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1. Introduction

Artificial superlattices composed of perovskite oxides serves as an essential

platform for engineering coherent phonon transport by redefining the lattice
periodicity, which strongly influences the lattice-coupled phase transitions in
charge and spin degrees of freedom. However, previous methods of
manipulating phonons have been limited to controlling the periodicity of
superlattice, rather than utilizing complex mutual interactions that are
prominent in transition metal oxides. In this study on oxide superlattices
composed of ferromagnetic metallic SrRuO; and quantum paraelectric
SrTiO;, phonon modulation by controlling the geometry of superlattice in
atomic-scale precision is realized, demonstrating the coherent phonon
engineering using structural and magnetic phase transitions. By modulating
the interface density, coherent-incoherent crossover of the phonon transport
at room temperature is observed, which is coupled with a change in interfacial
structural continuity. Upon cooling, the close relation between phonon
transport and multiple phase transitions is identified. In particular, the
enhancement of the polar state in SrTiO; layer at 200 K leads to the
weakening of phonon coherence and a further reduction of thermal
conductivity in superlattices compared to the bulk limit. These findings
provide a guide to developing future thermoelectric nanodevices by
engineering the coherence of phonons via the design of complex oxide

heterostructures.
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Quantized lattice vibration modes in crys-
talline solids, i.e., phonons, determine
the thermodynamic properties and pro-
mote emergent functional opto-electronic
and magnetic properties of materials by
strongly coupling with charge and spin
channels. Effective control of the phonons
and their dynamics is crucial both for ex-
ploring the intriguing physical phenomena
in solids and for facilitating their various
applications. In particular, ultra-low ther-
mal conductivity k¥ can be achieved through
phonon engineering.[' to realize the high
figure of merit ZT of thermoelectric ma-
terials. However, because the characteris-
tics of phonons are mainly prescribed by
the crystalline lattice structure, actively ma-
nipulating them is challenging. Such con-
trol of phononic states has been achieved
by fine-tuning the structural parameters
via, e.g., mechanical pressure, uniaxial or
biaxial strain in epitaxial thin films, or
isotope substitution.l®8] Under electronic
and magnetic phase transitions, phononic
states are usually modulated via interac-
tion with the charge and spin degrees of
freedom. For example, a commensurate charge order redefines
the lattice periodicity, resulting in the modification of phonon
dispersion.’] Upon a displacive-type ferroelectric transition, a
dramatic softening of optical phonons occurs via their direct
coupling to the ferroelectric instability.l'”) In magnetically or-
dered phases, crystalline structures and the phonon states can be
changed through magneto-elastic coupling and/or spin-phonon
coupling.[''12] These renormalizations of phononic states pro-
vide a viable strategy to modulate the dynamic properties of
phonons and to realize useful thermodynamic functionalities.
Recent advances in epitaxial film synthesis technology have
provided a viable opportunity for engineering phononic states at
the atomic scale. A superlattice (SL) structure composed of differ-
ent materials artificially redefines the lattice periodicity with su-
percell thickness Na, where N is the number of unit cells, and a is
the thickness of the unit cell. This naturally leads to zone-folding
of the phonon dispersion, resulting in the reduction of the Bril-
louin zone (BZ) to 2/ Na. At the reduced BZ, zone-folded acous-
tic (ZA) phonons emerge, ¥ as shown in Figure 1a, and their
energy can be deliberately controlled by manipulating N. When
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Figure 1. Coherent and incoherent phonon transport in SrRuO3/SrTiO; superlattice (SRO/STO SL). a) Schematic descriptions of coherent and incoher-
ent phonon transport. Left and right panels show that the two types of phonon transport are distinguished by the relative size of the phonon coherence
length (1) compared to the superlattice period (Na) in the SL composed of SRO (red) and STO (grey). For a given Na, these indicate a gap opening
(A> Na, left panel) and a gap closing (4 < Na, right panel) at the Brillouin zone center and boundary of the zone-folded phonon dispersion for SRO/STO
SLs. b) Temperature-dependent structural phases of the STO layer in the SRO/STO SLs revealed by Raman spectroscopy and optical second-harmonic
generation measurement. These structure phase transitions can facilitate the manipulation of phonon transport in the SLs.

Na is shorter than the phonon coherence length 4 (4 > Na, co-
herent phononic state), gaps open at the BZ boundary due to
wave interference, as schematically illustrated in the left panel
of Figure 1a. The ZA phonons form a standing wave at the gap,
leading to the reduction of x; hence, k decreases with increasing
Na due to an increase in zone-folding. On the other hand, if Na
is much longer than 4 (4 < Na, incoherent phononic state), ZA
phonons lose their coherence due to the scattering process. This
annihilates the wave interference of the ZA phonons at the BZ
boundary, resulting in gap closure, as shown on the right panel
of Figure 1a. Therefore, k increases with increasing Na for 4 <
Na even if the number of zone-folds increases. This indicates that
k of the SL can vary oppositely depending on the coherence (4
> Nu) and incoherence (4 < Na) state of ZA phonons. When
Na is equal to A, k¥ becomes the minimum at the coherence-
incoherence crossover of the phonon. As the coherent nature of
phonon transport in the SLs is determined by the relative length
between Na and 4, this provides an opportunity to facilitate the
engineering of k both by changing Na.'**1! with a geometrical
design and by manipulating A with phonon renormalization un-
der appropriate electronic and magnetic phase transitions. A re-
cent study for oxide SLs suggested the importance in designing
both electronic part of thermal conductivity and the phonon spec-
trum to achieve high-performance thermoelectric materials.[2>2!]
While previous studies have reported the realization of artificial
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phonons using SL structures, modulation of the artificial phonon
using correlated electrical and/or magnetic phase transitions has
rarely been reported.

Here, we demonstrate the manipulation of phononic prop-
erties in the SL composed of a quantum paraelectric SrTiO,
(STO) and a ferromagnetic metal StRuO; (SRO) to exploit lattice-
coupled phase transitions of each layer. By changing tempera-
ture T and/or strain, STO can exhibit several structurally dis-
tinct phases, including antiferrodistortive (AFD) and relaxor-
ferroelectric states containing nano-sized polar regions.[??’] On
the other hand, SRO undergoes a ferromagnetic transition at
~150 K accompanied by a change of the unit cell volume due
to the spin-phonon coupling.'?] More recently, SRO/STO SL has
been reported to host chiral phonons propagating across the
SL.[28 Therefore, the SRO/STO SL may exhibit T-dependent mul-
tifunctional phases including relaxor-ferroelectric and ferromag-
netic phases, which are expected to modulate the phononic states
within the SL. In particular, the emergence of polar cluster and
phase transition into the AFD state in a relaxor-ferroelectric state
would modulate a phonon mean free path via polar/AFD domain
scattering,?*! providing additional controllability of phonon co-
herence in the SL (Figure 1b). Thus, the SRO/STO SL can serve
as a valuable testbed to investigate how such correlated phase
transitions influence phonon coherence and nanoscale thermal
transport in SLs.
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Figure 2. Coherence-incoherence crossover of phonon transportin SRO/STO SLs at room temperature. a) Schematic of time-domain thermo-reflectance
(TDTR) experiment (left panel) and raw data of the phase shift in the thermal response (right panel). By fitting experimental results based on the thermal
model, we obtained both thermal conductivity k and thermal boundary conductance G. b) Fitted « for various interface densities n. There is a minimum
value of x at n = 0.7 nm~ or the SL period Na = 2.8 nm, demonstrating coherence-incoherence crossover of phonon transport. The black shaded
line represents a theoretical expectation from the Simkin-Mahan (SM) model. k of SrRug5Tig 5O3 solid solution is indicated with a dashed line (alloy
limit). ¢) Schematic for the optical second-harmonic generation (SHG) measurement in oblique geometry (left panel) with P/S; -P/S,, polarization
configurations, and SHG polar patterns for the SRO/STO SLs obtained with rotating sample azimuth (@) and varying n in P;,-S,; configuration (right
panel). d) Averaged SHG intensity in P,,-S,,; configuration as a function of n. The SHG intensity shows the maximum at n ~0.7 nm~' where the minimum
value of k is observed. This demonstrates a close coupling between structural and phonon transport coherences, as schematically shown in the inset.

2. Results and Discussion

We first investigated the coherent phonon transport in SRO/STO
SLs at room temperature (paramagnetic state). In describing the
geometry of the SLs, we used the notation [x|y],, where x, y, and z
are the numbers of atomic unit cells (u.c., a 4 A) of the SRO and
STO layers and the total repetition, respectively. The total num-
ber of perovskite layers of all SLs was fixed at 120, i.e., ~48 nm
(confirmed by high-resolution X-ray diffractions as in Section S1,
Supporting Information), and the interface density (n = 2/Na)
was varied from 0.08 to 2.5 nm~! by changing x (= y). To moni-
tor the thermodynamic properties, we employed a time-domain
thermoreflectance (TDTR) technique, as schematically shown in
Figure 2a. By fitting the phase of thermal response at the surface
(right panel of Figure 2a), we can sensitively determine « of the
SLs as well as the thermal boundary conductance (G) at the inter-
face between the SRO and STO layers.[?] (Section S2, Supporting
Information). Figure 2b displays « of the SLs as a function of n
at room temperature. The n-dependent k exhibited a minimum
at n 0.7 nm~! (Na ~2.8 nm), which is a clear signature of the
crossover of phonon transport between the coherent and inco-
herent regimes. Here, Na ~2.8 nm corresponds to 4 of SRO/STO
SLs, and itis similar to those of other oxide SLs." The minimum
value of k is ~2.1 Wm™" K7', which is slightly larger than that
of the alloy limit (Section S3, Supporting Information). The grey
shaded line represents the calculated x values with the Simkin-
Mahan (SM) model.?% considering the SL zone-folding effect
(Section S4, Supplementary Information), and it is well matched
to our experimental result. We note that the entire thickness of
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SRO/STO SLs is much larger than the phonon mean free path of
SRO (~20 nm) and STO (~2 nm),*"*?] and hence we can ignore
the phonon confinement effect. Therefore, it is valid to interpret
the thermal properties of our system with the SM model where
the ideal phonon dispersion is calculated by adapting the periodic
boundary condition. In the incoherent regime (n < 0.7 nm™), the
gaps at the BZ boundary, which are entirely closed at n = 0 (bulk
limit), are gradually opened with increasing n, resulting in a de-
crease in k. In contrast, k increases with increasing n once the
SL is within the coherent regime (1> 0.7 nm™') due to the reduc-
tion of the number of SL zone-folds as discussed previously. We
note that potential charge transfer across the SRO/STO interface
may lead to an electronic reconstruction, which might addition-
ally contribute to the thermal conduction of the SL.?*l However,
the charge transfer between SRO and STO layers is known to be
highly suppressed,?$33-3¢] and the STO layer remains insulating
at least down to its two unit-cell thickness.[**] Consequently, we
can rule out the additional electronic contribution to the cross-
plane thermal conduction in the SRO/STO SLs.

Interestingly, the coherence-incoherence crossover of the
phonon transport accompanies a change in the structural phase
in SLs. The structural symmetry at the interface is monitored us-
ing a second harmonic generation (SHG) measurement, which
provides information on the broken inversion symmetry. As
schematically shown in Figure 2c, we set the input beam to be
P-polarized and detect the S-polarized second-harmonic beam
(Pin-Sou) rotating the sample azimuth (¢) in an oblique inci-
dence. The SHG polar patterns of all SL exhibit four-fold sym-
metry (right panel of Figure 2c), which is well explained by a
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Figure 3. Temperature-dependent Raman spectroscopy results in [66]s5, SL.
phonons obtained at various temperatures T. The 2nd ZA phonon was obse
" and o™, respectively. STO ferroelectric phonons TO2 and LOT, which a

a) The second zone-folded acoustic (2nd ZA) phonon and STO ferroelectric
rved in the SL at 49 cm™, splitting into upper and lower modes, denoted by
re Raman-active modes in the non-centrosymmetric structure, were clearly

observed at 170 and 186 cm™', respectively (black solid line). Below 100 K, E; phonon mode arose at 144 cm™!, representing the antiferrodistortive
(AFD) phase transition in the STO layer. b) T-dependent peak position difference between LO1and TO2 phonons, and ) Raman peak intensity of E; and

2nd ZA phonon modes. From these results, two distinct structural transition

temperatures were determined as T"~200 K (shaded area) and Tapp~100 K

(dashed line). d) @-dependent SHG polar patterns measured at 290 and 180 K with orthogonal polarizations between input and SHG beams (XY) in

normal incidence, and e) their intensity obtained at ¢ = 300° as a functio
monoclinic domains.

combination of two orthogonal non-centrosymmetric mono-
clinic domains expected for the SRO/STO interface.’”] (Sec-
tion S5, Supporting Information). Figure 2d displays a ¢-
averaged intensity of the SHG signal as a function of n.
The averaged SHG intensity shows a maximum value at n
~0.7 nm~!, which is the same as that observed in phonon trans-
port (Figure 2b). In the incoherent regime, the SHG intensity
increases with the number of SRO/STO interfaces. As SRO and
STO layers exhibit distinct octahedral tilting angles,**! a struc-
tural discontinuity at the interface can be the origin of the SHG
signal. In the coherent regime (n > 0.7 nm™"), however, the SHG
intensity decreases with increasing n, demonstrating enhanced
interfacial structural coherence. As the layer thicknesses of SRO
become atomically thin (a few unit cells), the SRO layers undergo
a structural change from orthorhombic (at bulk) to tetragonal
phase (at thin film) within the SL, resulting in structural coher-
ence with the same octahedral tilting angle across the interface.
This correlation between the structural symmetry and « suggests
that the structural coherence-incoherence crossover in SRO/STO
SLs can have a large influence on the coherence length of struc-
tural dynamics, namely phonon transport.[3#!

To further investigate the correlation between the structural
phases and phonons, we characterized T-dependent structural
phases of the SLs using confocal Raman spectroscopy.3*#!] Here,
we chose the [6]6]5, SL, which has each layer thickness compa-
rable to A (=2.8 nm). We obtained Raman spectra of both the
SL and the STO substrate by precise control of the out-of-plane-
directional (confocal) beam position. Figure 3a shows Raman
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n of T. The SHG polar patterns were fitted by considering two orthogonal

spectra for the SL (solid line) and the STO substrate (dashed
line) at several T. At room temperature, two phonons observed
at ~170 and 186 cm™' correspond to the transverse optical (TO2)
and longitudinal optical (LO1) excitations of ferroelectric STO
thin film phases, respectively.[“>*] Note that a single crystalline
STO bulk substrate does not show the phonon excitations due
to its centrosymmetric structure (Section S6, Supporting Infor-
mation). As these ferroelectric phonons are Raman-active in the
non-centrosymmetric system,* their presence reveals the polar
nature of the SLs, consistent with the SHG result. This can be
understood from the finding that thin STO layers can host bro-
ken inversion symmetry by local strain, as discussed in several
previous studies.[2>-2746:47]

By tracing these phonon modes upon cooling, we identify the
T-dependent evolution of structural phases of SRO/STO SLs.
First, we note an intermediate temperature T* » 200 K associ-
ated with the development of the local polarization.[*’] As shown
in Figure 3a, there seems to be an anomalous change in the
frequency of the TO2 phonon wrq, as T decreases from 200 to
145 K (guided by black lines). We monitor the T-dependent fre-
quency difference between TO2 and LO1 phonons, namely Aw
= Wro, - @101, Where orq, and |, are obtained by fitting with
Lorentzian functions (as summarized in Figure 3b, Section S7,
Supporting Information). As the LO1 mode follows a monotonic
T-dependent frequency shift due to the phonon anharmonic
effect,[*®! Aw can highlight the T-dependent frequency shift for
the TO2 mode, related to the polarization field.l*] T" is defined
as ~200 K when Aw starts to decrease. The apparent softening
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Figure 4. Temperature-dependent thermal transport in SRO/STO SLs under complex structural phases. a) n-dependent k of SRO/STO SLs at various

T. The gray lines indicate the interface density n that shows the minimum value of k. Colored shaded lines represent theoretical expectations from the
Simkin-Mahan (SM) model at each T. b) Schematic of the series thermal resistance model and c) fitting results for thermal resistance R (= 1/x) at 210
and 80 K with the SM model. Red, green, and blue lines represent total R (R,;), bulk (Rg), and interface (R,) contributions, respectively. d) T-dependent
thermal boundary conductance G. We compared the experimental result with that obtained from the diffuse mismatch model (DMM) depicted by a
black solid line. ) T-dependent Ry at n =0 (Rg°) and its comparison with those of SRO (Rggg) and STO (Rsro). Note that Rggg was obtained from the
32-nm-thick SRO film, the thickness of which is comparable to that of SLs (48 nm). Rsto was obtained from the STO substrate in which the thermal
conductivity was assumed to remain the same with a thickness reduction at least down to 48 nm.

of TO2 phonons below T* can be related to the development
of the polar nano-regions, which has been reported in relaxor-
ferroelectric perovskite oxides.*’°4] T-dependent SHG results
also support this assignment of the structural phases. Figure 3d
displays SHG polar patterns obtained at 290 and 180 K in nor-
mal incidence, providing information on the in-plane polariza-
tion (Section S8, Supporting Information). Notably, the isotropic
four-fold SHG polar pattern at 290 K (red) changed into the two-
fold-like polar pattern at 180 K (blue) with increasing intensity,
demonstrating the enhancement of in-plane polarization. The T-
dependent SHG intensity obtained at ¢ = 300° clearly exhibits
a structural phase transition at T" (Figure 3e), supporting the
existence of the long-range polar order in SRO/STO SLs below
T“. Nevertheless, we cannot conclude whether the entire STO
layer would have similar ferroelectric-like displacements, and
also whether the STO layer has actual ferroelectric states. Sec-
ond, we can define the AFD phase transition temperature (Tpp)
at ~100 K. As shown in Figure 3a, an additional phonon peak ap-
peared at ~144 cm™! below 100 K. This mode is attributed to the
E, phonon, which is clear evidence of the structural phase transi-
tion into the AFD phase of STO (both the bulk and the film).[53%]

In the Raman spectrum at room temperature, an additional
peak is observed at ~49 cm™! for the SRO/STO SL, which is
absent for the STO substrate. This corresponds to the 2nd ZA
phonon arising from the zone-folding in the SL.**! The peak is
split into lower (w~) and upper (w*) ZA phonons, demonstrating
the existence of the phonon band gap near the BZ boundary. As
shown in Figure 3a,c, the intensity of the 2nd ZA phonon signif-
icantly decreased with decreasing T below T, and the peak was
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absent below T,gp. This diminishing ZA phonon peak demon-
strates a weakening of the SL phonon coherence, which should
be attributed to the additional structural decoherence originat-
ing from correlated electron and/or spin phase transitions upon
cooling.

To elucidate how the transport of phonons is influenced by
the phase transition, we monitored the T-dependent x of the
SLs (Section S9, Supporting Information). Figure 4a displays n-
dependent variations of « at four representative T (80, 150, 210,
and 293 K); the minimum value of k was observed at all T. In
general cases, the phonon mean free path closely correlated with
A increases with decreasing T due to a reduction of the scatter-
ing rate.’%57] This results in a decrease in n exhibiting the min-
imum value of k with decreasing T, as previously reported in
SrTiO,/CaTiO, SLs.['*l Contrary to this expectation, the n value
of the minimum « in the SRO/STO SLs systematically increased
with decreasing T over all observed T-regions. In addition to
the loss of ZA phonons below T, this result demonstrates that
phonon transport is largely influenced by the reduced phonon co-
herence under the correlated phase transition, which is distinct
from previous studies.[*+1]

To obtain further insight, we examined « of the SLs based on a
series thermal resistance model. As shown in Figure 4b, the inter-
face contribution to the thermal resistivity R; was separately con-
sidered together with the bulk contribution Ry, whereas the ther-
mal resistivity (R = 1/k) of the SLs was given by their linear sum.
In particle-like thermal transport, it is assumed that all phonon
modes are incoherent, and hence there is no gap opening at the
reduced Brillouin zone boundary. As a result, R is independent
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of n, and R, is given by n/G, where G is the thermal boundary
conductance across the SRO/STO interface. In wave-like thermal
transport, on the other hand, Ry can be manipulated by chang-
ing n and can be calculated by the SM model. In Figure 4c, we
display the fitting results for the n-dependent R of SLs at 210 and
80 K with two fitting parameters Ry and G. While the particle-
like model (dashed line) explains the behavior only at low n, the
wave-like model (red shade line) successfully reproduced the ex-
perimental results in the entire range of n. Colored shaded lines
in Figure 4a indicate the calculated x with the wave-like model
at different T, which are in good agreement with the experimen-
tal results. Both Ry (green line) and R; (blue line) exhibit much
larger values at 80 K than at 210 K, which is attributed to a reduc-
tion of the number of phonons at the lower T.

We now examine the T-dependent behaviors of G and Ry ob-
tained from the fitting analyses using the SM model. Figure 4d
displays G as a function of T. At room temperature, G is
~6 GWm~2 K1, which is a typical value for the atomically well-
defined oxide interface.l'*>%5% The overall T-dependent behavior
of G is well described by a prediction based on the diffuse mis-
match model (black solid line). However, there are large devia-
tions around T* and the ferromagnetic transition temperature of
the SRO layer (T. ~130 K), which is similar for SRO/STO SLs
studied in this work.[286°] The enhancement of G at T* and T,
demonstrates that both electrical polar and ferromagnetic order
are related with phonon transport in the SL. Note that G does
not exhibit any notable change at T,zp, consistent with the ex-
perimental result of the bulk STO (Sections S2, S10, Supporting
Information).

Importantly, the bulk thermal transport in SLs also exhibits
anomalous behaviors upon the emergence of local polarization.
Figure 4e shows the T-dependent R, (black symbol) at the zero-
interface density, named R,°, which is taken from the SM model
prediction at n = 0. In a simple expectation, R,° is given as an
average of R of SRO (Rgo) and STO (Rgp).?"! Figure 4e dis-
plays a comparison of Ry® with Rgy and Rero. Here, Rgy is the
resistivity measured for the 32-nm-thick SRO thin film having a
similar thickness to the SL, and Rgy, is that of the STO substrate.
As the phonon mean free path of STO is 2 nm,[3?! a finite thick-
ness effect would not be significant for the STO film with a 32 nm
thickness, which can be assumed to have a similar R to its bulk. At
room temperature, Rp? is ~#0.3 W~! mK, which is comparable to
Rgpo but much larger than Rgpq. Below T, Rp° rapidly increases,
while there is no notable change in either Rgp(, or Rgp, resulting
in enhancement of R;° by ~50% compared to Rqp, at 80 K. This
implies that formation of polar nano-regions below T*, which can
be an efficient scattering source,[®%?] leads to a reduction of both
the phonon coherence length A and the phonon mean free path
determining R,° in the SRO/STO SLs. Importantly, this validates
our original conjecture that the coherent nature of the phonon
transport in the SL can be adjusted by controlling the structural
phases. For SRO/STO SLs, the reduction of A upon polar state for-
mation results in the additional reduction of k at high n, where
wave-like phonon transport is dominant.

3. Conclusion

In summary, we demonstrated the manipulation of coherent
phonon transport under the phase transitions in SLs com-
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posed of ferromagnetic metallic SRO and quantum paraelectric
STO. At room temperature, the SRO/STO SL exhibits coherent-
incoherent crossover of phonon transport, correlated with its
structural coherence across the interfaces. As T decreases, we
identified two structural phase transitions in the SRO/STO SL
using Raman spectroscopy and SHG experiments. In addition to
the ferromagnetic transition of SRO layers, multiple structural
and magnetic phase transitions of SRO/STO SLs revealed in-
triguing T-dependence of phonon transport. Such phase transi-
tions can reduce both the phonon coherence length and phonon
mean free path, weakening phonon coherence and possibly fa-
cilitating ultra-low x even at low T. Our findings demonstrate a
novel approach to control the phonon transport in SLs via the
correlation between ZA and optical phonons and other degrees
of freedom in the course of the phase transitions. As the phase
transitions can be driven, for example, by light irradiation, cur-
rent flow, and applications of electric and/or magnetic fields, it is
highly feasible to manipulate the coherent thermal transport by
external stimuli.

4. Experimental Section

Pulsed Laser Epitaxy: Atomically designed SRO/STO SLs were grown
by pulsed laser epitaxy using a KrF excimer laser (248 nm wavelength,
IPEX864, LightMachinery) on single-crystalline STO (007) substrates. Be-
fore growth, the substrate to achieve a single-terminated TiO, was chem-
ically treated and atomically flat surface using buffered oxide etchant
(BOE). The substrate temperature was maintained at 750 °C, and a laser
fluence of 1.5 | cm™2 with a frequency of 5 Hz was used. Stoichiometric ce-
ramic SRO and STO targets were utilized, with a dynamic oxygen pressure
of 100 mTorr to obtain stoichiometric SRO and STO layers. The number
of unit cells (u.c.) of the SLs was controlled using a customized automatic
laser pulse control system programmed with LabVIEW. The periodicity of
the SLs was adjusted by varying the number of laser pulses for each of the
SRO and STO layers with different repetitions. The atomically well-defined
structure of the epitaxial SLs was characterized by high-resolution X-ray
diffraction (PANalytical X’Pert XRD),[2833-36] as shown in Figure S1 (Sup-
porting Information).

Time-Domain Thermoreflectance (TDTR) Measurement: The TDTR
technique to measure the thermal conductivity k of SLs and the thermal
boundary conductance G defined at the interface between the SRO and
STO layers was utilized.3'l For all the samples, Al layers were deposited
as a transducer, and their thicknesses were determined by acoustic echoes
at #70 nm. A pulsed laser with an 80 MHz repetition rate (Vision-S, Co-
herent) was employed. Both pump and probe laser beams were tightly fo-
cused with a beam size of 30 um at 1/¢2. The pump beam was modulated
by an electro-optic modulator at 12 MHz, and the pump-induced reflec-
tivity change using a high-bandwidth photodiode detector (Thorlabs, Inc.)
connected to a digital lock-in amplifier (Zurich) was measured. Both pump
and probe beams have center wavelengths of 785 nm, so it was adopted
the two-tint method to eliminate the pump signal in the detector. Since the
cross-plane thermal penetration depth of the heat source was calculated
as ~0.21 um, being much smaller than the beam size, the contribution of
in-plane thermal transport was negligible.[?° 63-63]

Optical Second-Harmonic Generation (SHG) Measurement: The SHG
experiment in both normal and oblique incidence geometries by rotating
the sample azimuth (@) was conducted. The input beam was focused with
a beam size of 30 um at 1/¢2, and its power was ~40 mW. In the oblique
incidence, the input beam was set to be P- or S-polarized, and it was moni-
tored P- or S-polarized SHG signals. In the normal incidence, the SHG sig-
nal with two polarization configurations was measured, parallel (XX) and
orthogonal (XY) polarizations between input and SHG beams. The SHG
signal was measured using a photomultiplier detector (Hamamatsu), am-
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plified with a current pre-amplifier (SRS). To eliminate the fundamental
signal before it reaches the detector, short-pass and band-pass filters were
used.

Confocal Raman Spectroscopy: Raman spectra of [6/6]5, SL were ob-
tained using a confocal micro-Raman spectrometer (Horiba LabRam
HR800) equipped with a 632.8 nm (1.96 eV) HeNe laser. Measurements
were conducted on SRO/STO SL with 50 repetitions (total thickness of
~240 nm) to enhance the inelastic light scattering cross-section to detect
Raman scattering of each atomically thin SRO and STO layer. T-dependent
measurements were performed in a vacuum using a cold-finger-type op-
tical cryostat. A grating with 1800 grooves per mm and a focused beam
spot of 5 um were used. Laser power was kept below 0.3 mW to avoid laser
heating effects. Precise control of the z-directional beam position ensured
optimal focus on the SL samples, enabling the acquisition of high-quality
Raman spectra in the backscattering geometry.[1328]

Supporting Information

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