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1. Structural characteristics of LSCO films

Details for samples measured in this study are summarized in Table S1, including the
channel area, film thickness, gate voltage, crystalline phase, and out-of-plane lattice parameter.
Table S1. Summary of film information for XRD and TDTR measurements corresponding to

Fig. 1c and Fig. 3a. *Asterisks indicate films for which XRD data were not taken, and therefore
phase composition is inferred based on electronic transport, TDTR, and XRD from other samples.

Sample Channel area Film thickness Gate voltage Phase c-axis lattice
# (mm2) (nm) (V) parameter (A)
1 1x1 45 0.0 P 3.88
2 1x1 45 1.0 P 3.89
3 1x1 45 1.4 P +BM*

4 1x1 45 1.8 P+ BM* -
5 1x1 45 2.0 P+BM 3.94
6 1x1 45 2.5 P+ BM*
7 1x1 45 2.6 P+ BM* -
8 1x1 45 3.0 BM 3.99
9 1x1 58 4.0 BM 4.00
10 4 x35 45 3.5 BM 3.99
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In addition to the structural characterization shown in Fig. 1c of the main text, further
characterization of as-grown perovskite-phase Lao.sSro.5C003.5 (P-LSCO) films were performed
via wide-angle specular XRD using synchrotron radiation (1 = 0.5636 A) at the Advanced Photon
Source, Argonne National Lab, and reciprocal space mapping (RSM) using in-house Cu Ka
radiation (see Methods). Figure Sla shows the synchrotron XRD pattern collected around the
substrate LAO(002) reflection for an as-grown P-LSCO film (4 x 3.5 mm?), this film being
representative of other LSCO films investigated in this work. The visible Laue oscillations in
Figure Sla indicate low surface and substrate/interface roughnesses, the oscillation periodic
spacing indicating a thickness of ~45 nm. The P-LSCO (002) peak was fit to a Gaussian, and the
extracted full-width-at-half-maximum produced a coherence length comparable to the film
thickness (~35 nm), further indicative of high crystalline quality. Figure S1b additionally shows
the reciprocal space map (RSM) of a similar film about the LAO(103) asymmetric reflection. The
P-LSCO film intensity is centered along the vertical line H = 1, indicating that the film has the
same in-plane lattice parameter as the substrate, i.e., it is fully strained, with some minor strain
relaxation evidenced by the broad, low-intensity region skewed toward the relaxed position. Note
that the (103) Bragg reflection peak for the LAO substrate is relatively broad due to the twin

domains prevalent in commercial LAO substrates.
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Fig. S1 | Wide-angle specular X-ray diffraction characterization of as-grown P-LSCO films
sputter-deposited on LAO(001) substrates. a Specular (002) synchrotron X-ray diffraction
(2 =0.5636 A) peaks of the 45-nm P-LSCO film and substrate. b Reciprocal space map taken
around the LSCO film and LAO substrate (103) peaks. The x’s mark the positions of the film peak
expected for the fully strained (pseudomorphic) and relaxed positions, respectively. “r.Lu.”
(reciprocal lattice units) are with respect to the LAO substrate (a = 3.79 A).

XRD characterization was also performed on gated films, as shown in Fig. 1c in the main
article. Scans on the samples gated to 1, 2, and 3 V have relatively low signal-to-noise ratio,
especially around the emerging BM peaks (006) and (0010), dueto the small film area (1 x 1 mm?)
in this case. To more carefully probe the BM structure, a larger-channel-area device (4 x 3.5 mm?)
was also gated to 3.5 V, and the XRD results are shown in Fig. 1c (ungated (black) and 3.5 V
(magenta)). The more optimized geometry in this sample reduces the intensity of the ‘ungated’
perovskite (i.e., the film buried beneath the Pt electrode), reduces the intensity of the Pt(111) peak
(from the Pt electrodes), and significantly increases the signal-to-noise ratio for the LSCO film
peaks, which is especially important for the lower-intensity BM (006) and (0010) reflections. This
improved signal-to-noise ratio allows more quantitative analysis, where the full-width-at-half-
maximum (FWHM) was estimated by using Gaussian peak fitting, for example. While the

positions of the BM (006) and (0010) peaks gave the same out-of-plane lattice parameter as the

(008) (~4.0 A), suggesting all peaks indeed derive from the same phase, the (006) and (0010) are
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significantly broader (larger FWHM), resulting in lower out-of-plane coherence lengths (as
calculated from the Scherrer formula). The extracted coherence length was found to be ~10 — 15
nm for the (006) and (0010) versus 25 — 30 nm for the (008), indicating substantial disorder in the
BM phase. Additionally, the observed intensity ratio between BM (008) and (006) (or (0010)) was
~70, while the ratio expected for fully ordered BM is ~10 — 40, as found in various reports of high-
quality as-grown BM SrCoO2 s films'-6. This larger intensity ratio is consistent with prior work for
ion-gel-gate-induced BM-LSCO?, and is likely due to the presence of additional defects which
disrupt the long range Vo ordering. Based on the above observations, we thus conclude that the
BM-LSCO formed here via ion-gel-gating, particularly the anion (oxygen) sublattice, features

significant additional disorder compared to as-grown BM SCO films.

2. Electrolyte gating: in-situ two-terminal resistance vs. gate voltage

lon-gel gating of 45-58 nm LSCO films was carried out at 300 K under vacuum (< 1 x 10-°
Torr) by sweeping the gate voltage (Vg) ata rate of 0.5 mV sec™! tothe target voltage (see Methods).
In-situ electronic transport measurements were taken by applying a source-drain voltage (Vsp = +
0.2 V) throughout the experiment, measuring the source-drain current, and determining the source-
drain resistance, Rsp, as a function of Vg. Figure S2 shows the Rsp vs. Vg measured for the 11 1 x
1 mm channel films in Table S1. Gating starts at Vg = 0, sweeping to larger positive Vg at 0.5 mV
sec™! and stopping at specific Vg values as needed for ex situ characterization (XRD, resistivity,
and TDTR). The films start as perovskite (P) (Rso ~ 200 Q) and gradually increase in resistance

with increasing Vg until the transformation to brownmillerite begins. Then a rapid increase in Rsp
occurs on entry into the phase coexistence region (P + BM) around 2 — 3 V. This is followed by

another relatively flat region (Rsp ~ 10° Q) indicating fully formed BM. Overall, the ion-gel-gated

4



samples show good repeatability, with only minor sample-to-sample variations, around the
transition region (2 — 3 V) and at the highest Vg (4 V). Note that the 4 x 3.5 mm channel sample is
not shown here due to the larger resistance owing to its larger channel length. Finally, after the
conclusion of each gating experiment, the ion gels were removed, the films cleaned with acetone,
and ex-situ four-wire van der Pauw resistance measurements were performed (see Fig. 1d & Fig. 3a

in the main article).
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Fig. S2 | Two-terminal resistance. Source-drain two-terminal resistance (Rsp) vs. gate voltage
(Vg) for11 1 x 1 mm channel area ion-gel-gated LSCO films of 45-58 nm thickness on LAO(001)
substrates. Gating was performed at 300 K under vacuum.

3. Interfacial thermal conductance of Pt/LSCO and LSCO/LAO interfaces

In TDTR measurements, only parameters with sufficient sensitivities can be uniquely

determined. The measurement sensitivity to a certain parameter is calculated as®:

__0InR
Sa_alna' (l)

where « is the parameter of interest, S, is the measurement sensitivity to the parameter «, and R

is the ratio signal from TDTR. In TDTR measurements, heat propagation into the sample is treated

as thermal waves at the modulation frequency f. Subsequently, the thermal penetration depth of
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the thermal wave (h) can be calculated based on h = anTf where C is the heat capacity and A is

the thermal conductivity of the sample material. For thermal measurements of thin films, when h
is smaller than the film thickness d, the film is thermally opaque. The TDTR signal is then not
sensitive to the substrate and the interfacial thermal conductance of the interface between the film
and the substrate (Gz2). On the contrary, when h is larger than d, the film becomes thermally thin.
In this case, the TDTR signal becomes sensitive to the properties of the LAO substrate (A Lao and
CLao) and Gz. Due to the ultra-thin film nature of our LSCO samples, h is larger than the film
thickness for all three modulation frequencies used in TDTR measurements (1.5, 9.0, and
18.8 MHz). Therefore, measurement conditions must be carefully designed to distinguish the
sensitivities to ALsco, Gi1, and Gz for reliable determination of these parameters.

Here, we take the as-grown P-LSCO sample (ungated) as an example to show how we
design the experiments and data reductions to extract ALsco, G1, and G2 with reasonable accuracy.
Figure S3a-c shows the routine TDTR measurement sensitivity to multiple parameters under
different modulation frequencies for the ungated sample. It is found that routine TDTR
measurements with three modulation frequencies have the highest sensitivities to the properties of
the Pt transducer and LAO substrate. Therefore, prior to measuring the LSCO films, we obtained
the properties of the Pt transducer and LAO substrate by measuring reference samples of Pt on
Si/SiO2(300 nm) and Pt on LAO prepared from the same sputtering batch. These properties of the
transducer and substrate were used as input parameters for data reduction of LSCO thin-film
measurements to improve the reliability. For routine TDTR, the measurement sensitivity is more
reasonable for Arsco than Gi1 or Go2. In this case, we extracted ArLsco from routine TDTR
measurements by simultaneously fitting all three modulation frequencies. For determination of Go,
since routine TDTR measurements have low sensitivity to G2, the dual-frequency TDTR approach
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was adopted to increase the sensitivity to G2°. As illustrated in Fig. S3d, the sensitivities of dual-
frequency TDTR measurements (18.8 MHz/1.5 MHz) to the Pt transducer and LAO substrate are
largely suppressed, while the sensitivity to Gz is improved. Using the dual-frequency approach, Gz
was determined to be 800 + 500 MW m~2 K-, which agrees with the literature values for strongly
bonded interfaces'?. The ~60% uncertainty on G2 does not propagate significant errors into the

overall uncertainty of Arsco. This is because the routine TDTR measurement sensitivity to Gz is

much lower than the measurement sensitivity to ALsco.

1.5 MHz 9.0 MHz 18.8 MHz 18.8/1.5 MHz
1 ! I ' ' I T [ T T T T T T
ar :l‘: Q_Pt b=== . C d
0.5 = : = - Pt > § -+ = A §- -
%____--—-—--—‘—---..._= - -
> 02 5 ¥ ¢ ~
> ' B —————_._L\&;()U
= 0.1 -71 >
c \NC orn ¥V \
[T} JLSCo
& 0.05 \ AR
\ o
N ,' NN
0.02 ] ~

0.01 L
200 1000 200 1000 200 1000 200 1000 3600
Time delay (ps)

Fig. S3 | Representative sensitivity analyses. Sensitivity plots of TDTR measurements for the
ungated P-LSCO sample calculated with the following parameters: heat capacities (Cpt, CLsco,
CLao0), film thicknesses (trt, tLsco), thermal conductivities (Art, ALsco, ALao), interfacial thermal
conductances (G1 and Gz2), and the beam spot size of 12 um. Panels a-c are routine TDTR ratio
sensitivity to multiple parameters with different modulation frequencies. Panel d is the dual-
frequency measurement sensitivity. Solid lines mean the sensitivity value is positive, while dashed
lines represent negative sensitivity values.

Also from Fig. S3, the measurement sensitivity to Gz is low in all cases due to the large
value of G1 of the ungated sample, leading to large measurement uncertainties. This is expected

considering the extra thermal transport channel at the Pt/P-LSCO interface through electron-



electron coupling. When G1 decreases as P-LSCO (metallic) transforms to BM-LSCO (insulating)
with electrolyte gating, the measurement sensitivity to Gi is improved, which allows for the
extraction of Gi for samples gated at higher voltages (Vg > 2 V, see Fig. 3b). To validate our
measured values of G1 for BM-LSCO films exhibiting insulting behavior, we list G values for
interfaces between Pt and different insulating oxides!-'4 in Fig. S4, which vary from 180 to
330 MW m~2 K-1, Our measurement results for G1 between Pt and BM-LSCO samples (gated at
3, 3.5 and 4 V with negligible electronic contribution) are determined to be 160, 150 and

200 MW m~2 K1, respectively, in good agreement with literature data.
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Fig. S4 | Interfacial thermal conductance. Summary of the interfacial thermal conductance
between Pt and oxides plotted against the Pt thickness. The G values of Pt/SiO2 and Pt/Al>O3 are

taken from the literaturel!-14,

For samples gated at Vg <2 V, with larger G1 values, a nominal value of 400 MW m2 K-
was used for the data reduction. Due to the low sensitivity to Gz, the determination of Arsco is not
significantly impacted by Gi. Table S2 summaries the values of G1 and ALsco from measurement

fitting. When both parameters are fitted simultaneously, G varies from 250 to 920 MW m2 K1,



while Arsco only varies from 4.1 to 5.5 W m?* KX, When Gz is fixed at 400 MW m2 K™, the
fitted ALsco (listed in the last column of Table S2) varies from4.1 t06.3 W m= K™, The variations
of Arsco with or without Gi1 being fixed in the data analysis are all within the measurement

uncertainty.

Table S2. Results of G1 and Avrsco for the ungated samples measured at different locations and
modulation frequencies, obtained from simultaneous fitting for both G1 and Arsco or fitting for
Avrsco only (G1 = 400 MW m~2 K1),

Modulation

Sample Location G Avisco G Avisco

# # fr(e&“Herz‘)Cy (MWm2K?) (WmtK?1) (MWm2K?Y) (WmtK?)

1.5 920 4.7 6.3

L1 9 490 4.3 4.3

18.8 240 5.0 5.1

1.5 280 55 4.5

1 L2 9 530 4.2 4.1

18.8 320 4.6 4.7

1.5 390 4.6 4.5

L3 9 600 4.5 400 4.3

18.8 410 4.1 4.1

1.5 520 4.3 4.9

L1 9 660 4.1 4.3

5 18 330 4.9 5.0

1.5 440 4.7 4.9

L2 9 250 4.9 4.4

18 440 4.5 4.5

Average 455 4.6 400 4.7
(range) (240 - 920) (4.1-5.5) (fixed) (4.1-6.3)

In addition, we followed the thickness-extrapolation method used by Wu et al. for
quantifying the lumped thermal resistances of two interfaces (Reff = 1/ALsco + 1/G1 + 1/G2)'°, asa
criterion to cross check the reasonableness of our measured Giand G2. We prepared ungated LSCO
films with varying thicknesses and coated them with Pt. The lumped thermal resistances Ress of
Pt/P-LSCO measured with TDTR are represented in Table S3 as a function of the LSCO film
thickness. The linear extrapolation of Refto zero film thickness (intercept on the y-axis) gives 1/G1

9



+1/G2=6.15 nm m K W~ with~50% uncertainty. With G1 = 400 MW m~ K-tand G2 =800 MW

m-2 K1, the calculated Reff value (3.75 nm m K W-1) is within the uncertainty.

Table S3. Ress of ungated LSCO films with varying thicknesses on LAO substrates.

Film thickness (nm) Lumped thermal resistance Reff (nm m K W-1)
5.2 6.42 £ 2.24
10.7 9.17+2.75
15.6 9.36 £ 2.81
19.8 8.59 + 2.83

4. Uncertainty analysis for TDTR measurements

For TDTR measurements, the uncertainty on LSCO thermal conductivity is calculated

based on the sensitivity analysis using the following expression:

(3) =2 ()" + (2 60) @

Sp @
where AA/A is the relative uncertainty of the sample thermal conductivity A, Ao/« is the relative
uncertainty of a certain parameter o, 0@ is the uncertainty of the phase, and S, is the measurement
sensitivity to a parameter . With a combination of a 3% uncertainty in the beam spot size, a 4%
uncertainty in the transducer thickness, a 3% uncertainty in the heat capacities of the transducer,
sample, and substrate, and an 11% uncertainty in the substrate thermal conductivity, the resulting
uncertainty on the ungated P-LSCO thermal conductivity is ~43%. The main contributions to the
total uncertainty on the LSCO thermal conductivity are from Arao, CrLao, dpt and Cpt. As ALsco
decreases when Vg increases, the measurement sensitivity to ALsco is also improved. As shown in
Fig. S5, the measurement sensitivity to Arsco for the BM-LSCO sample gated at 3 V significantly

increases compared to the ungated P-LSCO sample. Therefore, the uncertainty of the 3-V-gated

LSCO is reduced to ~10%.
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Fig. S5 | Sensitivity plot for uncertainty analyses. Sensitivity plot for routine TDTR
measurements at 18.8 MHz for the LSCO sample gated at 3 V for uncertainty calculations.

5. MD simulations of LSCO thermal conductivity

To study the effect of oxygen defects on thermal transport in LSCO, we theoretically
predicted the lattice thermal conductivity of LSCO with different oxygen deficiencies (6 = 0.1,
0.25, 0.375, and 0.5) using molecular dynamics (MD) simulations (Fig. 3d) with the LAMMPS
package. The potentials used in LAMMPS in this work are the short-range Buckingham potential
+ long-range Coulombic potential, which are two-body potentials. Therefore, we expect that the
heat flux formalism in LAMMPS should be reliable. Classical potentials are not as accurate as
first-principles calculations, nor can they correctly predict optical branches. However, our goal
here is to provide qualitative insights to better interpret the experimental results, rather than
pursuing very high accuracy in BTE calculations. The equilibrium Green-Kubo method was used
to calculate the thermal conductivity of LSCO:

k. = —

L™ kgT?v

J;°<8;(®) - 5,(0) >dt,i = x,y,z2, (3)
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where S is the transient heat flux, and <Si(t) - Si(0)> is the heat flux autocorrelation function, which
measures the correlation between the heat flux at any time with itself after time t. ks is the
Boltzmann constant, T is temperature, and V is the volume of the simulation domain. The domain
was constructed by using 12 x 12 x 12 unit cells (8640 atoms) of LaCoOs3s and replacing half the
Laatoms with Sr. Oxygen atoms were removed to create point vacancy defects either randomly or
periodically dependingon the needs. Our algorithm ensures the vacancies are point defectsinstead
of cluster defects. The Buckingham and Coulomb interatomic potential was used to describe the
interactions!®. The timestep was set as 0.5 fs. We first relaxed the geometries at constant pressure
and temperature (NPT ensemble) at 2 K for 0.2 ns (400000 steps) and then increased the
temperature to 300 K and ran for another 0.2 ns. Then, the ensemble was changed to constant
volume and energy (NVE ensemble) and run for 0.2 ns to stabilize the ensemble. Finally, the NVE
ensemble was run for another 2 ns to compute the heat flux and auto-correlation function. For each
individual structure, the thermal conductivity was obtained by averaging the thermal conductivities
of three independently generated structures with randomly distributed Vo along the x, y, and z
directions. In addition, for the case of 6= 0.5, we generated two sets of structures: disordered Vo
and ordered Vo, with the latter case being the orthorhombic BM phase.

To validate the equilibrium GKMD results, we further performed non-equilibrium
molecular dynamics (NEMD) for four cases with the non-stoichiometry & values that have been
studied with EMD (i.e., 6= 0.1, 0.25, 0.375, and 0.5). The NEMD simulation domain is shown in
Fig. S6a with a size of 2.2938 x 3.0584 x 3.0584 nm3. NEMD simulations were performed using
the LAMMPS package with the same classical potential settings as implemented in the GKMD.
The hot reservoir was set in the middle of the simulation domain with a length of 2 nm, and the

cold reservoir of the same size was split into two pieces equally and placed at the two edges of the
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box along the x direction. Inall the three dimensions, periodic boundary conditions were applied.
A Langevin thermostat was adopted to maintain the temperatures of the hot reservoir at 598.15 K
and the cold reservoir at 548.15 K. The timestep was set as 0.5 fs. In the simulation, the NVT
ensemble was fixed first for 100,000 steps and then followed by an NVE ensemble for 100,000
steps to fully relax the lattice. Then the system was fixed at the NVE ensemble for another 200,000
steps, during which the temperature gradient and heat flow rate were recorded. Then the thermal
conductivity can be obtained based on Fourier’s law. Figure S6b shows an example of the
temperature gradient along the x-axis for the 6= 10.25 case. It is noticed that the hot reservoir has
the highest temperature, while the cold reservoir exhibits the lowest temperature. The length
between the hot and cold reservoir is 9.2 nm, different from that in Fig. S6a. This discrepancy is
caused by the position where the temperature is monitored not being precisely at the boundary of
the reservoirs. Figure S6c displaces the cumulative heat flow applied to or extracted from the
system. Linear fitting is applied to obtain the heat flow rate. The heat flow rate and temperature

difference on both sides are averaged when evaluating the thermal conductivity.
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Fig. S6 | NEMD setup and results. a Dimensions of the NEMD simulation system, and the hot
and cold reservoirs in the x-y plane. b Temperature gradient along the x direction for the 6= 0.25
case. ¢ Cumulative thermal energy in the hot and cold reservoirs.

6. Temperature-dependent thermal measurements

For data analysis of temperature-dependent thermal measurements, we need to obtain the
temperature-dependent volumetric heat capacities of the Pt transducer, the LSCO film, and the
LAO substrate (Cpt, CLsco, CLao), and the temperature-dependent thermal conductivities of Pt and
LAO (Art and ALao) as input parameters. Cpt and Apt Were obtained from the literature’-1°. Crao

and Crsco were calculated using the Debye model following:

_ %]
9Rp (T)3 2Lt e* dax

C = 5 X M g OT (ex_l)z ’ (4)

where R is the universal gas constant (8.314 J mol~* K1), p is the mass density, M is the molar

mass, T is temperature, and b is the Debye temperature (748 K for LAO*® and 462 K for LSCO29).
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The calculated values of temperature-dependent CLao and Crsco are presented in Fig. S7a in
comparison with literature datal921-23,

We measured a bare LAO substrate with the same Pt transducer to obtain the temperature-
dependent thermal conductivity of LAO. For thermal conductivity measurements at low T,
temperature correction is necessary considering that material properties may vary significantly
over a small temperature rise. The temperature correction takes into account two sources of
temperature rise: (1) the steady-state temperature rise (ATs), and (2) the per-pulse pump heating
induced temperature rise (ATp). The calculation of ATs can be found in Ref. [24]. ATp was
calculated as ATp = Q/(VCpt), where Q is the pump energy absorbed by the Pt transducer
(Q = 2artApump/fiaser, With apt being the absorptivity of Pt, Apump being the absorbed pump power,
and fiaser being the repetition rate of the laser), V is the volume of a cylinder (with a 1/e? radius of
the pump beam spot size and height of the Pt thickness), and Cpt is the volumetric heat capacity of
Pt. The corrected temperature was calculated as Tcorr = Tset + ATp + ATs with Tset being the setting
temperature set in the temperature controller. Those input parameters were then modified based
on Tcorr fora new round of data reduction. We iterated this correction process several times until
we obtained converged results (e.g., ATp + ATs < 15 K).

Figure S7b shows the comparison between our measured ALao and literature values of

ALao along different crystalline orientations from experimental studies!®21-2325 Due to the

existence of twin boundaries in LAO, the thermal conductivity of LAO along the [100] direction
is much lower than that along the [001] direction (black symbols) and the temperature-dependent

thermal conductivity deviates from the 1/T trend. Our measured temperature-dependent ALao
along the [100] direction agrees reasonably well with literature data. The measured Apao values

were then used as input parameters for LSCO measurements at different temperatures.
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Fig. S7 | T-dependent heat capacity and thermal conductivity. a T-dependent heat capacity of
LAQ1921-23and LSCO?°, Note that in Ref. [20], x = 0.3 is the highest x studied for single-crystal
La:1-xSrkCo03, and is thus the closest sample system to our Lai1-xSrxCoOs (x = 0.5) film available in
the literature. b T-dependent thermal conductivities of LAO obtained from different measurement
methods!921-2325 The black dashed line indicates the 1/T trend of temperature-dependent thermal
conductivity.

Inaddition to the BM-LSCO film gated to 3 V, we also conducted temperature-dependent
thermal measurements of the BM-LSCO film gated at 4 V and the results are plotted in Fig. S8.
The thermal conductivity of the sample gated to 4 V (red diamonds) agrees well with that of the
sample gated to 3 V (blue circles) over the measurement temperature range of ~ 90 to 500 K. This
further supports, from the thermal characterization aspect, our finding that LSCO is fully

transformed to the BM phase after being gated at 3 V and above.
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Fig. S8 | T-dependent thermal conductivity. Temperature-dependent total thermal conductivities
of LSCO films at different gate voltages.

7. Comparison of in-plane vs. through-plane transport properties

Due to the low measurement sensitivity to the in-plane thermal conductivity of LSCO thin
films at these types of thicknesses?®, in addition to the challenges of probing the through-plane
electrical resistivity, we were unable to measure the electronic and thermal transport along the
same direction. However, considering that the thickness of our measured samples is ~45 nm, we
can safely conclude that the electronic transport in our P-LSCO samples exhibits bulk behavior.
Estimates of the electronic mean free path in this system yield nanometric scales. Also, from ab
initio calculations of P-SrCo0Q3 in a prior study?’, the accumulated lattice thermal conductivity of
P-SrCoOs is larger than 93% of its bulk value when the phonon mean free path reaches 40 nm. In
our P-LSCO system, with the additional alloying on the A site, the lattice thermal conductivity
will approach the bulk limit at an even smaller film thickness. In addition, considering the cubic

symmetry of P-LSCO, we expect quite isotropic band structures for both electrons and phonons.

17



Thus, the through-plane thermal conductivity of P-LSCO, consisting of both electronic and lattice
contributions, must be comparable to the in-plane thermal conductivity.

Unlike P-LSCO, BM-LSCO is electrically insulating; therefore, thermal transport in BM-
LSCO is mainly carried by phonons and will also approach the bulk limit. However, there is
possible anisotropy for thermal transport in BM-LSCO due to the orthorhombic symmetry of the
BM phase. In this case, the large tuning factor of the LSCO thermal conductivity we demonstrated

in this work is along the through-plane (c-axis) direction.

8. Reversibility of tuning the LSCO thermal conductivity
To explore the reversible nature of the Vg-induced P <> BM phase transformation in LSCO,

we also reverted some gated BM-LSCO films to the P phase by applying reverse gate voltages of
up to—4.5V at RT. The RT thermal conductivity of one reverse-gated P-LSCO film (P - BM —
P) was measured tobe 3.5 +1.1 W m~ K—1, This ~20% reduction in the At of recovered P-LSCO
compared to the as-deposited P-LSCO film arises from additional structural disorder induced
during the cyclic gating. This can be seen from the high-resolution XRD measurements (Fig. S9a,b)
on the as-deposited P-LSCO film (labeled as “ungated”), after gating to +3.0 V (i.e., transformed
to BM), and after reverse gating to —4.5 V (i.e., recovered to P). The ideal situation after negative
Vg would be a P(002) reflection exactly overlapping with the ungated peak. In reality, the return
to the ungated P(002) location from the BM(008) position has a remnant shift to the leftin Fig. S9b
(i.e., a larger P lattice parameter). Explicitly, the BM(006) and (0010) peaks are entirely
extinguished, definitively establishing that long-range Vo order is annihilated, but the lattice
parameter of the recovered P phase remains expanded. This indicates that the V o concentration is

higher than it was originally for the ungated sample. This additional structural disorder can be
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further quantified through electronic transport (Fig. S9c). Specifically, the approach described in
the main text and Methods of our paper to determine the O non-stoichiometry ¢ from transport
yields 0.11 for the as-deposited P-LSCO film and 0.16 for the reverse-gated film (following P —
BM — P). This additional disorder is unsurprising after topotactic transformation from P to BM
back to P, and no doubt plays some role in the reduced thermal conductivity. Nevertheless, such
data confirm the overall reversibility of the approach presented here. Further improvement of

reversibility can be achieved through better device design and optimized gating conditions.

Ungated LAO (002) a -
- +3.0V

L —— 45V

Intensity (arb. units)

| 5=0.11

43 44 45 46 47 48 49 50 0 50 100 150 200 250 300
26 (deg) T (K)

Substrate Norm. Int. (arb.units)

Fig. S9 | XRD measurements on a reverse-gated sample. a Wide-angular-range XRD results
from LSCO devices on LAO(001) substrates after gating to +3.0 V and afterreverse gating to —4.5
V. The y-axis is on a logarithmic scale. b An enlarged version of the same scans as in a, around
the film and substrate perovskite (002) peak (BM (008)), with the intensity axis (log scale)
normalized to the substrate intensity, to better show the changes in the film position and intensity
with reverse gating. ¢ Temperature-dependent electrical resistivity measurements of the as-
deposited P-LSCO, after gating to +3.0 V, and after reverse gating to —4.5 V (the color code is the
same for all panels).
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