

View

Online


Export
Citation

RESEARCH ARTICLE |  JULY 18 2023

Efficient charge to spin conversion in iridium oxide thin
films 
Biswajit Sahoo   ; Alex Frano  ; Eric. E. Fullerton 

Appl. Phys. Lett. 123, 032404 (2023)
https://doi.org/10.1063/5.0153329

 CHORUS

 23 August 2024 18:32:52

https://pubs.aip.org/aip/apl/article/123/3/032404/2903049/Efficient-charge-to-spin-conversion-in-iridium
https://pubs.aip.org/aip/apl/article/123/3/032404/2903049/Efficient-charge-to-spin-conversion-in-iridium?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-5126-1962
javascript:;
https://orcid.org/0000-0001-9316-129X
javascript:;
https://orcid.org/0000-0002-4725-9509
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0153329&domain=pdf&date_stamp=2023-07-18
https://doi.org/10.1063/5.0153329
https://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/5.0153329/18049676/032404_1_5.0153329.am.pdf
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2529451&setID=592934&channelID=0&CID=910366&banID=522311052&PID=0&textadID=0&tc=1&rnd=5908217105&scheduleID=2447661&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1724437972055801&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0153329%2F18049675%2F032404_1_5.0153329.pdf&hc=0ffdf16240abc6d65df9f9ea657c56487191c484&location=


Efficient charge to spin conversion in iridium oxide
thin films

Cite as: Appl. Phys. Lett. 123, 032404 (2023); doi: 10.1063/5.0153329
Submitted: 6 April 2023 . Accepted: 1 July 2023 .
Published Online: 18 July 2023

Biswajit Sahoo,1,2,a) Alex Frano,1,2 and Eric. E. Fullerton1

AFFILIATIONS
1Center for Memory and Recording Research, University of California, San Diego, 9500 Gilman Dr, La Jolla,
California 92093-0401, USA

2Department of Physics, University of California, San Diego, 9500 Gilman Dr, La Jolla, California 92093-0401, USA

a)Author to whom correspondence should be addressed: bsahoo@.ucsd.edu

ABSTRACT

Many 5d transition metal oxides have a unique electronic structure, where the density of states near the Fermi level is dominated by only 5d
electrons with strong spin–orbit coupling. IrO2, a Dirac nodal line semi-metal, is the simplest of these oxides. The presence of 5d electrons
and gap opening of Dirac nodal lines via strong spin–orbit coupling allows for the hybridization of the 5d electrons of the oxide with the itin-
erant d electrons of a ferromagnet, while simultaneously increasing the intrinsic spin Hall effect. We report large charge-to-spin conversion
in thin films of this material using spin-torque ferromagnetic resonance experiments. By independently performing line shape analysis
and linewidth modulation experiments, we conclusively determine the spin Hall angle of optimized IrO2 films to be �8 times larger than
that of Pt.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153329

Spintronics, electronics that employ the spin of an electron
instead of (or in addition to) its charge, has found extensive applica-
tions in data storage1 and nonvolatile magnetic random access memo-
ries (MRAM).2,3 In these applications, the spin current is generated by
passing the electric current through a ferromagnetic layer where the
current becomes spin polarized. New applications, such as spin–orbit
torque (SOT) MRAM,4,5 field free spin–orbit torque switching,6 or
SOT oscillators,7 exploit spin-currents generated from charge currents
in a non-magnetic layer via the spin Hall effect (SHE).8–10 SHE stems
from the relativistic spin–orbit coupling (SOC) of a material that gen-
erates a transverse spin current from a conventional charge current.11

Designing materials with a large SHE will allow the development of
new classes of energy efficient nonvolatile memories,12 logic devices,
and neuromorphic computing approaches.13

Spin Hall angle (SHA) is a measure of the efficiency of a material
to convert the charge current to spin current and is the figure of merit
for materials to be used in spintronic devices. As SOC is proportional
to Z4 (Z being the atomic number), heavy metals, such as Pt,14 Pd,15

W,16 and beta-Ta,17 are popularly used to generate spin currents from
charge currents. The density of states in these materials near the Fermi
level is dominated by both 5d and 6s electrons. In contrast, 5d transi-
tion metal oxides have a unique electronic structure where the density
of states near the Fermi level is dominated only by 5d electrons with

strong SOC.18 IrO2, the simplest of these oxides, is predicted to host
networks of type-1 Dirac nodal lines. In the presence of strong SOC, it
is predicted that gaps open in the hexatruple and octuple points of
these networks, leading to large intrinsic SHE.19 Experimentally,
researchers have explored IrO2 for its efficacy as a spin current detec-
tor with SHA of 0.06520 or as a spin current generator with SHA of
0.095 to 0.26 using a variety of measurement techniques.21,22 In this
Letter, we measure spin torque ferromagnetic resonance (ST-FMR) on
optimized polycrystalline IrO2-CoFeB bilayers to quantify the effect of
the spin–orbit torques on the magnetization dynamics of the ferro-
magnet (FM) and subsequently determine the SHA of IrO2. Till date
line shape analysis via ST-FMR has been performed on epitaxial (001)
IrO2

23 with an SHA of 0.45 at room temperature. However, no such
report exists for polycrystalline IrO2. We use both line shape analysis
and linewidth modulation to independently quantify the SHA in IrO2.
Furthermore, we performed the same experiments on a Pt-CoFeB
bilayer to compare the SHA of Pt and polycrystalline IrO2.

IrO2 thin films were grown onto oxidized Si (100) substrates with
a 300-nm amorphous SiO2 layer in high vacuum with base pressure
better than 1.0� 10�7Torr. The FM used was Co40Fe40B20 (CoFeB).
The samples fabricated are substrate/IrO2(x)/Co40Fe40B20(7)/SiO2(5)
(the numbers in parentheses represent the thicknesses in nm), where
x¼ 3, 5, 7, 10, or 20 nm, and these samples are named S1–S5,
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respectively. During fabrication, the substrate was rotated uniformly at
20 rpm during the deposition of all the layers. The optimized deposi-
tion parameters for the samples are described as follows: IrO2 films
were reactively sputtered at room temperature from a 99.99% pure Ir
target at a rate of 0.028 nm/s. The total deposition pressure of Ar and
O2 (Ar:O2: : 2:1) was kept constant at 2.5 mTorr. The films were then
annealed at 700 � C pressure for 15min in an oxygen atmosphere of
25 mTorr in the deposition chamber. After cooldown in vacuum,
CoFeB layers were deposited in situ at a rate of 0.034 nm/s at 2.5
mTorr Ar pressure. The films were then capped with 5-nm thick SiO2

capping layers to prevent the oxidation of the CoFeB. We further fab-
ricated an IrO2 layer at 700 � C to compare with the annealed sample.
We fabricated a sample (S0) of substrate/CoFeB (7)/Pt (5) at room
temperature. The deposition rate for Pt is 0.04 nm/s. The Pt serves
both as a capping layer and the heavy metal (HM) layer. We also
deposit CoFeB(7)/SiO2(5) as a reference sample (S6).

Single layers of CoFeB (7), IrO2(20), and Pt (5) were grown for
resistivity measurements using the van der Pauw method. The resistiv-
ities for CoFeB and Pt were found to be 120 and 26 lX cm, respec-
tively. The resistivity of unannealed IrO2 deposited at room
temperature was 356 lX cm, while that of IrO2 deposited at room

temperature and annealed at 700 � C was 142 lX cm. The resistivity
of IrO2 grown at 700 � C was 57 lX cm. X-ray reflectivity (XRR) and
x-ray diffraction (XRD) were performed on annealed and unannealed
thin films (Fig. 1) using a Rigaku SmartLab system using Cu-Ka x rays.
The XRR fringes are deep and well defined, which qualitatively indi-
cate that the IrO2 films were smooth. The XRR spectra were fitted
using the Parratt recursion formalism to reveal a surface roughness of
0.6 nm for unannealed and 0.3 nm for annealed thin films. Further,
XRD spectra [Fig. 1(a)] showed that the annealed IrO2 film was poly-
crystalline with (110), (101), and (200) crystal orientations. For com-
parison, the IrO2 film grown at 700 � C had a surface roughness
>4nm as obtained from atomic force microscopy measurements
[supplementary Fig. S1(b)]. Since a low roughness and low resistivity
are crucial for the formation of sharp interfaces and significant current
flow through the high SOC layer, we used the post-annealed polycrys-
talline IrO2 films in the subsequent experiments.

ST-FMR is a robust technique to probe the charge to spin con-
version (Js/Jc) efficiency of materials, where Js and Jc are the spin cur-
rent density and charge current density, respectively. The devices for
ST-FMR were fabricated by photolithography. First, coplanar wave-
guide channels of 10� 20lm2 dimensions were patterned and milled

FIG. 1. (a) The XRD spectra of annealed (top) and room temperature (bottom) growth of 20 nm IrO2 films. The top spectra show distinct IrO2 peaks: (110), (101), and (200).
(b) The XRR spectra of room temperature grown sample, with a roughness of 0.63 nm. The annealed sample (c) has a roughness of 0.34 nm. When deposited at a substrate
temperature of 700 �C, the surface had more roughness (>4 nm) as shown from the XRR data in (d).
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using Ar ion. Next, Ti (70)/Au (200) electrode pads were fabricated
using magnetron sputtering and lift-off. The symmetric ground-
signal-ground (G-S-G) configuration was used to minimize the z-
component of the radio frequency (RF) field.24 The device was then
wire bonded by gold wires onto transmission lines to provide an RF
current into the system (Fig. 2). The device was positioned at 45� angle
with respect to the in-plane external field to improve the magnitude of
the ST-FMR signal.24 When an RF current (IRF) flows through a mate-
rial [generally a non-magnet (NM)] with high SOC, transverse non-
equilibrium spins are generated, which propagate into the FM. The
resulting SOT acting on the FM is oscillatory in nature and results in
the precession of the FM that is detected via the anisotropic magneto-
resistance (AMR) of the FM. The injected IRF combined with the oscil-
lating AMR results in the generation of a DC mixing voltage (Vmix),
which is detected by a lock-in amplifier after being filtered through a
bias tee. The signal magnitude becomes maximum under the condi-
tion of ferromagnetic resonance. The resulting Vmix consists of a sym-
metric (VS) and an anti-symmetric (VA) component, which is fit by
the following equation:25

Vmix ¼ VS
DH=2ð Þ2

H�H0ð Þ2 þ DH=2ð Þ 2

þ VA
DH=2ð Þ H�H0ð Þ

� �
H�H0ð Þ2 þ DH=2ð Þ 2

þ background: (1)

Here, DH is the linewidth, H is the applied field, and H0 is the reso-
nant field. The symmetric part of the signal is due to the spin currents,
whereas the anti-symmetric part is mainly due to the stray oersted
fields. From the ratio of VS and VA, the SHA can be calculated using
the following expression:14

JS;rf
JC:rf
¼ S

A
el0 Ms t dð Þ

�h
1þ 4pMeff

H0

� �� �1
2

: (2)

Here, S and A represent the symmetric and anti-symmetric compo-
nent of the Vmix, respectively, and Ms is the saturation magnetization.
t and d refer to the thickness of IrO2 and CoFeB, respectively. e is the

electronic charge, and l0 is the relative permeability of free space. Meff

is the effective magnetization (622 and 700Oe for S5 and S0, respec-
tively). The reduced value in S5 may have been due to the oxidation/
formation of a thin dead layer between IrO2 and CoFeB.22 To deter-
mine the approximate thickness of the FM layer in S5, we perform
magnetometry measurements on samples S6 and S5 (supplementary
Fig. S2) and determine the saturation magnetization per unit area
(Msd) for these films. Msd depends linearly on the thickness,26 and
from this, the thickness of CoFeB in S5 was found to be 6.03 nm.
Consequently, we determine Ms, which is 1028 and 1032 emu/cc for
S5 and S0, respectively.

Using Eq. (2), we average over several frequencies ranging from 5
to 10GHz and find the SHA of Pt to be 0.076 0.01 (not shown), com-
parable with previous findings.24,27,28 We perform line shape ST-FMR
experiments for samples S1–S5 and find that the SHA for IrO2 satu-
rates around 0.316 0.03, for 20 nm IrO2 [Fig. 3(d)], a fourfold
increase than that of Pt. The increase in SHA with thickness of IrO2

may be due to the reduction in the resistance of the IrO2 layer, which
results in a higher current flow and hence larger SOTs on the CoFeB
layer. Additionally, the polycrystalline nature of IrO2 may be aiding in
a higher spin scattering, resulting in higher signal values. Another rea-
son for the increase in the SHA may be due to the preservation of the
S/A ratio (S/A� 0.3) in the ST-FMR signal in our case, which nor-
mally decreases with the thickness of HM-FM layers.14 It is possible
that due to the higher spin diffusion length or proper interface condi-
tions, the S/A ratio remains preserved in IrO2-CoFeB bilayers despite
the higher thickness of IrO2. To further investigate the interfacial con-
ditions in sample S5, we estimated the effective spin mixing conduc-
tance (geff) and the spin interface transparency (T).

To determine T, we need the spin diffusion length of IrO2 (kIrO2 ).
kIrO2 is obtained from the IrO2 thickness vs SHA plot after fitting by
the following phenomenological equation:29

g ¼ g1 1� sech
tIrO2

kIrO2

� �� �
: (3)

Here, g is the SHA, and g1 is the saturation SHA of the NM. From the
fitting, we find the spin diffusion length of IrO2 to be of 4.36 0.5 nm

FIG. 2. (a) The device setup with a zoomed-in view of the sample structure and RF fields. (b) The light microscope image of the device. The sample under consideration is 10
� 20lm2. The angle u is 45�. (c) The ST-FMR spectra at 5 GHz and a decomposition into the symmetric and anti-symmetric components.
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with saturation SHA of 0.306 0.02. The SHA agrees closely to that
obtained by the line shape method. Additionally, the value of kIrO2 for
poly-crystalline IrO2 is slightly higher than that reported in the
literature.20,30

The geff for S5 is found by the following equation:
29

geff ¼
4pMsdDa

glB
: (4)

Here, g is the Lande g factor, lB is the Bohr magneton, and Da is the
difference between Gilbert damping of S5 (0.028 609) and S6 (0.008).
The spin mixing conductance provides a measure of the efficiency of
transmission of spins through the interface and has a value of
8.2� 1019 m�2 for S5. This value is higher than that reported in Pt sys-
tems.31–33 Finally, we calculate T from using the following equation:34

T ¼
grtanh

tIrO2

kIrO2

� �

grcoth
tIrO2

kIrO2

� �
þ h
2e2 qIrO2

kIrO2

: (5)

Here, gr is the real part of geff. We have assumed gr¼ geff in our calcu-
lations. h is the Planck’s constant, and qIrO2 is the resistivity of IrO2.
The value of T determines the level of electronic structure matching
between the FM and NM layers. The spin interface transparency for
S5 is found to be around 95%. High values of geff and T indicate effi-
cient spin transmission in the FM-NM interface.

It is to be noted that line shape analysis method has some limita-
tions. While using Eq. (2), we assume that the field-like torque contri-
bution, which can arise from interfacial effects, such as the Rashba
effect, is minimum. Since field-like torques also produce an anti-
symmetric voltage, the value of SHA may be over- or under-esti-
mated.35,36 To confirm that the SHA of IrO2 is indeed large, we also
performed DC-current bias ST-FMR measurements. This technique,
also known as the modulation of linewidth, involves injection of a
biasing DC current in addition to the RF current. Due to the DC cur-
rent, a static anti-damping like torque modulates the damping of the
FM, effectively modulating the linewidth.25 The injected DC current
can increase (decrease) the linewidth if the spin polarization is parallel
(anti-parallel) to the FM magnetization.14 Since this technique is a
bipolar measurement, where the DC current systematically changes

FIG. 3. (a)–(c) The ST-FMR spectra at different frequencies for IrO2 thickness of 3, 7, and 20 nm, respectively. (d) The plot of the obtained spin Hall angle vs thickness of IrO2

with the fitting (dashed line) as per Eq. (3).
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the linewidth in an opposite manner for positive and negative fields,
one can determine the SOT generated by the material under consider-
ation. Further, additional effects due to the inverse spin Hall effect are
eliminated in this technique. The SHA can be determined from the
slope of the linewidth vs current density plot using the following
equation:37

JS
JC
¼

ce H0 þ
Meff

2

� �
l0Mst

2p f sin /ð Þ
dD
dJC

: (6)

Here, c is the gyromagnetic ratio, f is the applied frequency, / is the
angle between direction of IRF and external magnetic field (45

�
), and

dD=dJc is the slope of the linewidth-current density plot. All other
parameters have been described previously.

In Figs. 4(a) and 4(b), the results from the modulation of line-
width technique are shown for S0 and S5, respectively. The SHA val-
ues obtained are 0.046 0.01 for Pt and 0.366 0.07 for IrO2.

From the two techniques, we can conclusively determine that the
SHA of polycrystalline IrO2 is much larger than Pt. The SHA for IrO2

obtained from the linewidth modulation is in close agreement with
that obtained by the line shape method, albeit with a slightly higher
error margin. One of the reasons for this could be the linewidth broad-
ening due to thermal effects at higher current densities, which can
result in non-linearities in the otherwise linear linewidth vs current
behavior. From the phenomenological fit [Eq. (3)], we note that the
saturation SHA of IrO2 to be 0.306 0.02. However, from the linewidth
dependence, we find the value of SHA of 20nm IrO2 to be
0.366 0.07. This indicates that apart from intrinsic, there seems to be
a role of extrinsic contributions as well. While we cannot exactly quan-
tify the extrinsic effects contribution to the SHA, we can say that the
proper interfacial conditions in our sample may have played an impor-
tant role in maximizing the SHA. This is exemplified by our calcula-
tions of geff and T for S5. High values of geff and T indicate the
efficient transmission of spins and proper electronic structure match-
ing between the CoFeB and IrO2 layers. Due to this, the effect of the
SOTs on the FM generated by the charge to spin conversion of the DC

current may have been more pronounced leading to higher modula-
tion of linewidth. We note that despite the thermal effects, the change
in linewidth with the applied current is significant for IrO2. This is
exemplified by the high SHA of IrO2, which is around eight times
higher than Pt in the linewidth analysis method.

The room temperature ST-FMR analysis shows a very high SHA
of polycrystalline IrO2, which is higher than previously reported values
using different measurement techniques: SHA¼ 0.26 via the inverse
spin Hall effect,22 second harmonic Hall resistance SHA¼ 0.095,21 or
non-local spin valve measurements SHA¼ 0.065.20 The optimization of
the IrO2 roughness and conductivity may have contributed to the
observed high SHA values. Vacuum annealing the IrO2 resulted in a
better connectivity between the individual grains, thereby increasing the
conductivity.38 The film roughness was further optimized to be better
than 0.4nm. High conductivity would result in a large current flow in
the IrO2 layer and consequently higher spin currents, while the smooth
interfacial conditions would facilitate the efficient transmission of spins
into the FM, resulting in higher SOTs. From the DC current bias study,
we can extrapolate the critical current density (Jc) required to achieve
zero linewidth. For IrO2, Jc-critical is� 1.2� 1011 A/m2. Current densities
higher than this will generate auto-oscillations. This critical current
value is significantly lower than reported Jc values required by heavy
metals for auto-oscillation in spin Hall nano-oscillators,39,40 making
IrO2 an attractive candidate for use in oscillator applications.

In summary, optimized polycrystalline IrO2 has conclusively
shown a high SHA consistent with its high Z and theoretical predic-
tions. High SHA and large conductivity of IrO2 may have implications
for use in the development of all oxide-based energy efficient spin-
tronic devices and for applications, such as nano-oscillators and mag-
netic switching, where one can interface IrO2 with low damping
ferromagnetic oxides to achieve new spintronic functionalities.

See the supplementary material for data of magnetometry and
surface morphology measurements.
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FIG. 4. DC bias linewidth modulation at 8 GHz r.f. for (a) CFB (7)/Pt (5) and (b) IrO2(20)/CFB(7)/SiO2(5) systems. The slope of the IrO2 system is higher than that of Pt show-
ing higher SHA in 20 nm IrO2.
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