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ABSTRACT

(111)-oriented transition metal oxide thin films provide a route to developing oxide-based topological quantum materials, but the epitaxial
growth is challenging. Here, we present the thickness-dependent electronic and magnetic phase diagrams of coherently strained, phase pure
(111)-oriented SrRuOj3 epitaxial films grown on (111) SrTiO3 substrates using pulsed laser deposition. With decreasing film thickness, it is
found that both the metal-to-insulator and magnetic phase transitions occur at the same thickness of 4-5 nm for films grown along both
the (111) and the (001) directions. The character of the transport near the metal-insulator transition is, however, distinct for the different
directions, which is attributed to the increased electron-electron correlation for (111) SrRuOs3. The findings presented here highlight both the
broad challenges as well as the possibilities in modifying correlated materials using dimensional tuning of electronic and magnetic properties.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5109374

The ABO; perovskites have countless chemical combinations
which give rise to diverse electronic and magnetic phases that are
critical for both current and future information and energy tech-
nologies. Epitaxial synthesis of such perovskites offer routes to
manipulate and control these properties by directly modifying the
structure, including bond angles and lengths. While this has been
predominately utilized over the past few decades to tune the physical
properties of (001) orientated perovskites, including ferroic oxides,’
nickelates,” and titanates,” only a few attempts have been reported
so far for perovskites grown along the (111) direction. In going from
the (001) orientation to the (111) orientation, the structural motif
transitions from cubic to triangular, where the surfaces have buck-
led honeycomblike lattices, which are prerequisite for realizing many
quantum phenomena. For example, this can enable tuning band-
structure topology,” creating magnetic frustration due to the odd
nearest neighbor number that stems from the triangular lattice,””
unconventional superconductivity,” and the quantum anomalous
Hall state.” '" The challenge in realizing (111) orientated systems is
synthesizing atomically flat epitaxial films. This is nontrivial since
the (111) plane is thermodynamically unstable due to both the highly
polar surface and the large bond density per unit area. Since epitaxial

growth techniques, such as pulsed laser deposition (PLD), operate
in an environment that is often well away from thermodynamic
equilibrium, synthesis of (111) oriented epitaxial films is viable.
Here, we report the evolution of the properties of StRuOs films
grown on both (111) and (001) SrTiO; substrates as the thickness
is scaled to the ultrathin regime [herein we refer to (111) and (001)
SrRuOs3 films as SRO111 and SRO001, respectively]. StRuOs3 in the
bulk is a ferromagnetic metal with Curie temperature T¢ ~ 160 K'*"
and is a Fermi liquid at low temperature (<10 K)."* When the thick-
ness of SRO001 is scaled down, it has been found that the films
remain metallic down to 3 unit cells (UC, 1.58 nm), below which
the films transit into an insulating state; simultaneously, the ferro-
magnetic transition temperature continuously drops below 10 UC
(~3.93 nm), and the magnetic moment is sharply reduced below
3 UC." For SRO111, we found that both the critical thickness for the
metal-to-insulator transition and the suppression of the magnetic
phase occur at the same thickness as SRO001, and the metallic char-
acter is consistent for both SRO111 and SRO001. The key difference
between SRO111 and SRO001 is the character of the insulating phase
close to the metal-insulator transition: SRO111 is found to be driven
by variable range hopping (VRH) type conduction dominated
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by electron-electron correlation, so-called Efros-Shklovskii (ES)
VRH, whereas SRO001 is driven by Mott-type VRH related to the
disorder.

SRO111 and SROO001 films were grown by PLD using a KrF
excimer laser with a 5 Hz repetition rate and a laser fluence of
2 J/em?. To obtain atomically smooth surfaces, SrTiO3 (111) sub-
strates were etched then annealed at 950 °C for 3 h [as shown in
the supplementary material Fig. S1(a)], and SrTiO3z (001) substrates
were similarly prepared by etching in buffered hydrofluoric acid fol-
lowed by thermal annealing at 1050 °C in the air for 90 min to obtain
atomically flat TiO,-terminated substrates."*”"” Following the sub-
strate treatment, SrRuOj3 thin films were grown at 750 °C under
140 mTorr of oxygen pressure and cooled in 500 Torr of oxygen.
XRD 26-6 scans are shown in Fig. S2(a) for SRO111 and SRO001.
From x-ray reflectivity measurements, the film thickness was deter-
mined to be ~45.4 nm for SRO111 and ~47.3 nm for SRO001. To
comparatively understand results for SRO111 to SRO001, we use
thickness in nanometer rather than UC. Films were grown over a
range of thicknesses from ~2.3 nm (10 UC) to ~45.4 nm (200 UC)
for SRO111 and ~1.6 nm (4 UC) to ~47.3 nm (120 UC) for SRO001.
The occurrences of the 111 and 222 reflections for SRO111 and 001,
002, 003 reflections for SRO001 confirmed that both films were epi-
taxial. The presence of the Laue oscillations indicates that the films
are atomically flat, as shown zoomed-in in Fig. S2(a) for scans about
the 222 peak for SRO111 and the 002 peak for SRO001. Further,
XRD reciprocal space maps (RSMs) shown in Figs. S2(b) and S2(c)
for the thickest SRO001 and SROLI111 films, respectively, confirm
both films are coherently strained. Magnetotransport measurements
were performed using a Quantum Design Physical Property Mea-
surement System (PPMS) using van der Pauw geometry and a Quan-
tum Design Magnetic Property Measurement System (MPMS),
respectively.

Evolution of the sheet resistance (R;) with temperature for
SROL111 for different thicknesses is shown in Fig. 1(a). These data
indicate that there are three distinct regimes: First, for films thicker
than about 5 nm, the films were metallic over the full temperature
range as the sheet resistance monotonically decreased with decreas-
ing temperature down to the lowest temperature measured (10 K).
In the intermediate regime (2-4 nm), the resistance decreased with
decreasing temperature and reached a temperature Trmin, Where
there was a minimum in the resistance; below this, the resistance
increased with decreasing temperature, which indicated the emer-
gence of an insulating phase. In Fig. 1(a), this is marked by an aster-
isk (*). For SRO001, the resistance minimum also occurred between
2 and 4 nm (see Fig. S2). The values of Trmin are plotted in the phase
diagram at the end of the paper for both SRO111 and SRO001, where
the data show a sharp rise from zero toward room temperature as the
films become insulating. Further, the data for SRO111 and SRO001
lay on top of each other. Finally, the data shown in Fig. 1(a) only
go down to 2.3 nm. Below this thickness, the films were completely
insulating, which marks the third regime. In this regime, the films
were too insulating for transport measurements to be performed.
The resistivity values of these films are found to be consistent with
previous studies.”"”’

The paramagnetic to ferromagnetic transition appears in the
data in Fig. 1(a) as a kink in the resistance vs temperature, which
is highlighted by a small arrow. This can be more precisely quanti-
fied by plotting the derivative of the resistance vs temperature, as
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FIG. 1. (a) Temperature-dependent sheet resistance (Rs) for different film thick-
nesses of SrRuO; (111) films. The dashed line corresponds to the value of the
quantum of resistance (25.8 kQ)/o). (b) First derivative of the R for 2.7-45.4 nm
thick films. The arrows in both (a) and (b) correspond to the magnetic transition
from paramagnetic metallic to ferromagnetic metallic phase as the temperature
decreases.

has been done in Fig. 1(b), where the peak marks the transition
temperature Tc. These values agree with the transition temperature
extracted from magnetization measurements, as shown in Fig. $4 for
both SRO111 and SRO001. The extracted values of Tc are compiled
in the phase diagram in Fig. 5 as squares, where the data for both
SROI111 and SRO001 again overlap. In the thick-limit (>50 nm),
T approached the bulk value of T¢ of 160 K; for thinner samples
(10-50 nm), Tc only showed a weak thickness dependence,
and below the metal-insulator transition (<4-5 nm), T¢ sharply
decreased. However, it can further be seen that T¢ remains finite as
the films become insulating at reduced thickness (~2.3 nm), which
indicates that residual magnetism remains in this regime, as has been
studied previously.'” Next, we discuss the scaling of resistance in the
metallic regime (>5 nm), then discuss the scaling in the intermediate
regime (2-4 nm).

From a temperature dependent sheet resistance of the form
Rg(T) = Ry + A,T", where Ry is the zero-temperature satura-
tion resistance and A, is the resistance prefactor, the value of the
exponent # gives insight into the dominant scattering mechanism.
Extraction of #n is commonly done by plotting R vs T", where n
is varied until the data appears linear, but this is often unreli-
able;”” instead, plotting the derivative of Rs with respect to T" (i.e.,
dR,/dT"), where n is varied until the data appears constant is less
subjective.”” This procedure was performed and is shown in Fig. 2(a)
and Fig. S5 for SRO111 and in Fig. S6 for SRO001. It was found
that for films >5 nm, n » 1.3 + 0.1 over an approximately constant
temperature of Tyin = 20 K t0 Thmax = 60 K (since it is within the esti-
mated experimental error of An ~ +0.1, we take the power to be 4/3).
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FIG. 2. (a) Derivative of R, for SrRuO3 (111) with respect to 7", dR,/dT", with
power index n ~ 1.3 + 0.1. The thick lines highlight the temperature region
over which the derivative is constant. (b) Constant regions found in (a) can be
equivalently seen as a linear relation between Rs and T'3.

For consistency, Rs is plotted vs T'3 in Fig. 2(b), where it can be
seen clearly that the data are linear over the above-specified range.
The scaling power of n ~ 4/3, is characteristic of non-Fermi lig-
uids,”* "’ in that, it is not described by simple scattering mechanisms
(electron—electron—Tz, electron—phonon—T1 or-T° 3(’). Furthermore,
within the framework of self-consistent spin fluctuation theory,27
a non-Fermi liquid behavior of Rs ~ T*? is indicative of 2D ferro-
magnets. For SrRuOjs specifically, Kostic et al.”* also found unusual
frequency dependence at 40 K in their infrared spectroscopy mea-
surements, and a similar crossover temperature range from Fermi
liquid to non-Fermi liquid was observed by Wang et al.”’ where
it was argued that local spin fluctuation governed the non-Fermi
liquid behavior in SRO001. As shown in Fig. S5 for SRO111 and
in Fig. S6(b) for SRO001, for temperatures below this non-Fermi
liquid regime, the dominant scattering mechanism transitions to
a power consistent with T* (fitting yields n = 1.9 + 0.1) due to
electron-electron scattering of a Fermi liquid at low temperature,
and finally to a temperature independent regime characteristic of
scattering by static disorder at the lowest temperatures. These tem-
perature regimes are summarized in the phase diagram shown in
Fig. 5.

The transition from metallic to insulating (between 2 and 4 nm
for both SRO111 and SRO001) phases is characterized by sev-
eral unique insulating phases. This can be revealed by scaling the
resistance vs temperature below Trmin. Interestingly, SRO111 and
SRO001 showed different scaling behaviors. For VRH, the conduc-
tivity takes the form of 6(T) = oo,vru Exp[(T/To)"], where oo,vru
is the conductivity prefactor, Ty is the energy scale for hopping
conductivity, and the value of v characterizes the type of hopping.

scitation.org/journal/apm

For the Mott-type VRH, v takes the form of 1/(d + 1), where
d =2 or 3 (v=1/3 or 1/4, respectively), corresponding to the effec-
tive dimensionality of the system.”” Other exponents do appear that
are not consistent with Mott-VRH; for example, ES VRH shows
v = 1/2, which is characteristic of strong electron-electron interac-
tions (i.e., a large Coulomb interaction) with a suppression of the
density of states near the Fermi level, which is independent of the
effective dimensionality of the transport.3 L32 1n Figs. 3(a) and 3(b),
we show the conductivity scaled in the form of VRH for 2.3 nm
SRO111 and 1.6 nm SRO001, respectively. Varying v it is found
that the data are linear for v ~ 0.48 (~1/2) for SRO111, consistent
with ES-VRH, and v » 0.35 (~1/3) for SRO001, consistent with 2D
Mott VRH.

For thicker samples, it was found that the transport transitions
to a weak localization (WL) regime, which requires a finite density
of states, consistent with Trmin being less than room temperature.
In the 2D case, the correction to the conductance takes the form
pe*/(nh)In(T/T'y), where e is the electron charge, h is Planck’s
constant, T(') is the energy scale related to the transport mean free
path and represents the lower length cutoff for diffusive motion, and
p is an exponent which is related to the inelastic scattering length
by i oc TP? and reflects the dominant scattering mechanism:"
p = 1 indicates electron-electron (e-e) collisions and p = 3 indicates
electron-phonon (e-p). Figure 3(c) shows the variation of sheet con-
ductance G; plotted vs In(T) for 2.7 nm SRO111 and 2.4 nm SRO001,
both of which can be seen to be linear. Linear fits yield the slopes
of pe*/(mh) ~ 1.14 x 107> S for SRO111 and ~4.20 x 107> § for
SRO001; this corresponds to values of p of 1.03 for SRO111 and
3.40 for SRO001. These values indicate that the electron-electron
scattering governs the phase relaxation in SRO111 at this thickness,
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FIG. 3. [(a) and (b)] Logarithmic plots of the conductivity vs T~", where v = 1/3 (2D
Mott-VRH) in the case of v = 1/2 (ES-VRH) for (a) a 2.3 nm thick (111) SrRuO;
film and (b) a 1.6 nm (001) SrRuOs. The solid black lines in panels (a) and (b) are
the fits to 2D Mott-VRH and ES-VRH, respectively. (c) Variation of low-temperature
conductance with In(T) in the intermediate thickness regime where weak localiza-
tion seems to be a potential cause for an upturn in the resistance. The solid lines
are the linear fits and p ~ 3.41 for a (001)-oriented 2.4 nm thick SrRuQj film (cir-
cles), while p ~ 1.03 for a 2.3 nm thick (111) SrRuO; film (squares). The insets
show the sheet resistance of the two samples on a linear scale.
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while electron-phonon scattering dominates SRO001, consistent
with previous reports for SRO001."

The temperature dependence of the magnetoresistance is
shown in Figs. 4(a) and 4(b) for 2.7 nm SRO111 and 2.4 nm SRO001,
respectively, with the field orientated perpendicular in the main
panel (in the inset is a comparison of perpendicular and parallel
at 10 K). For both SRO111 and SRO001, the magnetoresistance is
negative, has a weak butterflylike hysteresis, and has an overall cus-
plike shape. This cusplike feature is characteristic of WL, which
correlated with the upturn in resistance shown in Fig. 1(a) and
the inset of Fig. 3(c). Figure 4(c) shows a change in conductance
[AGs = Gs(H) — Gs(H =0 T)] vs H, the applied magnetic field, in the
units of ¢?/(h) as a function of temperature. These data were fitted
using AGS/(;—;) = [‘I’(% + %) +ln(§)], ¥ is the digamma func-
tion, H; = h/ (2eli2) is the characteristic field scale which is related
to I; the inelastic scattering length;” the results of the fits are plot-
ted in Fig. 4(c) for SRO111 as solid black curves (data for STO001
are shown in Fig. S7). The temperature dependence of the fitting
parameter [; are plotted in Fig. 4(d). Several things can be noted
from this data. First, the scale of ; is larger for SRO001 in com-
parison to SRO111; this is indicative of SRO001 being cleaner than
SRO111. Second, an approximate power law scaling with temper-
ature can be seen as the data follow a linear trend when plotted
in a log-log scale, which agrees with the theoretical prediction of
l; o< TP, Using the previous extracted exponents of p = 1.03 for
SRO111 and p = 3.41 for SRO001, we have plotted /; as solid lines
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FIG. 4. [(a) and (b)] Magnetoresistance [ARs/Rs(0)], where ARs = Rg(H) — Rs(0),
at various temperatures for (a) 2.3 nm (111) SrRuO; film and (b) 2.4 nm thick (001)
SrRuO; film. The applied magnetic field (H) is perpendicular to the film plane. In
the insets of (a) and (b), we compare the ARs/Rs(0) for H applied in-plane and out-
of-plane at 10 K. (c) Magnetoconductance (AG) in the units of e%/(rh) at different
temperatures. The solid black lines are the fits to the weak localization equation as
described in the text. (d) Inelastic scattering length (/;) extracted from the fitting in
(c). Solid lines are the theoretical curves I; o< TP? (green, p = 1) and T=%? (red, p
= 3), where the values of p were taken from the fitting shown in (c).
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in Fig. 4(d), where it can be seen to agree well with the tempera-
ture dependence of J; for both SRO111 and SRO001, which further
confirms the weak antilocalization interpretation.

Finally, we discuss the complete electronic phase diagrams of
the SRO111 in comparison to SRO001 thin films shown in Fig. 5. In
the thick limit, both SRO111 and SRO001 are metallic (¢t > 5 nm);
the resistance vs temperature reveals noninteger scaling characteris-
tic of non-Fermi liquidlike scattering above ~20 K, and below this,
a Fermi liquidlike state emerges with resistivity scaling as T2, as
highlighted in Fig. 5 as light blue and pink regions, respectively.
The agreement in the observed behavior of both films types in this
regime reveals that different crystal growth direction plays only a
small role—i.e., any modification of bond angles and length due to
epitaxial strain are small enough not to alter the electronic proper-
ties or SrRuO;3 in this bulklike limit. In going toward thinner films,
a resistive upturn is first observed below 5 nm, which coincided
with both the resistance per square exactly crossing the resistance
quantum of h/e* ~ 25.8 kQ/0. This indicates a 2D insulating state
and coincides with the initial suppression of ferromagnetism. The
weak upturn in resistance below room temperature was character-
ized by a WL transition at about 3-4 nm and a VRH transition at
about 2-3 nm, which are highlighted in Fig. 5 as blue and green
regions, respectively. In contrast to the metallic state properties in
the thick limit, the characteristics of the VRH and WL are dis-
tinct for SRO111 and SRO001. Temperature dependence revealed
that the dephasing mechanisms for the WL are primarily electron-
phonon for SRO001 and electron-electron for SRO111. The VRH for
SRO001 is 2D Mott-type, whereas for SRO111 the VRH is of ES type,
indicating enhanced electron-electron correlations in this regime.
Disorder likely plays an important role in the transition of both
SRO111 and SROO001. Since the resistivity is larger and the inelastic

0 T T
\ paramagnetic metal

symbol
u(111)

150k VT o [ W g (001)
- [ ] magnetism
® T (do/dT)
® T (M)

insulating

100 \ ImT,,

v T (111)
= B R L ST T e 2 i ES-VRH
] vy i ee-WL
T (001)
iii 2D-VRH
ivep-WL
R e e e e e e L R metallic

v i

2 i T? Fermi liq. sia;_ng

SR P {lar,

1 10 100
thickness (nm)

T(K)

50

FIG. 5. Thickness-dependent scaling behavior of electronic and magnetic phases
of (111) and (001) SrRuO; thin films, which are specified as solid and open
symbols, respectively. Depending on the thickness of the films, various metal-
lic, insulating, and magnetic phases emerge as specified in the legend on the
right. Within the legend T¢ is the magnetic transition temperature; Efros-Shklovskii
correlation-induced hopping transport and 2D Mott-type variable range hopping
are ES-VRH and 2D-VRH, respectively; weak localization due to electron-electron
and electron-phonon are ee-WL and ep-WL, respectively; Tyax, and Ty, indicate
the temperatures at which the resistance is maximum or minimum, respectively.
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scattering lengths are lower for SRO111 than SRO001, disorder is
higher for SRO111, which highlights the challenge of growing per-
ovskites along the (111) direction. As such, the higher disorder more
likely suppresses the density of states for SRO111 and for SRO001,
which should reduce the effective screening and thus enhance the
Coulomb interaction.

In summary, phase-pure epitaxial SrRuOs films have been
grown on (111) and (001) oriented single-crystal SrTiOs sub-
strates using pulsed laser deposition. The similarities and differ-
ences between the two films have been characterized and sum-
marized in Fig. 5. The physical properties in the thick limit are
nominally consistent, while the key differences between SRO111
and SRO001 occur near the metal-insulator transition. In particu-
lar, electron-electron scattering appears to be enhanced for SRO111
relative to SRO001. Although the origin still remains unclear, a likely
explanation includes the effect of disorder. Confirmation of this
requires future investigations. For example, spatially resolved probes
of the density of states such as scanning tunneling microscopy
would provide crucial information as to the local defect structures
in both SRO111 and SRO001 and the relation to the global prop-
erties. In closing, the present work highlights opportunities as well
as the challenges for perovskite thin films via epitaxy along the
(111)-direction.

See the supplementary material for additional data for (111)-
oriented SrRuO; and (001)-oriented SrRuOs.

This work was supported by the U.S. Department of Energy,
Office of Science, Basic Energy Sciences, Materials Sciences and
Engineering Division.
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