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Abstract: Efficient charge to spin conversion is important for low power spin logic devices. Spin and

charge interconversion is commonly performed using heavy metals and topological insulators, while the
field of oxides is not yet fully explored. Strontium iridate thin films were grown, where the different
crystal structures form a perfect playground to understand the key factors in obtaining high charge to
spin conversion efficiency (i.e., large spin Hall angle). It was found that the semiconducting Sr2IrO4 has a
spin Hall angle of ~0.1 (depending on measurement technique), which is promising for a spin-orbit
coupled electronic system and comparable to Pt. In contrast, the perovskite SrirOs, reported to have a
Dirac cone near the Fermi level, has a larger spin Hall angle of 0.3-0.4 degrees. The largest difference
between the two materials is a large degree of spin-momentum locking in SrirOs, comparable to known
topological insulators. A simple semi-classical relationship is found where the spin Hall angle increases
for higher degrees of spin-momentum locking and it also increases for lower Fermi wave vectors. This
relationship is then able to explain the decreased spin Hall angle below 10 nm film thickness in SrirOs;, by
relating it to the correspondingly higher carrier concentration (related to the higher Fermi wave vector).
Breaking the commonly believed anti-correlation between resistivity and carrier concentration paves a

pathway to lower power losses due to resistance while keeping large spin Hall angles.
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Main text

Transition metal oxides provide a rich playground for a variety of fundamental physical phenomena that
have led to discoveries such as high temperature superconductivity in cuprates, colossal
magnetoresistance in doped manganites[1], and multiferroic behavior[2]. Many oxide materials are
used for their versatile properties and high adaptability, ranging from metallic to insulating[3],
magnetic[4,5] and, in the case of 4d and 5d transition metal oxides, large spin-orbit coupling[6]. Small
variations in elemental composition[7,8], boundary conditions, interface effects[9] or strain[10] in thin
films can have a profound influence on such physical phenomena. One of the scientific challenges in the
field of spintronics these days is the manipulation and interconversion of spin and charge. Spintronic
logic devices, such as a spin-orbit torque magnetoresistive random access memory (SOT-MRAM)[11,12],
skyrmionic[13] or magnetoelectric spin orbit logic[14—-16] require a low-power highly efficient
interconversion of spin to charge, which is given as the spin Hall angle. There have been several studies
of the (inverse) spin Hall and Rashba-Edelstein effects in heavy metals[17,18] and
semiconductors[19,20]. Recently, extensions into topological insulators that exhibit large spin orbit
coupling[21-25] and 2D electron gas systems[9] have revealed a larger degree of interconversion. The
generally observed trend is that, for sufficiently heavy elements, increasing the resistivity leads to an
enhancement of the spin and charge intercoupling[26,27], most notably in the series of increasing
coupling for the heavy metals Au[28], Pt[29], Ta[18] and W[30]. A merging of spintronics with the wide
tunability in electronic properties provided by oxide materials will be able to provide novel pathways

towards high charge and spin coupling with lower power requirements.

Oxides, especially the ones in which one or more of the chemical sublattices is comprised of high spin-
orbit coupled chemical species (e.g., Ir** in iridates) present an interesting opportunity to explore the
role of strong spin-orbit coupling, tunability of electronic structure, resistivity and carrier concentrations
as well as the potential to introduce correlations as an active parameter[6]. The physics in the material
class of iridates[6,31-33] is driven by the electronic structure of the Ir** ion. As a direct consequence of
the large atomic number, spin-orbit coupling is much stronger than the commonly used 3d elements.
The competition between the increased spin-orbit coupling and the decreased electron correlation
strength, U, due to larger orbital extension provides a rich physics playground with phenomena like
topological Mott insulators, spin liquids and Weyl semimetals[6]. Several crystal classes manifest
themselves within the family of iridates, particularly in the Ruddlesden-Popper series of Srn+1lrnOsns1 With

its endmembers SrlrOs; and Sr;IrO4, and in the pyrochlores with the stoichiometry A;Ir,07. Within each
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family, an extensive range of chemical substitutions is available to systematically tune the electronic

interactions.

The layered perovskite Sr,IrOs manages to overcome the expected metallic state by forming several
narrow bands due to strong spin-orbit interaction. Then a small, but non-zero electronic repulsion
energy U (responsible for Mott insulating states) is enough to split those narrow bands to make this
material weakly semiconducting with a bandgap of ~0.5 eV[34]. In contrast, the perovskite SrirOs has an
intrinsic metallic state by overcoming those band splittings due to increased dimensionality and
decreased octahedral rotations[35]. However, going towards large compressive strain [31] or to lower
(<5 nm) thicknesses [32], it manifests a metal-insulator transition. Furthermore, a highly interesting
behavior in SrirOs, not found in SrIrQ,, is its semimetallic state with a Dirac cone crossing the Fermi
level, predicted theoretically[36] and found in ARPES measurements[35,37]. This indicates that the
material should have a high degree of spin-momentum locking like in topological insulators and thus a

large charge to spin interconversion[38].

High-quality strontium iridate thin films were grown from stoichiometric targets by Pulsed Laser
Deposition of SrlrOs (Sra2lrO4) on an LSAT substrate[39—41] using temperature T =700 °C (850 °C), oxygen
pressure Poz = 0.13 mbar (0.004 mbar), laser repetition rate = 2 Hz (1 Hz) and laser fluence = 1.5 J/cm? (2
J/cm?). Ferromagnetic NiFe (permalloy, Nio79Feo.19) as spin detection layer and oxide capping layers (AlO,
or MgO) were sputtered ex-situ. Fig. 1 shows the structure of the films with the perovskite SrirO; and
the layered structure Sr,lrO,. SrlrOs is on the border between metallic and insulating as expected for this
strain state[39], with a minimum in the resistivity at 200 K, increased carrier concentration and
decreased mobility for higher temperatures for the 10 nm thick SrlrOs, while 5 nm SrlrO; has decreasing
resistivity for higher temperatures combined with flat mobility and increased carrier concentration as an
insulating state. So the metal-insulator transition takes place between 10 and 5 nm, higher than
reported on low-strain substrates[32] due to the increased compressive strain[31] aiding in the metal-
insulator transition. SralrQy4 is semiconducting over all thicknesses with >1000x higher resistivity than
SrirOs. The 5 nm Sr;IrO4 was too resistive to measure its resistivity and the Hall coefficients could not be
determined with more accuracy than a lower bound of 10%°-10%! cm™, comparable to that of metallic

SrlrOs.

The characterization of the charge to spin conversion was performed by looking at the effect an injected
charge current in the grown spin Hall material/ferromagnet bilayer (iridate/NiFe in this study) has on the

magnetization of the ferromagnet. Following an injected charge current flowing laterally along the x-
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axis, the spin Hall effect generates spin currents perpendicular (along the z-axis) to the applied charge
current in the iridate material as sketched in Fig 2a, while the Rashba-Edelstein effect generates non-
equilibrium spin accumulation near the iridate/NiFe interface which can diffuse into the ferromagnet,
also perpendicular (along the z-axis) to the charge current. Those spin currents exert a torque on the
magnetization in the ferromagnetic material NiFe. The first torque exerted is the anti-damping-like
torque, a torque parallel (along the y-axis) to the surface . or 7;, which produces an effective out-of-
plane field Hoor[42,43]. The second torque observed in these measurement configurations are the
Oersted torques 7oe, Which exert the torque perpendicular to the surface (along the z-axis) and they are
generated by the charge current flow in the non-magnetic layer due to Ampeére’s law. Knowing these
two torques, it becomes possible to calculate the spin Hall angle by measuring the ratio of these two
torques, as both 1o and the Oersted field 0. depend only on the current flow through the spin-orbit
coupled material (iridates here), which makes it a self-consistent method independent of the individual
resistivity values of the two layers. However, in some materials additionally a field-like torque is also
observed, which is parallel to the Oersted field (along the z-axis) and which can be combined into a
single perpendicular torque z; which leads to a transverse field H7[42,43]. In this case the ratio between
the two torques can no longer be used to determine spin-orbit effects. This field-like torque has been
shown to be highly dependent on the spin-orbit coupled layer thickness, the ferromagnet thickness, the
saturation magnetization and the relative strengths of spin Hall and Rashba effects[42,44-46], changing

in magnitude and sign dependent on all these parameters.

The first technique used was spin-torque ferromagnetic resonance (ST-FMR) to determine the spin Hall
angle in SralrO4 as shown in Fig 2b. This technique passes an rf-current through a bilayer of the
iridate/permalloy and the output mixing-voltage is determined as a function of the resonance
frequency. This mixing voltage is analytically fitted to symmetric (S) and antisymmetric (A) components
which can be converted into a spin Hall angle[47]; this has been found to be 0.06 for 5 nm of Sr,IrO4 and
0.11 for 10 nm of Sr2IrO4 (Fig 2c). The second technique is based on second-harmonic Hall
measurements (SHH), which measures the transverse second harmonic voltage signal arising from a low-
frequency ac-current through a Hall bar. As a reference, Fig 2d gives the first harmonic signal R, which
is the planar Hall effect. Fig 2e gives the second harmonic signal R.., which has a large cos(f) signal
(where gis the angle between the applied current and the external field Hex:), which is related to Hoor
and a small cos(3/) signal, which is related to Hr. The spin Hall angle for each direction can be calculated

individually from each of the components[47] by providing the resistivity of each of the layers as a
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model parameter. Although the fitting of this data (Fig 2f,g) gives spin Hall angles of 0.6 fora 5 nm

SralrO4 layer and 0.4 for a 10 nm Sr2lrO4 layer, we elaborate below why these are likely to be inaccurate.

The field-like torque is small in this material, as concluded from the observed low A component for the
ST-FMR and a small Hr value in SHH. The deviation between the measured spin Hall angles from the two
different techniques is large (~0.1 for ST-FMR and ~0.5 for SHH). The ST-FMR spin Hall angle for Sr,IrQ, is
similar to the 0.07 in a reference Pt material (with the same sign), using the same technique and
ferromagnet layer thickness[47]. The ST-FMR should give reliable values due to the low field-like torque
in this material. The SHH method gives a 0.03 spin Hall angle for the reference Pt, comparable to its ST-
FMR value. However, the deviation for the SHH measurement in Sr,IrO; is likely due to the large
resistivity mismatch between NiFe (20 u€2 cm) and Sr.IrO4 (1 000 000 u€2 cm), which makes this SHH
technique less accurate. Thermal effects can also play a role in this measurement. Nevertheless, the
large spin Hall angle from this shows that the spin Hall angle is at least comparable to Pt, a good spin
Hall material, where the promising nature of Sr.lrO, comes from the strong spin-orbit electronic

structure at the Fermi level.

In contrast, the sister compound SrlrOs is a metallic system on the border of a metal-insulator transition
for this strain state[31,33]. The symmetric S component in the ST-FMR signal (Fig. 3a) looks,
qualitatively, similar to the signal observed in Sr,IrO4 with a similar measured voltage output signal. The
ST-FMR signal (Fig 3a) is not unlike Sr,lrO4 for the S component. However, the A component is much
larger and of an opposite sign than for the Sr2IrQO,, indicating a large field-like torque of opposite sign to
the Oersted field. The spin Hall angle calculated from this type of ST-FMR measurement in SrirOs is not
able to account for this field-like torque, so only a reduced spin Hall angle of about 0.1 can be calculated
from this method. SHH measurements determine 7p; and 7; and their corresponding spin Hall angles
individually, which makes it more suitable for this material with a sizeable field-like torque. The first
harmonic planar Hall effect Ry, (Fig 3c) is similar to Sr2lrO4 in shape, while the second harmonic signal
has additional strong contributions for SrirOs. The 7; with its cos(3 ) signal is large in this measurement
as seen in Fig 3d. Thicker SrlrOs films (with identical NiFe ferromagnets) show an increase in Hoop, and
thus a stronger charge-to-spin conversion (Fig 3e), with a corresponding decrease in Hr (Fig 3f). The spin
Hall angle from these two techniques is different since the SHH does not include z; in its calculations.
The spin Hall angle for a 3 nm thin SrirOs film is around 0.1, which is similar to that observed in
Ta[46,48]. Interestingly, the spin Hall angle increases for thicker samples. Our measurements

demonstrated a value as large as 0.4 on a 13 nm sample, which is comparable to that reported in W[30]
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and much larger than the small, positive spin Hall angles with small field-like-torque as in Au[28] and

Pt[29].

The resistivity of SrirOs; decreases for samples with higher thickness, which is opposite to the trend that
the spin Hall angle increases for thicker samples. The popular belief, based on the demonstration in
heavy metals[26], is that when the crystal structure does not change, samples with higher resistivity
exhibit higher spin Hall angles. In addition, the lowering of the sample resistivity with increasing
thickness is accompanied by a lowering of the carrier concentration. A similar trend has previously been
observed in topological insulators[49,50]. As found previously (Fig 1e), a metal-insulator
transition[31,33] occurs when increasing the thickness from 5 to 10 nm, and this is also the thickness

regime where the resistivity and carrier concentration drastically decrease.

We relate the observed trends in spin Hall angle &, and carrier concentration (n.) using the following

expression

—Is  Z8Pog " (1)

which was derived from (i) a semiclassical model[51,52] for charge current induced spin potential in
spin-orbit materials that received numerous experimental confirmation on diverse materials, in
conjunction with (ii) a widely used semiclassical model (see the details of the derivation in the
Supplemental Material[47]) for spin current absorption at the ferromagnet-spin-orbit metal
interface[54]. Here 0 £ £ < 1 is the current shunting in the ferromagnet[51], 0 < pp < 1 is the degree of
spin-momentum locking (SML) in the spin-orbit material[51,52], gN is the real part of the interface spin-

mixing conductance in units of m?2 [53], and ny, is the number of modes per unit cross-section of the

2
SML channel which can be calculated from the Fermi wavevector k¢, of the material as m,, = ];—F [54].
s
The Fermi wavevector ke of the material is related to the measured carrier concentration ne using kp =

3w/3712ne. Note that the dependence on &, ps, and m, in Eq. 1 arises due to argument (i) based on which

we make arguments below. The dependence on g™ in Eq. 1 arises due to argument (ii).

Eq. 1 suggests an increasing trend of the spin Hall angle with the decreasing electron density, which is in
agreement with our experimental observations in Figs. 3(f) and 4(a), respectively. We have compared
the measured spin Hall angle data with x/k- in Fig. 4(b), where x is a fitting parameter and k¢ is
estimated from the measured electron density. The 1/k* dependence in Eq. 1 suggests a saturation in

spin Hall angles for thicker samples since the measured electron density saturates above 10 nm. Such
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saturation is in agreement with similar report[54] of spin Hall angle in SrirOs; grown on SrTiOs substrates.
Using measured values of g” [47] and an estimated € = 0.1 (rough estimation based on resistivity
ratios), we roughly estimate the degree of spin-momentum locking po in Sr2lrO4 as 0.07 and in SrlrOs as
0.2-0.6. The estimated large value of po in SrirOs is comparable to that typically seen for topological
insulators[55—-61], however, careful spin-potentiometric measurements need to be done for

confirmation of the estimated po which we leave as future work.

The observation that both resistivity and electron density are decreasing for thicker samples imply a

larger electron mean free path A, for thicker samples. We estimate[53] the mean free path using[47]:

A= h/(q*pmy). (2)

The estimated mean free path is ~60 pm for 3 nm thick sample which increases and saturates to ~1 nm

for samples thicker than 8 nm, as shown in Fig 4b.

So, while in heavy metals it is commonly assumed that an increase in resistivity gives larger spin Hall
angles, the thickness dependent spin Hall angle measurements in SrlrO3; show that this relationship does
not hold, but rather it is the carrier concentration that determines the efficiency. While in most
materials the carrier concentration and resistivity are anti-correlated, here this correlation is broken, like
in topological insulators. As already shown by previous work, the Weyl semimetal nature of SrirOs
suggests the existence of band-crossing effects. Such a topological nature further manifests itself in the
large degree of spin-momentum locking po of 0.2-0.6, due to the Dirac cone like nature at the Fermi
surface in SrlrOs, producing a large spin Hall angle of 0.3-0.5 and a large degree of field-like torque. In
contrast, as expected from prior studies, Sr.lrO,4, which does not have a topological nature to its
electronic structure exhibits a reduced spin Hall angle of ~0.1 (comparable to Pt) and small field-like-
torque while still being promising with its spin-orbit dominated electronic structure. Finally, the large
tunability of electronic structure through crystal chemistry and epitaxial constraint in these oxides make
it possible to further explore relationships and patterns in the search of larger spin Hall angles for

efficient charge and spin interconversion for low power spin logic devices.
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FIG. 1. (a,b) X-Ray Diffraction scan of SrlrOs; and Sr,IrQO4, along with a diffraction pattern calculated from
their simulated crystal structures. The agreement between the theoretical fits and the data shows that
the right crystal structures have been formed. Lattice parameters are determined from the Bragg peak
(00l) indices to be LSAT (substrate) = 3.87 A, SrlrO; = 3.98 A, and Sr.IrO4 = 25.8 A. (c,d) Transmission
Electron Microscopy images of SrirOs; and Sr,IrOa,, showing the perovskite and layered structures,
respectively, of the two materials. A NiFe/AlO, top layer is grown on the SrirOs. (e) Resistivity p, and
electron carrier concentration n, mobility of 5 and 10 nm thick films of SrirOs. (f) Resistivity p, data for

10 nm of SrIrOs.
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FIG. 2. (a) The different types of torques present in a ferromagnet/iridate bilayer of materials. A charge
current J,, driven through the bilayer, couples to the magnetization M in the ferromagnet in three ways.
The anti-damping-like torque 7p; acts parallel to the surface and couples to out-of-plane magnetization.
The field-like torque 7x acts perpendicular to the surface and couples to transverse magnetization, while
the Oersted torque 7o, acts along the same axis as the field-like torque (combined in 7). The external
magnetic field (Hex) can be applied under an in-plane angle S with respect to the current direction. (b)
ST-FMR resonance line shape for Sr,IrO4 (10 nm)/NiFe (6 nm) bilayer structure under 5 mA and a
frequency of 9 GHz oscillating rf current. Lorentzian trial functions extracted symmetric and
antisymmetric components from the mixing voltage Vi (the obtained quantity from the measurement),
represented by the black and green solid lines, respectively. (c) Spin Hall angles extracted from the ST-
FMR method for different frequencies f, in 5 and 10 nm of Sr,IrQ,. (d) First harmonic R;, and (e) Second
Harmonic R;,, signals of the SHH measurement in a Sr2IrO4 (10 nm)/NiFe (6 nm) bilayer structure under a
driving field of 10 mA at 5000 Oe. R;,, gives the planar Hall effect, while R, gives a combination of
different angular contributions, which can be separated into the different contributions. Here only a
cos(f) contribution is measured, which gives a 7. (f) Hoor and (g) Hr fields as a function of applied

current, from which the spin Hall angle is calculated.
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(b) Spin Hall angle calculated from ST-FMR. (c) R1, and (d) Rz, signals of the SHH measurement in a
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applied current. (g) Spin Hall angle calculated from SHH measurement from the Hooe.
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Electron mean free path A as determined from Eq. 2 with the same fixed x factor as in (b).
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