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Epitaxially grown RuO; films on TiO, (110) exhibit significant in-plane strain anisotropy, with a compressive
strain of —4.7% along the [001] crystalline direction and a tensile strain of 4+2.3% along [110]. As the film
thickness increases, anisotropic strain relaxation is expected. By fabricating Hall bar devices with current
channels along two in-plane directions, (001) and (110), we reveal anisotropic in-plane transport in RuO, /TiO,
(110) films grown via the solid-source metal-organic molecular beam epitaxy approach. For film thicknesses
(tim) < 3.6 nm, the resistivity along (001) exceeds that along the (110) direction at all temperatures. With further
decrease in film thickness, we uncover a transition from metallic to insulating behavior at #g,;, < 2.1 nm. Our
combined temperature- and magnetic field-dependent electrical transport measurements reveal that this transition
from metallic to insulating behavior is driven by electron-electron interactions.
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I. INTRODUCTION

Rutile ruthenium dioxide (RuO,) holds significant tech-
nological importance due to its exceptional properties. It
possesses high electrical conductivity and exhibits excellent
thermal and chemical stability. These attributes render RuO,
invaluable in applications such as catalysis, serving as an
electrode material in energy storage devices, and acting as
diffusion barriers in microelectronic devices [1]. From the
perspective of correlated physics and magnetism, RuO; stands
out as a 4d transition metal oxide (TMO) characterized
by comparable bandwidths and on-site Coulomb repulsion
energies. This unique combination of properties makes it in-
triguing, yet its behavior is not fully understood [2].

RuO;, was long believed to be a Pauli paramagnet [3].
However, recent findings from polarized neutron diffraction
[4] and resonant x-ray diffraction [5] studies challenge this
notion. They provide evidence of an itinerant antiferromag-
netic (AFM) ground state with a Néel temperature exceeding
300 K, and the Néel vector predominantly aligned along the ¢
axis. The AFM metallic properties of RuO,, which is now es-
tablished as an altermagnetic material [6—8], open up exciting
possibilities for novel spintronics applications, including spin
splitting torque [9-11] and AFM tunnel junction devices [12].

Similarly, the carrier transport properties of RuO, were
thought to exhibit normal metallic behavior governed by
electron-phonon and electron-electron interactions [13—-16].
However, recent studies suggest RuO, is a Dirac nodal line
semimetal with flat band surface states [17] and is theoreti-
cally proposed to host a novel crystal Hall effect [18], thereby
reviving itself as a quantum material. Furthermore, super-
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conductivity has been observed below 2 K in thin films of
RuO; grown on TiO, (110) substrates and the 7, depends on
the film thickness [19,20]. No superconductivity is observed
when thin films were grown on MgF, (110) substrates with
similar crystal orientation but with smaller lattice mismatch.
These findings suggest that strain might play an important
role in the electronic properties of RuO, films. Additionally,
it is noteworthy that RuO,/TiO, (110) displays pronounced
in-plane strain anisotropy with a compressive strain of —4.7%
along the [001] crystalline direction and a tensile strain of
+2.3% along the [110] direction. This anisotropic strain is
known to sensitively affect the electronic structure leading to
an enhanced Fermi level density of states from orbitals in the
plane of the RuO, (110) film [19,21] along with an upshift
of the unoccupied e, orbitals to higher energies [22]. Hence,
the ground state electronic properties are further expected to
exhibit a high sensitivity to variations in film thickness as the
epitaxial strain relaxes.

In this work, we systematically vary the thickness (#im)
of RuO, films grown directly on TiO, (110) substrates
to investigate their temperature-dependent magnetotransport
properties, and anisotropic transport behavior along two
in-plane crystallographic directions, [001] and [110]. With
decreasing fg,, we observe a transition from metallic to
insulatinglike electrical transport behavior. The temperature-
dependent carrier transport properties at large thicknesses
are primarily governed by electron-phonon interactions. The
transition from metallic to insulating state in ultrathin films
coincides with upturn in resistivity at low temperatures
which can be explained by localization effects. Magnetotrans-
port studies reveal electron-electron interactions (EEI) play
an important role at low temperatures at these thicknesses
and can be explained by the theory of weak antilocal-
ization. Insulating behavior was observed for fg, < 2nm
and is explained by strong localization which is likely due
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FIG. 1. (a) Schematic of thin film Hall bar devices with current channels along the in-plane crystalline directions. (b) Ratio of resistivity
along two orthogonal in-plane directions as a function of thickness (#) at 300 and 1.8 K. The vertical dashed line separates the metallic and
insulating regimes. (c) Resistivity vs temperature for different film thicknesses. The two orange arrows mark the temperature at which upturn

in the resistivity occurs.

to disorder or other unknown effects at the substrate/film
interface.

II. EXPERIMENT

Epitaxial RuO; films with smooth surfaces on TiO, (110)
substrates were grown using a solid-source metal-organic
molecular beam epitaxy (MBE) technique [23,24]. Details
of growth conditions and structural characterization for dif-
ferent film thicknesses can be found in Ref. [25] and Fig.
S1 of the Supplemental Material [26]. Briefly, we sum-
marize them here. All RuO,/TiO, (110) films were single
crystalline with smooth surfaces. Films remained contin-
uous even in the ultrathin limit as shown in the atomic
force microscope image in Fig. S1(b) [26] with a root
mean square roughness of 1—2 A. The analysis of recip-
rocal space maps suggests the films are epitaxial with an
onset of strain relaxation occurring at a thickness as small as
6 nm [25].

The (110)-oriented TiO, substrates provide anisotropic
strain to the RuO, film, resulting in a larger out of plane
lattice parameter in thin films of RuO, compared to the
bulk value (3.176 A) [25]. To understand the effect of
anisotropic strain on the transport properties, Hall bars with
current channels along the (001) and (110) crystallographic
directions were fabricated as shown in Fig. 1(a). The fab-
rication of Hall bars is carried out using photolithography
followed by argon ion milling. Electrical contacts are made by

Aluminum wire bonding. The channel resistance was mea-
sured with direct current (dc) of 100 nA-10 uA, using a
Keithley 2430 source-measure unit. Temperature-dependent
transport measurements were performed between 1.8 and 300
K in a Quantum Design Dynacool Physical Property Measure-
ment System (PPMS) equipped with a superconducting 9 T
magnet.

III. RESULTS AND DISCUSSION

We examine the influence of film thickness on the elec-
trical resistivity (p) in relation to temperature (7) using the
Hall bar devices along both crystalline directions as shown in
Fig. 1(b). As fgm decreases, the resistivity [p(7)] increases
for both crystalline directions. Notably, the electrical resis-
tivities along the (110) and (001) directions exhibit distinct
values. This behavior is different from bulk RuO, samples,
where the measured resistivity is nearly identical irrespective
of crystal orientations [15,16]. For g1, > 3.6 nm, the resistiv-
ity along the (110) direction (p(110y) surpasses that along the
(001) direction (pq01y) at all temperatures. However, as the
film thickness drops below 3.6 nm, this trend reverses and
is quantitatively illustrated in Fig. 1(b), where we plot the
resistivity ratio (o(o1)/0(110)) for the two crystal directions
as a function of tg), at two different temperatures. Notably,
the anisotropy in resistivity is independent of the temperature
suggesting that its evolution with thickness is likely connected
to structural changes rather than change in transport governing
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FIG. 2. (a) Resistivity vs temperature for the metallic 14 nm film. The straight line corresponds to the fits for T#? behavior. The insets
show resistivity vs 72 for temperatures below 25 K. The solid black line in the inset shows the linear fit to the data. (b) Conductivity as a
function of T'/2 for 2.6 nm film. The fits are the correction to conductivity using electron-electron interaction and localization effect. The inset
shows low temperature upturn in resistivity on a linear scale. (c) Logarithm of conductivity as a function of T~!/? for the 1.7 nm film. The

inset shows the Zabrodski plot with slope %

phenomena. For ¢ > 6 nm, the anisotropy in resistivity tends
to saturate to about 0.9, as opposed to 1 in bulk single crystal
[15,16], potentially due to strain relaxation induced defects in
the thin films. Interestingly, this thickness value also coincides
with the onset of strain relaxation [25]. It is further noted in
Ref. [25] that the strain relaxation behavior is not instanta-
neous with increasing film thickness but rather it is a gradual
process which may be related to the monotonic decrease in
anisotropy in resistivity. The dependence of resistivity on film
thickness, showcasing this anisotropic behavior, implies the
existence of a complex strain relaxation mechanism in rutile
RuO, films grown on TiO, (110) substrates and associated
electronic structure changes briefly discussed in the Intro-
duction. Prior studies also support the thickness-driven strain
relaxation in RuO, /TiO,(110) [19,20,25]. It is also worth not-
ing that anisotropic strain relaxation mechanisms are known
to impact orbital occupancy [27] and induce phase separation
[28] in rutile VO,.

We further analyzed the mechanisms governing transport
behavior in these films by examining p vs T data presented
in Fig. 1(c). We divided these films into three distinct thick-
ness regimes: (1) thick films (5, > 3.6nm), where films
remain metallic down to the lowest temperature (1.8 K) in our
measurements. These films also possess p < 150u2cm at
300 K. (2) Intermediate thickness (¢5;, = 2.6 and 2.1 nm): In
this regime, films exhibited a slight upturn in the resistivity
at low temperature [marked by an arrow in Fig. 1(b)], and a
value exceeding 150 u€2 cm at 300 K. The threshold resistivity
of the ~150 u€2 cm regime falls well under the Mooij criterion
[29], suggesting that the upturn in the resistivity is due to
carrier localization. (3) Ultrathin films (75, < 1.7 nm) where
the resistivity increases with decreasing 7 for all temperatures
<300 K. For f5,m = 1.7 nm, resistivity approaches nearly
5000 u€2 cm at room temperature (equivalent to the quantum
resistance, h/e2 ~ 26k2/0]), suggesting a crossover from
weak to strong localization. The insulating behavior appears
at considerably lower thickness compared to the RuO, (100)

films (8 nm) in Ref. [30], likely due to lower disorder in our
MBE-grown films.

Figure 2(a) shows p vs T data for 14 nm RuO,/TiO,
(110) exhibiting metallic behavior down to 1.8 K along both
crystalline directions (110) and (001). The residual resistivity
(po) value is between 18 and 20 u2cm at 1.8 K, compara-
ble to or lower than the previously reported values [19,20].
Insets show p vs T [2] data with a linear fit (solid black
line) for 1.8 K < T < 25K, suggesting the resistivity takes
the form p = py + AT", where the value of n gives informa-
tion about the scattering mechanisms and A is the resistance
prefactor for the corresponding scattering type [31]. The value
of n =2 for 1.8K < T < 25K suggests a Fermi liquid be-
havior with electron-electron scattering as the dominating
mechanism with A =2 x 107*-5 x 10~ u2cm K2 along
both crystallographic directions. For moderate temperatures,
25K < T < 150K, p(T) deviates from the Fermi liquid be-
havior, with n < 2. For T > 150K, the value of n is ‘5—‘ [see
solid red line in Fig. 2(a)], with §p/8T ~ 1 uQecm K1,

The value of n < 1 is typically not expected below the
Debye temperature and usually is found in systems where
the resistivity approaches saturation or the Mott-loffe-Regel
(MIR) limit (~150u2cm) [32]. In our case, since these
films are well below the MIR limit, we hypothesize that
n= ‘5—‘ is due to modified phonon modes (soft phonon modes
have been theoretically predicted in Ref. [20]) and the De-
bye temperature in our films is lower than 300 K. In fact,
the reported [33] Debye temperature for a 20 nm film is
315 K, very different from the bulk value of 640 K [34].
Additionally, the Debye temperature has also been shown
to decrease with decreasing film thickness of RuO, (100)
[30]. Nonetheless, to avoid any misinterpretation, we note
that these results do not provide direct evidence of soft
phonon modes, but rather suggest an interesting possibility
that future work should be directed to investigate potential
connections between sublinear slope and the soft phonon
modes.
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FIG. 3. (a) Magnetoresistance in a perpendicular magnetic field for the 2.1 nm thick film at various temperatures. Magnetoconductance as a
function of magnetic field for (b) (110) and (c) (001) crystalline directions including their fits to the 2D HLN model. Temperature dependence
of inelastic scattering length for (d) (110) and (e) (001) for three different samples showing weak antilocalization. The pink and blue dashed

lines are theoretical curves for p = 1 and p = 3, respectively.

We next examine the transport properties of the films in
the intermediate thickness regime near the metal-to-insulator
transition. For the intermediate thickness regime, we first
check the transport dimensionality by comparing the carrier
mean free path to the film thickness. The carrier mean free
path is given by [ = h/pne*Ar, where Ap = 2(x /3n)"/?. Here
n is carrier density, Ar is the Fermi wavelength, e is the elec-
tron charge, and /4 is Planck’s constant. For n ~ 1023 ¢cm 3,
which are typical values in our films, A is ~5 A. The calcu-
lated values of / ~ 5 A are much smaller than the individual
film thicknesses studied in this work, suggesting the carrier
transport in these films is three dimensional (3D). The low
temperature dependence of conductivity in 3D disordered sys-
tems is given by [31]

o= ao+AT"? + BT, (1)

The second term arises due to the electron-electron inter-
actions (EEIs) and the third term is the correction to zero
temperature conductivity due to localization effects. A and B
are prefactors. The temperature dependence of the localiza-
tion effect is determined from the temperature dependence
of the scattering rate 7, ! = T? of the dominant dephasing
mechanism [35]. Figure 2(b) shows conductivity as a function
of T'/2 for the 2.6 nm film. Excellent agreement is shown
between the data and Eq. (1) (red solid line), suggesting the
presence of both EEI and localization effects in our thin films.
The value of p is 3 for electron-phonon scattering, while it is
2 and % for inelastic electron-electron collisions in the clean
and dirty limit, respectively [31]. The extracted p values lie

between 1.5 and 2, suggesting the dephasing mechanism at
low temperatures is mediated by inelastic electron-electron
collisions but not electron-phonon scattering.

While the scattering rate due to EEI is sensitive to temper-
ature, the localization effects are mainly limited by magnetic
fields as they are averaged quantum effects. The applica-
tion of a small magnetic field can destroy the time reversal
symmetry which then breaks the phase coherence between
the self-intersecting scattering paths of electron partial waves
scattered by impurities. Therefore, temperature-dependent
magnetoresistance (MR) measurements were performed to
determine the dominant contribution to the low temperature
resistivity upturn behavior in our films. Prior to discussing the
data as presented in Fig. 3, we discuss the transport property of
the film in the ultrathin regime (#g, = 1.7 nm), where strong
localization exists. Here, we expect the low temperature con-
duction to occur via carrier hopping between the localized
states, governed by variable range hopping (VRH) type con-
duction. The temperature dependence of hopping conduction
is given by Eq. (2) [36],

o = Cexp[—(To/T)"], @)
where Tj is related to the density of localized states at
the Fermi level and m = 1/(d 4 1) for a noninteracting d-
dimensional system. Attempts to fit the logarithm of sheet
conductance of the 1.7 nm film as a function of 1/7™ for a
3D system (m = %) and for a dimensional crossover from a
3D metallic state to a two-dimensional (2D) insulating state
(m = %) were not successful. Finally, by considering the role
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of Coulomb interactions [37], where m = %, excellent agree-
ment with linear dependence is achieved in the temperature
range 250-4.2 K, as shown in Fig. 2(c). The slope of the
Zabrodski plot [36], a log-log plot of the reduced activation
energy, W = 4220 ys T, in the inset of Fig. 2(c) is ~1. This
observation supports our hypothesis of the role of Coulomb
interactions on the conduction in the insulating regime and
that the carrier transport is governed by Efros-Shklovskii vari-
able range hopping (ES-VRH)[37].

We now turn to the discussion of temperature-dependent
MR measurements in Fig. 3 to determine the dominant
contribution to the low temperature resistivity upturn for the
intermediate thickness range. Figure 3(a) shows Ap/p as a
function of applied magnetic field (H) in the temperature
range where an upturn in resistivity is observed for the 2.1 nm
thickness. At high fields (H > +3 T), we observe positive
MR which is quasilinear at all temperatures, qualitatively
different from the H? relationship observed by Liu et al.
[33]. In contrast, with decreasing temperature, the low-field
MR (3T < H < +3T) is qualitatively different showing a
narrow cusplike positive MR at 1.8 K, in agreement with Liu
et al. [33]. This positive (negative) interference correction to
the low-field MR is known as the weak antilocalization (WAL)
[weak localization (WL)] effect and it can be destroyed by the
application of a magnetic field H > Hy = h/ (87161(%), where
Iy is the phase coherence length.

The correction to the conductance is given by 2D WAL
theory [38] and can be quantified using the Hikami-Larkin-
Nagaoka (HLN) model:

Ao (H) = a(e?/mh)f(Hy/H), 3)

where f(z) = Inz-y(3 + z), with  being the digamma func-
tion and the value of @ = % and 1 for one and two independent
conduction channels, respectively [39]. In the absence of spin-
orbit coupling and assuming a single conducting channel,
Eq. (3) has only one fitting parameter /s, which can be de-
termined by fitting the MR data. [, decreases with increasing
temperature and is proportional to T~?/2, where the value
of exponent p depends on the dephasing mechanisms. For
EEI, p takes values of 0.66, 1, and 1.5 for one, two, and
three dimensions, respectively, while it is 2—4 for electron-
phonon interactions [40]. Figures 3(b) and 3(c) show the
magnetoconductance data along the (110) and (001) crystal-
lographic directions for films of thickness ~2 nm. Excellent
fits to Eq. (3) are achieved, allowing us to determine /4 as
a function of temperature. The extracted [, are greater than
the film thicknesses for all temperatures, which suggest a 2D
nature of WAL. [ decreases with T and from the log-log plot
of Iy vs T [Figs. 3(d) and 3(e)], we determine the value of
p to be ~0.76, suggesting a quasi-1D EEI as the dephasing
mechanism.

IV. CONCLUSION

In conclusion, we have observed anisotropic electron
transport in ultrathin films of RuO,. With decreasing thick-
nesses, resistivity anisotropy increases accompanied by a
crossover at t5, = 3.6 nm where the resistivity along (001)
exceeds that along the (110) direction. We attribute this
resistivity anisotropy to anisotropic strain relaxation and as-
sociated electronic structure changes at the Fermi level. A
metal-to-insulator transition is also observed with decreasing
film thickness. The metallic films show a sublinear tem-
perature dependence for 150K < T < 300K, suggesting a
possible influence of strain modified phonon spectrum. Insu-
lating behavior is explained by the presence of a Coulomb
gap giving rise to ES-VRH type conduction. The electrical
transport studies from the intermediate thickness regime sug-
gest the transition to insulating behavior is facilitated by both
EEI and weak antilocalization. A detailed investigation of the
magnetotransport properties suggests the dominant dephasing
mechanism is through electron-electron interaction. Our study
thus provides insights into the understanding of electronic
transport in ultrathin films of RuO, which will further add
to the ongoing study on the origins of superconductivity,
magnetic order, spin currents, and their manipulation using
epitaxial growth techniques.

All data needed to evaluate the conclusions of the paper are
present in the paper and/or the Supplemental Material [26].
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