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We measure the Shubnikov—de Haas effect in thin-film Sr,RuO; grown on an (LaAlOj3)g29-
(SrAl, ;Ta;,03)0.71 substrate. We detect all three known Fermi surfaces and extract the Fermi surface volumes,
cyclotron effective masses, and quantum lifetimes. We show that the electronic structure is nearly identical
to that of single-crystal Sr,RuQy, and that the quasiparticle lifetime is consistent with the 7. of comparably
clean, single-crystal Sr,RuQ,4. Unlike single-crystal Sr,RuQO,, where the quantum and transport lifetimes are
roughly equal, we find that the transport lifetime is 1.3 £ 0.1 times longer than the quantum lifetime. This
may suggest that extended (rather than point) defects could be the dominant source of quasiparticle scattering
in these films. To test this hypothesis, we perform cross-sectional scanning transmission electron microscopy
and find that out-of-phase boundaries extending the entire thickness of the film occur with a density that is
consistent with the quantum mean free path. The long quasiparticle lifetimes make these films ideal for studying
the unconventional superconducting state in Sr,RuQO, through the fabrication of devices—such as planar tunnel
junctions and superconducting quantum interference devices.

DOI: 10.1103/PhysRevB.104.045152

I. INTRODUCTION

Sr,Ru04 was long thought to be a p-wave superconductor,
but recently revised nuclear magnetic resonance (NMR) mea-
surements find a substantial decrease in the Knight shift across
the superconducting transition temperature 7; [1], essentially
ruling out all spin-triplet pairing states. While the details of
the superconducting state are far from settled [2,3], it appears
that single-crystal Sr,RuQy is not a p, + ip, superconductor.
It may be possible, however, that multiple superconducting
order parameters lie nearby in energy [4,5], suggesting that the
application of the right tuning parameter could push Sr,RuOy4
into a p-wave state. Uniaxial strain along the [100] direction
has been shown to strongly enhance 7; [6], and while there
is no signature of p-wave superconductivity under strain in
single crystals, these measurements suggest that strain is a
good parameter for manipulating the superconducting state of
SI‘QRUO4.

Unlike single-crystal strain experiments, which are nec-
essarily uniaxial or hydrostatic, thin films can be strained
biaxially through substrate engineering. For example, using
five different substrates, the authors of Ref. [7] showed that
the y Fermi surface sheet of Sr,RuQy (and the closely related
compound Ba,RuQ,4) can be driven through the Brillouin
zone boundary. These films, however, were not superconduct-

ing, and for decades the growth of superconducting thin-film
Sr,RuO4 has been a major challenge in the oxide thin film
community [8]. The difficulty stems from the extreme sensi-
tivity of SroRuOy4 to even minute levels of disorder—single
crystals with greater than 1 ©Ohm-cm residual resistivity
do not superconduct [9]. With the advent of Sr,RuOy films
that are clean enough to show superconductivity on many
different substrates [10-12], it is worth investigating whether
the superconductivity is a product of film quality, substrate
strain, or both, how the quasiparticle properties are modified
by the substrate, and what types of defects might be limiting
the quasiparticle mean free path.

II. EXPERIMENT

A 100-nm-thick film of Sr,RuO4 was grown via molecular-
beam epitaxy on an (LaAlO3 )0_29—(SrA11/2Ta1/203 )0_71
(LSAT) substrate with the tetragonal c-axis perpendicular to
the substrate surface. This substrate imposes a 0.045% tensile
strain (a dilation of the tetragonal unit cell) at low temperature.
The growth procedure is described in Refs. [10,13,14].
Devices for measuring electrical resistivity in the ab-plane
were fabricated using standard photolithography techniques
and ion milling [see Fig. 1(a)]. Devices were contacted by
sputtering a 5-nm titanium adhesion layer followed by 25 nm
of platinum. The temperature dependence of the in-plane
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FIG. 1. Shubnikov—de Haas oscillations in Sr,RuO, on LSAT. (a) The Sr,RuQO; transport device patterned from a thin film of Sr,RuO,
grown on an LSAT substrate. The structure to the right of the voltage contacts was not part of this experiment. (b) Resistivity as a function
temperature: The inset shows the superconducting transition with a midpoint of 7 = 1.05 K. (c) Resistivity as a function of magnetic field.

(d) The normalized oscillatory component of the resistivity.

as R(298K)/R(T.), with T, measured at the midpoint of the
transition—see Fig. 1(b)].

Quantum oscillation measurements were performed in the
41 T resistive magnet at the National High Magnetic Field
Lab in Tallahassee. The magnetic field was oriented parallel
to the crystallographic c-axis—perpendicular to the plane of
the device. The temperature was controlled at fixed intervals
between 370 mK and 2.2 K in a helium-3 cryostat. The sample
resistance was measured in a standard 4-point contact geom-
etry using a Stanford Research 860 lock-in amplifier, with a
Stanford Research CS 580 Voltage Controlled Current Source
and a Stanford Research SR560 low-noise preamplifier. The
current through the sample was I, = 150 A. The magnetic
field was swept at a rate of 0.2 T/min, and the time constant
of the lock-in amplifier was set to 1 s. The slow sweep rate
ensured that the high-frequency oscillations were not washed
out by the time constant of the lock-in amplifier.

Figure 1(c) presents the magnetic field dependence of the
resistivity at 370 mK. The total resistivity p(B) is composed
of two parts: a nonoscillatory background po(B), which we
obtain by fitting a smooth polynomial to the data, and an
oscillatory component p(B). The oscillatory fraction of the
resistivity, /0o [15], is given by

E = (ﬁ — 1) (1)
Lo Lo

and is plotted in Fig. 1(d). Shubnikov—de Haas oscillations are
clearly visible above 15 T, with multiple frequencies visible

above 35 T [see Fig. 2(a) and the supplementary information
for details about the data analysis [16]].

III. ANALYSIS

We analyze the temperature and field dependence of
the Shubnikov—de Haas oscillations to determine the Fermi
surface area, the quasiparticle effective mass, and the quasi-
particle mean free path, for all three sheets of the Fermi
surface. The fast Fourier transform (FFT) of 5/09, shown
in Fig. 2(b), has clear contributions from all three known
pieces of Fermi surface, labeled «, §, and y, in accordance
with previous studies [17]. Harmonics from the o pocket are
visible up to the fifth order—another indication of high sample
quality, as harmonic amplitude is dampened out exponentially
with increasing harmonic number.

The Fermi surface area A is obtained from the quantum
oscillation frequency F through the Onsager relation A; =
(2me/R)F. LSAT substrates apply a relatively small amount
of tensile strain on the Sr,RuQy films, and thus we expect the
Fermi surface area of Sr,RuQy, films to be close to what is
measured in single-crystal Sr,RuQy. This is what we observe:
Within our experimental resolution, the three Fermi surfaces
of Sr,RuO4 grown on LSAT have the same area as those
reported for single crystals (a comparison is shown in Table I).
This is consistent with the relatively small, 0.045% A, strain
imposed by LSAT to the film at low temperature.
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FIG. 2. Analysis of the Shubnikov—de Haas oscillations. (a) Temperature dependence of the Shubnikov—de Hass oscillations in the field
range from 36 to 41.5 T. Additional frequency components—beyond the 3 kT frequency of the « pocket—become clearly visible at higher
field. (b) Fast Fourier transform (FFT) of the 370 mK data. The primary frequencies corresponding to the «, 8, and y Fermi surfaces [shown
in (c¢)] are indicated, as well as the higher harmonics of the o surface. The 4o harmonic overlaps with the beta frequency, but its contribution
is roughly one order of magnitude smaller than that of the B frequency itself owing to the fact that each successive harmonic is damped more
strongly than the last. (d) Temperature-dependent oscillation amplitude, with a fit to Eq. (2) for the «, §, and y pockets. The analysis is done
with data between 32 T and 41.5 T and from 370 mK to 2.2 K for « and 8 pockets, and between 35 T and 41.5 T and from 370 mK to 1.2 K
for the y pocket.

The quasiparticle effective mass m* is obtained from the
temperature dependence of the quantum oscillation ampli-
tude. As the thermal energy (kg7T') becomes comparable to the
cyclotron energy (fiw., where w, = ST’f), the oscillations are
damped with the form

Figure 2(d) shows fits of the FFT amplitude to Eq. (2). The
effective mass for the «, B, and y sheets are found to be m;, =
3.5+0.1 m,, mg = 6.3+0.2 m,, and m; = 152+ 1.3 m,,
where m, is the bare electron mass. These masses are consis-
tent with those found in single-crystal Sr,RuQ;, (see Table 1),

which is also consistent with the similarity in measured Fermi
surface areas. The consistency between these Fermi surface

kgT . kgT
Ry = (27222 sinh ( 272 2= ). 2)
how, how,
TABLE I. A comparison of the Fermi surface parameters extracted for a Sr,RuO,4 film grown on LSAT and those obtained from de
Haas—van Alphen measurements on single-crystal Sr,RuQ, [18,19] (z4 for single-crystals comes from Ref. [20]). The transport lifetime t; is
calculated from the value of p.(T:) assuming that the ratio 7, /7 is the same for all sheets of Fermi surface. The quantum lifetime is extracted

from the data taken at 7 = 370 mK, which has oscillations from all three Fermi surfaces over the broadest field range. The details of the
estimation of uncertainties are described in the supplementary information [16].

Fermi surface Frequency (T) Effective mass (m,) 7, (ps) (Quantum lifetime) 7, (ps) (Transport lifetime)
a (film) 3079 + 99 354+0.1 1.07 £0.04 1.39 £0.12

o (single crystal) 3010 £ 80 34+£0.1 2.0

B (film) 12510 + 108 6.3+0.2 0.66 £+ 0.01 0.86 &+ 0.07

B (single crystal) 12730 £ 150 6.8 +0.2 1.7

y (film) 18259 + 195 152+£1.3 0.71 £0.07 0.92 £0.12

y (single crystal) 18570 £ 70 14.0£2.0 24
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parameters suggests that films of Sr,RuO4 grown on LSAT
are close electronic analogs of the bulk material.

The remaining quantity to be determined is the quasiparti-
cle quantum lifetime 7,. As the inverse of the time between
scattering events becomes comparable to the cyclotron fre-
quency w. (or the Landau level widths becomes comparable
to their separation), the oscillations are damped as

fig

Rp = e ™u. 3)

The lifetime can be converted to a mean free path via 7, =
Ifree /Vp, Where the Fermi velocity vp is determined by the
measured Fermi surface area and effective mass.

The quantum lifetime is more challenging to extract than
the cyclotron mass and Fermi surface area for two reasons.
First, the o pocket dominates the raw oscillatory signal, mak-
ing it impossible to fit Eq. (3) directly to the data for the g and
y bands. Second, the presence of interlayer coupling leads to
a beat-like structure in the data rather than a pure exponential
envelope [17]. We solve the first problem by Fourier-filtering
the data over frequency ranges that only include one FS com-
ponent at a time. We solve the second by fitting the data over
as broad a field-range as possible and by comparing the results
of two different analyses to check for consistency.

We first extract the quantum lifetime with a Dingle plot.
The Shubnikov—de Haas oscillation amplitude for a quasi-
two-dimensional (2D) Fermi surface is given by

? 2nF
LA Ry Rp cos (n—>, “4)
£0 B

where Ry is given by Eq. (2) and R is given by Eq. (3). We
first find the peaks of the oscillations in |9/ 0|, divide the
peak amplitude by Ry, and then plot the absolute value of this
quantity on a log scale as a function of 1/B; these plots are
shown in Supplementary Fig. S2 [16]. With m* determined
from the temperature dependence, the quantum lifetimes can
be immediately obtained from the slope of this plot.

The second method we use to determine the quantum
lifetime is to directly fit the oscillations with Eq. (4)—these
plots are shown in Supplementary Fig. S3 [16]. This has the
advantage over the first technique of making use of the full
data set, but as Eq. (4) ignores the interlayer dispersion (which
cannot be clearly resolved over this field range), it can become
contaminated by the beat structure.

The two methods give similar estimates for 7,. We take
the average of the two results and estimate the uncertainty as
half of the difference between them. The quantum lifetimes
of the «, B, and y sheets are 1.07 £ 0.04 ps, 0.66 = 0.01 ps,
and 0.71 £ 0.07 ps, respectively. As the y pocket was only
observed above 35 T, there is certainly a larger systematic
uncertainty associated with this lifetime than we are able to
account for with this method. Converting the three lifetimes
to mean free paths yields 108 nm, 75 nm, and 40 nm, for
the o, B, and y Fermi surfaces, respectively. These values
can be compared with those obtained from single crystals:
the authors of Ref. [20] reported Dingle temperatures that
convert to mean free paths of 210 nm, 176 nm, and 130 nm,
for the «, B, and y Fermi surfaces, respectively. While the
single-crystal values are somewhat longer than those from our
film, the progression of the longest mean free path on the o

pocket to the shortest on the y pocket is consistent (note that
subsequent generations of single-crystal Sr,RuQ,4 have even
longer mean free paths [17]).

The transport lifetime 7,—a quantity related to, but distinct
from, the quantum lifetime—can be extracted from the ab-
solute value of the resistivity pxx now that the Fermi surface
areas and effective masses are known. We start with a tight-
binding model of Sr,RuO4’s band structure [7], adjust the
tight-binding parameters so that the Fermi surface areas and
effective masses match the values measured for our sample,
and then solve the Boltzmann transport equation using Cham-
bers’ solution [21] (details are given in the supplementary
information [16]). As there are three transport lifetimes—one
for each Fermi surface—but only one value of pyy to fit, we
make the simplifying assumption that the ratio of 7; to 7, is
the same for all sheets of Fermi surface. We adjust this ratio
until the calculated resistivity matches the measured residual
resistivity, pxx(Tc)=1 u2 cm. We find that 7, /7, = 1.3 £0.1.
This translates to transport mean free paths of 140 nm, 97 nm,
and 52 nm, for the «, 8, and y Fermi surfaces, respectively.
Because 7, is a lower bound on 7;, the ratio 7, /7, must be
at least 1. If we relax the constraint that 7,/7, is the same
for all Fermi surfaces, then at most two Fermi surfaces could
have 7, /7, = 1 and the third would have 7, /7, greater than 1.3
(the exact value depends on which Fermi surface is chosen).
Without further microscopic justification for why 7, /7, might
be different on different Fermi surfaces, the assumption that
this ratio is the same for all Fermi surfaces is the simplest one
that we can make.

IV. DISCUSSION

The transport lifetimes we measure here approach those of
clean-limit, single-crystal Sr,RuQy [9]. They are also compa-
rable to what was reported in some of the earliest quantum
oscillation measurements of single-crystal Sr,RuQ,4 [22]. To
put our measured mean free path of over 100 nm in con-
text with other oxide thin film superconductors, a useful
comparison can be made with Pr,_,Ce,CuOy5, whose crys-
tal structure is very similar to that of Sr,RuO,4. High-field
quantum oscillation studies on Pr;_,Ce,CuQO,+s measured
the mean free path to be only 6 nm [23], highlighting the
extremely high quality of our Sr,RuQy films.

Long mean free paths are crucial for observing the intrinsic
T. of SroRuQy: the authors of Ref. [9] found that 90 nm
is the critical transport mean free path for superconductivity
in SrpRuOs—any shorter and the material does not super-
conduct; any longer and the T; rises rapidly to ~1.5 K. We
find mean free paths longer than this length on the @ and B
bands, which are thought to dominate the superconductivity
in Srp,RuQy4 [24], and which is consistent with a 7. of 1.05 K
for single-crystal Sr,RuQOy, [9].

The difference between the measured quantum and trans-
port lifetimes may offer a clue as to what is the dominate
scattering mechanism in these films. The quantum lifetime
is the average time a quasiparticle spends in a momentum
eigenstate before scattering. The transport lifetime is the aver-
age time between scattering events that relax the quasiparticle
momentum distribution function. When scattering is isotropic,
as it is for point-scatterers, 7, = 7;. For extended defects, the
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FIG. 3. Defect characterization by cross-sectional STEM. Atomic-resolution medium angle annular dark field scanning transmission
electron microscopy (MAADF-STEM) images for cross sections (a) perpendicular and (b) parallel to the current direction in Fig. 1(a).
Extended lattice defects, such as out-of-phase boundaries, are indicated with arrows. Many defects terminate near the interface of the film
(white arrows), while some are observed to extend through more than half the film thickness (yellow arrows). (c) Nearly all out-of-phase
boundaries can be traced to nucleate at step edges (yellow arrow) in the LSAT substrate surface, as seen in this atomic-resolution image of a
defect nucleation from the region marked by the white box in (a). (d) High-magnification inset of the area marked by the white box in (c) shows
how Sr,RuQy layers growing near a single unit cell LSAT step edge meet at a vertical defect due to the vertical offset of SrO planes on either

side of the step edge.

transport lifetime is generally longer than its quantum coun-
terpart: extended defects contribute more forward-scattering
events that do not alter the momentum distribution function
of the quasiparticles but do decohere the quasiparticle wave
functions. This was studied systematically in AlGaN/GaN
heterostructures, where small-angle scattering from disloca-
tions reduces the quantum lifetime by up to a factor of 20
below the transport lifetime [25]. While a ratio of 1.3 £ 0.1 is
not nearly as compelling as a ratio of 20, we were nevertheless
motivated to study the microscopic nature of the defects in this
film.

To investigate the character and density of extended de-
fects in our samples, we performed cross-sectional scanning
transmission electron microscopy (STEM) on lamellas cut
from the contact region of the device shown in Fig. 1(a).
Figures 3(a) and 3(b) show representative cross sections cut
parallel and perpendicular to the direction of the applied
current, respectively (more images are shown in the Supple-
mentary Information [16].) In the medium angle annular dark
field (MAADF) collection geometry used here (40 mrad inner
collection angle), extended defects—predominantly out-of-
phase boundaries—are visible as regions of lighter contrast

(yellow and white arrows). Some defects terminate near the
interface (white arrows), while others extend through signifi-
cant depth of the film (yellow arrows). These extended defects
have a density of approximately 1 every 100 to 200 nm. This
density is consistent with the quantum mean free path we
extract from the quantum oscillations. The longer transport
mean free path, as compared to the quantum mean free path,
is consistent with the predominantly small-angle scattering
that results from the large spatial extent of these defects [25].
Atomic-resolution MAADF-STEM images at the interface
shown (autoreffig:stemc and d) show that step-edges in the
LSAT substrate are predominant nucleation sites for these
defects. A single unit cell step edge in the LSAT substrate sur-
face appears at the base of a vertically running fault in the film,
visible as offset SrO rock salt layers on either side (marked
by yellow lines). This suggests that future improvements in
Sr,RuQy, film quality should focus on reducing the density of
step edges through substrate surface preparation.

The extreme sensitivity of 7 to disorder in Sr,RuQj raises
the question of whether the relatively high 7. observed in
thin films can be attributed to film cleanliness or whether the
presence of the substrate significantly modifies the electronic
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structure and thus 7. The Fermi surface areas and quasi-
particle effective masses we measure for Sr,RuQO4 grown on
LSAT are the same as those found in single-crystal Sr,RuQO4
to within our measurement uncertainty. This suggests that
modifications to the electronic structure, such as an enhanced
density of states (proportional to m* in two-dimensional mate-
rials) due to substrate strain pushing the Fermi surface toward
the van Hove point, are not responsible for the relatively
high 7; (1.05 K) observed in these films grown on the com-
mercial perovskite substrate that is best lattice matched to
Sr,RuOy [26]. It will be interesting to see how the electronic
structure, mean free path, and perhaps even superconducting
order parameter symmetry are modified when commensu-
rately strained Sr,RuQy films are grown on other substrates,
where the T, can be as high as 1.8 K and strain is undoubtedly
playing a larger role [10].
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