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ABSTRACT
The unconventional superconductivity in Sr2RuO4 is infamously susceptible to suppression by small levels of disorder such that it has been
most commonly studied in extremely high-purity bulk crystals. Here, we harness local structural and spectroscopic scanning transmission
electron microscopy measurements in epitaxial thin films of Sr2RuO4 to disentangle the impact of different types of crystalline disorder on
superconductivity. We find that cation off-stoichiometry during growth gives rise to two distinct types of disorder: mixed-phase structural
inclusions that accommodate excess ruthenium and ruthenium vacancies when the growth is ruthenium-deficient. Several superconducting
films host mixed-phase intergrowths, suggesting this microstructural disorder has relatively little impact on superconductivity. In a non-
superconducting film, on the other hand, we measure a high density of ruthenium-vacancies (∼14%) with no significant reduction in the
crystallinity of the film. The results suggest that ruthenium vacancy disorder, which is hidden to many structural probes, plays an important
role in suppressing superconductivity. We discuss the broader implications of our findings to guide the future synthesis of this and other
layered systems.

© 2022 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/10.1063/5.0085279

I. INTRODUCTION

Complex oxides are a rich class of materials hosting
a wide range of exotic and functional properties, including
superconductivity,1–3 multiferroicity,4,5 magnetism,7 and other
strongly correlated behaviors.8 The root of these phenomena is
the subtle interplay between lattice, charge, orbital, and spin
degrees of freedom, finely tunable through precise structural and

chemical control. Yet despite their myriad applications for both
fundamental science and technological advances, ultimately the use
of these correlated materials is limited by the robustness of their
properties to the kinds of disorder which are a practical reality in
all samples. Realizing the full potential of these systems therefore
relies on understanding the impact different types of disorder have
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on functional properties and on finding strategic routes to avoid the
most detrimental.

Particularly in systems where disorder and other forms of het-
erogeneity play a key role in the materials properties, the ability
to identify and isolate experimental signals from distinct regions
is essential. Spatially resolved measurements by high-angle annular
dark-field (HAADF) imaging and electron energy loss spectroscopy
(EELS) in the scanning transmission electron microscope (STEM)
offer the ability to directly probe local lattice and electronic struc-
ture, making them uniquely poised for quantitative characterization
of crystalline materials down to the atomic scale.9–14

In this report, we employ high-resolution STEM-EELS across
a series of Sr2RuO4 thin films grown by molecular-beam epitaxy
(MBE) to disentangle the impacts on superconductivity of dis-
tinct types of structural disorder. Despite its relatively simple Fermi
surface and normal state description, a microscopic understand-
ing of the superconducting state of Sr2RuO4 has remained out of
reach after more than two decades of experimental and theoreti-
cal efforts.15 One complicating factor has been a strict requirement
of extremely low-disorder samples, which for many years limited
the accessible experimental geometries to mostly bulk-synthesized
crystals. Compared to the relatively robust superconductivity in
other oxide families—particularly cuprates16—superconductivity
in Sr2RuO4 is extremely sensitive to crystalline disorder.17,18

Due in part to this sensitivity, the successful synthesis of super-
conducting samples in the thin film geometry is particularly
challenging.19–22 In recent years, efforts to grow superconducting
thin films of Sr2RuO4 by MBE have produced high-quality sam-
ples with superconducting transition temperatures on par or higher
than unstrained bulk crystals.22 The properties of these films, how-
ever, are extremely sensitive to the specific growth conditions, and
small deviations outside of the thermodynamic growth window
produce films that look structurally similar, yet exhibit persistent
metallic transport signatures down to 0.4 K (the limit of our mea-
surements) without undergoing a superconducting transition. XRD
and other bulk probes do not show an obvious reduction in the
crystalline quality of non-superconducting samples, motivating a
detailed investigation of possible nano-scale effects in these films.
Using local structural and spectroscopic measurements in several
Sr2RuO4 thin films, we reveal two distinct forms of structural dis-
order with nonequivalent impact on superconductivity. In partic-
ular, atomic-resolution HAADF-STEM imaging reveals that some
superconducting films of Sr2RuO4 show much higher occurrence
of Ruddlesden–Popper23 Srn+1RunO3n+1 with n > 1 intergrowths24

than non-superconducting films. Even at high densities, these inter-
growths have relatively little effect on the macroscopic supercon-
ductivity of a given film. Non-superconducting films, on the other
hand, can show surprisingly near-perfect adherence to the Sr2RuO4
nominal crystalline structure, as has also been reported previously.25

Local spectroscopic analysis reveals a significant density of ruthe-
nium vacancies in these samples (∼14%), which are thus determined
to be responsible for suppressing superconductivity in otherwise
apparently well-ordered films.

II. METHODS
A. Thin film growth

The Sr2RuO4 thin films characterized here were grown on (110)
NdGaO3 substrates from CrysTec GmbH in a Veeco Gen 10 MBE

system within an adsorption-controlled growth window as previ-
ously described.22,26 Strontium (99.99% pure) was evaporated from a
low temperature effusion cell while an electron beam evaporator was
used for ruthenium (99.99% pure), with distilled ozone (∼80% O3
+ 20% O2) used as the oxidant. The strontium and ruthenium fluxes
and estimated ozone pressures for each film are reported in Table 1
of the supplementary material. At the end of each growth, both the
strontium and ruthenium shutters were closed simultaneously and
the sample was rapidly cooled to below 250 ○C under the same ozone
pressure used during growth. A 30 nm SrRuO3 thick film grown on
(110) NdGaO3 described elsewhere27 was also used as a standard ref-
erence sample for scanning electron microscope energy-dispersive
x-ray spectroscopy measurements.

B. Macroscopic structure and transport
measurements

A Rigaku SmartLab high-resolution diffractometer with
Cu-Kα1 radiation (λ = 1.5406 Å) was used to carry out x-ray diffrac-
tion (XRD) measurements along the specular crystal truncation rod
(CTR). The incident side optics for the XRD θ–2θ measurement
used a Ge 220 double-crystal monochromator along with a Ge 220
two-bounce analyzer on the detector side to improve the resolu-
tion rocking curve measurements of the Sr2RuO4 006 reflection.
Incident and receiving side optics slits were set to 1 mm. The full
width at half maximum (FWHM) of the Sr2RuO4 peak for each film
is ∼20 arcsec, indicating high structural quality comparable to the
NdGaO3 substrates with peak FWHM ∼15 arcsec (see Fig. S1 in the
supplementary material).

Electrical transport measurements as a function of tempera-
ture from 300 K down to 0.4 K were conducted in a Quantum
Design Physical Property Measurement System (PPMS) equipped
with a 3He insert. Aluminum wires from gold pads on the PPMS
sample holder were wire bonded directly to the surface of the films
in a four-point linear geometry, spaced ∼2 mm apart along the
longer dimension of the sample. The in-plane residual resistivity
ratio (RRR) [ρab(300K)/ρab(4K)] for each film is given in Table I.
We note that the films were not patterned prior to resistance mea-
surements, so the electrical current was not constrained to flow along
a particular in-plane direction of the films. In such a contact geom-
etry, the measured resistance R is proportional to the geometric
mean of the diagonal components of the in-plane resistivity ten-
sor, ρ ≡√ρxx ∗ ρyy, via conversion factors determined by the total
film thicknesses and lateral separations between contacts.28,29 The
resistively measured Tcs are the temperature scales below which
percolative superconducting pathways first develop between the
electrical contacts (Table I).

C. SEM-EDX
Energy-dispersive x-ray spectroscopy (EDX) in a scanning elec-

tron microscope (SEM) was performed on a Zeiss Gemini 500
operating at 8 kV equipped with an Oxford Ultim Max 170 x-ray
detector. Atomic percent concentrations of strontium and ruthe-
nium were calculated using the L series lines based on factory
calibrations of SrF2 and Ru (V), respectively. Some thin-film samples
contain visible mesoscopic precipitates of ruthenium metal simi-
lar to those documented in other Sr2RuO4 systems;30,31 in these
cases, measurements were localized in “clean” regions, as judged
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TABLE I. Relative Ru/Sr stoichiometries measured by SEM-EDX for the Sr2RuO4 films in Fig. 1 and their superconducting
transition temperatures Tc. Measurement of a SrRuO3 film is also provided for reference.

Nominal structure Substrate Thickness (nm) RRR Tc EDX Ru/Sr ratio

Sr2RuO4 (110) NdGaO3 36 15.7 – 0.51
Sr2RuO4 (110) NdGaO3 71 45.0 1.4 K 0.59
Sr2RuO4 (110) NdGaO3 55 69.1 1.8 K 0.53
SrRuO3 (110) NdGaO3 30 21.4 – 1.06

by surface contrast in the SEM to the best of our ability (see
Fig. S2 in the supplementary material), to exclude contributions
from these impurities. Additional characterization and discussion of
the precipitates observed in our films is provided in Fig. S3 in the
supplementary material.

D. STEM imaging
Cross-sectional STEM specimens were prepared using the stan-

dard focused ion beam (FIB) lift-out process on an FEI Strata 400
FIB equipped with an Omniprobe AutoProbe 200 nanomanipula-
tor. All resulting lamellae were thinned to final thicknesses of 15–60
nm. The results presented here are from specimens prepared to sim-
ilar projection thicknesses, which is an important consideration for
STEM-EELS measurements. These measurements were carried out
on the same day to ensure that all other aspects of the experimental
setup (e.g., microscope and spectrometer alignments) were as simi-
lar as possible. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images were acquired on an
aberration-corrected 300 keV FEI Titan Themis with a probe con-
vergence semi-angle of 30 mrad and inner and outer collection
angles of 68 and 340 mrad, respectively.

E. Layer-resolved EELS
Spatially resolved electron energy loss spectroscopy (EELS) was

performed on the same Titan Themis system, equipped with a 965
GIF Quantum ER and a Gatan K2 Summit operated in electron
counting mode with a spectral dispersion of 0.25 eV/ch. Using a
sub-Å STEM probe, the scan was confined to specific layers of inter-
est over areas on the order of 50–100 nm2 in order to probe each
structural phase separately. Given the relative sensitivity of ruthen-
ate compounds to the electron beam, low beam currents (∼20 pA)
and acquisition times of 500 s were used for all spectra shown
here. The enhanced sensitivity and point spread function of the
EELS direct electron detector are ideal for optimizing measure-
ments on sensitive samples, providing an effective energy resolution
of ∼1 eV over a full spectral range of 927 eV for simultaneous
acquisition of the Sr-M2,3, Ru-M4,5, and O–K edges.32 All EEL spec-
tra were acquired as summed series and analyzed to ensure that
no dose-dependent effects were introduced during the measure-
ment (i.e., no observable signs of damage or spectral modification
from the initial to the final measurement). Measurements of the
nominally n = 1 phases in both the superconducting Tc = 1.4 K
and non-superconducting films were acquired in three different
regions of the STEM lamellae. Stoichiometric estimates for the non-
superconducting film are based upon the average of these individual
measurements, which are also shown. All spectra presented here are

unfiltered, with the exception of the O–K edge pre-peak reproduced
in Fig. 4(b), of which an identical but unfiltered plot is provided in
Fig. S4 in the supplementary material.

The inelastic background of each spectrum is removed by fit-
ting and subtracting either a power law cΔE−r (for the O–K edge) or
a decaying exponential function ce−rΔE (for Sr-M2,3/Ru-M4,5 edges),
where ΔE is the energy loss in eV and c and r are constants deter-
mined by least squares minimization. Power law fits are commonly
used for EELS analysis of core-loss edges like the O–K edge,33

though other models can also be used when they are found to
more accurately describe the spectroscopic background. In the lower
energy-loss region of the spectrum where the Sr-M2,3 and Ru-M4,5
edges occur, decaying exponential fits were empirically determined
to provide more appropriate and robust models. Spectral Ru/Sr
ratios were calculated as the quotient of each spectrum integrated
between 313–350 eV (Ru) and 269–280 eV (Sr).

III. RESULTS
Structural characterization by XRD and electrical characteri-

zation by transport measurements for three Sr2RuO4 films studied
in detail are presented in Fig. 1. X-ray diffraction θ–2θ scans for
the films are shown in Fig. 1(a), illustrating similar and appar-
ently high crystalline quality for all three samples. The electrical
transport in Fig. 1(b), however, indicates that not all films exhibit
superconducting transitions. One of the samples remains metallic
but non-superconducting down to the lowest measured temperature
(∼0.4 K), while the other two undergo superconducting transitions
at 1.4 and 1.8 K, respectively, defined by the point where the resis-
tivity has dropped by 50% through the transition. To distinguish
between these films in the following discussions, we hereafter refer
to the samples by the temperature of their superconducting transi-
tion: non-superconducting (nSC), Tc = 1.4 K, and Tc = 1.8 K. The
higher-than-bulk Tc of the 1.8 K sample is discussed elsewhere,22

demonstrating the power of epitaxially strained thin film growth to
raise Tc above that of single crystals.

Despite their apparently similar macroscopic crystalline
quality as measured by XRD, the atomic-resolution HAADF-STEM
images shown in Fig. 2 provide more detailed information about the
microstructural character of each film. All three films show coher-
ent epitaxial interfaces with the (110) NdGaO3 substrates and no
signs of chemical diffusion across the film–substrate interface within
the limit of elemental mapping measurements by EELS. The pre-
cise structure of the interface varies slightly between regions and
films in the exact arrangement of SrO and RuO2 planes, but the
intended Sr2RuO4 structure is usually achieved within ∼2 nm of the
interface.34 The non-superconducting film shown in Fig. 2(a)
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FIG. 1. (a) X-ray diffraction θ–2θ scans with film peaks indexed (substrate peaks marked by asterisks) and (b) transport measurements of the same three Sr2RuO4 thin
films grown by MBE on (110) NdGaO3. One film (red) is non-superconducting (nSC) down to 0.4 K. Two films (light and dark orange) show superconducting transitions at
1.4 and 1.8 K, respectively. XRD and transport measurements for the Tc = 1.8 K film are reproduced from Ref. 22.

exhibits a near-perfect adherence to the Sr2RuO4 structure. Some
extended defects are observed throughout the film (see Fig. S5 in
the supplementary material). The characteristic spacing between-
such defects, however, is lower than the superconducting coherence
length of Sr2RuO4 (∼75 nm)15 and are, therefore, not expected to
disrupt superconductivity as in previously reported samples with
higher defect density.34,35 We have also observed similar defects with
comparable spacing in other superconducting Sr2RuO4 thin films
with relatively high Tc.36 The Tc = 1.8 K film in Fig. 2(c) shows sim-
ilar structural quality to the non-superconducting film, with limited
interruption to the Sr2RuO4 structure occurring as local step-edges
such as those seen near the center of the image.

In contrast to these endmembers, the Tc = 1.4 K superconduct-
ing film in Fig. 2(b) also shows significant structural variation in

the form of Srn+1RunO3n+1 inclusions with n > 1. Fig. S6 in the sup-
plementary material shows several representative images comparing
the mixed-phase microstructure in the two superconducting films.
These intergrowths constitute the first form of obvious structural
disorder that we investigate in detail.

A. Ruddlesden–Popper phase intergrowths
Several other superconducting films of varying thicknesses with

Tcs in the range of 0.7–1.6 K show similar higher-n layer inclusions
and n = 2 phase intergrowths have also been reported in super-
conducting crystals synthesized in bulk24,37 and by other thin-film
techniques.34 A histogram comparing statistical occurrences of dif-
ferent local n-phases in each of the three films studied here as well
as several others included in our broader investigation is provided in

FIG. 2. Atomic-resolution HAADF-STEM cross-sectional images of the same three Sr2RuO4 films shown in Fig. 1: (a) non-superconducting (nSC) film, (b) superconducting
film with Tc = 1.4 K, and (c) superconducting film with Tc = 1.8 K. Additional details for each film are provided in Table I. All three films show a coherent epitaxial interface
with the (110) NdGaO3 substrate. The Tc = 1.4 K film in particular shows a notable density of n > 1 Srn+1RunO3n+1 syntactic intergrowths.
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Fig. S7 in the supplementary material. We start by neglecting point
defects and their impact on film composition. Within this assump-
tion, across the broader class of An+1BnO3n+1 Ruddlesden–Popper
compounds, a material’s structural phase is directly tied to the
relative cation stoichiometry through the relation,

[B]
[A]
=

n
n + 1

, (1)

where [A] and [B] are the elemental concentrations of each
species. Deviations from a particular Ruddlesden–Popper motif
can therefore be considered a structural accommodation of global
sample off-stoichiometry.6,38 In principle, the elemental ratio
of [B]/[A] can thus be used to distinguish between differ-
ent An+1BnO3n+1 phases: as n increases, so does the [B]/[A]
ratio n/(n + 1) until it reaches unity for the n =∞ perovskite
phase ABO3.

We correspondingly investigated the elemental stoichiometric
ratios of the three films shown in Fig. 1 as well as an MBE-grown
SrRuO3 reference film via SEM-EDX, presented in Table I. Precise
and accurate quantitative measurements of thin-film stoichiometry
by SEM-EDX can be complicated by a number of factors including
fluorescence effects and sample roughness, but it can be a use-
ful tool for preliminary comparison between samples with similar
geometries. All of the films measured here by SEM-EDX are of
thicknesses (∼30–70 nm) which are similarly small compared to
the interaction volume for 8 kV primary electrons. Measurements
of the reference SrRuO3 film give a sense of the error inherent to
this kind of measurement,39 as the calculated Ru/Sr ratio of 1.06
suggests a Ruddlesden–Popper phase n >∞, which is nonphysical.
Such apparent excess could also be ascribed to second-phase precip-
itates of RuO2 or ruthenium metal or strontium vacancies similar
to those described in other off-stoichiometric Ruddlesden–Popper
systems.38,40 As described in Sec. II, however, care was taken to local-
ize the SEM-EDX measurements away from obvious inclusions or
precipitates within the films (Figs. S1 and S3 in the supplementary
material), and the RRR value of 21.4 of this film suggests the
density of strontium vacancies (and subsequent disorder) is low
(Fig. S8 in the supplementary material).27,41,42 Still, despite these
quantitative challenges, the results for the two superconducting
Sr2RuO4 films are qualitatively consistent with the relative den-
sity of microstructural inclusions revealed by HAADF-STEM: the
Tc = 1.4 K film shows both more structural intergrowths and a higher
Ru/Sr elemental ratio than the Tc = 1.8 K film.

Having determined that these defects are a reflection of ele-
mental off-stoichiometry in the films, we consider their impact
on superconductivity. The statistical occurrence and distribution
of high-n layers was analyzed across several superconducting thin
films (Fig. S7 in the supplementary material), but no trend was
found connecting these structural variations with the occurrence or
onset temperature of superconductivity. Based on this analysis, we
conclude that the high-n inclusions have little impact on the bulk
superconductivity of a given thin film, but that they can instead
be considered mostly inert within the context of superconductiv-
ity when a supercurrent can find a percolation path around them.
This conclusion along with the apparent microstructural quality of
the non-superconducting film shown in Fig. 2(a) suggests that con-
ventional descriptions of sample quality such as phase purity are not

always sufficient metrics to predict exotic behavior such as super-
conductivity in Sr2RuO4. Instead, the relative elemental ratios in
Table I hint at a second form of disorder in these systems to which
we now turn our attention.

B. Ruthenium vacancies
The non-superconducting film appears by both HAADF-

STEM imaging and SEM-EDX measurements as the “most perfect”
Sr2RuO4 of the three films studied here, forcing us to revisit
the above assumption that neglected possible point defects. The
relation in Eq. (1) and its application for assessing mixed
Ruddlesden–Popper n phases become limited when the ratios
approach 1/2 or smaller. Just as n >∞ Ruddlesden–Popper phases
are nonphysical, so also are n < 1. Although the absolute elemental
Ru/Sr ratio measured for the non-superconducting film is slightly
more than 1/2, the value is relatively less than that of the Tc
= 1.8 K film. Even accounting for the observed non-zero occur-
rence of higher-n regions in the Tc = 1.8 K film (which will drive
up the average measured Ru/Sr ratio), this comparison suggests sub-
tle stoichiometric differences between the two films, similar to those
previously studied in more extreme cases.25

While the qualitative trend of the SEM-EDX measurements is
instructive, the microstructural insights from HAADF-STEM imag-
ing prove the existence of mixed structural phases within some films,
which have direct impact on this kind of depth-averaged elemen-
tal quantification. Having already determined that these inclusions
do not contribute to the film’s transport, we instead seek to quan-
tify the local stoichiometry of only the n = 1 layers which are
relevant for superconductivity. The SEM-EDX results also under-
score the difficulty of exact stoichiometric quantification through
any spectroscopic technique, the accuracy and precision of which
rely on careful calibration. To address both of these challenges
and to quantify ruthenium vacancies that may be present in the
non-superconducting film, we next leverage highly localized EELS
measurements to create an internal stoichiometric calibration based
on the high-n intergrowths in the Tc = 1.4 K film.

One common way to probe stoichiometry via EELS is based
on identifying the electronic valence of a particular element and
then inferring its relative concentration from a balanced chemical
formula.43,44 Successful application of this technique is limited to
elements with ionization edges for which the near-edge fine struc-
ture can be used as spectroscopic signature of valence (e.g., L2,3 edges
to probe 2p→ 3d transitions in the period four transition metals, or
M4,5 edges to probe 3d → 4 f transitions in the period five transition
metals). In some cases, this strategy may be rendered ineffective by
hybridization effects that complicate the interpretation of the EELS
fine structure45 or small ionization cross sections that result in weak
signals and prevent the collection of very high signal-to-noise ratio
spectra, especially if spatial resolution is to be retained. Furthermore,
the valence-based approach is most effective for binary compounds
in which knowing the valence of one element will necessarily dic-
tate the concentrations required to create a neutral compound. In
the complex oxides, however, there may exist multiple stoichiomet-
ric configurations consistent with the measured valence for a given
cation. Consider, for example, off-stoichiometric deviations from a
balanced compound A2+B4+

(O2−
)3. In this case, a decrease in the

A-site cation valence (A(2−δ)+
) could reflect either deficiency in O
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[(O2−
)(3−δ/2)], an excess of the B-site cation [(B4+

)(1+δ/4)], or some
globally averaged combination of the two. These analytic compli-
cations combined with the relative weakness of the desired edges
in Sr2RuO4 (Sr-L2,3 and Ru-M4,5) make this method unsuitable for
stoichiometric measurements of our thin films.

Instead, we employ a method conceptually similar to standard
EDX analysis. In principle, EELS measurements can also be used to
extract relative concentrations of two elements A and B using the
relation,

[B]
[A]
=

IB

IA
×

σB

σA
, (2)

where [A] and [B] are the atomic volume density, I is the core-
loss edge spectral intensity, and σ is the partial scattering cross
section for each species.46 The scattering cross sections σA,B must
be either calculated theoretically or calibrated experimentally from a
sample with a precisely-known [B]/[A] ratio. In practice, the quan-
titative comparison between separate EELS measurements can be

greatly complicated by other variables in the experiment, includ-
ing STEM probe conditions, spectrometer tuning and alignments,
and sample-to-sample thickness variations, which affect multi-
ple scattering and spectral backgrounds. Here, we avoid several
of these complicating factors by harnessing the local higher-n
phase Srn+1RunO3n+1 inclusions in a single STEM lamella of the
Tc = 1.4 K superconducting film. The n > 1 layers provide a series
of built-in stoichiometric references for calibrating local spectro-
scopic measurements with systematically varying B/A (Ru/Sr) across
the Ruddlesden–Popper series. Constructing the calibration with
multiple measurements from within the same lamella is inherently
independent of major sample-to-sample variations such as lamella
thickness. When comparing between two samples (i.e., the Tc
= 1.4 K and non-superconducting films), performing all EELS mea-
surements on the same day helps ensure consistency across the
instrumental factors, including the STEM probe and spectrometer
conditions. The data reported here were collected from regions with
comparable projection thickness (∼20 nm) to minimize the effects of
multiple scattering.

FIG. 3. (a) Atomic-resolution HAADF-STEM images of several different Srn+1RunO3n+1 Ruddlesden–Popper phase regions from the Tc = 1.4 K film identified by the
structural n and nominal Ru/Sr ratio n/(n + 1). Also shown is a single apparently defect-free region of the non-superconducting Sr2RuO4 film (nSC). Additional contrast
variations reflect the sensitivity of ruthenate compound to the high energy electron beam. (b) Local Sr-M2,3 and Ru-M4,5 EEL spectra from each region in (a), background
subtracted and normalized to the intensity of the Sr-M3 edge. Windows of integration used for each edge are shown in gray. (c) Structural Ru/Sr n/(n + 1) ratios vs
integrated Ru/Sr EELS ratios for several acquisitions from different local n-phase regions including those shown in (a). Small markers for both the superconducting and the
non-superconducting n = 1 phases show measurements of three distinct regions that were measured in each film. Regions from the superconducting film are assumed to
have ideal stoichiometry. Circles denote regions from the superconducting film with Tc = 1.4 K; the diamond corresponds to the non-superconducting film. Large markers
represent the average ratio measured for each phase. The black line is the calculated linear best fit for the measurements of the superconducting film. The measured EELS
ratio for the non-superconducting film is used with this fit to estimate the relative Ru/Sr ratio (dotted red line).
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Figure 3(a) shows atomic-resolution ADF-STEM images of
several different Ruddlesden–Popper phase inclusions within the
Tc = 1.4 K superconducting film. The structural Ruddlesden–Popper
factor n is given to the right of each region, as well as the nom-
inal Ru/Sr ratio calculated as n/(n + 1) to the left, with the top-
most region approximated as n = 24 ≈∞ for the purposes of this
analysis. Especially in higher-n Ruddlesden–Popper systems, off-
stoichiometry is accommodated by structural modifications that
have clear signatures in STEM imaging.6,38,40 Through local spec-
troscopy by STEM-EELS, we isolate our measurements to include
only the structural (and stoichiometric) phases of interest and infer
the structural stoichiometry for each Ruddlesden–Popper region
based on HAADF-STEM imaging. At the bottom of Fig. 3(a),
an apparently defect-free n = 1 region of the non-superconducting
(nSC) film is also shown, seemingly indistinguishable from the n = 1
regions of other superconducting samples. Spectroscopic measure-
ments extracted from each of these regions in isolation contribute
to a series of systematically varied spectra, which can be used to
effectively quantify local Ru/Sr elemental stoichiometry.

Background-subtracted spectra of the Sr-M2,3 and Ru-M4,5
edges from each region in Fig. 3(a) are shown in Fig. 3(b), cor-
responding by color. All spectra are normalized by the summed
integration of each Sr-M3 edge. A clear trend emerges across the
series, as the relative intensity of the Ru-M4,5 edge grows with
increasing n for each region, consistent with the relation given in Eq.
(2). Notably, the spectrum from the non-superconducting sample
(red spectrum) shows a relatively low Ru-M4,5 intensity as com-
pared to the nominally isostructural n = 1 region of the Tc = 1.4 K
superconducting film (orange spectrum).

The trend relating the apparent structural Ru/Sr ratio with the
measured relative strength of the ruthenium and strontium EELS
signals for each region in the Tc = 1.4 K superconducting film can
be quantified using Eq. (2). The strength of each edge (i.e., ISr , IRu)

is measured by summing over the total intensity between 269–280
eV (Sr) and 313–350 eV (Ru) of the background subtracted spec-
tra. Figure 3(c) shows the ratio of these integrations IRu/ISr plotted
as a function of the presumed stoichiometry [Ru]/[Sr] = n/(n + 1)
based on the Ruddlesden–Popper phase of each region. We thus
extract the calibrated factor σB/σA with a linear best fit (shown by
the black line).

With this calibration, the measured Ru/Sr EELS ratio IRu/ISr
of the non-superconducting film can thus be used to estimate its
actual relative Ru/Sr stoichiometry as ∼0.43 (red dotted line). Com-
pared to the expected ratio of 0.5 for the n = 1 superconducting
phase, this measurement translates to ruthenium deficiency of ∼14%.
In our analysis, we assume each region within the superconducting
film contains no significant vacancies of any species. Consequently,
the result of our quantification provides a lower bound on the
actual ruthenium vacancies present in the non-superconducting
film. Accounting for additional hypothetical ruthenium vacancies
within the superconducting film would shift the calibration to
smaller Ru/Sr ratios and indicate even higher vacancy density in the
non-superconducting film. By comparison, high quality thin films of
SrRuO3 grown by MBE on (001) SrTiO3 have been shown to accom-
modate up to 30% ruthenium vacancies with almost no detectable
differences in traditional structural measurements by XRD, RHEED,
or HAADF-STEM imaging.41 In these films, the RRR is a more
reliable indicator of disorder introduced by ruthenium vacancies,
reaching as high as 84.3 in the most perfect films42,47 and as low as
five in highly deficient SrRu0.7O3 films41 (the RRR of the SrRuO3
film used as a standard for our SEM-EDX measurements is 21.4).27

This stoichiometric analysis also does not address the possibility of
additional oxygen vacancies, which may further contribute to the
atomic-scale disorder impacting superconductivity in these films.

In addition to elemental analysis, EELS also provides access to
rich chemical information about local bonding environments via

FIG. 4. (a) Local O–K EEL spectra from the same regions shown in Fig. 3(a), normalized, background-subtracted, and vertically offset for clarity. Highlighted in gray is
the edge onset region that reflects transition metal 3d–oxygen 2p hybridization, replotted in (b). Spectra are renormalized to the energy range shown (526.5–533.5 eV),
smoothed with a five-channel third-order Savitzky–Golay filter, and plotted on the same vertical scale for comparison between different local Ruddlesden–Popper phases.
(c) Ratios of the integrated spectral weights of “peak 1” and “peak 2” labeled in (b) for each region. Circles denote regions from within the superconducting film with Tc

= 1.4 K; the diamond corresponds to the non-superconducting film.
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energy loss near-edge structure (ELNES).14,46,48,49 In the complex
oxides, the O–K edge ELNES can be used to fingerprint a wide range
of sample variations,50 given its strong interaction with the transi-
tion metal and rare-earth sites. Figure 4(a) shows O–K edge spectra
from the same regions studied in Fig. 3. The first ∼5 eV of the
O–K edge are generally ascribed to hybridization between oxygen
and the transition metal,50,51 so any signatures of ruthenium vacan-
cies would be expected near the edge onset. In a previous study,
polarized x-ray absorption spectroscopy (XAS) revealed a response
in this region of the spectrum reflecting the insulating character of
highly ruthenium-deficient films.25 Here, the density of ruthenium
vacancies in our metallic non-superconducting film is presumably
much lower, and no obvious distinction between the unpolarized
O–K EELS edges from n = 1 regions of the superconducting and
non-superconducting films is observed.

Further inspection of the complete series, however, does reveal
significant spectroscopic variation across the Ruddlesden–Popper
series, particularly in the 526–533 eV range shown magnified in Fig.
4(b). The two peaks highlighted reflect different local oxygen bond-
ing configurations. Out-of-plane or apical Ru–O bonds are reflected
mostly in peak 1, while in-plane Ru–O bonds contribute to both
peaks 1 and 2.25,52,53 Fig. 4(c) illustrates the distinct spectroscopic
signatures of different structural layers: in the low-dimensional
phases (e.g., n = 1), the relative strength of in-plane to out-of-plane
hybridization is stronger than in the more three-dimensional phases
(e.g., n ≈∞). Our local spectroscopic measurements enable us to
separate the individual spectral contributions of these structural
inhomogeneities.

IV. DISCUSSION
Given the role of the RuO2 plane in Sr2RuO4 superconductivity,

we conclude that the ruthenium vacancies identified and quanti-
fied by our study are linked to the suppression of superconductivity
in ruthenium-poor films. Our results reveal a direct correlation
between ruthenium deficiency and non-superconducting behavior
and also suggest that ruthenium vacancies on the order of ∼14%
can occur in films of otherwise apparently high crystalline quality.
Recent experiments by confocal micro-Raman spectroscopy in
strongly ruthenium-deficient Sr2RuO4 thin films have proposed
these take the form of ruthenium point vacancies (see Fig. S9 in
the supplementary material),25 but additional experiments through
techniques such as positron annihilation lifetime spectroscopy
(PALS) may contribute more insights. While our local measure-
ments do not address possible macroscopic variations in stoichiom-
etry across a single sample, they provide a quantitative benchmark
of ruthenium deficiency levels for future studies of Sr2RuO4.

More broadly, our study illustrates a strategy for stabiliz-
ing desired properties within a specific Ruddlesden–Popper phase
or other layered series. We discuss them here in the context of
Sr2RuO4, but similar connections can easily be drawn to low-n
Ruddlesden–Popper phases of other materials, which are of growing
interest for superconductivity54 and other functional properties.55–60

As described by Nair et al.,22 the thermodynamic window
for Sr2RuO4 thin film growth is quite narrow (see Fig. S10 in
the supplementary material). In a simplified picture, the desired
Sr2RuO4 structure—with corresponding Ru/Sr stoichiometry of
1/2—is achieved within this window. Small deviations in either

temperature or oxygen pressure, however, may yield samples with
varying Ru/Sr ratios. Using Ru/Sr stoichiometry as the indicator, we
thus consider three fundamental cases: (1) Ru/Sr = 1/2 (the “correct”
Sr2RuO4 phase); (2) Ru/Sr >1/2 (ruthenium rich); and (3) Ru/Sr
<1/2 (ruthenium poor).

The three films shown in Fig. 2 perfectly illustrate each of these
possible cases for Sr2RuO4 thin films. The first (ideal) case, Ru/Sr
= 1/2, produces a superconducting Sr2RuO4 film. The film shown in
Fig. 2(c) shows a near-perfect Sr2RuO4 structure and indeed exhibits
one of the highest reported Tcs at 1.8 K.

When perfectly ideal conditions are not yet established, how-
ever, it is necessary to consider the second and third cases. In
case 2, a globally ruthenium-rich film shows a higher density of
Srn+1RunO3n+1 inclusions but also exhibits a clear superconducting
transition at relatively high temperature (Tc = 1.4 K). When growth
conditions stray outside the optimal window toward lower tempera-
tures or lower oxygen pressure, excess ruthenium is accommodated
through syntactic intergrowths of these higher-n Srn+1RunO3n+1
phases with relatively little impact on the functional properties (i.e.,
superconductivity) of the film. The resulting mixed-phase film con-
tains “enough” Sr2RuO4 layers to host superconductivity along a
percolative transport path between these inert higher-n phases, thus
demonstrating how the desired outcome (superconductivity) can
still be realized even in a globally off-stoichiometric Ru/Sr >1/2
case. Similar stoichiometric accommodation has been described in
Srn+1TinO3n+1 dielectrics.6,38,40

In case 3, the ruthenium poor side of the growth window
proves less forgiving. Generally, Ruddlesden–Popper compounds
with higher n can accommodate B-site deficient off-stoichiometry
through the addition of extra rock salt (e.g., SrO) planes,38,40 which
create regions of effectively lower local n. From the n = 1 phase,
however, there is no accessible lower-n phase, so a similar mecha-
nism is unavailable in Sr2RuO4. Instead, ruthenium vacancies seem
to exist directly within the Sr2RuO4 structure, which are hidden to
even advanced structural measurements but evident in certain spec-
troscopic probes. Thus, even though the non-superconducting film
in Fig. 2(a) visibly retains a uniform structure of the Sr2RuO4 par-
ent compound, the presence of ruthenium vacancies in the material
suppresses superconductivity.

With these results, we have shown that for certain low-n
Ruddlesden–Popper compounds it can be advantageous to err
toward B-site rich conditions (rather than B-site deficient) within
the thermodynamic growth window for the desired phase in order
to take advantage of structural off-stoichiometric mitigation. Con-
versely, samples that appear structurally pristine but do not exhibit
the desired or expected properties of an ordered phase may be
inferred to host vacancy disorder similar to that revealed by our
spectroscopic measurements. This wisdom may be extended to other
layered oxides,61 such as the Aurivillius and Dion–Jacobson homol-
ogous series,62 with the appropriate adjustments by the limiting
endmember cases.

V. CONCLUSION
In this study, we have disentangled the effects of two types

of structural disorder for superconducting thin films of Sr2RuO4.
We show that ruthenium rich samples can accommodate signif-
icant off-stoichiometry through the formation of local higher-n
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Srn+1RunO3n+1 syntactic intergrowths with relatively little detri-
ment to the superconducting Tc. Harnessing these higher phase
Ruddlesden–Popper inclusions, we further create a self-contained
reference series upon which to base quantitative, local EELS mea-
surements of a non-superconducting Sr2RuO4 thin film, thereby
revealing ruthenium vacancies hidden to other structural probes.
We build upon previous qualitative work25 and quantify the den-
sity of these vacancies at ∼14%, suggesting that ruthenium vacancies
suppress superconducting behavior before impacting the overall
Sr2RuO4 crystalline structure. Considering the narrow thermo-
dynamic growth window for this compound,22 these conclusions
provide insights to guide future successful growth of superconduct-
ing Sr2RuO4 and other Ruddlesden–Popper or homologous series
materials.

SUPPLEMENTARY MATERIAL

Additional data and characterization relevant to this article
and referenced in the main text—including Table 1 and Figs.
S1–S10—are provided in the supplementary material.
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Tc
Sr flux

(atoms/cm2)
Ru flux

(atoms/cm2)
O3 pressure

(Torr)
Substrate

temperature (◦C)

non-superconducting 2.20×1013 1.37×1013 1.0×10−6 910

1.4 K 1.85×1013 1.31×1013 9.6×10−7 895-910

1.8 K 2.61×1013 2.38×1013 1.8×10−6 900

TABLE S1. Growth conditions for the three Sr2RuO4 films studied here. Strontium and ruthenium fluxes are measured
with a quartz crystal microbalance (QCM) inserted at the position of the substrate. The strontium flux is measured at the
start of the growth day with negligible drift over time under normal circumstances. The fluxes reported here are calibrated
from the measured QCM flux via comparison to the resulting film thickness measured by XRD. Ruthenium is evaporated from
an electron beam evaporator and the flux is monitored by the aforementioned QCM as well as by electron impact emission
spectroscopy (EIES) near the electron beam evaporator. Power to the electron beam is manually adjusted to maintain a
constant EIES reading to achieve a stable ruthenium flux at the substrate. Excess ruthenium evaporates as RuOx gas within
the adsorption-controlled growth window. Ozone is introduced into the growth chamber by an ozone nozzle providing a mixture
composed of ∼ 80% O3 and 20% O2. The local enrichment of ozone pressure is calculated from the distance from the ozone
nozzle to the substrate and the background chamber pressure. The background chamber pressure is measured using an ion
gauge calibrated to oxygen. At the ion gauge the gas mix is assumed to be all oxygen, i.e., all the O3 has broken down into
O2. Substrate temperatures during growth were measured using a pyrometer operating at 1550 nm.

FIG. S1. Rocking curve measurements around the 006 reflection of the Sr2RuO4 film and the 220 reflection of the NdGaO3

substrate for (a) non-superconducting and (b) Tc = 1.8 K films. In both cases, the full width at half maximum (FWHM) of
each film is comparable to that of its substrate indicating high structural quality. (b) is reproduced from Nair, et al.1

.
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FIG. S2. Representative area of the Sr2RuO4 films analyzed by SEM-EDX. Large fields of view show mesoscopic ruthenium
precipitates in the film. SEM-EDX measurements are localized as much as possible to limit signals from these inhomogeneities.
Similarly, STEM lamellae prepared by FIB are extracted to avoid precipitates when possible.
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FIG. S3. HAADF-STEM microstructural characterization of a Ru-metal precipitate in a thin film of Sr2RuO4. The highest
magnification image at the bottom right comes from the region outlined by the dotted green box at left, which in turn shows
a zoomed-in view of the dotted yellow box in the top panel. Small particulates of Ru metal are likely expelled from the Ru
source during the adsorption-controlled growth, landing on the substrate surface. Here, the Ru metal appears to have reacted
locally with the NdGaO3 substrate, forming a small region of depleted material, likely NdOx based on local spectral analysis.
The Sr2RuO4 film grows around the inclusion, with only minor structural disruptions nearby. Spectroscopically, the Sr2RuO4

film near the inclusion is indistinguishable from clean crystalline regions far from such defects. Precipitates such as these are
observed in both superconducting and non-superconducting films

FIG. S4. Unfiltered reproduction of the spectra shown in Figure 4b of the main text.
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FIG. S5. Overview HAADF-STEM images of the non-superconducting film, showing sparse occurrence of extended defects
within the film. Similar defect structures have been observed at higher densities in non-superconducting films2,3 and at similar
densities in superconducting films.4

FIG. S6. Representative HAADF-STEM images showing the mixed-phase microstructure in the two superconducting films
with (top) Tc = 1.4 K and (bottom) Tc = 1.8 K. All scale bars are 20 nm. The damage along the top surface of the Tc = 1.8
K film is a consequence sample preparation in the FIB. The white patches observed in both films are due to electron beam
exposure.
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FIG. S7. Histograms comparing the occurrence of different n phases counted from HAADF-STEM images of several Sr2RuO4

thin films. The numbers of occurrences are normalized by the total number of layers counted in each film (N); note that the
occurrences are plotted on a log scale. The transition temperature Tc is given for films that superconduct; non-superconducting
films are labelled “nSC”. The thickness t of each film is also indicated. The three films studied in depth in this report are
outlined by colored boxes. Superconductivity is not limited only to thick films, as evidenced by the two superconducting 18
nm-thick films.
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FIG. S8. HAADF-STEM images of the 30 nm thick SrRuO3 film on (110) NdGaO3 referenced in the SEM-EDX measurements
show no obvious inclusions of RuO2 or ruthenium metal precipitates or other secondary phases. The film’s RRR of 21.4 indicates
fairly low levels of disorder.
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FIG. S9. Confocal Raman spectroscopy measurements of the non-superconducting and Tc = 1.4 K Sr2RuO4 films. Spectra
were acquired in the backscatter geometry using a WITec Alpha300R Confocal Raman microscope equipped with a 532 nm
laser source. The propagation of incident light was along the c-axis of the Sr2RuO4 films, with polarization along the Sr2RuO4

a-axis. The two in-plane crystal axes of (110) NdGaO3 substrates are distinct and yield different polarized Raman signatures:
the measurements presented here are with polarization along the (001) axis of NdGaO3. (top) Baseline-corrected confocal
Raman spectra of the two films and a bare (110) NdGaO3 substrate. (middle) Zoomed-in view of the same data above showing
the spectral region from ∼300 cm−1 to 400 cm−1 identified by Kim, et al.5. The substrate signal dominates the measurement.
(bottom) The same spectral region with the substrate contribution removed from the measurement of each film. The subtraction
is performed by a least squares best fit of the raw data from each film to a constant scale and offset of the substrate reference.
The result of this optimization is subtracted from each spectrum to remove the substrate contribution. We note that the
NdGaO3 substrates of our samples are more Raman-active in the spectra range on interest than the LSAT substrates used by
Kim, et al., which complicates the substrate correction. Still, the spectral features in the 300-400 cm−1 range are consistent
with the presence of ruthenium vacancies in the non-superconducting film, especially in the peak near 325 cm−1. The strength
of this peak is greatly reduced in the superconducting sample, suggesting the second peak near 380 cm−1 may be a signature
of something other than ruthenium vacancies.
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FIG. S10. Calculated thermodynamics of MBE (TOMBE) diagrams6 for the (a) non-superconducting and (b) Tc = 1.8 K
films. The black dot on each diagram indicates the expected phase stability based on calibrated values of strontium and
ruthenium fluxes and ozone partial pressure during growth. The cyan lines show the equivalent oxidation potential for ozone
partial pressures ranging from 10−11 − 10−5 Torr. This kind of description is informative for phase-pure films, but does not
capture microstructural variation such as the mixed-phase intergrowths observed in the Tc = 1.4 K film.
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