)-R(=0°)
R(B=0°) @

is plotted as red open circles in Fig. 2. As the temperature decreases from room temperature to 10 K, the

SMR ratio =

SMR ratio shows a non-monotonic temperature dependence and reveals a minimum near Teopmp =~ 180 K.



For comparison, we also measure the temperature dependent SMR ratio in the same thickness Pt (5.5 nm) film
deposited in nominally the same conditions onto a YIG slab also using the same experimental configuration for
the measurements. Shown as blue open squares in Fig. 2, no dip of the SMR ratio is observed for YIG/Pt. The
value of the SMR ratio in GdIG/Pt is similar to that in YIG/Pt at temperatures above 200 K and below 160 K,
which corresponds to the collinear magnetic phase of GdIG [33] (see upper part of Fig. 2) and the SMR follows
sin?p angular dependence (see the insert of Fig. 2). As YIG keeps its collinear magnetic structure unchanged
across the whole temperature range and GdIG exhibits a non-collinear canted magnetization near the
compensation temperature, the drastic change of SMR ratio with temperature could be a result of the canted
magnetization of GdIG in this temperature and field range. Note that the SMR ratios in the 2 samples show both
similar temperature dependence and amplitude at temperatures far from T, (the collinear regime of GdIG).
GdIG and YIG bhoth belong to the material family of magnetic garnets, and therefore share the same crystal
structure as described above. Given that the apart from the different garnet materials the other conditions are
nominally identical and, we attribute the similar amplitude of SMR ratios in the YIG and GdIG based samples to
similar interface conditions, e.g. a similar spin mixing conductance and a similar behavior of both garnets. This
indicates that the Fe ions in both GdIG and YIG potentially dominate the spin transfer to the Pt as the Fe** density
is similar in both garnets, while the Gd** moments (and obviously the non-magnetic Y3*) play a much smaller role
for the SMR. Similar conclusions were drawn in previous SMR measurements in (In, Y) doped GdIG [33]. Given
the fact that the 4f orbital of Gd®* is half-filled, which results in a zero-orbital angular momentum unlike in the
case of Fe3*, this observation could also indicates a potential impact of the orbital angular momentum on the spin

mixing conductance.

To further investigate the SMR signal around Tc,,p, We measure the change of resistance (AR = R(8) —
R(B = 0°)) with the rotation angle of the fixed magnetic field 0.8 T in the yz plane for temperatures ranging from
183 K to 175 K in detail as shown in Fig. 3. Visible in the inset of Fig. 2, at T = 210 K, a typical sin? dependence
is observed with maxima for § = 90° and 270°. When the temperature decreases to 183 K (Fig. 3(a)), the AR
curve drops abruptly near f = 180° and 360°, while the curve exhibits broad maxima around 8 = 90° and 270°.
At T =181 K (Fig. 3(b)), AR decreases and two local minima appear around the out-of-plane field orientation
(B = 90° and 270°), where two wide maxima were observed at 183 K. By further decreasing the temperature to

180 K (Fig. 3(c)), which is very close to T.omp, @ SMR signal with inverted sign is observed. This SMR sign



inversion arises from the canted magnetic moments in GdIG. For instance, the sublattice moments of a-site Fe3*
and d-site Fe®* are antiparallel to each other owing to the strong exchange coupling, but both are aligned
perpendicularly to the external magnetic field in the canted phase, resulting in a sign change in the SMR. The
inverted SMR due to non-collinear magnetic structures have also been observed in the InY GdIG/Pt heterostructure

[33].

At T =179 K (Fig. 3(d)), fine maxima appear around 8 = 90° and 270°, while the main maximaaround 8 =
180° and 360° remain. As the temperature is reduced further (Fig. 3(e) and Fig. 3(f)), the fine maxima grow and
become comparable with the main maxima at 180° and 360° near T = 175 K. Finally, when the temperature
reaches 160 K (inset of Fig. 2), the original sin? dependence observed for T > Teomp IS recovered. To gain
further insight into the origin of these multiple maxima not present in the collinear regime, we simultaneously
measure the angular dependent SMR of two different parallel Pt stripes on one GdIG sample. The resistance
changes of the two stripes are virtually identical under the rotating field (Fig. S1(a) and (b) in the supplemental
material) confirming that on the size-scale of the contacts the sample shows a similar behaviour everywhere.
Furthermore, we performed field rotation measurements in opposite directions, i.e. first clockwise (from 0° to
360°) then counterclockwise (from 360° back to 0°), shown in Fig. S1(c) and (d) in the supplemental material.
The clear hysteresis behavior of the resistance maximum around 8 = 180°, suggests the existence of multi-domain
states under 0.8 T external magnetic field. A possible explanation can be based on the assumption that some of
the domains have a collinear magnetic structure, where M is parallel to the applied field, such that these domains
contribute a SMR signal with maxima around 8 = 90° and 270°. On the other hand, the remaining domains
feature a non-collinear magnetic structure with canted M, which leads to the “inverted” SMR maxima around =
180° and 360°. While an unambiguous determination of the spin structure from the observed SMR angular
dependence is not straightforwardly possible, we can qualitatively model the SMR behavior by assuming different
domain configurations and calculating the corresponding SMR response (see part |1 of the supplemental materials).
The solid black lines in Fig. 3 represent the simulated SMR response derived from this approach and fit the
experimental data well for 183 K and 181 K. We can thus attribute the more complex multi-maxima behavior to
the formation of magnetic domains with different magnetic sublattice configurations in the GdIG. In particular,
the relative abundance of domains with collinear sublattice magnetizations and of domains with non-collinear,
canted sublattice magnetizations could change as a function of H and T, due to an anisotropy field that starts to
play a more important role around the compensation point where the dipolar interactions are small. The relative

abundance and distribution of these two different magnetic domains then determines the SMR response, as also



modelled in more detail in the supplemental materials. While this explanation is simple and plausible, a more in-
depth comparison between experiment and model would require spatially resolved imaging of the sublattice
domain orientations around T,opmp, in order to understand the evolution of the SMR with temperature. However

this is beyond the scope of the current work that is based on transport measurements.

To elucidate the multi-maxima response further, we carry out SMR measurements for different magnetic
field amplitudes and find that the signal depends on the magnetic field strength: Figure 4(a)-(d) show the angular
dependent SMR for magnetic fields of |u,H| =0.8 T,3T,5T and 7 T at a fixed temperature 182 K, respectively.
When increasing the field, the shape of the SMR changes significantly: For |u,H| = 0.8 T, only two maxima are
observed and the angular dependence deviates significantly from the sin?g relation. Interestingly, when the field
is further increased to 3 T, the SMR shows the main maxima around g = 180° and 360° and small maxima
near § = 90° and 270°. At |uoH| = 5 T, the SMR maxima around 8 = 90° and 270° are comparable to the
maxima around 8 = 180°and 360°. Eventually, at |uoH| = 7 T two maxima around B8 = 90°and 270°
dominate. The relative strength of the two maxima at § = 90° and 180°, which we interpret here in terms of the
relative contribution from collinear and non-collinear domains, depends strongly on the magnitude of fields, which
is similar to the influence of the temperature on the magnetization configurations as discussed in Fig. 3, indicating
a field-induced transformation of multi-domain states in the GdIG sample. In particular, the temperature where
the minimum SMR amplitude is observed increases with increasing magnetic field. Our SMR results are consistent
with the field induced reorientation of magnetic sublattices revealed by element-specific x-ray magnetic circular
dichroism (XMCD) measurements [33,40], showing that we can switch between the different regimes by either
varying the temperature or the applied magnetic field. This effect might indicate that the sublattice configuration
in the GdIG thin film is more complex than in the bulk, or that the moments close to the magnet/metal interface

show more complex physics. To quantify this issue, however, more detailed work will be needed in the future.

4. Conclusion

In conclusion, we have systematically measured the temperature and field dependent SMR in GdIG/Pt
bilayers around the compensation temperature of GdIG. The temperature dependence and amplitude of the SMR
within the collinear regime of GdIG are quantitatively consistent with those observed for YIG, which suggests
that the Gd magnetic sublattice plays a minor role for the SMR response as compare to the Fe sublattices. Due to

the non-collinear magnetic structure close to T,opmp,, the angular dependent SMR signal deviates significantly from

the usual sin26 relation. Both an inverted SMR signal, and a multi-maxima response with relative strengths

depending strongly on temperature and field strength are observed. The complex dependence of SMR behavior



on temperature and magnetic field magnitude can be qualitatively described by the co-existence of collinear and
canted domain states that are distributed on the length scale probed in the sample around the compensation
temperature, which is directly reflected in the number and strength of the maxima in the SMR signal. By varying
the applied field, we demonstrate that we can switch between collinear and non-collinear regimes showing that
the observed effect can be used as an alternative approach for identifying the magnetization state in non-collinear

ferrimagnets by SMR measurements.

Note added. During the preparation of this manuscript, Vélez et al.[34] and Hou et al.[41] have reported the
inverted SMR in surface treated YIG/Pt and Y1G/NiO/Pt systems, and they attribute their results to the magnetic
frustration of YIG at low temperature and the spin-flop coupling between NiO and YIG, respectively. Both their

results and ours show high sensitivity of SMR on the magnetization configuration of FMI at the interface.
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FIG. 1. (a) Sketch of the sample GGG/GdIG/Pt and measurement schematics. (b) Magnetization of the sample as a
function of temperature at |uoH| = 0.1 T. The compensation temperature is around 180 K. The data was taken from ref.[16],

ACS. (c) ADMR signal measured at 295 K when rotating a magnetic field |poH| = 0.8 T in xy (red), yz (blue) and xz (pink)
planes, respectively.
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FIG. 2. SMR ratio at |ugH| = 0.8 T as a function of temperature for GdIG/Pt (open red circles) and YI1G/Pt (open blue
squares), respectively. The solid line is a guide to the eye. The shaded area indicates the temperature range close to the
compensation temperature, where a magnetic canting phase in expected. The left and right insets depict the SMR measured at
temperatures far above and far below the compensation temperature, respectively. Upper panel: Sketch of magnetization
orientations of the three sublattices far above, around and far below the compensation temperature, respectively.[33]
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FIG. 4. (a)-(d) SMR signal as a function of the magnetic field orientation for |y, H| =0.8 T,3T,5 T and 7 T, respectively.
The temperature is fixed at 182 K. (e) SMR ratio as a function of temperature for GdIG/Pt with different external field |uoH|
=0.8 T (blue), 3T (green), 5 T (red) and 7 T (black), respectively. Note that the temperatures shown here are slightly different
from the ones used in the other measurements as they were obtained in a different measurement set-up where the position of
the temperature sensors leads to a slightly different read out value.
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