Phonon transport in freestanding SrTiO3; down to the monolayer limit
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Perovskites down to the monolayer limit have emerged and have attracted increased interest due
to their two-dimensional nature with potentially novel physical properties. Here, we investigate the
phonon transport in the oxide perovskite SrTiOs with thicknesses from the monolayer limit to 10
nm by constructing an accurate first-principles machine learning potential and combining it with the
Boltzmann transport equation and homogeneous nonequilibrium molecular dynamics simulations.
Compared to its bulk counterpart, the phonon dispersion relation of monolayer SrTiOs3 is insensitive
to temperature, and the calculated in-plane thermal conductivity of monolayer SrTiOgz is much larger
than that of bulk SrTiOgs, which mainly results from the unique out-of-plane atomic vibrations in
monolayer Sr'TiO3. The thermal conductivity of Sr'TiO3 thin film first decreases and then approaches
the bulk value as thickness increases from the monolayer limit to 10 nm. The hardening of the out-
of-plane acoustic phonon branch and the transition of low-frequency optical phonons can explain
the observed trend in thermal conductivity transitions. Our study demonstrates that monolayer
SrTiO3 has higher thermal conductivity than its bulk counterpart with covalent bonds at the first-
principles level of accuracy, and dimension reduction has a weak inhibition on phonon transport
in free-standing atomically smooth SrTiOgs thin films, which further the understanding of phonon
transport in two-dimensional perovskite thin films.

I. INTRODUCTION

Perovskites have demonstrated remarkable potential in
various applications such as photovoltaic [1, 2], ferro-
electric [3], and energy conversion/storage applications
[4, 5]. Recently, two-dimensional (2D) perovskites have
emerged for their tunable structures [6] and physical
properties such as carrier mobility [7], band gap [8, 9],
and dielectric constant [10]. For example, the free-
standing oxide perovskite SrTiOg thin films with differ-
ent thicknesses, especially the one down to the monolayer
limit, have been synthesized [11]. Unlike traditional 2D
materials, e.g., graphene and silicene, whose bulk and
multi-layer counterparts are stacked by van der Waals in-
teraction, the bulk and thin-film counterparts of mono-
layer SrTiOs share covalent bonds across the thickness
direction, which may lead to the discovery of novel phys-
ical properties in 2D SrTiOg thin films. Recent stud-
ies have demonstrated that ultrahigh-dielectric-constant
single-crystalline Sr'TiOg ultrathin films, with their elas-
tic and 2D nature, can be used to fabricate short-channel
transistors with promising performance [10].

When utilizing the emerging 2D perovskites including
2D SrTiOj3 thin films in various electronic devices, their
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thermal properties are the key factor in architecture de-
sign for thermal management. However, due to phase
transitions and strong anharmonicity of SrTiOsz and
other perovskites, accurately describing phonon trans-
port in perovskites is nontrivial [12, 13]. Recently,
phonon properties of bulk SrTiO3 have been investigated
with first-principles-based calculations. Using density
functional theory (DFT) or DFT-based machine learning
potential method, the anharmonic phonon properties and
thermal conductivity of bulk SrTiO3 have been examined
[13-15] through the temperature-dependent effective po-
tential (TDEP) method [16, 17] or the self-consistent
phonon (SCPH) theory [18], and the calculated ther-
mal conductivity is in good agreement with experimental
measurement [13, 15]. Anharmonic phonon renormaliza-
tion, temperature-dependent interatomic force constants
(IFCs), and four-phonon scattering are regarded as im-
portant factors in accurately describing phonon transport
properties in bulk SrTiO3. The phonon thermal Hall ef-
fect [19], electron-phonon interactions [20], and phonon
hydrodynamics [21] of bulk SrTiOs; were also exten-
sively investigated. However, the in-plane phonon trans-
port properties and thermal conductivity of 2D SrTiOg
thin films with different thicknesses remain unexplored.
The effects of phonon renormalization and high-order
phonon scattering on phonon transport are obscure for
2D SrTiOg3 thin films. As the thickness of perovskite
thin films used in electronic devices is now down to sub-
10 nm, heat dissipation becomes an inevitable issue, and
a deeper understanding of the size-thermal-conductivity
relationship is necessary.



Capturing thickness-dependent thermal properties of
semiconductors in nanoscale regime is always fundamen-
tal yet essential for their applications in electronic de-
vices. For example, the in-plane thermal conductiv-
ity of Si thin films with different thicknesses was thor-
oughly studied via theoretical calculations [22-24] and
experimental measurements [25, 26]. Compared to the
bulk, largely suppressed in-plane phonon transport in
ultrathin Si films is revealed. Thickness-dependent in-
plane thermal transport in many 2D materials and their
multi-layer van der Waals materials [27, 28] were also
investigated to achieve tunable thermal properties. As
for 2D SrTiOj3 thin films with increased thickness, the
calculation of in-plane thermal conductivity through di-
rect implementation of first-principles methods presents
a formidable challenge. Machine learning potentials
(MLPs) that merge the accuracy of first-principles cal-
culations with the efficiency of empirical potentials are
favorable candidates for enabling accurate atomic simu-
lations of phonon transport of complex systems [29-32].
MLPs have achieved great success in studying phonon
transport in various systems [33, 34]. However, using
molecular dynamics (MD) simulations to extract the
thermal conductivity of SrTiOg thin films with up to 10
nm thickness requires a long simulation time, which is
still a challenge even for MLPs. Fan et al. developed an
MLP called neuroevolution potential (NEP) [35, 36] and
implemented it in the graphics processing units (GPU)
to speed up MD simulations, which can achieve the first-
principles accuracy and significantly improve computa-
tional efficiency. Here, by constructing an accurate NEP
for SrTiOs thin films and using the Boltzmann trans-
port equation (BTE) and/or the homogeneous nonequi-
librium molecular dynamics (HNEMD) simulations [37],
we demonstrate that phonon dispersion of monolayer
SrTiO3 is insensitive to temperature and the in-plane
thermal conductivity is much larger than that of bulk
SrTiO3. Our detailed analysis reveals that the pure
out-of-plane atomic vibrations in monolayer SrTiO3 and
the consequent quadratic phonon dispersion relation near
the T'" point induce an enhanced contribution of low-
frequency phonons to thermal conductivity. We also ex-
tract the thickness-dependent in-plane thermal conduc-
tivity of SrTiO3 thin films with thickness up to 10 nm
and identify that the change of the out-of-plane acous-
tic (ZA) and low-frequency optical phonon branches with
thickness causes the observed trend in thermal conduc-
tivity transitions.

II. METHOD

We develop an accurate NEP for free-standing SrTiOg
thin films using multiple representative configurations
based on first-principles calculations. The Projector aug-
mented wave (PAW) method [38] and PBEsol exchange-
correlation functional [39] were chosen for DFT optimiza-
tions and calculations. The energy cutoff was set to 550
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FIG. 1. (a) Crystal structures of SrTiOs monolayer (left) and
thin film with a thickness of 1.4 nm (right); (b) Harmonic and
renormalized phonon dispersions at different temperatures.

eV, and the energy and atomic force convergence crite-
ria were set to 10~ eV and 1076 eV/A, respectively.
The training data set was prepared following an active
learning strategy [40, 41]. First, ab initio MD (AIMD)
simulations [42] with a time step of 2 fs and 500 steps
were performed for supercells of cubic SrTiO3 and free-
standing thin films with thicknesses of 5.97, 10.02, and
13.94 A at 300, 500, and 700 K. Only the I' point was
used for the k-point integration in AIMD simulations.
The initial training set was selected to include configu-
rations every ten steps. Then, classical MD simulations
using the LAMMPS package [43] with the pre-trained
potential and a total of 1 ns for the active learning pro-
cess were conducted for all systems and temperatures.
Finally, 1705 configurations were selected for accurate
DFT calculations with a 3x3x3 (3x3x1) k-point mesh
for the bulk (thin film) SrTiOs to obtain the energies,
atomic forces, and virials. In addition, 189 configurations
including 50 configurations of the 2.2-nm-thick thin film
not in the training set were selected from SrTiO3 MD
trajectories to form the cross-validation set.

The final 1705 configurations with their energies,
atomic forces, and virials were used to train an accurate
NEP. The hyperparameter values used in the GPUMD
package for the training are listed in Table 1. Compared
to the DFT calculations, the obtained NEP for SrTiOg
predicts consistent energies, atomic forces, and virials
for the training and cross-validation configurations, as
shown in Figs. S1 and S2. For the training set, the
root mean square errors (RMSEs) of energies, forces,
and virials are 0.60 meV /atom, 59.0 meV/A, and 7.89
meV /atom, respectively. For the validation set, the RM-
SEs of energies, forces, and virials are 0.81 meV/atom,
68.7 meV /A, and 6.87 meV /atom, respectively. To fur-
ther confirm the ability of the constructed NEP model in
predicting phonon properties, harmonic phonon disper-
sion relations of SrTiO3 with thicknesses of 5.97, 10.02,
and 13.94 A were calculated using the finite displacement
method with DFT and NEP model and compared in Fig.
S3. The lattice thermal conductivities of the monolayer
and 1.0-nm-thick SrTiOgz thin film calculated from the
DFT and NEP are listed in Table S1. Good agreements
are achieved between the NEP and DFT results, demon-



TABLE I. Hyperparameters for the NEP model.
parameter value parameter value
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strating the capacity of the NEP for phonon calculations
of SrTiO3 thin films.

With the NEP, the renormalized phonon dispersions of
the monolayer and SrTiO3 thin films were calculated us-
ing the TDEP method. The nonanalytic correction to the
dynamic matrix was considered within the PHONOPY
package [44]. We adopted both the BTE method as im-
plemented in ShengBTE [45] and FourPhonon [46] pack-
ages and the HNEMD simulations as implemented in the
GPUMD package to calculate the lattice thermal con-
ductivity of monolayer SrTiOz. In the BTE method,
phonon anharmonicity up to four-phonon scattering was
included, and in the HNEMD method, a small driving
force applied to each atom was carefully tested (see the
Supplemental Material [47]) and chosen as 1.0 x 10~*
A~'. HNEMD simulations were also used to calculate
lattice thermal conductivities of SrTiOg thin films with
different thicknesses. The thickness of a thin film is de-
fined as the summation of the largest vertical distance
between two surface atoms and their van der Waals radii,
which is consistent with the thickness definition for other
2D materials [48]. The largest thickness in our simula-
tions is 10 nm. More calculation details are included in
the Supplemental Material.

III. PHONON TRANSPORT IN MONOLAYER
STRONTIUM TITANATE

Bulk SrTiOj3 exhibits a cubic crystal structure above
105 K, and the harmonic phonon dispersion of the cu-
bic phase shows imaginary frequency [13, 18]. Its renor-
malized phonon dispersion shows obvious temperature
dependence as revealed in our previous work [13]. For
monolayer SrTiOj3 [the crystal structure is shown in Fig.
1(a)], its harmonic phonon dispersion calculated with the
finite displacement method and the renormalized phonon
dispersions at different temperatures calculated with the
TDEP method are displayed in Fig. 1(b). The renor-
malized phonon dispersion of the monolayer at different
temperatures resembles the harmonic one and demon-
strates a weak temperature dependence. It is noticed
that the octahedron consisting of one Ti atom and its six
adjacent O atoms in bulk SrTiOg is broken in monolayer
SrTiOg, possibly leading to the modified atomic vibra-
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FIG. 2. Phonon DOS of monolayer, bulk, and SrTiO3 thin
film with 1.0 nm thickness at 300 K.

tional modes and affecting the lattice anharmonicity of
monolayer SrTiOs. We also display the temperature-
dependent 3rd and 4th IFCs values in Fig. S5, and
only a small difference is observed among IFCs at dif-
ferent temperatures. The weak temperature dependence
of renormalized phonon dispersions and high-order IFCs
of monolayer SrTiOgz is distinct from its bulk counter-
part. In bulk SrTiOg, lattice anharmonicity is related to
the tilting and rotation of octahedrons, while in mono-
layer Sr'TiOg, the octahedral atomic vibrations are miss-
ing. In addition, the ZA phonon branch of monolayer
SrTiO3 near the I' point shows a strictly quadratic dis-
persion similar to those of other 2D materials [49, 50],
while the TA phonon branch of bulk SrTiOg is linear.
The phonon density of states (DOS) of monolayer SrTiO;
at low frequency also shows a much larger portion than
bulk SrTiOs (see Fig. 2), demonstrating the influence
of quadratic dispersion of the ZA phonon branch on
phonon properties. In contrast, the DOS of a 1.0-nm-
thick Sr'TiOj thin film at low frequency shows a small
difference compared to the bulk value.

With the NEP, we first determined the thermal con-
ductivity of bulk SrTiO3 at 300 K under the BTE scheme
to be 9.2 W/mK, close to the HNEMD value of 8.5
W /mK, and both results are also in good agreement with
previous calculations [13-15] and measurements [15, 51].
Using the temperature-dependent 2nd, 3rd, and 4th IFCs
and the BTE method, we calculated the in-plane thermal
conductivity of monolayer Sr'TiO3 from 100 to 700 K, as
plotted in Fig. 3. The HNEMD results are also displayed
for comparison. Four-phonon scattering shows a weak in-
fluence on the thermal conductivity of monolayer SrTiOg
at 300 K (only 5.5% reduction) compared to the bulk [13].
The thermal conductivities from both methods at differ-
ent temperatures show good consistency. The thermal
conductivity of monolayer SrTiOg is higher than that
of bulk SrTiO3 at 300 K (BTE: 13.9 vs 9.2; HNEMD:
10.5 vs 8.5; unit: W/mK), different from the expecta-
tion that classical size effect suppresses phonon trans-
port in covalent solids [22, 52]. In Fig. 4, we plot the
cumulative thermal conductivity of both bulk and mono-
layer SrTiO3. For monolayer SrTiOj3, phonon modes
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FIG. 3. In-plane thermal conductivity of monolayer SrTiOs
from 100 to 700 K.
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FIG. 4. In-plane cumulative thermal conductivity of the bulk,
monolayer, and SrTiOg thin film with 1.0 nm thickness.

below 1.8 THz contribute 50% to the thermal conduc-
tivity, while for bulk SrTiOgs, these phonon modes only
contribute 15%, which implies the importance of low-
frequency (long wavelength) ZA phonon modes in the
phonon transport of monolayer SrTiO3. The transition
of low-frequency acoustic phonon dispersion from bulk
to monolayer SrTiOg3 alters both phonon properties and
phonon scattering processes, leading to enhanced phonon
conduction in monolayer SrTiOs. Interestingly, the rela-
tion of thermal conductivity between bulk and monolayer
SrTiO3 resembles that between van der Waals materi-
als and their 2D counterparts. For instance, the ther-
mal conductivity of graphene is much higher than that
of graphite [27, 53].

IV. IN-PLANE PHONON TRANSPORT IN
FREE-STANDING STRONTIUM TITANATE
THIN FILMS

For thicker films, the harmonic phonon dispersions
show distinct imaginary frequency modes (see Fig. S3).
In Fig. 5, using the TDEP method, we calculated the
renormalized phonon dispersions of monolayer SrTiOg
and thin films with thicknesses of 1.0, 1.4, and 3.6 nm
at 300 K (the acoustic and the lowest optical phonon
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FIG. 5. Renormalized phonon dispersion relations of the
(a) ZA, (b) TA, (c¢) LA, and (d) the lowest optical phonon
branches along the I'-X path of SrTiOs thin films with dif-
ferent thicknesses at 300 K.

branches along the I'-X path are displayed. Full range
phonon dispersions are shown in Fig. S10). No imagi-
nary frequency phonon modes are found, which demon-
strates the lattice stability of SrTiOj thin films at 300
K. Moreover, the ZA phonon branches of SrTiO3 thin
films exhibit clear thickness dependence, and along the
I'-X path, the ZA phonons largely harden as thick-
ness increases. Such a hardening effect with thickness
is also observed in Si thin films [22, 25]. The phonon
dispersion near the I' point changes from a quadratic
curve to one that includes a linear term. Therefore, the
hardening effect can increase the phonon group velocity
and influence the scattering processes of low-frequency
acoustic phonons. In addition, the low-frequency opti-
cal phonon branches at the I' point gradually approach
zero frequency as thickness increases. With the NEP and
HNEMD simulations, we calculated the in-plane ther-
mal conductivities of SrTiOs thin films with thickness
from the monolayer limit to 10 nm at 300 K, as plot-
ted in Fig. 6(a) together with the bulk value calcu-
lated from the HNEMD simulations. In Fig. 6(b), we
show the thickness-dependent normalized in-plane ther-
mal conductivity of van der Waals materials (graphene,
MoS,, and their multilayer counterparts) and covalent Si
and GaN with smooth surfaces. The thermal conductiv-
ities of graphene and monolayer MoSy are much higher
than their bulk values, and the in-plane thermal con-
ductivity of van der Waals materials rapidly decreases
towards their bulk values as thickness increases. For co-
valent solids such as Si and GaN, the in-plane thermal
conductivities of thin films with smooth surfaces are all
lower than their bulk values, and the in-plane thermal
conductivity tends to increase and approach their bulk
values as thickness increases. However, the thickness-
dependent in-plane thermal conductivity of SrTiOg thin
films is unique: the thermal conductivity of the mono-
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FIG. 6. (a) Thermal conductivity of SrTiOs thin films with
different thicknesses at 300 K calculated from the HNEMD
simulations. (b) Normalized thickness-dependent in-plane
thermal conductivity (& fim/cewk) of different thin films
including Si (MDI[25], Exp[25], and BTE[22]), GaN [54],
graphene [55], and MoS; [48]. Exp stands for experimental
data, and MC represents Monte Carlo simulation.

layer is higher than that of bulk SrTiOs, while other
SrTiO3 thin films have slightly lower thermal conduc-
tivities than the bulk value. As the thickness increases
from the monolayer limit to 1.0 nm, the thermal con-
ductivity abruptly decreases from 10.5 to 6.7 W/mK (In
the BTE method, the calculated thermal conductivity is
reduced from 13.9 to 7.7 W/mK.). The minimal ther-
mal conductivity is achieved at the thickness of 2.2 nm,
and then the thermal conductivity slowly increases to
the bulk value. With the increasing thickness of thin
films, the hardening effect of the ZA phonon branch and
the emergence of low-frequency optical phonon branches
enlarge the possible phonon scattering channels, enhanc-
ing the phonon scattering strength of the dominant low-
frequency phonons and lowering thermal conductivity. In
Fig. 4, it is obvious that the contribution to the in-plane
thermal conductivity is much reduced for the SrTiO3 thin
film with 1.0 nm thickness compared to the monolayer.

As thickness keeps increasing, the low-frequency optical
phonon branches at the I' point have little room to de-
crease. The rise of phonon group velocity resulting from
ZA phonon hardening becomes dominant, and thermal
conductivity gradually approaches the bulk value. In
Fig. S1l(a), we also plot the potential energy surfaces
(PESs) with respect to the atomic displacements along
the phonon eigenvector directions at 300 K correspond-
ing to the lowest phonon modes at M point for SrTiO3
thin films with different thicknesses. For monolayer and
1.0-nm-thick SrTiO3 thin film, the PESs are single well;
while for thicker films, the PESs become double well.
By examining the atomic vibrational modes of different
phonons at M point, we find that the rotational vibra-
tion modes along a (or b) axis of the [TiOg] octahedra
(see Fig. S11(b)) appear when the thickness is larger
than 1.0 nm, which is consistent with the variation of
the PES from single well to double well. Analysis of the
PES and atomic vibrational modes provides further in-
sight into the highest thermal conductivity of monolayer
SrTiOs among these thin films.

V. CONCLUSION

In summary, we have investigated the in-plane phonon
transport in monolayer SrTiOsz and ultrathin SrTiOg
films with different thicknesses up to 10 nm by construct-
ing an accurate machine-learning NEP. The renormalized
phonon dispersion of monolayer SrTiOg is insensitive to
temperature change, distinguished from its bulk counter-
part. Using both the BTE method and HNEMD simu-
lations, the thermal conductivity of monolayer SrTiOg
is demonstrated to be higher than that of the bulk due
to the changed ZA phonon branches and much-enhanced
heat conduction of low-frequency phonon modes in mono-
layer SrTiO3. The thickness-dependent in-plane thermal
conductivity of SrTiOj thin films is also extracted from
the HNEMD simulations. As the thickness increases from
the monolayer limit to 10 nm, thermal conductivity first
decreases abruptly and then increases slowly to approach
the bulk value. The thickness-induced low-frequency ZA
phonon branch hardening and optical phonon branch
softening largely affect the acoustic phonon scattering
channels and phonon group velocity, which account for
the observed trend of thermal conductivity transitions.
This work uncovers the transition of thermal conductiv-
ity of SrTiO3 thin films from the monolayer limit to 10
nm with first-principles accuracy and deepens the un-

derstanding of phonon transport in oxide perovskite thin
films.
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