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ABSTRACT: Binary rutile oxides of 5d metals such as IrO, stand out in comparison to their 3d and 4d counterparts due to limited
experimental studies, despite rich predicted quantum phenomena. Here, we investigate the electrical transport properties of IrO, by
engineering epitaxial thin films grown using hybrid molecular beam epitaxy. Our findings reveal phonon-limited carrier transport and
thickness-dependent anisotropic in-plane resistance in IrO, (110) films, the latter suggesting a complex relationship between strain
relaxation and orbital hybridization. Magnetotransport measurements reveal a previously unobserved nonlinear Hall effect. A two-
carrier analysis of this effect shows the presence of minority carriers with mobility exceeding 3000 cm?/(V s) at 1.8 K. These results
point toward emergent properties in 5d metal oxides that can be controlled using dimensionality and epitaxial strain.

KEYWORDS: nonlinear Hall effect, anisotropic transport, strain relaxation, hybrid molecular beam epitaxy

he rutile crystal structure has emerged over the years as a

host of exotic quantum effects with the discovery of
unconventional properties in materials like VO, and RuO,. 3d
VO, has now been studied for decades due to its near-room-
temperature coupled structural and metal—insulator transi-
tion" for use in smart windows,” field effect Mott transistors,”*
and neuromorphic computing.’ 4d RuO,, on the other hand,
has come to the forefront more recently with the discovery of
strain-induced superconductivity,’ nontrivial band topology,”
altermagnetisms_”—a novel magnetic state, and associated
spintronic functionalities."”~'* However, the 5d counterpart
IrO,, although of great technological interest, has received
relatively less attention.

The interest in IrO,,"* and the iridate family in general, has
multiple origins and motivations. Numerous predictions of
nontrivial topology,m’17 quantum criticali'fy,18 and unconven-
tional superconductivity'® have surrounded the iridium oxides.
One of the key examples, for instance, has been the prediction
and experimental observation of topological line nodes*”*' and
large Berry curvature induced spin-Hall conductivity in
perovskite SrlrO,.”” Such large spin-Hall conductivities can
significantly improve device performance, with the perovskite
structure allowing further integration with many other material
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systems. However, from a commercial standpoint, binary
oxides may be preferred due to their ease of synthesis and
reproducibility. With growing literature on perovskite-like
quantum properties in simple binary oxides, they can form a
comprehensive, efficient, and scalable quantum system.

Like the perovskite SrIrO;, rutile IrO, has been shown to
have Dirac nodal lines (DNLs) close to the Fermi level using
density functional theory”® (DFT) and angle-resolved photo-
emission spectroscopy (ARPES) measurements,”* > High
spin-Hall conductivity arising due to these DNLs*”** has also
been reported, in line with theoretical predictions.”® Significant
work has also been done to confirm the presence of the
predicted J,¢ = 1/2 states” " using spectroscopic techniques,
although the debate remains unsettled. In contrast to the
numerous spectroscopic characterizations, only a few stud-
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Figure 1. (a) (top) Rautile IrO, crystal structure with modified unit cell for thin film grown along the [110] out-of-plane direction. (bottom) 2D
projection of the crystal along [110] for better visualization of the edge-shared and corner-shared octahedral network along the [001] and [110]
crystal directions. (b) Reported electrical resistivity anisotropy between the rutile ¢ and a axes for bulk single crystals of metallic rutile VO,**
(reproduced with permission from ref 52, cogyright Elsevier 1965), CrO,*® (reproduced with permission from ref 53, copyright The Physical
Society of Japan 1966), and RuO, and IrO,’ (reproduced with permission from ref 38, copyright Elsevier 1968). The dashed line is a trend line.
(c) Schematic of the d-orbital shapes and rutile crystal field splitting (AE) into lower energy t)e and higher energy e, manifolds. The x, y, and z axes
are consistent for all orbitals and defined along the [001], [110], and [110] directions, respectively, for the edge-shared octahedra.

ies’>~>* have reported the normal state electronic transport in
rutile IrO,, particularly in epitaxial thin films.

The rutile crystal structure (hereafter described using the
tetragonal a = b and c axes) inherently lends many intriguing
aspects to the electronic structure. The mixed edge and corner-
shared anion octahedra as shown in Figure la is a key
ingredient for most unconventional properties in rutile
systems> with the metal—metal dimerization along the c-axis
in VO, being a prime example. Further, the low-symmetry
(D,;,) distorted-octahedral ligand field creates a nondegenerate
ty, band with the d orbital parallel (denoted t; in the
Goodenough notation*®) to the c-axis (d2_ orbital in Figure
1c) having minimal hybridization with O 2p orbitals and
density of states at the Fermi level.””*’

With this context of topology and orbital character of the
Fermi surface, we analyzed the electronic transport in epitaxial
IrO, thin films measured as a function of temperature,
magnetic field, dimensionality, strain, and epitaxial orientation.
The temperature-dependent resistivity from 300 to 1.8 K
revealed phonon-dominated carrier scattering with resistivity-
temperature exponent n > 1, consistent with a Debye
temperature higher than 300 K, extracted from a Bloch—
Griineisen type model. Further, in agreement with bulk IrO,,**
the resistance along the rutile c-axis was found to be greater
than that along the perpendicular direction. This anisotropy
was also found to be thickness-dependent, suggesting an
epitaxial strain effect on the Ir 5d—O 2p hybridization. Hall
effect measurements showed a nonlinear dependence of Hall
resistance on magnetic field. A two-carrier analysis revealed the
presence of high-mobility minority carriers. The validity of the
two-carrier model was further confirmed with the observation

of electron- or hole-dominated conduction in IrO, films with
varying epitaxial orientations. This emergence of previously
unobserved high-mobility carriers in IrO, opens new questions
and avenues for engineering quantum phases in iridium-based
oxides by tuning the interplay of strain, dimensionality, and
electronic structure.

Molecular beam epitaxy (MBE) has enabled high-structural-
quality IrO, thin films compared to other approaches."
However, MBE of iridium-based oxides is challenging due to
the low vapor pressure and oxidation potential of pure iridium.
Use of solid metal—organic sources instead has been shown to
resolve this bottleneck and produce high-quality metal-oxide
thin films.**~*" With this hybrid MBE approach, we grew
single-crystalline, epitaxial IrO, films with varying thicknesses
and orientations on TiO, substrates. The details of growth
conditions, sample characterization, and strain relaxation can
be found elsewhere*' and are briefly described in the Methods
section of the Supporting Information. Figure 2a shows the
temperature-dependent resistivity of IrO, (110) films for 2.5 <
t < 21 nm measured in the van der Pauw configuration. The
in-plane resistance anisotropy, defined as the ratio of resistance
along the [001] and [110] directions, i.e. Ryo;1/R}17) at 300 K,
is shown as a function of film thickness in the inset of Figure
2a. The resistance anisotropy ranges between 2 and 5 with a
nonmonotonic behavior with increasing thickness.

We first discuss the temperature-dependent resistivity,
followed by the resistance anisotropy. As shown in Figure 2a,
metallic behavior was observed in films with thicknesses as low
as 2.5 nm. A clear upturn in resistivity was observed around 50
K for the 2.5 nm film, suggesting a localization-induced upturn.
Such a resistance upturn with decreasing thickness has been
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Figure 2. (a) Resistivity as a function of temperature for different thicknesses of IrO, (110) films grown on TiO, (110) substrate. (inset)
Anisotropy in the measured resistance along the in-plane [001] and [110] crystal directions plotted as a function of film thickness. Error bars are
calculated using an arbitrary estimate of 12.5% error in the distance between the wire-bonded contact points. (b) Measured resistivity (open
circles) and model fit to eq 1 (solid lines) for 5.5, 13, and 21 nm IrO, (110) films shown in (a). (c) First-order temperature derivative of resistivity
plotted as a function of temperature for the IrO, (110) films shown in (a). (inset) First-order temperature derivative of resistivity plotted as a
function of temperature for a representative sample measured up to 390 K showing an approach to T-linear behavior indicated by the black dashed

line.

42—44 32

observed in many systems, including IrO,,”” and the
mechanisms have been well documented. However, to
understand the different scattering contributions to the
resistivity, we analyzed our T-dependent resistivity data using
a Bloch—Griineisen type model (see the Supporting
Information for more details). Equation 1, which is a
combination of the residual resistivity (p,), resistivity due to
electron—electron scattering (p..) and acoustic (pe_Ph,ac) and
optical (pepnop) phonon scattering, was used to fit the
temperature-dependent resistivity.

P(T) =p, + 0(T) + Ay oo (T) + 2500 (T)

-ph,op

2
=p + AT+ ﬂacT(Gl]

D
0/ T o
d
/o E—Dl—e™)
|t
°P | sinh(6;/2T) (1)

A, is the prefactor for the electron—electron scattering term,
P.c and f, are measures of the electron—phonon coupling
strength for the acoustic and optical branches, and 0, and 6
represent the Debye temperature and the temperature
corresponding to the Einstein frequency of the optical phonon
spectrum, respectively.

Figure 2b shows excellent fits to the experimental data using
eq 1 with po, Aee) focs Pop Op, and O as the fit parameters. For

10852

brevity, only a few thicknesses are shown, and 2.5 nm was
excluded from these analyses due to the low-temperature
resistance upturn. The extracted fit parameters for the different
film thicknesses are tabulated in Table S1. The extracted
constants for the electron—phonon coupling contributions are
close to those in previous reports.””*® Their ratio (,./ Bop) is
also in agreement with the calculated values for the closely
related rutile RuO, (~2) by Glassford and Chelikowsky."” The
electron—electron scattering term, although included here for
better fits at temperatures less than 50—60 K, can be neglected
without significant differences in the extracted fit parameters
and regression coeflicient for the overall fit, as shown in Table
S2. The Debye temperature in both cases is around 430—460
K, which is higher than that reported by Lin et al,,* but much
lower than the value obtained by Ryden et al.** Nevertheless,
the extracted Debye temperature can be verified based on the
expectation of linear T-dependence of resistivity above the
Debye temperature for normal metals. Or in other words, the
first-order derivative of resistivity with respect to temperature
should approach a constant value with increasing temperature
above 6, (430—460 K). To this end, we show in Figure 2c the
first-order derivative of resistivity (dp/dT) as a function of T
between 50 and 300 K. The inset shows dp/dT vs T for a
representative 15 nm IrO,/TiO, (110) up to 390 K. This
result shows a nearly constant dp/dT value as T increases,
which is reasonably consistent with our extracted values of 6,.
The extracted Einstein frequency of ~655 cm™ (correspond-
ing to an average 6 of ~943 K), however, does not agree with
the reported Raman modes for IrO,***’ and the origin of this
discrepancy is currently not understood.
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Figure 3. (a) Hall conductance as a function of magnetic field at 1.8 K for different thicknesses of IrO, (110) films grown on TiO, (110)
substrates. (inset) Hall conductance as a function of magnetic field for a 5.5 nm IrO, (110) film for better visualization of the nonlinear Hall effect
along with a two-carrier model fit. Extracted (b) carrier concentrations and (c) mobilities for the electron and hole channels from two-carrier model
fits plotted as a function of film thickness. Dashed lines are guidelines. Straight-line fits were used for 18 and 21 nm films due to vanishing

nonlinearity and, hence, solely hole conduction.

It is important to note here that the resistivity analysis was
performed on an averaged resistivity"’ obtained using the van
der Pauw equation. The measured resistances along the two
orthogonal in-plane crystallographic directions are anisotropic,
however, as also observed in bulk single crystals where the ratio
of resistivity along the ¢ and a axes (p,/p,) is ~1.8.%° As shown
in the inset of Figure 2a, the anisotropy (Rjoo;]/R{i70]) ranges
between 2 and S in our IrO, thin films, initially increasing and
then decreasing as t increases. This raises questions about the
origin of anisotropy and why it depends on the film thickness.
We attribute the former to the anisotropic crystal structure
along the [001] and [110] directions and the latter to the
strain relaxation in epitaxial IrO, (110) films. We attempt to
explain the origin of anisotropy qualitatively by referring to the
schematics in Figure la,c. As described briefly in the
introduction, the rutile structure has a network of edge-shared
octahedra along the c-axis and corner-shared octahedra along
the [110] direction. This arrangement is expected to yield
contributions to the electrical conduction from the metal—
oxygen (M d—O p) orbital hybridization along the M—O—M
network and direct M—M hopping along the c-axis, whereas
the contribution is only from the M—O—M network along the
[110] direction. This effect of crystal anisotropy and the
relative M—M and M—O—M transport contributions to the
resistivity anisotropy at a cursory glance seems to be captured
by the tetragonality (c/a) of the rutile crystal. As shown in
Figure 1b, there appears to be some correlation between the
reported resistivity ratio (p,/p,) and the c/a lattice parameter
ratio in bulk metallic rutile oxides.

However, when it comes to the thickness dependence of
anisotropy, there is an additional effect of epitaxial strain
relaxation. Epitaxial IrO, on a TiO, (110) substrate
experiences a large anisotropic strain with a —6.3%
compressive strain along the [001] direction and a +2.3%
tensile strain along the [110] direction. So, for a coherently
strained film, ¢/a and, hence, the resistivity anisotropy would
be expected to be lowest and eventually increase toward the
bulk value with increasing thickness and associated strain
relaxation. This expectation, however, contrasts with the
observed nonmonotonic variation in anisotropy with thickness
shown in the inset of Figure 2a. This necessitates a detailed
consideration of the intricacies of the anisotropic-strain-
induced octahedral distortion and relative transport contribu-
tions from the M—M and M—O—M channels.

For the case of IrO,, since the t; orbital (dxl_y2 orbital in
Figure 1lc, which governs the Ir—Ir interaction along the c-axis)
has been shown to have negligible density of states at the
Fermi level,””?° one would expect minimal transport
contribution from direct Ir—Ir hopping, assuming the absence
of a strain-induced shift of the t; density of states toward the
Fermi level. So, the anisotropy in resistance should largely
depend on the Ir—O-Ir network along the two in-plane
directions, with larger bond angles favoring Ir 5d—O 2p
hybridization and, hence, decreased resistance. For a relaxed
bulk-like IrO, film, the bond angle is higher along [110]
(~128°) as compared to the [001] direction (~103°) and,
hence, Rj;7y] can be lower than Ryyy;). However, this difference
in bond angles and resulting resistance anisotropy can be
amplified by the anisotropic strain in IrO, (110) film grown on
the TiO, (110) substrate. The compressive strain along [001]
(—6.3%) will push the Ir—O-Ir angle to smaller values
(diminishing d—p hybridization) whereas the tensile strain
along [110] (+2.3%) will drive the Ir—O—Ir angle to larger
values closer to 180° (enhancing d—p hybridization). This
change in bond angles, however, is also accompanied by a
change in the bond lengths. The compressive strain along
[001] will decrease the Ir—O bond length (enhancing d—p
hybridization) whereas the tensile strain along [110] will
increase the bond length (diminishing d—p hybridization).
From this simplified picture of thickness-driven strain
relaxation and changes in the Ir—O bond network, the
evolution of bond angles toward bulk values with increasing
thickness should result in a monotonic decrease in the
anisotropy (R{go;1/R(79)), whereas the simultaneous change
in bond lengths should lead to a monotonic increase in the
anisotropy. Thus, the variation in bond lengths and bond
angles as a function of thickness and strain relaxation may act
as competing effects and their interplay could lead to the
observed nonmonotonic variation of resistance anisotropy. A
more careful quantitative study of crystal defects, octahedral
distortions, orbital hybridizations, and resulting carrier hopping
integrals as a function of strain relaxation is required, however,
to accurately predict and engineer anisotropy for different
electronic and spintronic applications.

To further probe the effect of thickness on the electrical
transport, we performed Hall effect measurements for the IrO,
(110) films. Figure 3a shows the Hall conductance at 1.8 K for
different film thicknesses, as defined in eq 5 of the Supporting
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Figure 4. (a) Resistivity as a function of temperature for IrO, films of nominally same thickness (~5.5—5.8 nm) grown along different out-of-plane
orientations on corresponding TiO, substrates. (b) Hall resistance as a function of magnetic field at 1.8 K for IrO, films shown in (a). (c) Hall
conductance as a function of magnetic field for a IrO, (101) film along with two-carrier model fit used to extract the carrier concentrations and
mobilities of the two channels shown in the inset table. A straight line fit to the low magnetic field (—0.4 to 0.4 T) Hall conductance is also plotted

for better visualization of the nonlinear Hall effect.

Information, plotted against the applied magnetic field. We
observed dominant hole carriers with an increasing concen-
tration (increasing slope) as a function of film thickness. A
closer look at the Hall conductance revealed a sizable
nonlinearity for the low film thicknesses as shown in the
inset of Figure 3a (Hall conductance for the 5.5 nm film). The
thickness dependence of the nonlinear Hall effect (which
suggests a possible role of strain relaxation) can be better
visualized using the first-order derivative of Hall conductance
plotted as a function of applied magnetic field. As shown in
Figure S2a, a peak is observed in the derivative plot near zero
magnetic field, a feature that vanishes with increasing film
thickness. The nonlinearity can also be estimated using the
difference between the experimental data and linear fits to the
low-field region as shown in Figure S2b. The separation
between the experimental data and linear fit can be observed to
decrease with an increasing film thickness. This is quantita-
tively captured in Figure S2c, where the percentage difference
between the linear fit and the experimental Hall conductance
at 9 T is plotted as a function of film thickness. An exponential-
like decay was observed for this parameter with increasing
thickness. The nonlinear Hall effect was further analyzed using
a two-carrier model (eq 2) as proposed by Bansal et al.”' and
described in the Supporting Information. A two-carrier
conduction model is justified due to the presence of both
electron and hole pockets on the Fermi surface of IrO,.

Cl/’tz - CZ
G, (B) = ¢B
¢ (uy/p, = 1)(1 + p,*B?)
+ Gy — 6
(uy/my = DA + p,"B) @)

As shown in the inset of Figure 3a, excellent fits were
obtained by using eq 2 with ¢, and ¢, as the fit parameters. ¢,
and ¢, are functions of the carrier concentrations and mobilities
of the two conduction channels. Strikingly, the two-carrier
analysis revealed the presence of high-mobility minority
electron carriers along with low-mobility majority hole carriers.
As shown in Figure 3b,c, the minority electron concentration
varied between 10" and 10 cm™ and their mobilities
exceeded 3000 cm?/(V s). This extracted high mobility is quite
remarkable given the traditionally low electron mobilities in
most oxide materials.

Although a nonlinear Hall effect has not been observed
before in IrO,, the presence of the different carrier types has
been experimentally demonstrated®® before using Hall effect
measurements on IrO, films with different epitaxial orienta-
tions. Since the Fermi surface of IrO, includes both electron
and hole pockets,”*** it is plausible that Hall measurements
will show both electrons and holes as majority and/or minority
carriers depending on the crystal orientation. To confirm this
effect for the IrO, (110) films used in this study, we also
studied epitaxial IrO, (101) and IrO, (001) films on the
corresponding TiO, substrates. As shown in Figure 4a, we
observed that for similar film thicknesses the (110)-oriented
films showed considerably higher resistivity as compared to the
other orientations. This observation deviates from previous
reports”*** where the (110)-oriented films were found to have
either similar or lower resistivity. The origin of this discrepancy
is currently not understood. Differences in the exact strain
states, dislocations, and point defects can be possible factors.
Nonetheless, the Hall effect measurements shown in Figure 4b
revealed varying dominant carrier type, in agreement with ref
34, where Hall coeflicient calculations using a nonsymmorphic
tight binding model were used to explain the observed
magnetic-field-direction-dependent majority carriers. We ob-
served dominant hole conduction in the (110)-oriented film
and dominant electron conduction in the (101)- and (001)-
oriented films. Remarkably, we also observed strong non-
linearity in the Hall conductance for the (101)-oriented sample
as shown in Figure 4c. Unlike IrO, (110), the IrO, (101) film
showed low-mobility majority electron carriers (n, = 2.23 X
102 cm™%; p,. = 8.31 cm*/(V s)) and high-mobility minority
hole carriers (n, = 3.72 X 10'® cm™3; py, = 2540 cm?®/(V s)) as
extracted from the two-carrier model. The observation of both
high-mobility electron and hole carriers as a function of film
orientation (which also governs epitaxial strain and current
direction) in IrO, raises questions about their origin and
necessitates further investigation. In addition, we also observed
weak nonlinearity starting to appear at magnetic fields higher
than 6—7 T for the IrO, (001) film, which needs to be further
verified with Hall measurements at magnetic fields higher than
9T.

To summarize, we have studied the electrical transport
properties in IrO, films using a combination of temperature-
dependent DC resistivity measurements and low-temperature
Hall resistance measurements. The analysis of the temperature-
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dependent resistivity measurements for epitaxial IrO, (110)
films with different thicknesses showed that interband acoustic
and optical phonon scatterings are the dominant scattering
mechanisms in normal state transport. The extracted electron—
phonon coupling constants agree well with previously reported
values in the literature, and the extracted Debye temperature of
430 K agrees well with the approach to T-linear behavior
observed around 400 K. The measured IrO, (110) samples
also showed a thickness-dependent in-plane resistance
anisotropy which is likely a result of strain-relaxation-induced
changes in orbital hybridization and Fermi level density of
states. The effect of thickness and epitaxial strain was also
observed in the emergent nonlinearity in the Hall resistance,
and a two-carrier model analysis of the nonlinearity revealed
the presence of high-mobility minority carriers. The observa-
tion of multiple carrier types was also confirmed using IrO,
films with different epitaxial orientations, which showed
varying carrier properties in terms of charge, concentration,
and mobilities, attesting to the complex Fermi surface and
potential origins of these unusual transport features in the
topological nature of the electronic band structure of IrO,.
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