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ABSTRACT: Controlling defect densities in SrRuO; films is the

cornerstone for probing the intricate relationship among its structural, . Y /
electrical, and magnetic properties. We combine film growth, electrical IR ""“"\6‘_’\@?&/‘
transport, and magnetometry to demonstrate the adsorption-controlled e T do
growth of phase-pure, epitaxial, and stoichiometric StrRuO; films on : ’ \N\\
: . . q -, VAY,
SrTiO; (001) substrates using solid source metal—organic molecular
beam epitaxy. Across the growth window, we show that the anomalous = »
Hall curves arise from two distinct magnetic domains. Domains with - RAE IR b
similar anomalous Hall polarities generate the stepped feature observed S e i £
k £
within the growth window, and those with opposite polarities produce I e o de e e ol
the hump-like feature present exclusively in the highly Ru-poor film. We Oxygen { N\ B el
183 186

achieve a residual resistivity ratio (RRR = p3p0x/P2x) of 87 in a 50 nm-

plasma
Ru(acac), Try [°C]

thick, coherently strained, and stoichiometric SrRuQ; film, the highest
reported value to date on SrTiO; (001) substrates. We hypothesize
further improvements in the RRR through strain engineering to control the tetragonal-to-orthorhombic phase transformation

and the domain structure of SrRuOj; films.

KEYWORDS: adsorption-controlled growth, cation stoichiometry, metal—organic molecular beam epitaxy, magnetic domains, coercivity

1. INTRODUCTION

A metallic, 4d itinerant ferromagnetic perovskite oxide,
SrRuO;, has been widely studied for its rich intrinsic physics.'
SrRuO; is also a building block for the layered Sr,,;Ru, O3,
Ruddlesden—Popper materials, where n is the number of
SrRuO; perovskite oxide layers sandwiched between two
consecutive SrO rock salt layers. The observation and
investigation of defect-sensitive properties in these materials
such as the signatures of Weyl fermions in SrRuO,,” the
unconventional superconductivity in Sr,RuO,,’ the electronic
nematic order,” and the quantum criticality’ in Sr;Ru,O,
underscore the need for a high degree of control over the
isolation of the desired layered phase and lowering its defect
density.

Besides the discovery of new phenomena, SrRuOj; films with
controlled defect densities can potentially resolve long-
standing debates on the origins of previously observed
phenomena such as the hump-like features in their anomalous
Hall curves.’ Some studies argue that the hump-like features
arise from the topological Hall effect,’ "' a manifestation of
the enhanced Hall signal produced when the conduction
electrons in SrRuO; interact with the skyrmion-produced
magnetic field. Other studies contest this argument, suggesting
that these features are associated with multiple magnetic
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domains that arise from inhomogeneities in film thickness, Ru
deficiency, the presence of different structural domains, or the
stabilization of multiple crystal polymorphs of SrRuO;.">~*°
Additional factors such as epitaxial strain-induced changes to
the Berry phase curvature®' and proton intercalation into the
SrRuO; lattice through ionic gating”* can produce changes in
the anomalous Hall resistance and complicate this analysis.
These observations highlight the intimate relationship among
the structural, electrical, and magnetic properties of SrRuQ;.
However, careful comparisons that account for the differences
in thicknesses, stoichiometry, and growth conditions under
which the hump-like features are observed are largely missing.

While the low energy of deposition in molecular beam
epitaxy (MBE) is attractive for defect control in StRuOj, it has
been challenging for three reasons: (1) the low vapor pressure
of ruthenium (Ru), (2) its high electronegativity, and (3) the
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Figure 1. Adsorption-controlled growth window for SrRuQj films grown on SrTiO; (001) substrates at Ty, = 700 °C. (a) 20—® coupled
XRD scans showing the transition of film composition using different Ty, across an adsorption-controlled growth window (plotted in red). A
Ru (002) peak (circled) in the film grown at Ty, = 185 °C indicates the film is Ru-rich. Reciprocal space maps about the SrRuO; (103),. and
(013)pc peaks for the films grown with a Ty, of (b) 172 °C and (c) 178 °C show the coherence of the film to the substrate along the vertical
dashed lines. The arrows show different peak positions in the out-of-plane direction, indicating orthorhombic crystal symmetry. (d)

Evolution of the out-of-plane lattice parameter (a,y,
temperature (T.) across the growth window (shaded in red).

left) and film thickness (tg,,, right), (e) residual resistivity ratio (RRR), and (f) Curie

loss of supplied Ru as volatile oxides.”” These challenges have
been partially solved using electron beams to evaporate Ru,
potent oxidants such as ozone to achieve the desired 4+
oxidation state, and by supplying an excess of Ru to counter its
loss, respectively. We note that ozone and electron-beam
assisted MBE succeeds at controlling the defect density of
SrRuO; films by opening an adsorption-controlled growth
window calculated by Nair et al.”’ Within these conditions
conducive for phase-pure SrRuQOj3, any excess Ru is oxidized to
its volatile oxides, which desorb from the growth front and are
exhausted from the growth chamber. While these strategies
have helped MBE achieve the lowest defect densities™'***~>*
among all physical vapor deposition methods,"”*™** their
implementation is expensive and requires intricate feedback
loops to conform to the tight limits on stoichiometry and to
ensure safe operation.

In this article, we demonstrate the adsorption-controlled
growth of SrTRuO; films using the sublimation of a solid metal—
organic precursor, Ru(acac);, in a technique called solid source
metal—organic molecular beam epitaxy (SSMOMBE) de-
scribed elsewhere.””** The metal—organic precursor contains
pre-oxidized Ru and can be sublimed at T < 200 °C in an
eftusion cell as opposed to ~2000 °C required to evaporate the
elemental Ru source in electron-beam assisted MBE. By
harnessing the property of adsorption-controlled growth and
carefully controlling the growth parameters in SSMOMBE, we
interpret the origins of the changes in the anomalous Hall
resistance as a function of cation stoichiometry and film
thickness. We hypothesize an intricate relationship between
the coercivities of the magnetic domains and the residual
resistivity ratios (RRR) en route to controlling defect densities
in SrRuOj;.

2. RESULTS AND DISCUSSIONS

2.1. Adsorption-Controlled Growth Window in Solid
Source Metal-Organic MBE. We chose a substrate
temperature (T,,;) of 700 °C for the growth of SrRuO,
films on SrTiO; (001) substrates since the density of Ru
vacancies is known to increase at growth temperatures higher
than 700 °C.** We evaporated strontium (Sr) at a fixed beam
equivalent pressure (BEP) of 3 X 107® Torr and sequentially
increased the flux of Ru(acac); by increasing the source
temperature indicated by its thermocouple reading (Tg,). An
inductively coupled radio frequency oxygen plasma source
operated at a background pressure of 8 X 10® Torr and power
of 300 W supplemented the oxygen in the Ru(acac); during
film growth.

The 20— coupled X-ray diffraction (XRD) scans in Figure
la reveal two changes with increasing Tg,: (1) a shift in the
position of the SrRuO; (002), peak (subscript “pc” indicates
pseudocubic) and (2) the appearance of a peak from the Ru
metal. Using a Poisson ratio v = 0.3 for a typical perovskite
oxide,’® we expect an out-of-plane lattice parameter (a,,) of
3.942 A for the low-temperature orthorhombic,®” 3.987 A for
the intermediate-temperature tetragonal,”® and 3.999 A for the
high-temperature cubic polymorphs®® of SrRuO; strained
coherently to the SrTiO; (001) substrate. With increasing
Ty, from 172 to 174 °C, the films showed a decrease in a,,
from 4.021 % 0.002 A to 3.984 + 0.002 A. The film grown with
Tge = 172 °C remained coherently strained to the substrate, as
shown in the reciprocal space maps (Figure 1b), so we expect
the higher a,, in this range to be a consequence of the higher
density of Ru vacancies under growth conditions with
intentionally low Ru(acac); fluxes. The upshift of the (103),,
film peak compared to its (013), peak along the out-of-plane
(L) direction suggests the stabilization of the orthorhombic
phase of SrRuO; on SrTiO; (001)."® Within this range of
fluxes and for a fixed growth time, increasing Ty, also resulted
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Figure 2. Evolution of anomalous Hall resistance as a function of Ty,. (a) Anomalous Hall resistance (nyAHE of SrRuO; films grown with
172 °C < Ty, < 182 °C measured at S0 K. The magnetic field is applied along the out-of-plane direction, i.e., B Il [001] . The blue curve
indicates the Hall resistance measured during the magnetic field sweep from 90 to —90 kOe, and the red curve indicates the Hall resistance
from the magnetic field sweep from —90 to 90 kOe. nyAHE is plotted between —70 and 70 kOe so that the hump-like features (circled for Ty,
= 172 °C) and stepped features (circled for Ty, = 178 °C) are visible. (b) Schematic of the superposition of the anomalous Hall curves of
magnetic domains of opposite polarity producing the hump-like feature and magnetic domains of similar polarity producing the stepped
feature (circled in (a)). Coercivities (c) H,, and (d) H,, as a function of Tg,. The solid symbols in (c) and (d) indicate the negative polarity
of the anomalous Hall curve, and the hollow symbols indicate its positive polarity.

in an increase in film thickness (t;,,), shown in Figure 1d,
which signifies a Ru flux-limited growth regime. When 175 <
Try < 182 °C, the films showed only the SrRuO, (OOL)PC
peaks with a constant a,, of 3.946 + 0.002 A, corresponding to
the coherently strained, stoichiometric, orthorhombic phase.
The predicted strain state and polymorph were seconded by
the reciprocal space maps shown for a representative film
(grown at T, = 178 °C) within this range of fluxes (Figure
1c). Furthermore, within this range, t;,, remained unchanged,
suggesting an adsorption-controlled growth window (shaded in
red) where the films self-regulate their stoichiometry by
desorbing excess Ru-containing species from the growth front.
At Ty, = 185 °C, we observed a Ru (002) peak (circled in
Figure 1a) in addition to the (00L),. peaks of SrRuOj;, which
implies that the growth is no longer adsorption-controlled.
Consistent with our expectations, the RRRs of the stoichio-
metric and phase-pure SrRuOj; films were higher than the
RRRs of the films outside the growth window. However, the
RRRs also varied within the growth window, increasing from
~1S at both boundaries to ~28 at the center of the growth
window (Figure le), despite no indications of structural
differences within the resolution of X-ray diffraction. The
surface morphology of the films observed with atomic force
microscopy (AFM) does not correlate with the stoichiometry
and cannot explain the trend in RRR (Figure S1, Supporting
Information). These observations raise two questions: (1)
Does the change in RRR imply that stoichiometry varies within
the “growth window”? (2) Could the change in RRR within
the “growth window” be a consequence of subtle structural
changes due to different growth conditions rather than
differences in stoichiometry?

To address these questions, we examined the magnetic
properties, such as the Curie temperature for the para-
magnetic-to-ferromagnetic phase transformation (T.) and the
coercivity of magnetic domains in SrRuQO; films within and
outside the growth window. We exclude the Ru-rich films from

21001

our comparison to eliminate contributions from elemental
ruthenium. In Figure 1f, T, determined from the slope of
temperature-dependent resistivity (dp/dT), is plotted for
various Tg,.””*" The T. ~ 150 K remained nominally
unchanged for films grown with 175 °C < Ty, < 182 °C
within the growth window and is comparable to the T, of
compressively strained SrRuO; films grown by other
techniques.”””*>*' We observed a slight decrease in T toward
the Ru-deficient boundary (T, = 147 K at Ty, = 175 °C),
followed by a significant drop for Ru-deficient films (T, = 125
K at Ty, = 174 °C). The film grown at Ty, = 172 °C did not
show a clear divergence in dp/dT, making it difficult to
determine T, by this method, and is therefore excluded from
the plot. This film, however, showed a hysteretic anomalous
Hall resistance (discussed below) for T < 125 K, which
suggests magnetic ordering in this temperature range.

In Figure 2a, we examined the anomalous Hall resistance of
the films at 50 K since the field cooled M—T curve shows that
the magnetization is saturated at this temperature even when
films are Ru-poor (Figure S2, Supporting Information). At 50
K, we only observed a hump-like feature (circled in Figure 2a)
in the anomalous Hall curve of the highly Ru-poor film grown
with Ty, = 172 °C. In contrast, all the films within the growth
window showed a stepped feature (circled in Figure 2a for T,
= 178 °C). Within a two-domain picture, reports'>'>'>~*
interpret both the hump-like feature and the stepped feature in
the observed anomalous Hall curves as an outcome of the
superposition of the anomalous Hall curves from two magnetic
domains of coercivities H., and H., (< H), illustrated
schematically in Figure 2b. We extract the coercivities H_, and
H_, from the peaks in the field derivative of the anomalous
Hall resistance (deyAHE/dH)18 (Figure S3, Supporting
Information). The domain with the coercivity H., (filled
pentagon) showed a negative anomalous Hall polarity (i.e.,
anomalous Hall behavior with negative saturated anomalous
Hall resistance at a positive magnetic field) irrespective of
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stoichiometry. The domain with the coercivity H,, (triangle
symbol) had a negative polarity (filled inverted triangle) within
the growth window, and its superposition on the domain with
coercivity H_, reconstructed the stepped feature. We could
only extract a single coercivity of the order of magnitude of
H_, of the stoichiometric films within the margin of error of
the peak fit for a slightly Ru-poor film grown with Ty, = 174
°C. On increasing Ru deficiency further, the polarity of the
domain with coercivity H_, selectively changed from negative
to positive (open inverted triangle), generating the hump-like
feature in the resultant anomalous Hall curve.

In addition to the qualitative differences in the polarities of
the magnetic domains as a function of Ty,, we quantified the
differences in the coercivities of the domains. While H_, varies
by 3% within the growth window (Figure 2c), H,, decreases
by ~40% from both boundaries of the growth window to the
center (Figure 2d). Notably, a decrease in H,, coincides with
an increase in RRR (Figure le), implying that the easier
switching of the magnetization of this domain may be
associated with a higher RRR. Since magnetization is sensitive
to the structure, our hypothesis that there may be subtle
structural changes in the films within the growth window from
the distribution of pinning centers for magnetization switching
(such as inhomogeneities at the nanoscale) due to the different
growth conditions and kinetics'>** that are not captured by
laboratory-based X-ray diffraction appears plausible.

2.2. Thickness Dependence of the Structural and
Magnetic Properties of SrRuO; Films. To decouple the
effect of stoichiometry from our study of coercivities and RRR,
we grew films of different thicknesses (4 nm < tg,, < S0 nm)
at a fixed stoichiometry within an adsorption-controlled
growth window at Ty, = 800 °C. We chose film thicknesses
such that the films remained coherently strained to the
substrate (a reciprocal space map of the 50 nm-thick film in the
inset of Figure 3a shows similar in-plane lattice parameters of
the substrate and the film for the (103),,. peak) to avoid misfit
dislocation-driven structural relaxation, which complicates the
interpretation of the structure and its effect on the magnetic
properties. The normalized resistivity (p/p,x) of the
stoichiometric StRuQO; films at 4 nm < #;,, < 50 nm shows
a transition from semiconducting-like behavior for film with
tam = 4 nm to metallic behavior for thicker films (Figure 3a).
The T. increased monotonically from 147 K for the 8 nm-thick
film to 151 K for the 50 nm-thick film. Though the T for the 4
nm-thick film was indistinguishable from the divergence of dp/
dT, it showed an anomalous Hall resistance at T < 125 K,
which is symbolic of its magnetic behavior at these
temperatures.

With increasing film thickness, the a,, of SrRuO; decreased
from ~3.98 A for the 4 nm-thick film to (3.942—3.949) +
0.002 A for films with 8 nm < t,, < SO nm (Figure 3b). The
higher a,, in the 4 nm film suggests the presence of a fully
strained tetragonal polymorph of SrRuQO; from the suppressed
in-plane octahedral rotations due to its proximity with the
cubic SrTiO; (001) substrate. In fact, the stabilization of the
tetragonal polymorph of SrRuOj; has been reported in up to 18
unit cell-thick SrRuQ; films on SrTiO; (001).* The lower dop
for the thicker films is in agreement with the stabilization of the
fully coherent orthorhombic polymorph of SrRuOj;.

We plot H,, and H,, as a function of tg,, (Figure 3c) and
find that the coercivities of both domains decreased with
increasing tg,. We were only able to extract one coercivity
within the margin of error of the peak fit of deyAHE /dH for the
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Figure 3. Effect of the thickness of SrRuO; films grown under
identical conditions within an adsorption-controlled growth
window on its structural, electrical, and magnetic properties. (a)
Temperature-dependent resistivities of tg,,-thick SrRuO; films on
SrTiO; (001) substrates normalized by their corresponding
resistivities at 2 K. (inset) Reciprocal space map about the
(IO?y)Pc peak of the 50 nm-thick SrRuQOj; film shows it is coherent
with the SrTiO; (001) substrate. Thickness dependence of (b) the
out-of-plane lattice parameter (a,,, left) and the full width at half-
maximum (FWHM) of the rocking curve about the SrRuO,
(002)Pc peak (right), (c) the coercivities of the two magnetic
domains H_, (right) and H_, (left), and (d) residual resistivity
ratio (RRR).

4 nm-thick film (Figure S4, Supporting Information) and
hypothesize that it is associated with the tetragonal polymorph
which we expect from a,,. Similarly, at t5,, = 50 nm, we could
again only extract one coercivity which we assign to the
orthorhombic polymorph in accordance with a,, At
intermediate thicknesses, the coercivities of the two domains
were sufficiently resolved and could be extracted from the
peaks in the field derivative of the anomalous Hall resistance
(Figure S4). We hypothesize that the two domains arise from
the presence of mixed phases at intermediate thicknesses in the
structural phase transformation, similar to the structural phase
transformation in fully coherent films of SrSnO;.** These
results are in agreement with the recent synchrotron X-ray-
based study, which revealed subtle structural changes in
SrRuO; films as a function of film thickness despite being fully
commensurate with the substrate.”

Consistent with our observation in Figure 2d, the decrease
in H,, again coincides with the increase in the RRR (Figure
3d). Taken together with the decrease in the full width at half-
maximum (FWHM) of the rocking curve about the SrRuO;
(002),, peak with increasing film thickness (Figure 3b), the
decrease in H_, under fixed growth conditions points to a
decrease in the fraction of the domains associated with the
tetragonal polymorph and its boundaries with the other. Since
the stoichiometry was kept fixed, these observations under-
score that the observed change in coercivities and RRR is
related to structural changes from the thickness-dependent
tetragonal-to-orthorhombic phase transformation and not the
stoichiometry. Future theoretical investigations combined with
magnetic domain imaging and transmission electron micros-
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copy should be directed to understand the origins of these
domains, their distribution, and the microscopic correlation
between domain structure, coercivities, and RRR in SrRuO;.

2.3. Feasibility of SSMOMBE for Defect-Controlled
Growth of SrRuO;. We now compare the RRR of SrRuO;
films across different synthesis approaches, epitaxial strains,
and film thicknesses in Figure 4. Films grown by electron-beam
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Figure 4. Residual resistivity ratio (RRR) of SrRuOj; as a function
of film thickness (tg,) for different synthesis approaches and
substrates. Films grown by solid source metal—organic molecular
beam epitaxy (SSMOMBE) are indicated by star symbols, electron-
beam assisted molecular beam epitaxy (MBE) by circles,*> >
pulsed laser deposition (PLD) by triangles,"”*"** and sputtering
by diamond symbols.”®° The filled symbols indicate that the
SrRuO; films are grown on SrTiO; (001) substrates. The
substrates for the films indicated by the hollow symbols are
written next to the authors of the corresponding report. The RRR
of 130 reported for a SrRuOQ; film on a DyScO; (110) substrate is
not plotted due to its missing film thickness in the report.'”

assisted MBE (circle symbol) usually have higher RRRs across
all the above parameters compared to films grown by pulsed
laser deposition (triangle symbol) and sputtering (diamond
symbol). Guided by an adsorption-controlled growth window
in SSMOMBE, we achieve comparable or even higher RRRs in
SrRuO; films on SrTiO; (001) substrates (stars with dashed
lines) than those of electron-beam assisted MBE-grown films
on these substrates (filled circles). The RRR of 87 in the 50
nm-thick, coherently strained film grown by SSMOMBE
exceeds previously reported values of RRR in SrRuQ; films
on SrTiO; (001) substrates across all film thicknesses and
synthesis techniques. These observations reveal that the
adsorption-controlled growth window, coupled with the
understanding of growth parameters and structure we
developed in this paper, presents a simple route to SrRuO;
films with improved defect densities.

3. CONCLUSIONS

We demonstrate the adsorption-controlled growth of phase-
pure, epitaxial SrRuOj; thin films on SrTiO; (001) substrates
using solid source metal—organic MBE. At 50 K, we observe a
hump-like feature only in the anomalous Hall resistance of the
highly Ru-deficient film and a stepped feature in all
stoichiometric films. We argue that both of these features

arise from the superposition of the contributions to the
anomalous Hall resistance from two distinct magnetic
domains. Within the growth window, we noted that the
coercivity of one of the two magnetic domains selectively
decreases, accompanied by an increase in RRR. We attribute
this change in magnetic domain structure and, consequently,
the coercivities of the domains to the potentially different
distribution of inhomogeneities at the nanoscale from different
growth kinetics. By examining stoichiometric SrRuQO; films of
different thicknesses grown under the same conditions, we
reveal that the origin of the two domains and the changes in
the coercivities and RRR with thickness are associated with
subtle changes in the structure related to the tetragonal-to-
orthorhombic phase transformation. Using coercivity as a
guideline for stoichiometry optimization, we achieve the
highest of any previously reported RRR of a SrRuOj; film on
SrTiO; (001) substrates (RRR = 87 for a SO nm thick SrRuO;
film). Our studies establish the important relationship between
the magnetic domain structure and the RRR in SrRuO; films,
guiding pathways to achieve higher RRR through domain and
strain engineering.

4. EXPERIMENTAL METHODS

4.1. Film Growth. The SrRuOj; thin films were grown on SrTiO;
(001) substrates (Shinkosha Co., Japan, and Crystec GmbH,
Germany) in an EVO 50 MBE system (Scienta Omicron, Germany)
using solid source metal—organic molecular beam epitaxy described
elsewhere.>* The substrates were heated to temperatures (T;) of
~700—800 °C and cleaned for 20 min before the start of film growth
with an inductively coupled radio-frequency oxygen plasma (Mantis,
UK) operated at 300 W and at an oxygen pressure of ~8 X 107° Torr.
Strontium (99.99%, Sigma-Aldrich, USA) was evaporated from an
effusion cell (MBE Komponenten, Germany) at a BEP of 3 X 107°
Torr. Ruthenium was supplied by subliming a solid metal—organic
precursor, Ru(acac); (99.99%, American Elements, USA), from an
effusion cell at thermocouple temperature readings (Ty,) of 172—185
°C. An inductively coupled radio-frequency oxygen plasma (Mantis,
UK) operated at 300 W and at an oxygen pressure of ~8 X 107° Torr
was used during the growth of all films. The films in the thickness
series were grown at Ty, = 800 °C with Ty, = 184 °C, ensuring that
the films were within an adsorption-controlled growth window.

4.2. Structural Characterization. The composition of the films
and their epitaxial relationship with the substrate were determined
using high-resolution X-ray diffraction (HRXRD) in a SmartLab XE
diffractometer (Rigaku, USA) with a Ge (220) monochromator. The
thickness of the films (t;,,) was extracted by fitting the oscillations in
the grazing incidence X-ray reflectometry (GIXR) measurements. The
surface morphology of the films was measured on a Nanoscope V
Multimode 8 atomic force microscope (Bruker, USA).

4.3. Characterization of Electrical and Magnetic Properties.
The longitudinal and Hall four-terminal resistances were measured in
a DynaCool Physical Property Measurement System (PPMS,
Quantum Design, USA). Aluminum wire bonding was used to
make Ohmic contacts in the Van der Pauw geometry.** The Curie
temperature was extracted from the temperature at which the slope of
the temperature-dependent resistivity diverges. RRR was calculated
from the ratio of the resistivities at 300 and 2 K.

All Hall resistances were antisymmetrized. The linear ordinary Hall
component obtained from the slope of the Hall resistance at high
magnetic fields (typically > 30 kOe at S0 K) was subtracted from the
antisymmetrized Hall resistance to yield the anomalous Hall
resistance.

Field cooled M—T curves were measured between 10 and 250 K
using the Vibrating Sample Magnetometer (VSM) module in an
EverCool PPMS (Quantum Design, USA). The films were mounted
on a quartz paddle with the magnetic field parallel to the [100],,,
direction. They were first cooled in a magnetic field of 70 kOe, and
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the magnetization was recorded while heating using a sense field of
1000 Oe after stabilizing the temperature at intervals of 5 K.
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