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We measure the Shubnikov-de Haas effect in thin-film SroRuO4 grown on an (LaAlOs)o.20-
(SrAly/2Tay/203)0.71 (LSAT) 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 SroRuO4, and that the quasiparticle
lifetime is consistent with the T, of comparably clean, single-crystal SroRuO4. Unlike single-crystal
SroRuOy4, 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 STEM 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 super-
conducting state in SroRuO4 through the fabrication of devices—such as planar tunnel junctions

and SQUIDs.

INTRODUCTION

SroRuOy4 was long thought to be a p—wave supercon-
ductor, but recently revised NMR measurements find a
substantial decrease in the Knight shift across the su-
perconducting transition temperature T, [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 SroRuO4 is not a p, + ipy
superconductor. It may be possible, however, that mul-
tiple superconducting order parameters lie nearby in en-
ergy [4, 5], suggesting that the application of the right
tuning parameter could push SroRuO4 into a p—wave
state. Uniaxial strain along the [100] direction has been
shown to strongly enhance T. [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 superconduct-
ing state of SroRuQy.

Unlike single-crystal strain experiments, which are
necessarily uniaxial or hydrostatic, thin films can be
strained biaxially through substrate engineering. For ex-
ample, using five different substrates, Burganov et al.
[7] showed that the v Fermi surface sheet of SroRuO,
(and the closely related compound BasRuO4) can be
driven through the Brillouin zone boundary. These films,
however, were not superconducting, and for decades the
growth of superconducting thin-film SroRuO4 has been
a major challenge in the oxide thin film community
[8]. The difficulty stems from the extreme sensitivity of
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SroRuOy4 to even minute levels of disorder—single crys-
tals with greater than 1 pOhm-cm residual resistivity
do not superconduct [9]. With the advent of SraRuOy4
films that are clean enough to show superconductivity
on many different substrates [10, 13, 14], it is worth in-
vestigating whether the superconductivity is a product of
film quality, substrate strain, or both, how the quasipar-
ticle properties are modified by the substrate, and what
types of defects might be limiting the quasiparticle mean
free path.

EXPERIMENT

A 100 nm thick film of SroRuO4 was grown
via molecular-beam epitaxy on an (LaAlOs)g.a9-
(SrAly 5 Tay /203)0.71 (LSAT) substrate with the tetrag-
onal 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 [10-12]. Devices for measuring
electrical resistivity in the ab—plane were fabricated us-
ing standard photolithography techniques and ion milling
(see [Figure 1h). Devices were contacted by sputtering a
5 nm titanium adhesion layer followed by 25 nm of plat-
inum. The temperature dependence of the in-plane resis-
tivity, pxx, reveals a high-quality device, with a RRR of
106 and a superconducting T of 1.05 K (RRR is defined
as R(298K)/R(T.), with T, measured at the midpoint of
the transition—see [Figure 1p.)

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
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FIG. 1. Shubnikov-de Haas oscillations in SrRuO4 on LSAT. (a) The SroRuOy4 transport device patterned from a thin
film of SroRuO4 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.

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 geometry using a Stanford Re-
search 860 lock-in amplifier, with a Stanford Research
CS 580 Voltage Controlled Current Source and a Stan-
ford Research SR560 low-noise preamplifier. The current
through the sample was I, = 150 pA. The magnetic
field was swept at a rate of 0.2 T/min, and the time con-
stant 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 non-oscillatory 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, p/po [15], is given
by

(1)

5(P >
Po Po

and is plotted in [Figure 1d. Shubnikovde Haas oscilla-
tions are clearly visible above 15 T, with multiple fre-

quencies visible above 35 T (see |[Figure 2a and the SI for
details about the data analysis.)

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 quasiparticle mean free path, for all three sheets of
the Fermi surface. The fast Fourier transform (FFT) of
P/ po, shown in , has clear contributions from all
three known pieces of Fermi surface, labeled «, 3, and -,
in accordance with previous studies [16]. Harmonics from
the a pocket are visible up to the fifth order—another in-
dication of high sample quality, as harmonic amplitude
is dampened out exponentially with increasing harmonic
number.

The Fermi surface area Ay is obtained from the quan-
tum oscillation frequency F' through the Onsager rela-
tion Ay = (2me/h)F. LSAT substrates apply a relatively
small amount of tensile strain on the SroRuQOy4 films, and
thus we expect the Fermi surface area of SroRuQy films to
be close to what is measured in single-crystal SroRuQy.
This is what we observe: within our experimental resolu-
tion, the three Fermi surfaces of SroRuO4 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.

The quasiparticle effective mass m* is obtained from
the temperature dependence of the quantum oscillation
amplitude. As the thermal energy (kgT) becomes com-

parable to the cyclotron energy (fiw., where w. = %B*)v
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FIG. 2. Analysis of the Shubnikov-de Haas oscillations. (a) Temperature dependence of the Shubnikov-de Hass oscil-
lations in the field range from 36 to 41.5 T. Additional frequency components—beyond the 3 kT frequency of the o pocket—

become clearly visible at higher field.

(b) Fast Fourier transform (FFT) of the 370 mK data.

The primary frequencies

corresponding to the a, 8, and v Fermi surfaces (shown in (c)) are indicated, as well as the higher harmonics of the « surface.
The 4« harmonic overlaps with the beta frequency, but its contribution is roughly one order of magnitude smaller than that of
the 8 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 for the a, 3, and v pockets. The analysis is done with data between
32 T and 41.5 T and from 370 mK to 2.2 K for a and 8 pockets, and between 35 T and 41.5 T and from 370 mK to 1.2 K for

the v pocket.

the oscillations are damped with the form

T T
Ry = (%21;; > /sinh (279];2 ) . (2)
C C

Figure 2(d) shows fits of the FFT amplitude to
tion 2. The effective mass for the «, 3, and ~ sheets
are found to be m} = 3.5£0.1 m,, mg = 6.3+0.2 me,
and mf/ = 15.2+1.3 m,., where m, is the bare electron
mass. These masses are consistent with those found in
single-crystal SroRuQOy (see[Table I), which is also consis-
tent with the similarity in measured Fermi surface areas.
The consistency between these Fermi surface parameters
suggests that films of SroRuQ4 grown on LSAT are close
electronic analogs of the bulk material.

The remaining quantity to be determined is the quasi-
particle quantum lifetime 7,. As the inverse of the time
between scattering events becomes comparable to the cy-
clotron frequency w. (or the Landau level widths be-
comes comparable to their separation), the oscillations
are damped as

T
Rp =e wema,

3)

The lifetime can be converted to a mean free path via
Ty = livee/Vr, 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 a pocket dominates the raw oscilla-
tory signal, making it impossible to fit di-
rectly to the data for the 8 and v bands. Second, the
presence of interlayer coupling leads to a beat-like struc-
ture in the data rather than a pure exponential envelope
[16]. 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 consis-
tency.

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

27 F
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where Ry is given by and Rp is given by
We first find the peaks of the oscillations in
|9/ pol, divide the peak amplitude by Rr, 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
Figure S1. 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 quan-
tum lifetime is to directly fit the oscillations with
[tion 4}—these plots are shown in Supplementary Figure
S2. This has the advantage over the first technique of
making use of the full data set, but as [Equation 4| ig-
nores the interlayer dispersion (which cannot be clearly
resolved over this field range), it can become contami-
nated by the beat structure.

The two methods give similar estimates for 7,. We
take the average of the two results and estimate the un-
certainty as half of the difference between them. The
quantum lifetimes of the «, 3, and 7y sheets are 1.074+0.04
ps, 0.66+0.01 ps, and 0.7140.07 ps, respectively. As the
~ pocket was only observed above 35 T, there is certainly
a larger systematic uncertainty associated with this life-
time 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 «, 8, and  Fermi sur-
faces, respectively. These values can be compared with
those obtained from single crystals: Mackenzie et al. [19]
report Dingle temperatures that convert to mean free
paths of 210 nm, 176 nm, and 130 nm, for the a, 8, and
~ 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 v pocket is consistent (note that
subsequent generations of single-crystal SroRuQO4 have
even longer mean free paths [16].)

The transport lifetime 7,—a quantity related to, but
distinct from, the quantum lifetime—can be extracted
from the absolute value of the resistivity pxx now that
the Fermi surface areas and effective masses are known.
We start with a tight-binding model of SroRuQO4’s band
structure [20], 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 Chambers’ solution
[21] (details are given in the supplementary information.)
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 mea-
sured residual resistivity, pxx(Tc)=1 pQ-cm. We find that
7¢/Tq = 1.3 £ 0.1. This translates to transport mean free
paths of 140 nm, 97 nm, and 52 nm, for the «, 5, and
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, is the same for all Fermi surfaces,
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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). With-
out 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.

DISCUSSION

The transport lifetimes we measure here approach
those of clean-limit, single-crystal SroaRuOy4 [9]. They
are also comparable to what was reported in some of
the earliest quantum oscillation measurements of single-
crystal SroRuOy [22]. To put our measured mean free
path of over 100 nm in context with other oxide thin film
superconductors, a useful comparison can be made with
Pry_,Ce, CuOy4s, whose crystal structure is very similar
to that of SroRuO,4. High-field quantum oscillation stud-
ies on Pro_,Ce,CuO44s have measured the mean free
path to be only 6 nm [23], highlighting the extremely
high quality of our SroRuQy films.

Long mean free paths are crucial for observing the in-
trinsic T, of SraRuOy: Mackenzie et al. [9] found that 90
nm is the critical transport mean free path for supercon-
ductivity in SroRuO4—any shorter and the material does
not superconduct; any longer and the 7T rises rapidly to
~ 1.5 K. We find mean free paths longer than this length
on the o and 8 bands, which are thought to dominate the
superconductivity in SraRuOy [24], and which is consis-
tent with a 7. of 1.05 K for single-crystal SroRuOy4 [9].

The difference between the measured quantum and
transport 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 average time between scatter-
ing events that relax the quasiparticle momentum dis-
tribution function. When scattering is isotropic, as it is
for point-scatterers, 7, = 7;. For extended defects, the
transport lifetime is generally longer than its quantum
counterpart: extended defects contribute more forward-
scattering events that do not alter the momentum distri-
bution function of the quasiparticles but do decohere the
quasiparticle wavefunctions. This was studied systemati-
cally in AlGaN/GaN heterostructures, where small-angle
scattering from dislocations 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
defects in our samples, we performed cross-sectional
STEM on lamellas cut from the contact region of the de-
vice shown in [Figure 1ja. |[Figure 3a and b show represen-
tative cross sections cut parallel and perpendicular to di-




TABLE I. A comparison of the Fermi surface parameters extracted for a SroRuO4 film grown on LSAT and those obtained
from de Haasvan Alphen measurements on single-crystal SroRuOy4 [17, 18] (74 for single-crystals comes from Mackenzie et al.
[19].) The transport lifetime 7+ is calculated from the value of pxx(7c) assuming that the ratio 7+/74 is the same for all sheets
of Fermi surface. The quantum lifetime is extracted from the data taken at T'= 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.

Fermi surface Frequency ( T ) Effective mass ( me ) T4 (DPS) 7 (ps)
(quantum lifetime) (transport lifetime)

a (film ) 3079 £+ 99 3.5+£0.1 1.07 £ 0.04 1.39 £ 0.12

a ( 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

~ (film ) 18259 £+ 195 15.2 £ 1.3 0.71 £ 0.07 0.92 £ 0.12

~ ( single crystal ) 18570 &+ 70 14.0 £ 2.0 2.4

100 nm

2nm

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 perpendicular (a) and parallel (b) to the current
direction in [Figure 1h. 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 SraRuOj 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.

rection of the applied current, respectively (more images
are shown in the SI.) 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 ter-
minate near the interface (white arrows), while others

extend through significant depth of the film (yellow ar-
rows). These extended defects have a density of approxi-
mately 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 de-
fects [25]. Atomic-resolution MAADF-STEM images at
the interface shown (autoreffig:stemc and d) show that
step-edges in the LSAT substrate are predominant nucle-
ation sites for these defects. A single unit cell step edge
in the LSAT substrate surface 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 SroRuQOy4 film
quality should focus on reducing the density of step edges
through substrate surface preparation.

The extreme sensitivity of T. to disorder in SroRuQOy4
raises the question of whether the relatively high T, ob-
served in thin films can be attributed to film cleanliness
or whether the presence of the substrate significantly
modifies the electronic structure and thus T,. The Fermi
surface areas and quasiparticle effective masses we mea-
sure for SroRuO4 grown on LSAT are the same as those
found in single-crystal SroRuQOy4 to within our measure-
ment uncertainty. This suggests that modifications to the
electronic structure, such as an enhanced density of states
(proportional to m* in two-dimensional materials) due to
substrate strain pushing the Fermi surface toward the van
Hove point, are not responsible for the relatively high T,
(1.05 K) observed in these films grown on the commer-
cial perovskite substrate that is best lattice matched to
SroRuQy [26]. It will be interesting to see how the elec-
tronic structure, mean free path, and perhaps even su-
perconducting order parameter symmetry are modified
when commensurately strained SroRuQy 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].

ACKNOWLEDGMENTS

B.J.R and Y.F. acknowledge support from the National
Science Foundation under grant no. DMR-1752784. A
portion of this work was performed at the National High
Magnetic Field Laboratory, which is supported by the
National Science Foundation Cooperative Agreement No.
DMR-1644779 and the State of Florida. H.P.N., L.M.,
N.J.S., B.H.G, L.F.K, K.M.S, and D.G.S. acknowledge
support from the National Science Foundation (Platform
for the Accelerated Realization, Analysis and Discov-
ery of Interface Materials (PARADIM)) under Coopera-
tive Agreement No. DMR~1539918. N.J.S. acknowledges
support from the National Science Foundation Graduate
Research Fellowship Program under Grant No. DGE-
1650441. This research is funded in part by the Gordon
and Betty Moore Foundation’s EPiQS Initiative through
Grant Nos. GBMF3850 and and GBMF9073 to Cor-
nell University. This work made use of the Cornell Cen-
ter for Materials Research (CCMR) Shared Facilities,
which are supported through the NSF MRSEC Program
(No. DMR-1719875). Substrate preparation was per-
formed in part at the Cornell NanoScale Facility, a mem-

ber of the National Nanotechnology Coordinated Infras-
tructure (NNCT), which is supported by the NSF (Grant
No. NNCI-2025233). The FEI Titan Themis 300 was ac-
quired through No. NSF-MRI-1429155, with additional
support from Cornell University, the Weill Institute, and
the Kavli Institute at Cornell. The Thermo Fisher He-
lios G4 UX FIB was acquired with support by NSF No.
DMR-1539918. K.M.S acknowledges support from NSF
DMR-1709255 and Air Force Office of Scientific Research
Grant No. FA9550-15-1-0474.

[1] A. Pustogow, Y. Luo, A. Chronister, Y.-S. Su, D. A.
Sokolov, F. Jerzembeck, A. P. Mackenzie, C. W. Hicks,
N. Kikugawa, S. Raghu, E. D. Bauer, and S. E. Brown,
Constraints on the Superconducting Order Parameter in
SroRuO4 from Oxygen-17 Nuclear Magnetic Resonance,
Nature 574, 72 (2019).

[2] S. A. Kivelson, A. C. Yuan, B. Ramshaw, and R.
Thomale, A Proposal for Reconciling Diverse Experi-
ments on the Superconducting State in SroRuO., Npj
Quantum Mater. 5, 43 (2020).

[3] S. Ghosh, A. Shekhter, F. Jerzembeck, N. Kikugawa, D.
A. Sokolov, M. Brando, A. P. Mackenzie, C. W. Hicks,
and B. J. Ramshaw, Thermodynamic Evidence for a
Two-Component Superconducting Order Parameter in
SraRuOy, Nat. Phys. 17, 199 (2021).

[4] S. Raghu, A. Kapitulnik, and S. A. Kivelson, Hidden
Quasi-One-Dimensional Superconductivity in SraRuQOy,
Phys. Rev. Lett. 105, 136401 (2010).

[5] L.-D. Zhang, W. Huang, F. Yang, and H. Yao, Supercon-
ducting Pairing in SroRuO4 from Weak to Intermediate
Coupling, Phys. Rev. B 97, 060510 (2018).

[6] C. W. Hicks, D. O. Brodsky, E. A. Yelland, A. S. Gibbs,
J. A.N. Bruin, M. E. Barber, S. D. Edkins, K. Nishimura,
S. Yonezawa, Y. Maeno, and A. P. Mackenzie, Strong In-
crease of Tc of SroRuO4 Under Both Tensile and Com-
pressive Strain, Science 344, 283 (2014).

[7] B. Burganov, C. Adamo, A. Mulder, M. Uchida, P. D.
C. King, J. W. Harter, D. E. Shai, A. S. Gibbs, A. P.
Mackenzie, R. Uecker, M. Bruetzam, M. R. Beasley, C.
J. Fennie, D. G. Schlom, and K. M. Shen, Strain Con-
trol of Fermiology and Many-Body Interactions in Two-
Dimensional Ruthenates, Phys. Rev. Lett. 116, 197003
(2016).

[8] S. Madhavan, D. G. Schlom, A. Dabkowski, H. A.
Dabkowska, and Y. Liu, Growth of Epitaxial Aaxis and
Caxis Oriented SroRuO4 Films, Appl. Phys. Lett. 68,
559 (1996).

[9] A. P. Mackenzie, R. K. W. Haselwimmer, A. W. Tyler,
G. G. Lonzarich, Y. Mori, S. Nishizaki, and Y. Maeno,
Extremely Strong Dependence of Superconductivity on
Disorder in SroRuOy, Phys. Rev. Lett. 80, 161 (1998).

[10] H. P. Nair, J. P. Ruf, N. J. Schreiber, L. Miao, M. L.
Grandon, D. J. Baek, B. H. Goodge, J. P. C. Ruff, L. F.
Kourkoutis, K. M. Shen, and D. G. Schlom, Demystify-
ing the Growth of Superconducting SroRuO4 Thin Films,
APL Materials 6, 101108 (2018).

[11] M. A. Zurbuchen, Y. Jia, S. Knapp, A. H. Carim, D.
G. Schlom, L.-N. Zou, and Y. Liu, Suppression of Su-
perconductivity by Crystallographic Defects in Epitaxial



(12]

(13]

(15]

(16]

(18]

(19]

20]

(21]

(22]

(23]

24]

SraRuOy4 Films, Appl. Phys. Lett. 78, 2351 (2001).

M. A. Zurbuchen, Y. Jia, S. Knapp, A. H. Carim, D. G.
Schlom, and X. Q. Pan, Defect Generation by Preferred
Nucleation in Epitaxial SroRuO4/LaAlO4, Appl. Phys.
Lett. 83, 3891 (2003).

M. Uchida, M. Ide, H. Watanabe, K. S. Takahashi, Y.
Tokura, and M. Kawasaki, Molecular Beam Epitaxy
Growth of Superconducting SraRuO4 Films, APL Ma-
terials 5, 106108 (2017).

C. M. P. Garcia, A. Di Bernardo, G. Kimbell, M. E.
Vickers, F. C.-P. Massabuau, S. Komori, G. Divitini, Y.
Yasui, H. G. Lee, J. Kim, B. Kim, M. G. Blamire, A. Vec-
chione, R. Fittipaldi, Y. Maeno, T. W. Noh, and J. W.
A. Robinson, Pair Suppression Caused by Mosaic-Twist
Defects in Superconducting SroRuO4 Thin-Films Pre-
pared Using Pulsed Laser Deposition, Commun Mater
1, 1 (2020).

D. Shoenberg, Magnetic Oscillations in Metals (Cam-
bridge University Press, Cambridge Cambridgeshire;
New York, 1984).

C. Bergemann, A. P. Mackenzie, S. R. Julian, D.
Forsythe, and E. Ohmichi, Quasi-Two-Dimensional
Fermi Liquid Properties of the Unconventional Supercon-
ductor SroRuO4, Advances in Physics 52, 639 (2003).
C. Bergemann, S. R. Julian, A. P. Mackenzie, A. W.
Tyler, D. E. Farrell, Y. Maeno, and S. Nishizaki, Quan-
tum Oscillations and Overcritical Torque Interaction in
SroRuQy4, Physica C: Superconductivity 317318, 444
(1999).

C. Bergemann, J. S. Brooks, L. Balicas, A. P. Mackenzie,
S. R. Julian, Z. Q. Mao, and Y. Maeno, Normal State
of the Unconventional Superconductor SreRuQO4 in High
Magnetic Fields, Physica B: Condensed Matter 294295,
371 (2001).

A. P. Mackenzie, S. R. Julian, A. J. Diver, G. J. McMul-
lan, M. P. Ray, G. G. Lonzarich, Y. Maeno, S. Nishizaki,
and T. Fujita, Quantum Oscillations in the Layered Per-
ovskite Superconductor SraRuQOy4, Phys. Rev. Lett. 76,
3786 (1996).

B. Burganov, C. Adamo, A. Mulder, M. Uchida, P. D.
C. King, J. W. Harter, D. E. Shai, A. S. Gibbs, A. P.
Mackenzie, R. Uecker, M. Bruetzam, M. R. Beasley, C.
J. Fennie, D. G. Schlom, and K. M. Shen, Strain Con-
trol of Fermiology and Many-Body Interactions in Two-
Dimensional Ruthenates, Phys. Rev. Lett. 116, 197003
(2016).

R. G. Chambers, The Kinetic Formulation of Conduction
Problems, Proc. Phys. Soc. A 65, 458 (1952).

A. P. Mackenzie, S. R. Julian, A. J. Diver, G. G. Lon-
zarich, N. E. Hussey, Y. Maeno, S. Nishizaki, and T. Fu-
jita, Calculation of Thermodynamic and Transport Prop-
erties of Sr2RuO4 at Low Temperatures Using Known
Fermi Surface Parameters, Physica C: Superconductiv-
ity 263, 510 (1996).

N. P. Breznay, I. M. Hayes, B. J. Ramshaw, R. D. Mc-
Donald, Y. Krockenberger, A. Ikeda, H. Irie, H. Ya-
mamoto, and J. G. Analytis, Shubnikov-de Haas Quan-
tum Oscillations Reveal a Reconstructed Fermi Surface
near Optimal Doping in a Thin Film of the Cuprate
Superconductor Pr;.gsCen.14CuQO4+5, Phys. Rev. B 94,
104514 (2016).

R. Sharma, S. D. Edkins, Z. Wang, A. Kostin, C. Sow,
Y. Maeno, A. P. Mackenzie, J. C. S. Davis, and V.
Madhavan, Momentum-Resolved Superconducting En-
ergy Gaps of SroRuO4 from Quasiparticle Interference

(25]

[26]

Imaging, PNAS 117, 5222 (2020).

M. J. Manfra, S. H. Simon, K. W. Baldwin, A. M. Ser-
gent, K. W. West, R. J. Molnar, and J. Caissie, Quantum
and Transport Lifetimes in a Tunable Low-Density Al-
GaN/GaN Two-Dimensional Electron Gas, Appl. Phys.
Lett. 85, 5278 (2004).

D. G. Schlom, L.-Q. Chen, C. J. Fennie, V. Gopalan, D.
A. Muller, X. Pan, R. Ramesh, and R. Uecker, Elastic
Strain Engineering of Ferroic Oxides, MRS Bulletin 39,
118 (2014).



	Quantum Oscillations and Quasiparticle Properties of Thin Film Sr2RuO4
	Abstract
	Introduction
	Experiment
	Analysis
	Discussion
	Acknowledgments
	References


