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Electric-Field Control of the Local Thermal Conductivity in

Charge Transfer Oxides

Noa Varela-Dominguez, Marcel S. Claro, Carlos Vidzquez-Vdzquez,

Manuel Arturo Lopez-Quintela, and Francisco Rivadulla*

Phonons, the collective excitations responsible for heat transport in crystalline
insulating solids, lack electric charge or magnetic moment, which complicates
their active control via external fields. This presents a significant challenge in
designing thermal equivalents of basic electronic circuit elements, such as
transistors or diodes. Achieving these goals requires precise and reversible
modification of thermal conductivity in materials. In this work, the continuous
tuning of local thermal conductivity in charge-transfer StFeO; , and

La, ¢Sr, ,C00; , oxides using a voltage-biased Atomic Force Microscopy
(AFM) tip at room temperature is demonstrated. This method allows the
creation of micron-sized domains with well-defined thermal conductivity,
achieving reductions of up to 50%, measured by spatially resolved Frequency
Domain Thermoreflectance (FDTR). By optimizing the oxide’s chemical
composition, the thermal states remain stable under normal atmospheric
conditions but can be reverted to their original values through thermal
annealing in air. A comparison between Mott—-Hubbard and charge-transfer
oxides reveals the critical role of redox-active lattice oxygen in ensuring full
reversibility of the process. This approach marks a significant step toward
fabricating oxide-based tunable microthermal resistances and other elements

for thermal circuits.

1. Introduction

So far, most of the strategies for the reversible control of the ther-
mal conductivity exploited the reversibility of structural phase
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transitions,'*]  the natural interfaces
of ferroelectrics,*”] or the accumula-
tion of mobile defects at interfaces.!®!

Recently, the electric field control over
the topotactic exchange of O?~ and H*
in (La,Sr)CoO, through ionic-liquid elec-
trochemical gating was used for reversible
modulation of its thermal conductivity, at
room temperature.l”! In this case, the
strong covalency between the Co**/** re-
dox pair and O 2p results in a partially
filled wide o* band, which provides the
required conductivity for the electrodes
of the electrochemical cell, and reduces
the enthalpy of oxygen vacancy forma-
tion and migration.['!] However, apart from
how impractical the use of ionic liquids
may be, O ions are the redox active
species in Co oxides at high oxidation
states, which results in an intrinsic chem-
ical instability that leads to corrosion and
dissolution of the films, and partial irre-
versibility and reproducibility issues.”] By
using the solid electrolyte Y:ZrO,, Yang
et al.l?] overcome this unwanted effect and
achieve a reversible transition in SrCoO;,, with good repeatabil-
ity and a reproducible k (ON/OFF) ~4. However, the need for high
temperatures (=300 °C) to reach sufficient oxygen mobility, and
the required solid electrolyte/oxide architecture, can be a draw-
back for some applications.

Here, we demonstrate that the local thermal conductivity of
transition-metal perovskite oxide thin films can be precisely de-
fined by a voltage-biased Atomic Force Microscopy (AFM) tip, at
room temperature, under ambient conditions.

It has been previously shown by other authors that the strongly
localized electric field exerted by a voltage-biased AFM tip on the
surface of a material can be used to modify its properties, per-
manently, through an electrochemical reaction, or transiently, by
controlling the local charge density.!'3] In the first case, the hu-
midity of the atmosphere may supply enough H,0O molecules
to form a meniscus between the apex of the tip and the surface
of the sample, which works as a localized micro-electrolytic cell.
The electric field splits the water molecules in strongly oxidiz-
ing species, producing the electrodeposition of an oxide on the
surface through local anodic oxidation.*15] This constitutes a
sort of AFM-lithography, which has been used to modify, perma-
nently, the local surface in semiconductors and to fabricate non-
volatile functional nanostructured devices, with excellent spatial
resolution.!16-19]
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Figure 1. Effect of local electric field on negative charge-transfer oxide SrFeOs.,. a) Optical image (reflected light) of four pads of 25 x 25 um? scanned
with the AFM tip biased at different voltages on the surface of PV SrFeO;_, film. b) Topography and c) Kelvin potential probe scans of the —10 V pad.
The topography and Kelvin repeated on the same area after annealing the sample in the air at 200 °C are shown in d) and e), respectively. f) Height
and g) Kelvin potential line profiles along the pads at — 10 V. The line scans of the topographies done under 8% relative humidity, immersed in mineral
oil, and after thermal annealing, are also shown for comparison. h) Evolution of the Raman spectrum around the ~630 cm™' signal with the applied
voltage. The films are deposited on LSAT substrates for the Raman experiments. i) Comparison of the Raman spectra of a SrFeO5_, film on the PV phase
(3—x ~ 2.80(5)), the BM phase (3—x ~ 2.5) and on a region of the film scanned at —10 V. The spectra were fitted with two Gaussian functions (solid
lines). The spectrum of the LSAT substrate is also shown. j) Oxygen content of the region scanned at —10V, estimated from the linear dependence of the
~700 cm~! Raman peak between the BM and the pristine PV (3—x ~ 2.8). k,I) Sr 3d and O 1s XPS spectra of the film taken on the bare surface and the
region scanned at —10 V. There is a small increase in the relative intensity of the lower binding energy peak of Sr 3d, consistent with a Sr-poor surface
after application of the electric field. In the O 1s spectra the purple and cyan bands identify the contribution from lattice oxygen and mixed hydroxide
groups, respectively.

On the other hand, a voltage-biased AFM tip was also used 2, Results and Discussion

for tuning the local concentration of HO™/H* surface adsorbates
on the top layer of an LaAlO,/SrTiO, interface, influencing the
conductance of the interfacial 2D electron gas. Different types
of functional devices were fabricated in this way, although the

2.1. Effect of Local Electric Field on the Surface of SrFeO, ,,
La, ¢Sr, ,Co0O,, and La,,Sr,;MnO,

effect normally vanishes after a few hours under atmospheric
conditions.[20-22]

Here, we employ a voltage-biased AFM tip to establish non-
volatile thermal states in charge-transfer transition-metal ox-
ides. Optimizing the contribution of O 2p states at the Fermi
Energy makes the thermal states stable for weeks, but they
can be completely erased after thermal annealing, returning
the system to its original state. This constitutes a novel ap-
plication of AFM lithography to fabricate micron-size pat-
terns with a defined value of thermal conductivity on the
bare surface of the oxide thin film. Our results demonstrate
that conductive AFM-driven ionic manipulation is a promis-
ing technology for the design of the elements of a thermal
circuit.

Adv. Mater. 2025, 37, 2413045 2413045 (2 of 9)

We have scanned several regions (25 X 25 pm?) of the surface of
40 nm thick SrFeO,, (SFO) films with a voltage-biased AFM tip,
atarelatively fast scan rate of 0.5 Hz (12.5 pm s71). This speed (the
total amount of charge injected into the sample) was optimized
for achieving a compromise between stability and reversibility of
the effect of the electric field on the surface of the films, as ex-
plained in the rest of the paper (see Figure S1, Supporting Infor-
mation for further details about the effect of a larger electric field
on the surface of SrFeO,).

Increasing the (negative) voltage above —5 V produces a dark-
ening of the film surface, appreciable in the optical image
(Figure 1a), and an increase of the height and local surface po-
tential (Figure 1b,c), which grow linearly with the voltage. The
local accumulation of oxygen vacancies, Vy, by the electric field
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may produce a structural transformation to brownmillerite, BM,
SrFeO, 5, with an associated change in the electrical and optical
conductivity.?>-»] However, the full transformation of a 40 nm
film of perovskite (PV, ¢ = 3.852 A) to BM (c = 3.985 A) will im-
ply a maximum expansion of ~1.3 nm, well below the ~3 nm
observed at —10 V; Figure 1f.

On the other hand, every Vi in the perovskite donates two
electrons to nonbonding orbitals, resulting in the expansion of
the crystalline lattice.?®] In the case of epitaxial thin films, this
effect may be strongly anisotropic, resulting in a much larger
expansion.!?’]

Quantifying the precise amount of oxygen vacancies intro-
duced in the written pads is an extremely difficult task, due
to the small dimension of these regions. However, an approxi-
mate estimation of the maximum number of vacancies created
by the electric field can be obtained from the analysis of the Ra-
man spectra (Figure 1h,i). The peaks at ~630 and ~#700 cm™! in
the pristine PV could be assigned to different Fe-O stretching
modes, both absent in the bulk brownmillerite phase due to sym-
metry constraints.[?#?°1 However, the peak at ~700 cm™ is still
present with a large intensity in the epitaxial BM, signaling some
symmetry relaxation in the film (Figure 1i). Moreover, epitaxial
clamping introduces restrictions in the vibrational modes, which
along with the stress relaxation for accommodating the oxygen
vacancies, or even vacancy ordering or clustering, could lead to
the observed hardening of the Raman modes associated with Fe—
O stretching. Assuming a linear variation of the frequency with
the oxygen composition between the BM (3-x = 2.5) and the pris-
tine PV (3-x ~ 2.82(5)),12>3% this would place the oxygen content
in the pads written at — 10 V at about 3-x~2.68(2) (Figure 1j).
This is an approximate value of the maximum reduction we can
achieve with our method while maintaining the PV structure (see
also Figure S1, Supporting Information).

On the other hand, the effect of the electric field on the chemi-
cal composition of the surface was studied by X-ray Photoelectron
Spectroscopy (XPS). The changes observed in the Fe 2p XPS spec-
tra are negligible (Figure S2, Supporting Information). Regard-
ing the O 1s spectrum (Figure 1), apart from the contribution
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from lattice oxygen, there is a signal which can be attributed to
hydroxide groups,*'3?] but no significative changes are observed
after the application of the electric field. Minimum changes are
also observed in the relative intensities of the Sr 3d multiplet
(Figure 1k) which could be related to a slight decrease of surface
St on the area of the film scanned at —10 V.3233]

Therefore, the analysis of the XPS spectra discards the elec-
trodeposition of an oxide or oxohydroxide by the effect of the elec-
tric field. To further discard the role of adsorbed H,O in the sur-
face expansion, the experiments were repeated after reducing the
relative humidity below 8%, and also after immersing the AFM
cantilever and the film surface in mineral oil. In both cases, the
local surface expansion remains ~ 3 nm at —10 V (see Figure 1f;
Figure S3, Supporting Information). These experiments confirm
an intrinsic origin of the local surface expansion, not related to
an electrochemical reaction with adsorbed water.

Understanding the effect of the electric field on the surface of
the film requires a detailed consideration of the electronic struc-
ture of these oxides: increasing enough the oxidation state of Fe
asin SrFeO, ,, reduces the energy of the o* band derived from the
Fe-O antibonding interaction below the non-bonding O 2p states.
This makes the charge-transfer energy, A = [E(M3**L) -E(M*)],
negative and stabilizes a Fe>*L (L meaning a ligand-hole), rather
than a pure Fe** ground state.}*3¢l Therefore, there will be a
strong contribution of O 2p states at the Fermi energy and oxi-
dation of the lattice 0%~ will compete with the oxidation of Fe’*.
Therefore, the electric field will not only drag and cluster the ex-
isting oxygen vacancies in the film but will also increase their
amount through local oxidation of the O~ ion, which will be re-
leased as O,. We hypothesize that the accumulation of oxygen
vacancies may explain the enhanced surface expansion since it
induces a large anisotropic chemical expansion in these materi-
als when they are strained.!?”*”l The accumulation of oxygen va-
cancies may result in the stabilization of lower symmetry phases
which may also contribute further to this expansion. As shown
in Figure 1d-g, annealing the film at 200 °C in the air is enough
to reincorporate the oxygen back to the structure, returning the
oxide to the original state.
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Figure 2. Effect of local electric field on charge-transfer oxide Lag ¢Sry 4C0Os. a) Optical image (reflected light) of four pads of 25 X 25 um? scanned
with the AFM tip biased at different voltages on the surface of PV LSCO film. b) Topography and c) Kelvin potential probe scans of the —10 V pad. The
topography and Kelvin repeated on the same area after annealing the sample in the air at 300 °C are shown in d) and e), respectively. f) Height and g)
Kelvin potential line profiles along the pads at —10V, and after the thermal annealing.
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Note that this mechanism of local 0%~ oxidation should be ac-
tive in other charge transfer oxides, but not in those of the Mott—
Hubbard type, in which the transition-metal ion is the active re-
dox pair (see Figure S4, Supporting Information).

To verify this hypothesis, we scanned the surface of
charge-transfer La,,Sr,,CoO; (LSCO) and Mott—Hubbard
Lay,Sro;MnO; (LSMO).B8  The results are shown in
Figures 2 and 3. Similar to SFO, the application of the elec-
tric field on the surface of charge-transfer LSCO produces a
maximum expansion of ~3—4 nm at —10 V; this effect can be
reversed by annealing the film at 300—350 °C in air; Figure 2.

However, the effect of the electric field is completely different
in the Mott-Hubbard oxide LSMO; Figure 3. The surface expan-
sion in this material reaches ~15 nm at —10 V in a 40 nm film,
and cannot be completely reversed by annealing in air, even at
500 °C. The difference is also appreciated in the XPS spectrum:
the O 1s signal shows four different components, including lat-
tice oxygen (purple), surface termination component (blue), oxy-
hydroxide lattice oxygen (orange), and mixed hydroxide groups
(cyan).32] As shown in Figure 3g), the electric field increases the
signal from the hydroxide groups at the expense of the oxygen
lattice contribution. In the case of La 3ds,, there is a shift in
binding energy after application of -10 V, and the splitting of the
La 3ds,, multiplet reduces from 4.53 eV at the pristine surface
to 3.9 eV at —10 V. Both observations are remarkably similar to

a) la,,Sr,;MnO;

www.advmat.de

the effects observed after surface reconstruction of La, ;Sr, ,CoO,
catalyst during OER operation conditions.[*?) Therefore, the XPS
data indicate the electrodeposition of La and Mn hydroxide/oxo-
hydroxide species on the surface of LSMO, by an electrochemical
reaction with the adsorbed water, similar to the irreversible oxida-
tion of the surface of Si by AFM nanolithography.'¥ Immersing
the LSMO in mineral oil suppresses this mechanism, which re-
duces the expansion to &5 nm (Figure 3e). Note that although
small, the participation of the O 2p band in the redox process
cannot be completely eliminated in these oxides, and in the ab-
sence of ambient humidity the oxidation of lattice oxygen is re-
sponsible for the surface expansion. Therefore, the action of a
voltage-biased AFM tip on the bare surface of LSMO, under nor-
mal atmospheric conditions, is the combination of electrostatic
attraction of V4 and electrochemical modification of its surface.

In summary, our results demonstrate that it is possible to
modify the concentration of Vi by the application of an elec-
tric field by a voltage-biased AFM tip resulting in a non-volatile
increase of the local surface height. Optimizing the contribu-
tion of O 2p states to the Fermi Energy and the scan rate, it is
possible to make this effect reversible after thermal annealing
in air.

Next, we will show how this AFM lithography can be ex-
ploited to manipulate the thermal conductivity, creating non-
volatile thermal states with micron size resolution.
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Figure 3. Effect of local electric field on Mott—Hubbard oxide Lag ;Sry 3MnO;. Optical image (reflected light) of four pads of 25 x 25 um? scanned with
the AFM tip biased at different voltages. The AFM topography of one pad written at —10 V is shown in b). c¢,d) Show the topography of the same area
after annealing at 300 and 500 °C, respectively, demonstrating the irreversibility of the surface transformation in this case. The height line profile along
this pad is shown in e). We included the height profile of the sample scanned in the absence of humidity (immersed in mineral oil), for comparison. f-h)
Sr3d, O 1s, and La 3ds;, XPS spectrum of the film taken on the pristine surface and on the region scanned at —10 V. The changes observed in the O 1s
and La 3d spectra are consistent with the formation of an oxo-hydroxide species on the surface of the film, pointing to a local electrochemical reaction
with adsorbed water (see text).
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Figure 4. Electric-field control of local thermal conductivity in SrFeO;.,. a) Optical image of the surface of a 40 nm thick SFO film, previously scanned
with a voltage-biased AFM tip, covered with 60 nm of Au for the FDTR measurements. The written pads (like those shown in Figure 1a) are not visible
across the Au layer, but their approximate positions are indicated as dashed squares. The shadow of the AFM cantilever is visible in the image. The
inset shows an image of the same region of the surface from the FDTR camera, with the spot of the probe laser beam in the center. b) Phase shift map
at 20 MHz obtained scanning a region of 100 x 100 um?2, 0.5 um step, with the pump/probe laser beams. The four regions scanned with the AFM tip
are now visible in the phase-shift map. Phase versus frequency curves were taken inside each of these regions (c), showing a clear evolution with the
voltage applied. Fitting to a thermal model (see text) gives the local thermal conductivity, which decreases linearly with the voltage, as shown in (d). e)
Thermal conductivity map obtained by fitting the phase-shift map at 20 MHz, where the sensitivity to the thermal conductivity of the film is maximized.

Line scans along different directions of the map, f), show the excellent control over the local thermal conductivity achieved by this method.

2.2. Electric-Field Modulation of the Local Thermal Conductivity
of SrFeO, ,, La, (S, ,C00,, and La,,Sr,;MnO,

Spatially-resolved (micron-size resolution) thermal conductiv-
ity, k, of the films was measured by Frequency Domain
Thermoreflectance (FDTR).3?! A 60 nm thick layer of Au was
sputtered on the surface of the film, to serve as a thermal
transducer. The thermal properties of the sample are deter-
mined through multi-parameter fitting of the phase lag of the
pump/probe lasers, ¢p(w), as explained in reference.*) The dif-
ferent parameters of the model were measured independently or
obtained from the literature, so that k of the film is the only fitting
parameter (see Table S1 and Figure S5, Supporting Information
for further details of the fittings). The main results of this analysis
are shown in Figure 4 for SrFeO, .

Once covered with 60 nm of Au, the contrast from the pat-
tern written with the electric field on the surface of SFO is no
longer visible (Figure 4a). Therefore, we scanned a region of
100 x 100 um?, with a step of 0.5 um, recording the ¢(w) at six
different frequencies, chosen for maximum sensitivity to « (see
Figure S5, Supporting Information for the sensitivity analysis).
The four regions previously scanned with the voltage-biased AFM
tip become perfectly visible in the ¢ (20 MHz) map shown in
Figure 4b. In Figure 4c we show four ¢(w) curves recorded inside

Adv. Mater. 2025, 37, 2413045 2413045 (5 of 9)

the written areas, showing the change in the raw data with the
applied electric field. Fitting the ¢(w) shows the linear reduction
of k above —5 V, until a maximum reduction of ~ 33% at —10 V
(Figure 4d; Figure S6, Supporting Information). The electrical re-
sistivity measured for SrFeOs, is of the order of 0.05-0.1 Q cm™,
at room temperature, which accounts for a very small contribu-
tion (~0.1 W m~! K1) to the thermal conductivity. Therefore, the
reduction of k cannot be due to an increase of the electrical resis-
tance by the effect of the electric field, but it must have its origin
on the accumulation of point defects and its effect on the propa-
gation of phonons.*"!

Maps of spatial distribution of k were generated by fitting the
¢(w) data points at every pixel to the thermal model. The maps
and the line-scans shown in Figure 4e,f, demonstrate the ex-
cellent control over the local k achieved by this method; sharp
boundaries between the areas written under different voltages
and the pristine film, can be perfectly defined.

Quantitatively similar reduction of the thermal conductivity
was observed in films up to ~70 nm thick. Given that the film
thickness enters directly into the thermal model to fit the exper-
imental ¢(w) data, this confirms that the change induced by the
voltage occurs through the film thickness, at least up to 70 nm,
and it is not just a surface effect (see Figure S7, Supporting In-
formation).
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Figure 5. Stability and reversibility of the written thermal states in SrFeO;_,. The stability of the thermal states has been probed by following the evolution
of the area scanned at —10 V a), after one week under ambient conditions b), after being annealed in air at 200 °C d), and rewritten at —10 V in the same
area of the film e). The line scans in c) and the histogram in f) show the local thermal conductivity after these processes, demonstrating the stability

and reversibility of the process.

To probe the stability of the written thermal states, we followed
their evolution under usual atmospheric conditions. In this case,
the samples are not covered with Au until just before the FDTR
experiments, to allow any possible oxygen exchange or sensitivity
to ambient humidity. As shown in Figure 5, the thermal conduc-
tivity of the written areas is stable after several days but can be
reversed to the original state by a gentle thermal annealing in air,
above 200 °C, leaving it ready for a new process of electric-field
writing. The results are similar for the samples written in the ab-
sence of humidity (Figure S8, Supporting Information).

A slightly larger reduction of the thermal conductivity can be
achieved after full reduction to BM (Figure S1, Supporting Infor-
mation), but the repeated structural transformation introduces
defects and reduces the reversibility of the process.

In Figure 6 we show the results for LSCO. Similar to SFO, ther-
mal maps and line scans show a local reduction of k proportional
to the applied voltage, reaching a maximum reduction of ~55%
at—-10V.

The thermal states are also stable under ambient conditions
and can be erased by thermal annealing, although in this case,
the temperature must be higher than 350 °C for recovering the
original surface state.

Finally, the results for Mott—-Hubbard oxide LSMO are shown
in Figure 7. Consistent with the large and irreversible modifica-
tion of the surface observed in this material (see Figure 3), the
reduction of k at —10 V reaches 70%, but it is nonreversible. Actu-
ally, the thermal conductivity remains ~30% lower than the orig-
inal value after annealing the sample at 500 °C in air.
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3. Conclusion

We have demonstrated that a voltage-biased AFM tip can
write non-volatile thermal states with micron-size resolution in
transition-metal oxide thin films at room temperature, under am-
bient conditions, and without further modification of the sur-
face of the film. Optimizing the contribution of O 2p states to
make the charge-transfer gap slightly negative, presents the opti-
mum compromise of easy oxygen vacancy formation and stabil-
ity, for continuous tunability and retention of the thermal states.
The surface of the film can be restored by gentle heat treat-
ment, so that the thermal states can be erased, and the material
reused. The action of the conductive AFM tip over the bare sur-
face of the film offers important practical advantages over liquid-
electrochemical methods and avoids the inherent instability of
the negative charge transfer oxides under anodic oxidation con-
ditions in liquid media.

Therefore, the method presented in this paper constitutes the
most precise for the control of the local thermal conductivity in
oxides reported so far.

4. Experimental Section

Pulsed Laser Deposition of the Films: Thin films of SrFeO;, (SFO),
Lag gSrp4Co03, (LSCO) and Lag 7Sry3;MnO;3 (LSMO) were deposited on
(00 1)-STO by PLD, at a temperature of 675 °C for SFO and LSCO, and
730 °C in the case of LSMO. All thin films were grown at an oxygen pres-
sure of 100 mTorr, with laser fluence ~ 1.5 ) cm™2.
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Figure 6. Electric-field control of local thermal conductivity in Lag ¢Srg 4CoOs3.,. a) Thermal conductivity map of a LSCO film after scanning several areas
of 25 x 25 um? with a voltage-biased AFM tip. The map was obtained by fitting the phase-shift curves of the FDTR experiments to a thermal model, as
explained in the text. Line scans of thermal conductivity along each pad are shown in b). c) Retention and reversibility of the written thermal states were
probed by following the evolution of the —10 V pads, after 1 week under normal atmospheric conditions; after thermal annealing at 200 °C; after thermal

annealing at 350 °C. The values after each treatment are shown in d). The states written at —10 V can be erased by annealing at 350 °C.

FDTR Measurements: The cross-plane thermal conductivity of the
films was measured by Frequency Domain Thermoreflectance (FDTR).[3]
A sinusoidally modulated pump laser (4 = 488 nm, modulating f =2 kHz—
50 MHz, spot sizes 1/e? radius ~3.7 or 10.5 um) was focused on the sur-
face of the film, coated by a 60-nm-thick layer of Au, to produce an os-
cillatory modulation of the surface temperature. This results in a periodic
variation of the Au thermoreflectance, which was probed by a laser beam
(A =532 nm). The thermal properties of the sample were obtained by fit-
ting the phase data to an analytical solution of the heat diffusion equation,
in a multilayer model (see Supporting Information for further details).[°]
The thermal conductivity of the substrates was obtained from Ref. [41] For
Au, the electrical conductivity in co-deposited samples was measured and
used the Wiedemann—Frantz law to obtain k. The C, of the substrate and
Au transducer were measured or obtained from the literature.

In the FDTR experiment, when the thermal penetration depth is shorter
than the spot size of the heating laser, the temperature profile in the film
can be approximated by a steady-state 1D solution along its thickness, i.e.,
the cross-plane thermal conductivity was of particular sensitivity (thermal

Adv. Mater. 2025, 37, 2413045 2413045 (7 of 9)

diffusivity of STO a & 3.5 x 107 m? s™). To separate the effect of the ther-
mal boundary conductance (TBC) on the absolute value of k of the films,
they were deposited over half of the substrate while the Au transducer cov-
ered the whole surface (film plus bare substrate). Fitting the data from the
bare portion of the substrate the value for the Au/substrate TBC was ob-
tained; this, in turn, can be used as an initial value for the Au/film TBC. The
experiments were performed with two spot sizes (1/e? ~ 3.7 and 10.5 um).

Voltage-Biased AFM Transformations: AFM experiments were per-
formed on a NX10 by Park Systems, using the electric force microscopy
(EFM) mode that allows to apply a bias voltage at the AFM tip. The tips
are Pt-coated, 25 nm tip radius, for good conductivity. The scanning rate
was 12.5 um s, with a tip setpoint of 30 nN. The surface electric poten-
tial and topography of the samples were recorded by the Scanning Kelvin
Probe Mode (SKPM), with a tip setpoint of 12 nm and scanning rate of
gums~.

For the stability tests, several identical samples of SFO were scanned
with the electric field and left under atmospheric conditions for a week.
Then, one of the samples was covered with Au and measured in FDTR.
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Figure 7. Effect of the electric-field on the local thermal conductivity of Mott—Hubbard oxide Lag ;Sry ;MnO5. Thermal conductivity map of a LSMO film
after scanning several areas of 25 x 25 um? with a voltage-biased AFM tip a) and line scans of thermal conductivity along each pad b). c) Retention and
reversibility of the written thermal states was probed by following the evolution of the —10 V pads, after 1 week under normal atmospheric conditions,
and after thermal annealing at different temperatures, to a maximum of 500 °C. The values of k are shown in d). Application of =10 V leads to an
irreversible transformation of the surface, which cannot be reversed to the original state even after annealing the film at 500 °C.

Another two samples were heated at 200 °C. After that, one of them is cov-
ered with Au and measured by FDTR. The other one was used for AFM to-
pography, to verify the recovering of the pristine state, and used for rewrit-
ing in the same region that was previously scanned with the electric field.
A layer of Au was then deposited and measured thermal conductivity by
FDTR. Similar procedure was followed with LSCO and LSMO, at different
temperatures as indicated in the paper.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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