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Glass-Like Through-Plane Thermal Conductivity Induced by
Oxygen Vacancies in Nanoscale Epitaxial Lay5Srg5CoO3_g

Xuewang Wu, Jeff Walter, Tianli Feng, Jie Zhu, Hong Zheng, John F. Mitchell,
Neven Biskup, Maria Varela, Xiulin Ruan, Chris Leighton, and Xiaojia Wang*

Ultrafast time-domain thermoreflectance (TDTR) is utilized to extract the
through-plane thermal conductivity (A sco) of epitaxial Lag 5Srg sC0O3_s
(LSCO) of varying thickness (<20 nm) on LaAlO; and SrTiOj; substrates.
These LSCO films possess ordered oxygen vacancies as the primary means of
lattice mismatch accommodation with the substrate, which induces compres-

fraction of the metals in the periodic table
on either the A or B cationic site. This
flexibility allows for the tuning of many
functionalities by substitution of A and/
or B site cations, as well as by control of
oxygen stoichiometry (i.e., by inducing

sive/tensile strain and thus controls the orientation of the oxygen vacancy
ordering (OVO). TDTR results demonstrate that the room-temperature

Aisco of LSCO on both substrates (1.7 W m~' K™') are nearly a factor of four
lower than that of bulk single-crystal LSCO (6.2 W m~' K'). Remarkably,

this approaches the lower limit of amorphous oxides (e.g., 1.3 W m~" K" for
glass), with no dependence on the OVO orientation. Through theoretical sim-
ulations, origins of the glass-like thermal conductivity of LSCO are revealed
as a combined effect resulting from oxygen vacancies (the dominant factor),
Sr substitution, size effects, and the weak electron/phonon coupling within
the LSCO film. The absence of OVO dependence in the measured A sco is
rationalized by two main effects: (1) the nearly isotropic phononic thermal
conductivity resulting from the imperfect OVO planes when § is small; (2) the
missing electronic contribution to A, sco along the through-plane direction for

these ultrathin LSCO films on insulating substrates.

1. Introduction

The remarkable functionality of perovskite oxides, encom-
passing superconductivity,!! piezoelectricity,?! ferroelectricity,!*!
thermoelectricity,” mixed ionic conductivity,”! and ferromag-
netism,% suggest their potential use in a wide range of appli-
cations, in solid oxide fuel cells,”l as superconductors,!l in
resistive memory devices,® and in thermoelectric devices.[**!
These are in addition to existing use in ferroelectric memo-
ries, tunable capacitors, etc.31% Largely responsible for this
great range of functionality is the ability of the perovskite struc-
ture (with ABO; as its general formula) to incorporate a large

oxygen vacancies or interstitials). One
such example is in strontium-doped lan-
thanum cobaltite, La;_,Sr,CoO;_s (LSCO),
in which divalent Sr?* substitution for
La** hole-dopes the initially insulating
and nonferromagnetic LaCoO; (LCO),
increases the formal Co valence, and
induces metallic ferromagnetism via a
spin-state transition.[!!]

Control of the oxygen stoichiometry has
been shown similarly effective in tuning
the properties of LSCO. Oxygen vacan-
cies compensate Sr-induced holes, desta-
bilizing metallicity, and ferromagnetism,
and thus controlling both. Moreover, the
presence of oxygen vacancies has been
shown to critically influence the high
oxygen conductivity that makes LSCO
an excellent candidate for gas separation
membranes,[?l gas sensors,'®l and solid oxide fuel cell cath-
odes.”1* Oxygen vacancies readily form above x = 0.5 in LSCO
due to the general instability of Co*" in octahedral coordina-
tion."*! This is also evidenced by the very high oxygen pressure
needed to form SrCoOj; (x = 1),!® and the tendency of SrCoO;_g
to form Sr,Co,Os (SrCoO;s), the so-called Brownmillerite
structure, with ordered oxygen vacancies.l'’] The Brownmill-
erite structure is derived from perovskite when oxygen vacan-
cies form in alternating (001) Co-O planes, along staggered
[110] lines, resulting in alternating planes of tetrahedrally- and
octahedrally coordinated Co ions. In thin film form, SrCoO;_s
can be made to undergo reversible redox reactions between
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Brownmillerite and epitaxial phases, with intriguing potential
applications. '8!

Notably, while bulk LSCO at x = 0.5, unlike x = 1, does not
readily form in the Brownmillerite structure, epitaxial films
of LSCO at x = 0.5 do exhibit oxygen vacancy ordering.'”) In
essence, a Brownmillerite-like structure is induced in these
films, and is understood to be the primary accommodation
mechanism for the lattice mismatch between LSCO and single
crystal perovskite substrates. In the case of a compressive mis-
match, for instance, such as the 1.2% mismatch produced by
LaAlO; (001) (LAO) substrates, the oxygen-vacancy-ordered
(OVO) planes run parallel to the film/substrate interface, ena-
bling out-of-plane expansion, and in-plane compression, to
match the substrate.l' With a tensile mismatch, such as the
—1.8% mismatch produced by SrTiO; (001) (STO) substrates,
the OVO planes run perpendicular to the film/substrate inter-
face, enabling in-plane expansion to match the substrate.!%
This is a unique mechanism of lattice mismatch accommo-
dation, not relying on misfit dislocations. Engineering of this
oxygen vacancy ordering with the choice of substrate, and
thus the lattice mismatch generated, has been shown to tailor
several properties of LSCO epitaxial films, including strain
relaxation(!%¥] and low temperature redox activity.[13]

As a fundamental transport property, thermal conduc-
tivity can provide a wealth of information on the scattering
processes for charge and thermal carriers in materials. For
perovskite oxides specifically, studies of thermal transport
properties are of particular interest to advance potential
applications such as thermal barriersi?” and thermoelectric
materials,®™?! due to their structural versatility, and their
thermal and chemical stabilities at high temperatures.?!222
While there have been numerous studies of the electrical,
magnetic, structural, and mechanical properties of LSCO thin
films,[1%-¢23] the thermal transport properties of LSCO thin
films have yet to be studied. The majority of published studies
have rather focused on the thermal properties of bulk LSCO
crystals or polycrystals with different concentrations of Sr.1?4
Special attention has been given to the thermally- or doping-
induced spin-state transition, and on suppression of thermal
transport in polycrystalline LSCO with varying defects and
grain sizes, for potential thermoelectric applications.?’! As for
thermal transport in perovskite oxide films other than LSCO,
a few studies?'*2¢] have been carried out on the suppression
of thermal conductivities of STO films with point defects, 2%
planar defects,2'#26] and oxygen vacancies.l?>< These studies
have identified thermal transport measurements as a useful
approach to probing general structural perfection/defects in
STO films.

In light of the above, epitaxial LSCO films present an
intriguing model system for studying the general structure—
property relations between oxygen vacancies (including their
ordering) and thermal transport in oxide films. However, LSCO
film thicknesses typically have to be quite low (e.g., less than
20 nm) in order to preserve the structural control of oxygen
vacancy ordering, and to prevent strain relaxation.'”*< This
restriction to the very low thickness regime due to the need to
avoid strain relaxation is not unique to LSCO films, but is gen-
eral to epitaxial oxides, where coherent strain is often utilized
as a powerful method to tune properties. Such ultrathin films
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thus pose a grand challenge in thermal science, where charac-
terization of thermal transport properties is nontrivial.

To address this fundamental, yet technologically important,
structure—property correlation, we utilize here time-domain
thermoreflectance (TDTR)®] to reveal how the “built-in” oxygen
vacancies in epitaxial LSCO films, serving as controllable
point defects at the atomic level, impact the thermal transport
in these films. Such studies on LSCO films can not only lend
insight into the general effects of oxygen vacancies on thermal
transport in oxide films, but also on whether the ordering of
oxygen vacancies can induce anisotropy in thermal transport,
when compared with electrical transport. The effective through-
plane thermal conductivities of a series of epitaxial LSCO films
of varying thickness (from 6 to 18 nm) are obtained here from
TDTR, from which the through-plane thermal conductivities
of LSCO epitaxial films are extracted. Comparisons are made
between films with OVO planes perpendicular and parallel
to the through-plane thermal transport direction, using films
grown on LAO and STO, respectively. Computational mod-
eling including both Boltzmann transport equation (BTE) and
molecular dynamics (MD) methods are applied to explain the
fundamental mechanisms of phonon transport in the LSCO
epitaxial films, elucidating a number of unanticipated observa-
tions. In particular, we obtain glass-like thermal conductivity
values which approach the amorphous limit, despite the single
crystallinity of the LSCO films, with remarkably weak thermal
anisotropy. These features are mainly ascribed to the combined
effects of point defects of oxygen vacancies and Sr substitution,
the size effect resulting from the ultralow film thickness, and
weak electron/phonon coupling within the LSCO film.

2. Results and Discussion

2.1. Structural Characteristics of LSCO Epitaxial Thin Films

Epitaxial LSCO films with x = 0.5 were grown using high pres-
sure oxygen sputter deposition, as detailed later in the Experi-
mental Section. Films grown by this method have been subject
to thorough prior structural and chemical characterization
using high-resolution wide-angle X-ray diffraction (WAXRD),
rocking curve analysis, grazing incidence in-plane diffraction,
grazing incidence X-ray reflectivity, cross-sectional scanning
transmission electron microscopy (STEM), electron energy loss
spectroscopy (EELS), and scanning probe microscopy.!'%<23ti
Two types of epitaxial thin-film samples were prepared (Table 1):
LSCO grown on (001)-oriented LAO substrates (type A) and
LSCO epitaxial films grown on (001)-oriented STO substrates
(type B). Both sample types A and B consist of a series of LSCO
films with varying thicknesses (3, 6, 8.5, 12.5, and 18 nm) and
a smaller § (=0.1), and an individual LSCO film of 16.5 nm
and a bigger 8 (=0.22). For comparison, bulk single crystals of
LSCO (nominally x = 0.3) (sample type C) and LCO, were also
prepared using floating zone methods for thermal characteriza-
tion.l?®! The choice to use an x = 0.3 crystal for comparison, as
opposed to an x = 0.5 crystal, was enforced by the difficulty of
growing x = 0.5 single crystals without high oxygen pressures.
x=0.3 and x = 0.5 are expected to be essentially identical from
structural and electronic perspectives, and in both cases the
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Table 1. Structural parameters of the La;_,Sr,CoO3_ssamples and substrates. Note that films in this 3-18 nm thickness (h sco) range are pseudomor-
phic with both substrates, exhibiting no strain relaxation, as determined using reciprocal space maps (not shown).

Sample hisco [nm] x ) a[A] b [A] c[Al ovo Structure

A. LSCO/LAO (set) 3-18 0.5 =0.09 3.789 3.789 3.890 Horizontal Tetragonal
LSCO/LAO 16.5 0.5 =0.22 3.789 3.789 3.918 Horizontal Tetragonal

B. LSCO/STO (set) 3-18 0.5 =0.11 3.905 3.905 3.760 Vertical Tetragonal
LSCO/STO 16.5 0.5 =0.25 3.905 3.905 3.800 Vertical Tetragonal

C. Lsco Bulk 0.3 =0 5.393 - 13.20 Rhombohedral (o = 60.5°)
LAO (sub) Bulk - - 5.365 - 13.1 Rhombohedral (o = 60.1°)
STO (sub) Bulk - - 3.905 - - Cubic

LCO Bulk 0 =0 5.342 - 13.01 Rhombohedral (o = 61.1°)

oxygen vacancy density is known to be low, from numerous
physical property measurements.?®! Bare LAO and STO com-
mercial substrates were also measured as references.

Figure 1a,b depicts representative WAXRD scans of the
(002) substrate and LSCO film peaks for type A and B samples,
respectively. As will be discussed shortly, data are shown here
for two different values of the oxygen deficiency, &: one smaller
value (=0.1) from as-grown samples and one larger value
(=0.22) after post-growth thermal reduction. Qualitatively, all
scans show well-defined (002) film peaks and Kiessig fringes;
the LSCO films are epitaxial with low roughness, with compres-
sive and tensile lattice mismatches as expected for type A and B
samples, respectively. The substrate and LSCO film out-of-plane
lattice parameters (calculated based on the (002) film peak posi-
tion), and the estimated values of §, are summarized in Table 1.
Reciprocal space maps (not shown) demonstrate these films
to be pseudomorphic with the substrate, exhibiting no strain
relaxation for film thicknesses < 20 nm. As previously reported,
the nominal compressive (1.2% for LAO) or tensile (-1.8%
for STO) lattice mismatch at the LSCO/substrate interface is
accommodated by the formation of long-range OVO planes that
are either horizontally (on LAO) or vertically (on STO) aligned
within the LSCO epitaxial films.'%] These OVO planes are
shown in the high resolution Z-contrast scanning transmission
electron microscopy (STEM) images in Figure 1lc,d as alter-
nating bright (oxygen sufficient) and dark (oxygen deficient)
Co-O planes. The images here are for the lower oxygen defi-
ciency (6 = 0.1) cases, i.e., the as-grown samples. Figure lef
shows illustrative schematics of the OVO structure observed for
type A and B samples, respectively, based on the Brownmillerite
structure. The schematics show the resulting shift of Co ions
(black spheres) into tetrahedral coordination upon formation
of oxygen vacancies (white spheres) in alternating planes and
along [110] lines for type A samples and [-101] lines for type
B samples, as well as the resulting shift of La/Sr ions (green
spheres) toward the O-stoichiometric planes. Transparent blue
polyhedra are used to differentiate the O-deficient layers (tet-
rahedral, lighter) from the O-stoichiometric layers (octahedral,
darker).

Note that to emphasize and illustrate the OVO structure, the
stoichiometry in Figure le,f was set to exactly Lag5Srg5CoO, s
(i-e., 8=0.5), which is the Brownmillerite structure. This is not,
however, the exact structure that forms in these LSCO films,
which have § considerably less than 0.5. For as-grown samples,
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estimates based on previously reported electron energy loss
spectroscopy (EELS) data (see Figure S1 in the Supporting
Information) indicate 6 = 0.09 on LAO, and 6 = 0.11 on STO.
We take this as § = 0.1 in later modeling. Note that these esti-
mates are subject to significant absolute systematic uncertain-
ties of =0.05, but their relative uncertainties are much smaller
(=0.01). The main point is that some of the oxygen vacancy sites
in the schematics shown here are actually occupied in the films.
We thus know that OVO is present in these films, the direction
in which it forms, but not the precise distribution of oxygen
vacancies.'®%! In order to change &, and assess the impact
on thermal transport, some films were also reduced by post-
deposition vacuum annealing as discussed in the Experimental
Section. The 6 in this case, which is in the range of 0.22-0.25,
was estimated by two independent means, as also described in
Section S1 of the Supporting Information. Details of the sample
structural characteristics are summarized in Table 1.

2.2. TDTR Experimental Results

The essential structural components of our LSCO samples, from
top to bottom, include Al, the Al/LSCO interface, the LSCO
epitaxial film, the LSCO/substrate interface, and the substrate
(LAO or STO), as shown in Figure 2. Due to the ultrathin-film
nature of these LSCO epitaxial films (3-18 nm), thermal waves
penetrate through the entire LSCO film and are sensitive to
both interfaces, and the LSCO film sandwiched in between.
This leads to a challenge in direct fitting of TDTR data to simul-
taneously extract the thermal conductivity of the LSCO film
(Arsco), as well as the interfacial thermal resistances at the
Al/LSCO (Ry;) and LSCO/substrate (Ry,) interfaces. To resolve
this, we define an effective thermal resistance R.g as!®”!

Ry = @ hisco
A

(1)

=Rj+

+Rp,
LSCO

where Ay is the effective thermal conductivity combining the
contributions from the LSCO film (A;sco) and two interfaces
(Ry; and Ryy), and hygco is the LSCO thickness (varying from 3 to
18 nm). Values of Ay can be directly extracted from TDTR data
for LSCO samples of different thicknesses. To a first approxi-
mation, Ry and Ry, are presumed independent of LSCO thick-
ness for these series of epitaxial films on the same substrate,
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Figure 1. a,b) Specular WAXRD scans for LSCO films on LAO (type A) and STO (type B),
respectively. The lighter blue/red scans are from as-deposited 18 nm films on LAO/STO and the
darker blue/red scans from vacuum-annealed 16.5 nm films. The 0 estimates for each film are
noted in the legend. c,d) High resolution Z-contrast STEM images of the substrate—film inter-
face regions in type A and B samples, respectively. These images are for the lower oxygen defi-
ciency (0= 0.1) cases. Blue and red lines mark the substrate—film interface and yellow lines mark
O-deficient planes. e,f) Crystal structure schematics along the [100] zone axis for type A and B
samples, respectively. Coordinate axes are labeled beneath the diagrams. The color scheme for
the ions is as follows: Co (black), La/Sr (green), O (red), oxygen vacancy (white). Transparent
blue polyhedra (both tetrahedral and octahedral) are used to emphasize the difference between
O-stoichiometric (octahedral, darker) and O-deficient (tetrahedral, lighter) planes.

as justified by, among other factors, the identical deposition
conditions. With this approximation, R.¢ becomes linearly pro-
portional to hygco with a slope of 1/A[sco, and the sum of Ry;
and Ry, is the intercept at zero film thickness. Strictly speaking,
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Arsco would also be expected to change with
hisco, considering the enhanced boundary
scattering of phonons with mean free paths
(MFPs) longer than the thicknesses of
LSCO epitaxial films. Therefore, Ajgco from
Equation (1) is treated here as an apparent
value, averaged over single-crystal LSCO
epitaxial films on the same substrate with
varying thicknesses (3-18 nm). The assump-
tion of largely thickness-independent Ajsco
by neglecting phonon dispersion is also justi-
fied by the BTE predicted cumulative thermal
conductivity (Agmy) of LSCO as a func-
tion of phonon MFP, as detailed below in
Section 2.3. Also, it should be noted here that
our discussion is based on the assumption
that Ajgco is dominated by the lattice con-
tribution, due to the weak electron—phonon
coupling both at the interfaces and inside
the correlated LSCO films (Section 2.4). This
should render small the impact of any finite
size or dead layer effects!"»<3% in the elec-
tronic contribution to Ajgco.

Figure 3 illustrates the representative
TDTR signals and associated best fitting to
extract Ay for as-grown (6 = 0.1) LSCO epi-
taxial films (samples A and B in Table 1) on
LAO and STO substrates. The thickness of
the Al transducer determined from the pico-
second acoustics of the in-phase signal is
70 nm (Figure 3a).! In typical TDTR meas-
urements, the in-phase signal (V;,) repre-
sents the time evolution of the temperature
excursion of the Al transducer. The out-of-
phase signal (V,) is approximately propor-
tional to the imaginary part of the tempera-
ture oscillations at the modulation frequency.
The ratio of V;, and V., signals (—Viy/Vow)
from TDTR experimental data at dual modu-
lation frequencies of 1.6 and 9 MHz for the
3- and 18-nm LSCO epitaxial films are shown
in Figure 3b,c. The fitting of the ratio signals
with the thermal diffusion model for a mul-
tilayer structure allows the extraction of A,
and thus the thickness-dependent R}

Here, R.y is the lumped thermal resist-
ance shown in Equation (1), which consists
of contributions from interfacial thermal
resistances at the Al/LSCO and LSCO/sub-
strate interfaces and the thermal resistance
of the LSCO epitaxial films (Figure 2). The
values of R.y are plotted as a function of
LSCO film thickness in Figure 4a,b, again for
as-deposited films with é = 0.1. The uncer-
tainties on R.g from TDTR measurements

are evaluated based on a sensitivity analysis; they range from
11% to 15% for all LSCO films of different thicknesses on both
substrates (see details in Section S5 of the Supporting Infor-
mation). To obtain the thermal conductivity of LSCO epitaxial
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Figure 2. Schematic of the TDTR measurement on the sample stack con-
sisting of an Al transducer, LSCO epitaxial film, and the substrate. The
heat flux is imposed at the Al transducer layer and passes through a
thermal resistance network in series with the multilayer structure.

films, we applied Equation (1) to linearly extrapolate R.g to zero
film thickness. Note here that we excluded the 3 nm data in this
linear fitting, since the sum of interfacial thermal resistances
(Ri1 + Ryy) for films of <3 nm will decrease dramatically due
to a coherent phonon effect associated with the extremely low
film thickness.?? In this case (h15co <3 nm), the assumption of
thickness-independent Ry, + Ry, fails, and R.y deviates from lin-
earity as a function of hjgco. This phenomenon has also been
experimentally observed before.[?% As illustrated in Figure 4a,b,
the excellent linear dependence of R.g on hisco, excluding the
3 nm LSCO data, validates the approximation of thickness-inde-
pendent thermal interfacial resistance for films thicker than
3 nm. The fitting process gives Ajgco = 1.69 £ 0.25 W m™! K
for as-grown LSCO on LAO, and A;gco=1.73£0.22 W m™ K~!
(for uncertainty analysis see Section S5 of the Supporting Infor-
mation) for as-grown LSCO on STO. Surprisingly, this suggests
no apparent dependence of Ajgco on oxygen vacancy ordering
direction.

For completeness, we further attempted to fit R.g for LSCO
films of all thicknesses and found that the inclusion of the
3 nm LSCO does not significantly influence the dependence
of Arsco on oxygen vacancy ordering. Rather, it only decreases
Arsco from =1.7 to =1.5 W m™! K™! for LSCO epitaxial films on
both LAO and STO substrates. Although the ordering of oxygen
vacancy planes does not have observable effects on Ajgco,
remarkably, the value of Ajgco = 1.7 W m™! K™! approaches the
amorphous limit (=1.3-1.4 W m~! K™!). To our knowledge, this
is the first time that this has been reported for single crystalline
oxide materials.

The intercept from linear fitting of R.g to higco = 0 is the
combined interfacial thermal resistance, Rj; + Ry, of the Al/
LSCO interface and LSCO/substrate interface. R;; + Ry, is
found to be 9.0 X 10~ m? K W~ for LSCO films on LAO sub-
strates (sample A) and 10.3 x 107 m? K W~! for LSCO films
on STO substrates (sample B). Though a =10% difference of
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Figure 3. a) Picosecond acoustic signals from the LSCO epitaxial film
sample for determining the thickness of the Al transducer. b,c) TDTR ratio
signals and fitting results for the as-grown 3-nm LSCO and 18-nm LSCO
films on LAO (blue circles) and STO (red squares) substrates, respec-
tively. All the samples are measured at dual modulation frequencies of 1.6
and 9 MHz. Solid lines (9 MHz) and dashed lines (1.6 MHz) represent
the best-fit representations of measurements using the thermal diffusion
modeling.

Ry; + Ry, is found between samples A and B, this is still within
the measurement uncertainty.

To understand the factors that cause the large suppres-
sion of the thermal conductivity in these samples, we also
measured the thermal conductivities of bulk single crystals of
LSCO (x = 0.3), LCO, and the two substrates, LAO and STO
(Table 2). The thermal conductivity (6.2 W m~2 K1) of the bulk
Lay;Sry3Co0; crystal (sample C in Table 1) is 40% less than
that of the LAO (=13 W m™! K1) and STO (=11 W m™! K?)
bulk crystals. We attribute this reduction of thermal conduc-
tivity to Sr substitutions for La, which act as point defects,
scattering heat-carrying phonons. The thermal conductivity
of LCO bulk single crystals was found to be =2.2 W m™! K,
which is =80% smaller than that of LAO and STO bulk single
crystals with similar ABO; structures. Such a notably low
thermal conductivity of LCO at room temperature is con-
sistent with literature reports, and has been attributed to the
spin-state transition of thermally excited Co ions from the low
spin to finite spin states. This crossover is complete by =100 K,
leading to an equal population, in a simple picture, of low
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Figure 4. Linear fitting of R.g of as-grown LSCO epitaxial films with var-
ying thicknesses on LAO a) and STO b) substrates. The thermal conduc-
tivity of LSCO from fitting is A sco = 1.69 W m™' K™' for sample A and
Aisco = 1.73 W m™ KT for sample B, respectively. R is the lumped
thermal resistance consisting of contributions from interfacial thermal
resistances at Al/LSCO and LSCO/substrate interfaces (intercept of the
linear fit in (a) and (b)) and from the thermal resistance of the LSCO
epitaxial films (related to the slope of the linear fit in (a) and (b)).

spin and finite spin states, accompanied by subsequent bond-
length fluctuations, which significantly suppress the thermal
conductivity.?**?! With the increase of Sr doping (x), this sup-
pression of 300 K La;_,Sr,CoOj; thermal conductivity due to the
thermally excited spin-state transition becomes less influential
and essentially negligible when x > 0.18, where the scattering
of phonons by Sr dopants becomes dominant.?*! Since the
samples studied in this work are at x = 0.3 or 0.5, and are in the
ferromagnetic metallic phase (with the exception of the 3-nm
LSCO film on STO where dead layer effects induce a nonfer-
romagnetic semiconducting ground statel'?)), this excludes
the spin-state transition, or other magnetic/electronic effects
as a dominant reason for the thermal conductivity suppression

www.afm-journal.de

in LSCO epitaxial films. Again, the thermal conductivity is
=1.7 W m™! K7! for LSCO epitaxial thin films on both sub-
strates, independent of the ordering of oxygen vacancy planes.
The close-to-amorphous-limit (glass-like) A;sco suggests that
the phononic thermal transport is suppressed by =60% in
LSCO epitaxial thin films. To quantitatively evaluate the degree
of suppression of thermal transport, we calculate the theoretical
minimum thermal conductivity (Ap,;,) of LSCO thin films, fol-
lowing the approach developed by Cahill et al. (see details in
Figure S8 and Section S7 of the Supporting Information).l?’]
The measured Ajgco is =13% higher than the theoretical lower
limit predicted by the minimum thermal conductivity model
(Amin = 1.5 W m™ K!) and =20% higher than that of amor-
phous SiO, (1.3-1.4 W m™ K!). This indicates that thermal
transport by lattice vibrations in these LSCO epitaxial films is
indeed approaching the theoretical lower limit, leading to the
“glass-like” thermal conductivity rarely observed in single crys-
talline materials.

2.3. Impacts of Sr Substitution, Oxygen Vacancies, and
Boundary Scattering

We systematically evaluate the possible contributions of La/Sr
mass disorder, oxygen vacancies, and boundary scattering (size
effects) on the lattice thermal conductivity of LSCO using the
BTE model (Section S1 of the Supporting Information). The
calculated lattice thermal conductivities are listed in Table 2.

In the BTE model, both La/Sr mass disorder (resulting
from Sr substitution) and oxygen vacancies are treated as point
defects. The phonon scattering rates induced by these two types
of point defects share the same form of expression, but involve
different scattering coefficients (g), which describes the strength
of phonon scattering with different types of point defects
(Section S1 of the Supporting Information). For the La/Sr mass
disorder in LSCO with x = 0.3, g, is calculated to be 0.036. For
oxygen vacancies at a level of § = 0.1 (as in the as-grown sam-
ples), the mass disorder associated with the removal of oxygen
ions (goy) will be magnified by a factor of three to take into
account the potential energy change due to the missing bond.*
This leads to goy = 0.11, nearly three times that of gs,. With these
scattering coefficients, the calculated Ajgco according to the
Matthiessen rule expressed by Equation (3) is 8.7 W m™ K! for
the La/Sr mass disorder at x = 0.3 (Lay ;S 3C003), decreased by
42% in comparison to that of a perfectly stoichiometric ABO;

Table 2. Lattice thermal conductivities of single-crystal La;_,Sr,CoO;_s5 LaAlO;, and SrTiO3 from both TDTR measurements (A,e,s) and BTE calcula-

tion (Acal)-
ABO; Lag 7Srp3Co0;3 LaCoO, 4 Lag 7Srp3C00, 4 Lag sSrpsCo0, 4
h [nm] Bulk Bulk 18 6 3
Ameas W m™ K] 2.2 (LaCoO3)? 6.2 N/A 1.7 (avg)®
3 (LaAlO3)
11 (SFTiO3)
Aot [W m™ KT =12-15 8.7 4.4 5.6 1.54 1.04 0.81

AThe spin-state transition effect in LCO randomly tilts the octahedral locally, thus reducing the thermal conductivity of LCO from the perfect lattice value 12-15 to the
real lattice value 2.2. Since this spin-state transition effect does not exist in these LSCO samples, we do not consider it in our modeling (see main text for a more detailed
explanation)2#2bl; ®The measured thermal conductivity of 1.7 W m™' K" is averaged over LagsSro5CoO,  epitaxial films of 6-18 nm.
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structure (15 W m™! K™!). We emphasize that the BTE calcula-
tion used here can only compare the relative contributions of
phonon scattering by point defects (i.e., the La/Sr mass dis-
order and oxygen vacancies) and boundaries, as it does not take
into account the spin-state transition. Thus, the BTE calculation
predicts a similar thermal conductivity for the stoichiometric
structure of ABO; for all three single crystals of LAO, STO, and
LCO, which indeed agrees reasonably well with the measured
thermal conductivities of LAO and STO, which are not subject
to the spin-state transition effect.

For LCO single crystals with 6 = 0.1, only =3% oxygen vacan-
cies will decrease the thermal conductivity of LaCoO,4 to
44 W m™! K}, providing more suppression of phonon heat
transport than =30% Sr substitution for La (in La,;Sry3Co0s3).
These results from BTE modeling thus indicate that oxygen
vacancy formation (8) has a significantly larger impact on the
phonon scattering rate than La/Sr mass disorder (x), and is thus
the dominant factor for A;gco reduction. This observation is con-
sistent with the trends of thermal conductivities obtained from
both TDTR measurements and MD simulations discussed later.

To study the boundary scattering effect on the thermal trans-
port in LSCO epitaxial films due to their finite thicknesses, we
plot the cumulative thermal conductivity A, as a function
of the phonon MFP, and thermal conductivity A;gco as a func-
tion of thickness hygco for Lay5Sr;5sC00, 4 in Figure 5. For bulk
single crystals of LSCO, with no size limitations, heat-carrying
phonons with all MFPs contribute to the thermal transport, cor-
responding to Ajgco = 5.6 W m™! K™! for bulk LaysSry5C00,
in Table 2. The enhanced boundary scattering of phonons
resulting from the low layer thickness decreases Ajgco from
1.54 to 1.04 W m™ K! when the layer thickness changes from
18 to 6 nm, as shown in the inset plot of A;sco versus hysco
from 0 to 18 nm. As can be seen, the dependence of A;sco on
hisco is relatively weak over the range 6-18 nm. This justifies
our approach of using a linear extrapolation of R.g to extract the
thickness-independent Ajsco from TDTR. The average Ajsco
(assuming Ajgco has a linear relationship with hygco) is calcu-
lated to be 1.3 W m™! K™! for LSCO epitaxial films of 6-18 nm,

6 i " Ll v T
P :
= 14 \Linear extrapol.
v O ;E T
|
£ 4F ]
S < 10 15 18
0 3- thco(nm) ]
2
< 2} '
:
< Tr Lao.ssro.scooz.g

A ....:I.IO Pt .-.1--601 i ..1.6l00. e .1.6-60.0
Phonon MFP/h (nm)

LSCO

Figure 5. Cumulative thermal conductivity A ,m, as a function of phonon
MFP (blue line) and thermal conductivity A sco as a function of film thick-
ness hisco (red line) from the BTE calculation for Lag sSry sCoO, g crystals.
The inset plot is the detailed A sco in the thickness range of 0-18 nm.
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which is in very reasonable agreement (=24% deviation) with
the value of 1.7 W m™! K! obtained from measurements.

While the above significantly elucidates the dependence on
the concentration of oxygen vacancies, their ordering cannot be
captured by BTE calculations. We thus performed MD simula-
tions to better understand the effect of OVO on the thermal con-
ductivity of LSCO, and to cross-check the BTE results regarding
the dependence of Ajsco on x and . The thermal conductivity
of 8 specific cases calculated by MD simulations is presented in
Figure 6. From left to right we show the thermal conductivities
of (1) Cases 1-4 consisting of La; ,Sr,CoO; s with varying x
(from 0 to 0.5) and no oxygen vacancies (6 = 0); (2) Cases 5 and
6 corresponding to La;_,Sr,CoO;_swith x=0.3, 0.5 and 6= 0.1,
in which the oxygen vacancies are randomly distributed; and
(3) Cases 7-9 representing La; ,Sr,CoO; s with x = 0.5, and
6=0.1, 0.22, and 0.5, in which oxygen vacancies exhibit hori-
zontal ordering (as for the LSCO epitaxial film on the LAO
substrate). The oxygen vacancy distribution for case 7 repre-
sents as closely as possible the real as-grown LSCO epitaxial
films (x = 0.5 and § = 0.1) as characterized by STEM/EELS
(Section 2.1 above). The structure of case 7 in these MD simu-
lations was created by randomly adding oxygen ions back to the
vacancy sites along the periodic (110) oxygen vacancy lines, per
the perfect ordering of oxygen vacancies (case 9, x = 0.5 and
6 = 0.5) depicted in the schematic of the LSCO epitaxial film
on LAO (Section 2.1). In cases 7-9, A,, and A, are the in-plane
and through-plane thermal conductivities, respectively, corre-
sponding to thermal conductivities along the directions parallel
and perpendicular to the horizontal ordering of OVO planes.
Due to the identical structures, the in-plane thermal conduc-
tivity of Ay, for case 7, with the horizontal OVO, can be treated
as the through-plane thermal conductivity of LSCO with ver-
tical OVO. Such an approximation enables the comparison of
Ay, and A, predicted by MD with the measured through-plane
thermal conductivities of LSCO epitaxial films with both the
horizontal (sample A) and vertical (sample B) oxygen vacancy
ordering.

According to the MD results, increasing x from 0 to 0.5
only reduces the thermal conductivity of LSCO by 27% from
15 (case 1) to 11 W m™! K! (case 4), while the increase of &
from 0 to 0.1 reduces the thermal conductivity of LSCO by 67%
from 12 (case 3) to =4 W m™ K™ (case 5). Argco also does not
change much upon increasing x from 0.3 (case 5) to 0.5 in sam-
ples with 6 = 0.1 (cases 6 and 7), where its reduction is already
sufficiently large. These results suggest that, overall, the effect
of oxygen vacancy density on reducing the thermal conductivity
of LSCO is substantially stronger than Sr substitution. Addi-
tionally, when the oxygen vacancy density is sufficiently large
(6 > 0.1), further increase of ¢ leads to rather moderate reduc-
tion of Argco-

The impact of oxygen vacancy ordering on the thermal trans-
port in LSCO can be examined by inspecting the in-plane and
through-plane thermal conductivities of case 7 (¥ = 0.5 and
6 = 0.1). The MD prediction shows A,, = 4.1 + 0.30 W m™*
K and A, = 3.9 £ 023 W m™ K, leading to a negligibly
small anisotropy (=5%) in the in-plane and through-plane
thermal transport. This agrees with our TDTR observations
that Ajgco = 1.7 W m™! K7! for LSCO epitaxial films on both
LAO and STO substrates, regardless of the ordering of oxygen

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

20 ————T——T1— NN B S B R B B E—
- N0 O vacancy random O,  periodic O vacancy
16 - vacancy .
I 1
~ . ' 1
¢ 12| | : I
= =l . _
= 8 2 | :7a 7b 9
=z 8 . 15 6! 8a 8b 93 _ 1
i - 4 A A IAab A Aa Sb |
< I 1 c Aa A b A
4+ ! = =) b 43¢ 0 ¢
_ S 9 o @ |
O 1 2 1 " 1 1 1 II 1 " 1 ll 1 2 1 1 1 " 1 n 1 " 1
0 01 03 05 03 05 05 05 05 05 05 05 -X
0 O 0 0 01 01 01 01 022022 05 05 5

Figure 6. Summary of the thermal conductivities of LSCO as functions of x and 8 from MD simulations. A,, and A, denote the thermal conductivi-
ties of the LSCO epitaxial thin films along the in-plane and through-plane directions, respectively. The left columns (cases 1-4) are the results for
La;_,Sr,CoO3_swith x=0-0.5 and no oxygen vacancies (0=0). The middle columns (cases 5 and 6) correspond to the sample cases of La;_,Sr,CoO3_swith
x=0.3,0.5 and § = 0.1, in which the oxygen vacancy are randomly distributed. The right columns (cases 7-9) are the results of La;_,Sr,CoO;_s with
x=0.5and 6=0.1, 0.22, and 0.5, in which oxygen vacancies exhibit horizontal ordering and periodic distribution created by removing the oxygen

atoms along the (110) periodic lines.

vacancies. Further increasing 0 to an intermediate value of 0.22
(case 8), both A,, and A, are reduced to =3.1 W m™! K™!, with a
negligible anisotropy (<5%) in the in-plane and through-plane
thermal transport. To experimentally validate this point, we
took as-deposited x = 0.5 LSCO epitaxial films on LAO and STO
substrates and reduced them by thermal annealing to achieve
6=0.22 (as shown in Figure 1 and Table 1). For 6=0.1, we obtain
the effective through-plane thermal conductivity A.g = 1.06 +
0.09 W m™! K! for LSCO on STO (vertical ordering) and A.g =
1.11 £ 0.09 W m™ K! for LSCO on LAO (horizontal ordering).
When § increases to 0.22, we find Ag= 0.95 = 0.08 W m™ K!
for LSCO on STO and Ag= 1% 0.08 W m™ K~! for LSCO on
LAO. Our results suggest =10% reduction of A.g as J increases
from 0.1 to 0.22, but less than =5% difference in A g for LSCO
films of the same & but on two substrates. Such a small dif-
ference is within the uncertainty of TDTR measurements and
is consistent with the negligible anisotropy predicted by MD
(case 8). We have provided more details about the sample infor-
mation and thermal characterization in Section S6 of the Sup-
porting Information.

We speculate that while the thermal conductivity of LSCO
epitaxial films can be significantly reduced by oxygen vacancies
and size effects, the relatively small or moderate density of &
(0.1 and 0.22) is not sufficient to preserve the perfect ordering
of oxygen vacancy planes necessary for highly anisotropic
phononic thermal transport. When 9 is higher, the anisotropy
induced by the ordering of oxygen vacancy planes is more pro-
nounced. In case 9 with 6= 0.5 (the ideal case), the OVO planes
are perfectly controlled with all the oxygen removal along (110)
vacancy lines, such that the anisotropy of thermal conductivity
of the LSCO films is increased to 35%. Unfortunately, experi-
mental validation of case 9 is difficult in our study. Unlike for
SrCoO;, obtaining 6 = 0.5 in x = 0.5 LSCO films is not simple.
Reduction to & = 0.2-0.25 already required 900 °C vacuum
annealing. Performing more aggressive reduction while
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maintaining the structural integrity of the epitaxial films is
challenging.

2.4. Electronic Thermal Conductivity of LSCO Epitaxial Thin
Films: Electron—Phonon Coupling

The above analysis of LSCO thermal transport focuses on the
lattice (phonon) contributions. To estimate the electronic con-
tribution to the overall thermal conductivity of LSCO epitaxial
films, we applied the van der Pauw method to obtain the elec-
trical conductivity/resistivity (p;,) along the in-plane direction
(Figure 7a). While much greater at low temperatures, at 300 K
the electrical resistivities exhibit around a factor of two differ-
ence in LSCO films with different orientations of ordering of
the oxygen vacancy planes. For example, the resistivities are 210
and 400 uQ cm for as-grown type A and B samples of 12.5 nm
thick films at 300 K, respectively, which results in an in-plane
electronic thermal conductivity (A ;) of sample A (LSCO on
LAO with horizontal OVO planes) that is two times larger than
those for sample B (LSCO on STO with vertical OVO planes).
The ultralow thickness of LSCO epitaxial films leads to the
low measurement sensitivity to the LSCO in-plane thermal
conductivity,?1*3% in addition to the challenge of probing the
through-plane electrical conductivity. Thus, for the LSCO epi-
taxial films in this work, we are unable to directly compare
the electronic and phononic contributions to the total thermal
conductivity along the same direction for electrical and thermal
characterization. However, to a first approximation, we can
make a qualitative discussion by comparing the through-plane
thermal conductivity (Ajgco) with certain assumptions. We
first assume that the anisotropy of the electric conductivity
(0) in LSCO epitaxial films is approximately the ratio of the
in-plane ¢ of LSCO on LAO to that of LSCO on STO (a factor
of two). In addition to this, the MD simulations discussed in

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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n films (A¢ i) as a function of thickness, converted from the Wiedemann—

Franz law for LSCO films with horizontal (blue) and vertical (red) ordering of the oxygen vacancy planes. The through-plane thermal conductivity of
as-grown LSCO thin films (A sco) extracted from the thickness-dependent TDTR measurements is also plotted for comparison (black dashed line).
b) Schematic of thermal resistances consisting of electron—phonon coupling in the Al transducer layer and the metallic LSCO epitaxial film. Heat is
predominantly carried by phonons in the LSCO epitaxial film due to its ultralow thickness which confines the electron cooling length.

Section 2.3 demonstrate that the phononic thermal transport is
isotropic in these LSCO epitaxial films. When combined, the
overall thermal transport consisting of both the electronic and
phononic contributions should reflect the electronic thermal
anisotropy along the through-plane direction in these LSCO
films with different OVO planes. However, TDTR experimental
observations show that A;gco is almost the same for LSCO epi-
taxial films with both the vertical and horizontal oxygen vacancy
orderings. This indicates that the electronic contribution to the
thermal conductivity has not been captured by TDTR measure-
ments along the through-plane direction.

We hypothesize two possible reasons for the experimental
observation that the electronic contribution to the thermal
transport is not detectable in TDTR: (1) The LAO and STO sub-
strates in this work are electrically insulating materials. This
leads to the fact that heat carried by electrons in LSCO epitaxial
films cannot dissipate directly into the electrically insulating
substrate via electronic transport at the LSCO/substrate inter-
face. Therefore, an adiabatic boundary condition for electronic
thermal transport at this LSCO/substrate interface should be
considered, and, accordingly, a confinement of the electron
cooling length occurs in these ultrathin films. (2) We also spec-
ulate that the electron—phonon coupling within these ultrathin
LSCO epitaxial films is relatively weak, such that electrons
cannot deposit their thermal energy to phonons in the LSCO
films. With the two aspects mentioned above, a flat electron
temperature (1) profile comes out along the through-plane
direction (Figure 7b) and thus the contributions of electronic
thermal conductivity to the measured overall Ajgcq is signifi-
cantly suppressed.

3. Conclusions

We have reported the through-plane thermal conductivities of
Lay 551 5C00, ¢ epitaxial thin films (6-18 nm thickness) depos-
ited on both LAO and STO substrates to be 1.7 W m™! K7},
suppressed by 70% compared to bulk single crystal LSCO
(6.2 W m~! K1). This is close to the limit of amorphous oxides
(e.g., 1.3 W m™! K for amorphous SiO,). Oxygen vacancy
ordering (horizontal and vertical to the in-plane direction) has
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negligible effect on the thermal conductivity of these materials
at oxygen deficiencies of =0.1-0.2. Such features are mainly
attributed to point defects (oxygen vacancies and Sr substitu-
tion), the size effect resulting from the ultralow film thickness,
and weak electron/phonon coupling within the LSCO film.
BTE modeling and MD simulation of the thermal transport
across the LSCO epitaxial film separately elucidate the effects
of Sr substitution, oxygen vacancies, boundary scattering (the
size effects), and oxygen vacancy ordering. The results indicate
that oxygen vacancies have a much stronger effect than La/Sr
mass disorder on the suppression of thermal conductivity in
LSCO epitaxial films, which explains the extremely low thermal
conductivity of the LSCO epitaxial films with oxygen vacancies
observed in TDTR measurements. The cumulative thermal
conductivity of LSCO epitaxial thin films are also obtained, and
the averaged values of Ajgco within the thickness range of the
LSCO thin-film samples are comparable to experimental values.
From this we find that the close-to-amorphous limit of thermal
conductivity is partially due to the truncation of phonons with
MFPs larger than the film thickness. Moreover, MD simula-
tion validates that the OVO effect on thermal conductivity
of LSCO is negligible when 6 = 0.1-0.2. The ultralow thick-
ness (approximately tens of nanometers) and weak electron/
phonon coupling of the LSCO epitaxial films also confine the
electronic cooling length and suppress the electronic contribu-
tion to the overall thermal conductivity. The structure-thermal
property correlations revealed in this study open up possibili-
ties for tuning the thermal properties of perovskite thin films
by manipulating heat carriers via structural/defect engineering
at the atomic level. In addition, the results from this work can
facilitate potential thermal applications of perovskite oxides,
particularly as the building blocks for device fabrication and
performance optimization in thermoelectric and thermal bar-
rier materials.

4. Experimental Section

Sample Synthesis: LSCO (x = 0.5) thin films on commercial substrates
were grown using high-pressure oxygen sputtering from homemade
LagsSrosCoO; polycrystalline targets, as previously reported.¥
Substrates were first annealed at 900 °C in 1 Torr of flowing O, followed
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immediately by film growth at 600 °C. This was achieved with 66 W
of DC sputter power in 1.4 Torr of O,, with post-deposition cooling in
600 Torr of O,.

Structural Characterization: The representative WAXRD data presented
here were obtained using a Panalytical X'Pert Pro system using
monochromatic Cu K,; (A = 1.5406 A) radiation. The atomic resolution
STEM images were acquired in a Nion Ultrastem 100 equipped with a
spherical aberration corrector and a Gatan Enfinium spectrometer at
the Oak Ridge National Laboratory. TEM specimens were prepared by
conventional methods, including grinding and ion milling. The single-
crystal, single-phase nature of the LSCO and LCO bulk crystals was
confirmed by X-ray and neutron diffraction measurements. 283

Oxygen Control: Some as-grown samples were also subject to
postdeposition reduction by vacuum annealing, which was performed at
900 °C in <107 Torr. The & value in this case was estimated both from
the lattice parameter expansion (evident in Figure Ta,b) and from the
electrical resistivity. These methods are discussed in detail in Section S1
of the Supporting Information. The resulting & values were in the range
of 0.22-0.25, i.e., roughly double the as-grown oxygen deficiency.

Ulirafast Thermal Measurements: TDTR, an ultrafast-laser based
technique,P”! was applied to extract the thermal conductivities of LSCO
epitaxial films, bulk single crystals of LSCO, and substrates of LAO
and STO.P1237% Each sample was coated with an aluminum (Al) layer
of =70 nm, serving as a metal transducer. The thermal conductivity of
the Al transducer was calibrated via four-point probe measurements
coupled with Wiedemann-Franz Law estimates, prior to TDTR. For
each sample TDTR measurements were conducted at two modulation
frequencies (1.6 and 9 MHz) and its thermal conductivity was obtained
by simultaneously fitting two sets of dual-frequency TDTR data to a
thermal diffusion model.?”l The ultrafast TDTR experimental setup and
more details about the system are presented in Figure S2 and in Section
S2 of the Supporting Information.

Boltzmann Transport Equation: To better interpret the measurement
results, and understand the suppression of thermal transport in LSCO,
the BTE to calculate the lattice thermal conductivity was applied using®®

ho(k,v)
e kT

2,2 k
Al :47”(2;)32‘ [rretey) 02k v)r(k,v)k? dk @)

kgT? no(kv)

summing the contributions of all the phonon branches with the index
v. In Equation (2), w(k,v), v(k,v), and t(k,v) are the angular frequency,
group velocity, and relaxation time of the phonon mode (k,v),
respectively, with k representing the phonon wave vector. The phonon
frequency and group velocity are calculated with lattice dynamics (LD) by
using a hybrid interatomic potential described by the core—shell model,
the short-range Buckingham potential, and long-range Coulombic
forces.’?l This hybrid potential has been demonstrated to reproduce
well the lattice structure, mechanistic features, vacancy energy, doping
energy, oxygen ion migration energy, and surface polarization of bulk
LaCoOj crystals.3%401

The phonon relaxation time 7, the inverse of the scattering rate for
the phonon mode (k,V), is calculated by the Matthiessen rulef®!

LI D RN B 3)
B TSr(kvv) Tov(k,V) Tb(kvv)

The terms on the right side of Equation (3) are the scattering rates
induced by lattice anharmonicity (1), La/Sr alloy mass disorder (1),
oxygen vacancies (To,), and sample boundaries due to finite dimensions
(7, neglected for bulk), respectively. More details on the hybrid potential
and BTE calculation such as corresponding phonon dispersions
(Figure S3, Supporting Information), normalized phonon density of state
(DOS) (Figure S4, Supporting Information), and phonon relaxation time
spectra (Figure S5, Supporting Information) are provided in Section S3
of the Supporting Information.
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Molecular Dynamics Simulations: Molecular dynamics simulations
were performed to reveal the OVO effect on the lattice thermal
conductivities of LSCO epitaxial films. The values of lattice thermal
conductivity were calculated by the Green-Kubo method based on
equilibrium molecular dynamics performed using LAMMPS, according
to the formulal*!l

1

A1 =y Jo (5:95:0))e O

where z denotes the transport direction, V is the simulation domain
volume, and S, represents the heat current in the z direction. The
angular brackets indicate the heat current autocorrelation functions
(HCACF).*l (Results for HCACF of LSCO samples are shown in
Figure S6 in Section S3 of the Supporting Information.) The potential
functions employed in MD simulations were those used in the LD
calculations, but without the core—shell model, since the core—shell
model was not applicable in MD simulations due to the zero mass of
the shell. Such simplification did not affect the lattice structure or the
low-energy phonon dispersion, as demonstrated by the good agreement
between calculated phonon dispersion and measurement data from
inelastic neutron scattering (see details in Figure S7 in Section S4
of the Supporting Information), and thus will not affect the thermal
conductivity calculations much. The Coulomb interaction cutoff radius
in the MD simulations was set as 11 A, and the interactions outside the
cutoff were computed in reciprocal space via an Ewald summation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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S1. Depth dependence of § and Xes

In as-grown samples, the depth dependence of ¢ and the effective doping value, X, were
estimated by analyzing previously published electron energy loss spectroscopy (EELS) datal™
for type B samples and new EELS data on type A samples. For type B samples, this involved

taking the depth dependence of the O 2p hole peak intensity (I peqx . determined from the

pre-peak on the O K edge) from Figure 3e of Ref. [1] and converting it to an Xes using the
calibration from bulk LSCO single crystals shown in the inset of Figure 3b of Ref. [1]

(Ih_peak = 0.45X%efr). With e determined, we used Xess = X — 20 (i.e., compensation of Sr-

induced holes by oxygen vacancies) to calculate ¢, assuming the Sr level to be x = 0.5 and
depth independent, as justified by Figure 3g of Ref. [1]. The same procedure was followed
using new EELS data for type A samples. Figure S1 below shows the results for 35-45 nm
thick films on LAO and STO substrates. In the 3-18 nm range relevant to the thinner films
studied in this paper, we find 6 ~ 0.09 on LAO (sample A) and 6 averaging to approximately

0.11 on STO (sample B). These are the values quoted in the main paper for as-grown films.

Substrate LSCO film
- }
0.20 |'|'|'|'|'|'|'|'|0-'I
L e Type A, LAO(001)]
0.16 L e Type B, STO(001)
40.2
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w0 ! {03 .38
0.08 | :" H
[ H Jo4
0.04 | Sl
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1
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Figure S1. The depth dependence of the oxygen vacancy density (J) and the effective doping
level (Xetr = X — 20). Blue and red symbols represent type A and type B samples respectively.
The solid blue and red lines are guides to the eye. The light gray region represents the
thickness range probed with time-domain thermoreflectance and the dark gray portion
represents the interface region described in the main text.
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For vacuum-annealed samples, the significant lattice parameter increase evident from
Figure 1a and 1b enables a simpler approach to the estimation of 6. Using a relation between
cell volume and ¢ established from X-ray diffraction and thermogravimetric analysis of bulk
polycrystalline samples,™ the change in lattice parameter can be converted to a change in &.
This results in 6= 0.22 and 0.25 for reduced samples of types A and B, respectively, as shown
in Table 1. These values were independently verified by comparing electrical resistivity
values of 16.5-nm-thick reduced samples with single crystal reference data to estimate Xef.

This results in very similar values for 6.

S2. Thermal Characterization with TDTR

The time-domain thermoreflectance data are collected with an ultrafast pump-probe laser
system as shown in Figure S2. The optical excitation source is a mode-locked Ti: sapphire
laser that produces a train of pulses (~100 fs) at a repetition rate of 80 MHz. All the samples
are coated with thin films of Al to serve as metal transducers, which has a large
thermoreflectance coefficient at the laser operating wavelength (780 nm) and provides good
adhesion to the sample beneath. The laser beam is divided into a pump beam and a probe
beam through a polarizing beamsplitter (PBS). A mechanical delay stage varies the optical
path of the pump beam, producing a time delay of up to 4 ns between the pump excitation and
probe sensing. A 5x objective lens is used to focus both the pump and probe beams on the
sample surface with a beam spot size (radius) of wp =12 um. Upon pump heating, the
reflected probe beam from the sample is collected by a fast-response photodiode for further

signal processing with an rf lock-in amplifier and LabVIEW program.
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Figure S2. Schematic diagram of the TDTR experimental setup.

For data analysis, the thickness (ha)), volumetric heat capacity (Ca), and thermal
conductivity (Aa) of the Al transducer are input parameters. The thickness of the Al
transducer is determined from picosecond acoustics (as illustrated in Figure 3a),! and the
values of Cy are taken from the literature.” The thermal conductivity of the Al transducer is
derived from the electrical conductivity measured by a four-point probe method, combined
with the Wiedemann-Franz law, prior to the TDTR measurement. The thermal conductivities

of all the samples are extracted by fitting the TDTR signals to a thermal diffusion model.”!

S3. Boltzmann’s Transport Equation Model

The phonon frequency and group velocity are calculated using a Lattice Dynamics (LD)
program with a hybrid interatomic potential that is described by the core-shell model, short-
range Buckingham potential, and long-range Coulombic forces.’® This hybrid potential has
demonstrated excellent reproducibility of the lattice structure, mechanistic features, vacancy
energy, doping energy, oxygen ion migration energy, and surface polarization.[e'” The lattice
constants of LaCoO3 (LCO) relaxed from our potential are a = b = 5.410 A, ¢ = 13.239 A,

which agree reasonably well with the experimental results a = b = 5.426, ¢ = 12.991 A.® The
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phonon dispersion of LCO obtained by this potential, calculated by using the General Utility
Lattice Program (GULP),™ is shown in Figure S3. LaCoOs is a R-3c phase crystal with
rhombohedral (Rh.) structure, and it has 10 basis atoms and 30 phonon branches. While
Lag 5SrosCo0O3 may technically be a R-3c phase crystal it is very close to cubic (i.e. ar = 60°),

and it has 20 basis atoms and 60 phonon branches. The dispersion is found to agree well with

both first-principles calculations™ and experimental inelastic neutron scattering data.™"

20 ———
18}
16
14
121
10}
o

Frequency (THz)

N B O

o

r X
Figure S3. The phonon dispersions of LCO calculated from lattice dynamics using the hybrid
potential.

Each of the terms in the phonon relaxation time 7 (Equation 2) are calculated as follows:

1 A}/ikBT o’ (K,v) exp[_ ha)max(v)j (s1)
tp(Kv)  Mve(K,v) Omax (V) 3kgT
1 T 2
i)~ 2 % (kv)DOS() (S2)
1 _ Z 2
m— 5 gova) (k,V) DOS(C()) (83)
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1 1-pv(kyv) (S4)

tp(k,v) 1+p h

For the phonon-phonon scattering™ in Equation (S1), @mx(v) is the maximum
frequency of the phonon branch v, y is the Griineisen parameter, and M is the average atomic

mass, given by

_ M, +ag Mg +ac M, + oMo

M, (S5)

(29 +(X5r +aCO +(XO

where « is the stoichiometric coefficient. Aj* is a fitting parameter which can be obtained by
fitting the thermal conductivity of pure LCO to 15 W m™ K™, and ~16 W m™ K™ for STO
and LAO at room temperature. The best fit of Ay is 8.3.

For the mass disorder due to impurity or defect scattering!*® in Equations (S2)-(S3), the
DOS(w) is the normalized phonon density of states which is shown in Figure S4. It is
noticeable that the Debye model DOS(w) o« w? is only valid for the low energy phonons (up
to 3 THz). Thus, compared to the Callaway model which assumes the Debye dispersion,
Equations (S2) - (S3) are more accurate in capturing the alloy and impurity scattering for

many systems.™*! g represents the alloying mass disorder induced by the mass difference

between La and Sr atoms, given by

2 2
gg, = — 5" (1— Msr J ;a [1— My, ] (S6)
A g +ag; M asr A g tag; M asr
M Lag = 2 M a + a5 Mg (S7)
Opa + gy
where g, represents the oxygen vacancy effect, given by
2
6 Mg
Vo 3 Mg
Mg = % Mo (S9)
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The factor of 3 in Equation (S8) accounts for the potential energy change due to the

missing bond.™ Thus g, =0.107 for 5=0.1, and g, =0.036 for x = 0.3.
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0.015/
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0.005]- ]

ooools" o . .
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Figure S4. Normalized phonon DOS of LCO calculated from LD using the hybrid potential.

The film boundary scattering™"! in Equation (S4) is determined by the film thickness h
and the specularity parameter p, with p = 0 representing a diffuse surface and p = 1
representing a mirror-like surface. For through-plane transport, p is taken as 0.

Figure S5 illustrates the phonon relaxation time spectra for LCO and LagsSrosC00;.9
(LSCO) calculated from the BTE model. We find that the Sr alloying and oxygen vacancies
mainly block the high-energy phonons (>3 THz), of which the relaxation time reduces from a
few picoseconds to shorter than 1 ps, while the low-energy phonons are less influenced. We
see that most of the phonons have a relaxation time shorter than 8 ps for both LCO and LSCO.
This BTE result supports our MD simulation setup in which the autocorrelation length is set
as 100 ps, much longer than phonon relaxation time. Also, we can see that the heat current
auto-correlation functions (HCACFs) shown in Figure S6 converge after a few picoseconds,

which is consistent with our BTE results.
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Figure S5. The phonon relaxation time spectra for LCO and LagsSrp5C00; 9 calculated from
the BTE model.
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Figure S6. The HCACFs of LSCO samples calculated from GKMD simulations
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S4. Molecular Dynamics Simulations

In the MD simulation, the time step interval is set as 0.5 fs (2,000 THz) which is short
enough to resolve all the phonon frequencies. In each simulation, the system is first run in a
constant pressure and temperature ensemble (NPT) for 400,000 steps to reach thermal
equilibrium, and then it switches to the constant volume and energy ensemble (NVE) and runs
for 400,000 steps again to stabilize the system. Next, 4,000,000 steps of NVE computation,
covering 2 ns, are used to calculate the heat current and thermal conductivity. The
autocorrelation duration is set as 100 ps, which is long enough to obtain converged HCACF
since most phonon relaxation times are far below 100 ps. The simulation domain is a cubic
box consisting of 12x12x12 cells with 8640 atoms (if no vacancies), which is large enough to
get a converged thermal conductivity since Equilibrium MD with periodic boundary
conditions is less affected by domain size than Non-equilibrium MD.

The phonon dispersion is calculated using LD without the core-shell model and the

results are compared with experimental values in Figure S7.

71 r
|}
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Figure S7. The phonon dispersion for LCO calculated from LD using the potential without
core-shell model. The dots are the experimental data taken from Ref. [11] (solid squares),
Ref. [16] (open triangles), and Ref. [17] (open squares).
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According to Ref. [6], the charge (nominal valence) of some Co ions changes from +3
to +4 after doping with Sr, and from +3 to +2 after removing O ions. Therefore, in the MD
simulations, we increase the charges of the 8 Co atoms surrounding the Sr atom by +1, and

reduce the charges of the 2 Co atoms near oxygen vacancies by +1.

S5. Uncertainty of Aer and ALsco Obtained from the Experiment

In the experimental method, we utilize a straight-line model to extract the intrinsic
thermal conductivity of LSCO. The straight-line model converted from Equation (1) is
y(x) =a+bx (S10)
where X =h sco, Y(X)=Rett =N sco !/ Aetf - @ =1/ A gco and b=R; + R, are the slope and

y-axis intercept of the straight line respectively. These are assumed to be constants according
to the approximation of a thickness-independent interfacial thermal resistance and of a LSCO
thermal conductivity, as described in Section 2.2 of the paper.

Aefs 1S Obtained directly from TDTR measurement. To evaluate the uncertainty of Aefr, We
calculate the sensitivity of the TDTR measurements to various parameters in the thermal

model used for the TDTR analysis.™® The sensitivity parameter S, is defined as

_oIn(R)
“" dIn(a)

(S11)

where R is the magnitude of the ratio of in-phase and out-of-phase signals from the lock-in
amplifier (=Vin/Vou) and « is the parameter in the thermal model.'® The uncertainty of the
effective thermal conductivity Aes measured by TDTR can be estimated by taking into

account individual uncertainties based on the error propagation formula,
2 2
(_AAeff j =y Se A (S12)
Acts Shet @

10
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where AAg / Ag IS the uncertainty of Aer, and Aa/eris the uncertainty of parameter a.

The calculated uncertainties of At range from 11% to 15% for samples of LSCO epitaxial
films with different thicknesses, on LAO or STO substrates.
In the straight-line model fitting of Equation (S10), the uncertainty of

Y(X) = Regs = hsco / Aess at €ach data point can be obtained by

2 2
AReff _ \/[Ahl_scoj +[AAeff j (S13)
Retf hisco Aett

where Ah gcq / N sco i the uncertainty of thickness of the LSCO epitaxial films.

The Arsco is extracted through linear regression by Equation (S10), and its uncertainty
should take into account the standard deviation of the data points to the fitted straight line, as
well as the uncertainty associated with each measurement y;=R¢ss obtained from Equation
(S13). To measure how well the model agrees with the data, we use the chi-square merit
function y? following the approach in Ref. [19] to analyze the relative uncertainty of A sco.
The calculated relative uncertainties of Aisco are 37% for the LSCO/LAO epitaxial thin films
(sample A in Table 1) and 40% for the LSCO/STO epitaxial thin films (sample B in Table 1).
The relative uncertainties of Ri1+ Rp are 27% and 24% for samples A and B, respectively.

We notice that the relative uncertainties for A sco and Ri1 + Rz are overestimated when
derived using the individual uncertainty of each data point. In previous experimental
publications using straight line fitting to extract the thin-film’s intrinsic thermal
conductivity,®” we seldom found any discussion on the uncertainty analysis of fitted
parameters taking into account the uncertainty of each data point. So here we provide a
conservatively large estimation for the uncertainty in the intrinsic thermal conductivity and
combined interfacial thermal resistances. For reference, we also provide the relative
uncertainties for Aisco (AALsco/Aisco) and Ru+Ry [A(R;1+R12)/(Rii+R)2)] derived from the

standard deviation of the data points without taking into account the uncertainty of each data
11
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point. In this case, the values of AA|sco/ALsco are 15% for sample A and 13% for the sample

B. The relative uncertainties of Rj;+ Ry, are 12% and 9% for samples A and B, respectively.

S6. Thermal characterization of La;xSrxCoOs.sepitaxial films with 6~ 0.22

To further quantify the impact of oxygen vacancies on the measured thermal conductivity,
and as discussed in the main text, the Experimental Section, and above, we synthesized
additional LSCO epitaxial films (h = 16.5 nm, 6 ~ 0.22, and x = 0.5), by post-deposition
vacuum reduction, together with two as-grown control samples of the same type as sample
sets A and B (h = 16.5 nm, 6 = 0.1, and x = 0.5) on both STO and LAO. These four LSCO
thin films were coated with Al transducer films in one batch to guarantee the same deposition
conditions, such that we can reasonably assume the same transducer properties and similar
interfacial thermal resistances at the transducer/film interfaces for all four samples.

For these two newly-added LSCO films (h = 16.5 nm, 6 = 0.22, and x = 0.5), we are not
able to extract ALsco of the LSCO films via linear fitting of the thickness-depedenent
effective thermal resistance. Instead, we directly compare the effective through-plane thermal
conductivity (Aerr, See Equation (1) in the paper) with the assumption that the combined
interfacial thermal resistance (R;; + Ry2) is similar for LSCO films on both substrates. The
comparison of Aef for two LSCO films with the same o will reflect the degree of the thermal
anisotropy caused by oxygen vacancy ordering. For 6 =0.1, we obtain
Aer=1.06 +009Wm*K™* for LSCO on STO (vertical ordering) and
Aefr=1.11£0.09 Wm™ K™ for LSCO on LAO (horizontal ordering). When & increases to
~0.22, we find At = 0.95+0.08 Wm™ K™ for LSCO on STO and Aer=1+0.08 Wm ™ K™
for LSCO on LAO. Clearly, our results suggest that the Aer of LSCO expitaxial films is

reduced by ~10%, as ¢ increases from 0.1 to ~0.22. However, there remains no evidence of

12
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anisotropic thermal transport upon the ordering of oxygen vacancies, due to the negligible

difference in At (~5%) for LSCO films of the same 6 on the two substrates.

S7. Theoretical minimum thermal conductivity of LagsSrosCo0O;

We calculated the theoretical minimum thermal conductivity (Amin) of LSCO thin films,
following the approach developed by Cahill et al.”*! The minimal thermal conductivity model
uses “the Einstein picture” and treats thermal transport as a random walk of vibrational energy
on the time and length scales of atomic vibrations and interatomic distances. It has been
extensively applied to predict the thermal conductivity of amorphous solids and highly

disordered crystals. The governing formula of Anin can be expressed as

b4 U3 2/3 3 T 2 o;/T x3ex
Apin =(—j ken“*> v | — I b ————dx (S14)
-] Jo 2
6 G (e*-1)

where kg is the Boltzmann constant, T is the temperature, v; is the polarization-dependent

speed of sound consisting of one longitudinal (v.) and two transverse (vr) modes, n is the
. . . 2 S .
atomic density, and ©;is the cutoff frequency ( ®, =vi(h/kB)(67z n) with 7 being the

reduced Plank constant). Using the sample parameters (6~ 0.1) in Table 1, the atomic density
n is calculated to be 0.895x10% m~ for LSCO on LAO, and 0.872x10% m™ for LSCO on
STO. Due to the lack of literature values for the speed of sound in LSCO, we utilize the speed
of sound in SrTiOs (vo=7.9 nm ps™ and v = 4.9 nm ps)? as the first approximation to
calculate the Ani, for LSCO.

The temperature-dependent Ami, is depicted in Figure S8. At room temperature,
Amin~ 1.5 W m™ K™, ~13% lower than our TDTR-measured Aisco (1.7 Wm™ K™). This

indicates that thermal transport by lattice vibrations in these LSCO epitaxial films is indeed
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approaching the theoretical lower limit, leading to the “glass-like” thermal conductivity that is

rarely observed in single crystalline materials.

20r LSCO/LAO
[ | —— LSCO/STO

1.6}
1.2}

(Wm™ K"

0.8F

min

A

0.4}

O'O B N 1 " 1 M 1 " 1 M
0O 100 200 300 400 500
T (K)

Figure S8. The temperatrue-dependent minimum thermal conductivity (Amin) of LSCO
predicated using the approach developed by Cahill et al.?” The blue and red curves are,
respectively, for the LSCO films on LAO and STO substrates. At room temperature (300 K),
Amin = 1.5 Wm™ K™ for LSCO on both substrates. The blue rectangle and red circle are
TDTR-measured Aisco =~ 1.7 Wm™ K™ at 300 K for the LSCO films on LAO and STO
substrates, which were obtained from linear extrapolation.
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