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1. Introduction

Mechanical stress may appear at interfaces of thin oxide films
due to a modified local bonding to the substrate below or the
layer above as compared with a bulk-like situation or due to strain
from a lattice mismatch between the substrate and oxide thin
film. The appearance of interface or surface stress can be related
to modified electronic, magnetic, and lattice dynamics properties
if they deviate from the respective bulk properties. Whereas
the relation of lattice strain and oxide thin-film properties has
attracted strong attention for tuning specific properties,[1,2] much
less is know for thin-film stress.

For the epitaxial growth of oxide thin films, the lattice mis-
match between the substrate and the film defines the thin-film

strain and is essential for mechanical stress
in the film. While for thick films a descrip-
tion of the strain–stress interrelation based
on bulk elastic properties may be sufficient,
the situation is likely to change for ultrathin
films of only a few unit cells thickness,
where one may expect significantly altered
elastic properties. At the microscopic level,
the elastic properties originate from the
sum of interatomic forces that are also
governing the specific lattice dynamics that
defines the thin-film phonons. Interface
stress and lattice dynamics may be seen
as the static and dynamic response on
external mechanical stimuli.

Here we join experimental data on the
lattice dynamics and lattice stress in ultra-
thin oxide films grown on metal substrates.
Our study is based on in situ stress meas-
urements which include the film stress-
induced curvature of a thin-film-substrate

composite with submonolayer sensitivity and an accuracy in
the 5% range. In short, the measurement of the film or surface
stress-induced curvature change allows to extract film and inter-
face stress changes quantitatively. This setup has been used suc-
cessfully to monitor surface stress changes upon adsorption and
surface reconstruction, to measure film stress during monolayer
film growth and magnetization processes.[3–6] Thus, in combina-
tion with complementary techniques such as low-energy electron
diffraction (LEED) and surface x-ray diffraction, quantitative
insights into the correlation between film growth, interfacial
atomic structure, lattice strain, and magnetoelastic coupling
on the atomic scale were obtained. In the present work, we com-
bine the stress measurement with inelastic electron scattering
to determine the surface phonons of ultrathin films and their film
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The lattice misfit between the substrate and an epitaxial film leads in general to
static forces, which define the interface stress, and dynamic responses that modify
the thin-film lattice dynamics. Although these are both fundamental concepts that
are important for film growth and thin-film properties, they have not been investi-
gated in a combined way so far. Therefore, herein, surface stress experiments in
combination with surface phonon studies for three different, cubic oxide ultrathin
film systems are reviewed. Within the class of binary oxides, NiO(001) grown
on Ag(001) is chosen, which exhibits a �2.2% lattice mismatch, and BaO(001)
on Pt(001), a system with a negligible lattice mismatch. For the ternary oxides,
perovskite thin films of BaTiO3 grown epitaxially on Pt(001) with a lattice mis-
match of �2.3% are focused upon. The surface stress experiments are conducted
with an optical two-beam curvature technique under in situ growth conditions.
Surface and thin-film phonons are determined by high-resolution electron energy
loss spectroscopy. Surface stress and lattice dynamics are discussed in the range
from the oxide monolayer to thin films of about 20 unit cell in thickness.
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thickness dependence. It combines both aspects in a truly com-
plementary manner beyond work reported so far and can provide
insights into the correlation between stress and lattice dynamics
in oxide films. A better understanding of the underlying physics
is mandatory for a deeper understanding of the largely unresolved
interplay between atomic structure, mechanical stress, and lattice
dynamics at interfaces and in atomic layer thin oxide films.

2. Experimental Section

Mechanical stress at surfaces, interfaces, and in films can be
measured quantitatively by exploiting the stress-induced curva-
ture of a thin substrate. Figure 1 shows a schematic of stress
measurement. A thin rectangular substrate was clamped along
its width at one end, whereas the other end was free. Stress dur-
ing film growth on the front surface of a such a cantilevered sub-
strate induced a minute change of curvature of the substrate, and
the precise measurement of this curvature change provided
quantitative access to stress. The underlying principles have been
reviewed in depth,[3,8–11] and here we focus on a particular aspect
which makes stress measurements during oxide film growth an
experimentally challenging endeavor.

The measurement of mechanical stress during growth of the
atomic layer thin oxide films presents experimental challenges
which are linked to two specific experimental conditions: 1) oxy-
gen partial pressure during growth and 2) a high temperature
during oxide film growth. The experimental challenge was
caused by the corresponding oxidation process which was not
limited to the film but also affected the sample holder and its
components. These oxidation processes are more pronounced

at a high temperature. The oxidation processes of sample holder
components constituted a severe problem, as the curvature mea-
surement was sensitive to the smallest variation of the sample
slope and sample deflection, where deflection on the nm scale
of the cantilever sample was detected. An oxidation of the sample
holder, with the corresponding dimensional change in compo-
nents, inevitably led to a deflection of the sample. Figure 1 shows
that two optical beams were used to measure the sample curva-
ture directly from the difference of sample slope at two positions.
This setup proved to be very robust for room-temperature stress
measurements, even in the presence of oxidizing agents in the
ultrahigh vacuum chamber. Stress measurements during mono-
layer thin oxide growth were carried out successfully.[12,13]

Stress measurements at a high sample temperature of order
900 K and in an oxygen atmosphere required further specific
experimental modifications of the sample holder to ensure reli-
able quantitative stress measurements, as shown in Figure 2.
These modifications aim at providing a high temperature stabil-
ity of all components by thermal shielding, and they ensure that
oxidation processes do not impact the sample clamping and its
support in an undue manner. Figure 2 shows the sample holder
which we conceived, designed, built, and used successfully for
high-temperature stress measurements in an oxidizing atmo-
sphere during the pulsed laser deposition (PLD) of perovskite
oxides onto single-crystal sample surfaces.[7,14,15]
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Figure 1. A schematic of the two-beam stress-induced curvature measure-
ment. 1: sample holder, 2: sample, 3: deposited film on the sample sur-
face, 4: laser diode with beam forming optics, 5: 1:1 beam splitter,
6: mirror on tilt mount, 7: piezotranslator stage, 8: split-photodiode.
Inset: split photodiode with photocurrent leads A and B. The sample
deflection is largely exaggerated, it amounts to 1 nm for a stress of
1 GPa, then the radius of curvature R is of the order 50 km. The split pho-
todiode is positioned at a distance of lPD¼ 280mm away from the sample,
the two laser beams hit the sample at a vertical distance of lSpot¼ 5mm.
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Phonons within the ultrathin oxide films were measured by
high-resolution electron energy loss spectroscopy (HREELS)[16–18]

with a Delta05 high-resolution spectrometer (SPECS, Berlin).
It offered an energy resolution down to 5.7 cm�1 at an intensity
of the specularly reflected beam of 105 s�1 for the Ru(001) surface.
The vibrational spectra presented here for oxide thin films were
measured with a resolution of about 16–20 cm�1. In all
HREELS experiments the oxide thin films were grown in situ
by molecular beam epitaxy (MBE) with subsequent annealing.

3. Binary Oxide Thin Films

Many binary oxides in which the metal cation possesses a biva-
lent oxidation state grow in the NaCl rocksalt structure. Examples
are MgO, NiO, CoO, MnO, and BaO. All of them have been
grown epitaxially on appropriate metal substrates, mostly in
(001) orientation but also in (111) and (110) phases.[19–23] In
the present work we restrict ourselves to the two examples of
BaO(001) on Pt(001) and NiO(001) on Ag(001). The former
exhibits a nearly vanishing lattice misfit, whereas NiO(001)/
Ag(001) has a lattice misfit of about �2.2%.

3.1. Barium Oxide

In contrast to many other oxides with rocksalt structure, there
are only a few investigations of the thin-film properties of
BaO, despite its application as catalyst for the control of NOx
emission or as a buffer layer for epitaxial perovskite oxide
growth.[24,25] The lattice dynamics of bulk BaO is reported in sev-
eral earlier studies.[26,27] However, our study is the first work
related to the vibrational properties of BaO thin films.[28] The
experimental challenge arises from the high reactivity of Ba
which renders stabilization of a pure BaO phase difficult in thin

films and bulk samples.[27] We grow BaO(001) ultrathin films by
Ba deposition from commercial getter sources (SAES Getters,
Milan, Italy) on a Pt(001) single crystal at 300 K. BaO films were
formed by subsequent annealing in an oxygen atmosphere of
10�6 mbar. We observe epitaxial long-range ordered BaO(001)-
(1� 1) thin films with a film rotation of 45� with respect to
the substrate. This leads to a nearly unstrained growth where
the smallest possible BaO(001)-(1� 1) unit cell matches a
Pt(001)-c(2� 2) substrate cell.

For the unstrained growth, we expect three degenerated trans-
versal optical (TO) modes for the BaO thin film. HREEL spectra
for a 25ML BaO(001)-(1� 1) film are shown in Figure 3a for dif-
ferent annealing temperatures. The improved long-range order
upon annealing becomes immediately visible by the increased
intensity of the vibrational energy loss at about 400 cm�1. The
diffraction pattern of a similarly annealed film of 20ML is shown
in Figure 3c and shows a sharp c(2� 2) structure relative to the
Pt(001) substrate, which corresponds to the unreconstructed
BaO(001)-(1� 1). Details of the vibrational spectrum together
with a scattering calculation based on a one-oscillator model
(red line) are shown in Figure 3b. The excitation of the
Fuchs–Kliewer (FK) surface phonon polariton,[29] as well as its
double and triple loss, dominates the spectrum. The relationship
between the FK frequency ωFK and the bulk TOmode is given for
an infinite thick film by

ℏωFK ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0 þ 1
ε∞ þ 1

s
ℏωTO (1)

where ε0 and ε∞ are the static and high-frequency permittiv-
ities.[29,30] With the dielectric properties ε0 and ε∞ for bulk BaO and
ωTO from ref. [26], the FK frequency is predicted to 395.3 cm�1,
in good agreement with 390 cm�1 in the 25ML spectra.
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Figure 2. Details of the sample holder used for high-temperature stress measurements. a) 1: single-crystal sample, 2: quartz oscillator, 3: sample holder.
b) 4: Ta cage surrounding W filament (not visible), 5: W radiation shield (sample removed). c) Ta cage surrounding W filament, viewed from the front, Ta
strips with holes not bent. d) Ta cage surrounding W filament with mounting strip bent. e) Zoom in: W radiation shield with cutout to reduce thermal loss
to sample holder. Adapted with permission.[14] Copyright 2015, Elsevier (see also ref. [7]).
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Although the BaO films grow unstrained as based on the BaO
and Pt lattice constants, the spectra for BaO films of different thick-
nesses reveal a systematic shift of the FK frequency with film thick-
nesses, as shown in Figure 3d. This shift is shown in Figure 4a for
thicknesses from 2 to 28ML.[28] The intensity of the phonon
increases, as shown in Figure 4b with film thickness. The domi-
nant contribution to the frequency shift comes from the modifica-
tion of the effective dielectric response. For thick films the response
converges to the dielectric properties of bulk BaO, whereas for thin-
ner films the contribution from the metal substrate grows. As
described in a previous study[28] in detail, this combined response
leads to a continuos downshift of the FK frequency with increasing
film thickness which converges to a BaO bulk value of 382 cm�1, as
shown by a red solid line in Figure 4a. It well describes the shift for
thin films >10ML. However for thinner films the standing wave
character of the TO phonon perpendicular to the thin film has to be
taken into account. As shown in Figure 4c, the longest allowed
wavelength within a film of thickness d is λ ¼ 2d. The standing
wave character shifts the optical mode from the zone-center wave-
vector q ¼ 0 to a finite q ¼ π=d, as shown in Figure 4d. In the pres-
ence of a substantial longitudinal optical (LO) phonon dispersion
along the [001] direction, it leads to a frequency downshift.
Consequently, the FK phonon will experience a downshift (open
red circles) in Figure 4a.[28] In summary for the unstrained BaO
thin films on Pt(001), we find a shift of the FK surface phonon
polariton for BaO thin films that can be fully described by dielectric
theory using the BaO bulk dielectric properties and the bulk pho-
non dispersion, when a standing-wave correction is applied. In the
following sections, we will compare the unstrained case of BaO
with strained growth of NiO.

3.2. Nickel Oxide

3.2.1. Surface Stress

Numerous studies have been conducted in the past to investi-
gate growth and structure of NiO on Ag(001), and our studies
provide quantitative data on stress and lattice dynamics.[12,13,31,32]

The seemingly simple system NiO on Ag(001) is characterized by
a compressive epitaxial misfit of η ¼ �0.022 ðη ¼ ðaNiO � aAgÞ=
aAg , aAg ¼ 4.086Å, aNiO ¼ 4.177Å). Its growth is characterized
by a complex interface formation,[33–35] which gives rise to a non-
trivial stress evolution with NiO thickness, as shown in Figure 5.
From the formation of a NiO bilayer, the stress change drops by
about 7 Nm�1 until a thickness of 5–6ML is reached. As evi-
denced by the medium-energy electron diffraction (MEED) oscil-
lations shown as blue markers in Figure 5, the growth proceeds
in a layer-by-layer mode. This growth mode continues up to
15ML. However, beyond 5ML NiO thickness a gradual transi-
tion to nonpseudomorphic growth with bulk-like NiO is observed
by stress and LEED measurements.[31] For the first monolayer
the combination of stress measurements with surface x-ray dif-
fraction and density functional theory reveals that the interface
between NiO and Ag is more complex than anticipated[12] and is
not discussed here. It is characterized by a direct O–Ag interac-
tion and by embedded NiO patches in the surface of Ag, giving
rise to a small tensile interface stress, which contrasts with the
compressive misfit between NiO and Ag. A compressive film
stress in quantitative agreement with the lattice misfit is mea-
sured in films thicker than 2ML that will be compared with pho-
non data in the last section.

(a) (c)

(d)(b)

Figure 3. BaO(001) thin films on Pt(001): a) HREEL spectra for a 25ML thin film with increased annealing temperatures (not normalized to the elastic
peak). b) A comparison of scattering calculation based on a one-oscillator model (red line) with the spectrum (black markers) upon annealing to 1120 K.
c) LEED pattern for 20ML BaO(001) at a kinetic energy of 80 eV. d) HREEL spectra for film thickness from 4 to 28ML. Adapted with permission.[28]

Copyright 2018, IOP Publishing Ltd.
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3.2.2. Surface Phonons

HREEL spectra for NiO(001) thin films of various thicknesses as
grown by MBE are shown in Figure 6a. The NiO monolayer (bot-
tom spectrum) has quite distinct structural and vibrational prop-
erties as compared with thicker films, as discussed previously.[31]

It forms a uniaxially compressed “(2� n)’’ superstructure which
relaxes back to a (1� 1) structure as soon as the second NiO layer
is grown on top.[31,34,35] A similar initial NiO growth is found on
other (001)-oriented fcc metal surfaces.[36] Starting from the
second ML, we find, besides a microscopic Wallis mode at about
400 cm�1 the characteristic FK surface phonon polariton that
has been identified as the main energy loss of NiO surfaces
and thin films.[37,38] On Ag(001), the FK is upshifting from
440 to 560 cm�1 with NiO film thickness.[31,39] This shift is much
stronger and has an opposite sign as compared with the struc-
tural similar BaO thin-film system discussed earlier. The shift
and the intensity increase is shown in Figure 6b,c. The black
and blue solid lines in Figure 6b show the results of the dielectric
theory without and with the standing-wave correction, similar as
discussed earlier for BaO ultrathin films.[31] Clearly the theory as
based on NiO bulk properties fails to describe the experimentally
observed frequency shift of the FK mode. Note that the Wallis
mode as a microscopic mode is by far less thickness dependent
and shifts only from 405 to 425 cm�1 in the same thickness

range. Its intensity stays constant above 5ML. The quantitative
comparison of the experimental HREELS data with the calculated
loss function based on the dielectric theory reveals bulk-like
phonon properties for NiO(001) for a thickness above 15ML.
However, for NiO(001) thicknesses from 2 to 5ML, a strong pho-
non softening is found that is attributed to the surface stress that
results from the lattice mismatch. Note that this thickness range
shows the drastic stress changes in Figure 5 where it is marked
as orange region II. In the range between 5 and 15ML that is
marked as green region III in Figure 5, the stress starts to relax
and at the same time the FK phonon relaxes towards a bulk-
phonon-derived frequency. In this region the Wallis mode stays
constant in intensity and frequency. As we discuss later, our
experiments provide the first reference data for a quantitative
comparison of the interrelation between surface stress and pho-
non softening in binary oxides.

In Figure 6 we have compiled data for the dipole active
modes at q¼ 0, which dominate the HREEL spectra under
the most frequently used specular scattering conditions.
However, the full phonon dispersion is also accessible in off-
specular scattering experiments. Such data are shown in
Figure 7a for a 4 ML NiO(001) film and an electron primary
energy of 81 eV (for details, see a previous study[39]). At this pri-
mary energy, phonon spectra for q vectors within the first and
second surface Brillouin zone can be recorded. The analysis of

(a)

(b) (d)

(c)

Figure 4. BaO(001) thin films on Pt(001): a) Thickness-dependent surface phonon polariton frequency and b) normalized intensity (black symbols). The
calculated frequencies and intensities without and with standing-wave corrections are shown as red lines and as red open circles, respectively.
c) Schematics of the standing-wave phonon pattern perpendicular to the film with thickness d. d) Simplified schematics of the phonon dispersion within
a bulk oxide in (001) direction. In a thin film, the longest wavelength 2d corresponds to a smallest wavevector q⊥,min perpendicular to the surface that can
be realized within the film. The surface loss function is therefore not tested at q⊥ ¼ 0 as for infinite thickness, but at a wavevector q⊥,min ¼ 2d.
Correspondingly, the bulk frequencies ωTOðq⊥,minÞ and ωLOðq⊥,minÞ have to be considered, which lead in the cases of BaO and NiO to a downshift
of the FK phonon polariton for ultrathin films. Partly adapted from ref. [28] with permission. Copyright 2018, IOP Publishing Ltd.
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HREELS data for a wide range of primary energies between 4
and 255 eV is shown in the phonon dispersion plot
in Figure 7b by open circles. The projection of the NiO bulk
phonon modes as derived from DFTþU frozen phonon

calculations[32] onto the first Brillouin zone is shown by the gray
background for comparison. Eight phonon modes with either
surface or surface resonance character have been identified,
as indicated by colored symbols in Figure 7b. Most promi-
nently, the Rayleigh phonon (light blue symbols) shows a strong
dispersion from about 60 cm�1 at 0.35Å�1 to 172 cm�1 at the
X point and follows the lower edge of the bulk acoustic modes.
All other modes show a weaker dispersion and have a pro-
nounced intensity where they fall into or are close to pockets
of the projected bulk density of states, as, e.g., the strong S6
mode at 285 cm�1 around Δkk ¼ 1.07Å�1 in Figure 7a. These
data for the strained NiO thin film can be compared with the
surface phonon dispersion for an unstrained NiO(001) film of
25 ML as reported in a previous study[32] and marked in
Figure 7b by solid markers. The comparison reveals equivalent
dispersion data for a 4 ML thin film as compared with the sur-
face phonon dispersion of NiO(001). Already at 4 ML thickness,
the full NiO phonon dispersion is formed and the strained state
of the thin film leads only to subtle differences in the micro-
scopic phonon response. Most prominently, we find a red shift
of 40 cm�1 for the S6 mode (magenta open and solid circles) at
the zone center, as well as smaller red shifts for the modes at
340 and 400 cm�1 (red and blue circles in Figure 7b, respec-
tively) close to the X point.

4. Barium Titanate Thin Films

4.1. Surface Stress

Epitaxial perovskite oxides such as BaTiO3 (BTO) on Pt(001)
have been prepared by PLD in an oxygen atmosphere at an
elevated sample temperature of 930 K for the stress
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Figure 5. Stress change (left axis) and MEED intensity (right axis) during
Ni deposition on Ag(001) at 300 K. pO2

∶2� 10�7 mbar. MEED oscillations
from 2 to 15ML indicate layer-by-layer growth, the negative (compressive)
stress change form 2–5ML is ascribed to epitaxial misfit stress. Stress
regime I (yellow): interface formation, II (orange): pseudomorphic growth,
III (green): non-pseudomorphic growth. Adapted with permission.[12]

Copyright 2011, APS (see also ref. [13]).

(a) (b)

(c)

Figure 6. a) HREEL spectra for Ni(001) ultrathin films on Ag(001) for various film thicknesses between 1 and 50ML. b) Thickness-dependent phonon
frequency and intensity c) for the FK (black circles) and the Wallis mode (red circles). Calculated shifts based on dielectric theory without and with a
standing-wave correction are indicated by black and blue solid lines, respectively. Adapted with permission[31]. Copyright 2016, APS.
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measurements. For phonon measurements, the films were pre-
pared by MBE as described in more detail below. LEED meas-
urements were carried out in all cases to obtain a transfer
standard to ensure that films of comparable crystalline quality
were obtained. In thin films, the epitaxial misfit between BTO
and Pt gives rise to a compressive misfit strain of η ¼ �0.023,
which leads to a calculated misfit stress of �4.0 GPa based on
the bulk elastic data.[7] The stress measurements in conjunction
with in situ LEED, as shown in Figure 8, indicate a compressive
stress in an 18 unit cell (u.c.) thin BTO film of �4.2 GPa. The
LEED pattern indicates epitaxial growth of BTO with a c-ð2� 2Þ
surface structure with respect to the Pt(001) substrate. Both
results support the conclusion that BTO grows on Pt(001) epi-
taxially strained with a sizeable compressive stress of order
�4 GPa. The LEED measurements may serve as a transfer stan-
dard to compare films prepared by PLD with those prepared in
other labs by MBE. The comparison shows that indeed the
deposition methods, PLD and MBE, both give rise to films of
a comparable epitaxial order. This is a priori not guaranteed,
as both methods differ substantially in the deposition kinetics
and deposition environment. Film stress in BTO films is cor-
related with characteristic changes in the BTO vibrational spec-
tra as compared with bulk BTO, as discussed later.

4.2. Surface Phonons

For the HREELS measurements, all BTO ultrathin films have
been prepared by in situ MBE using separate Ba and Ti evapo-
ration sources. The large-scale quasihexagonal c(26� 118)

reconstruction of the bare Pt(001)[40] has been removed by
an initial deposition of a monolayer of BaO with subsequent
growth of the BaTiO3 thin film at 300 K. The films have been
finally annealed to 900–950 K in 4� 10�6 mbar oxygen. As
for PLD growth, we observe a sharp c(2� 2) LEED pattern
with respect to the Pt(001) substrate that corresponds to a
BaTiO3(001)-(1� 1) structure. For a thin film of four unit
cell thickness, the LEED pattern is shown in the inset of
Figure 9a.

HREEL spectra recorded at room temperature for BTO(001)
thin films on Pt(001) in the thickness range between 3 and 25
unit cells are shown in Figure 9 in different colors. The spec-
trum of a BTO(001) single-crystal surface, which has been pre-
pared by argon ion sputtering and annealing in 4� 10�6 mbar
oxygen, is shown by a black solid line for comparison. It can be
compared with recent data for the bulk optical properties of
BTO, as measured by normal incidence infrared absorption
spectroscopy for undoped and slightly doped (001)-oriented sin-
gle crystals.[41,42] The ferroelectric BTO has three well-known
polar and a silent lattice mode, which are modified upon oxygen
vacancy doping.[41–44] In addition, a recently characterized
relaxor-type mode in the 1–100 cm�1 low-energy region was
found to be important for the BTO ferroelectric phase transi-
tion.[41] Derived from the three polar lattice modes, known
as Slater, Last, and Axe modes,[43] we expect three well-defined
surface phonon polaritons in the surface loss function. Indeed,
the HREELS spectrum for the BTO single crystal is character-
ized by three losses at 190, 465, and 680 cm�1 and their com-
bination and multiple losses as shown in Figure 9a. The
frequencies of the surface modes fall in between the

(a) (b)

Figure 7. Surface phonon dispersion of a 4ML ultrathin NiO(001) film on Ag(001): a) HREEL spectra for a primary electron energy of 81 eV. The spectra
are shifted vertically with increasing scattering angle (increasing momentum transfer Δkk as indicated on the left side). b) Extracted phonon dispersion
data fromHREELS data for different primary electron energies between 4 and 255 eV (open circles). For comparison, data for a 25ML-thick (bulk-like) film
are shown by solid circles. Bulk NiO phonon modes as derived from DFTþU frozen phonon calculations[32] projected on the first surface Brillouin zone
are marked by a gray background. Adapted with permission.[39] Copyright 2016, Elsevier.
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corresponding TO and LO bulk frequencies, close to the LO fre-
quency. In bulk BTO, the LO phonons of A1 symmetry have
been observed at 190, 475, and 727 cm�1,[44] which supports
our assignment of the observed energy losses to the three sur-
face phonon polaritons.

The HREEL data for the ultrathin BTO films on Pt(001) in
Figure 9a exhibit similar spectra with the same three character-
istic energy losses and with a similar intensity distribution. This
observation proves immediately the growth of a single (001)-
oriented BTO phase. One exception is the thinnest film with
an average thickness of three unit cells. The data in Figure 9a
indicate that it contains a mode around 870 cm�1 in addition to
the three BTO(001) surface phonon polaritons. The additional
signal may come from areas where the film thickness is reduced
and a shifted “monolayer” phase may be formed, which is not
discussed here any further. The frequency shift of the three
BTO modes as a function of film thickness d is shown in
Figure 9b. The low-frequency mode at about 190 cm�1 stays
constant for all film thicknesses within the experimental error
bar. The second mode at 460 cm�1 shifts up by about 15 cm�1

with decreasing film thickness. Whether the observed shift
reversal for the thinnest film is intrinsic or due to the parasitic

phase is still unclear. The strongest response is observed for the
high-frequency mode, which corresponds to a vibrational mode
that is dominated by oxygen octaeder deformation.[43] This
mode shifts up with decreasing thickness by about 80 cm�1,
as indicated by the dotted blue line, which serves as guide to
the eye. Calculations of the HREEL response function based
on dielectric theory assuming bulk-like vibrational properties
are shown as black lines in Figure 9b and cannot account for
the strong upshift. The standing-wave correction (dashed black
line), as discussed above for BaO thin films, leads only to small
additional upshifts and is also not sufficient to explain the
experimentally observed shifts.

Clearly, the phonon properties are modified for ultrathin
BTO(001) films on Pt(001) as compared with single-crystal
BTO data. The presence of surface stress as determined experi-
mentally, but also the presence of a surface-specific ferroelectric
domain structure, may be responsible here.

(b)
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Figure 8. a) Stress and MEED measurements during the PLD of
18 unit cells BaTiO3 (BTO) (u.c., 1 u.c.¼ 4.01 Å) on Pt(001). The solid
red line through the stress data indicates a compressive stress of
�4.2 GPa, in quantitative agreement with the calculated misfit stress.
Tsample ¼ 930 K, pO2

¼ 1� 10�4 mbar. Laser pulse energy: 149mJ, repeti-
tion rate 2 Hz, wavelength: 248 nm. b) LEED pattern at 300 K, after BTO
deposition. The white square indicates the (1� 1)-Pt(001) surface unit
cell, the red square the c-(2� 2) diffraction pattern due to epitaxial
BTO growth. Adapted with permission.[14] Copyright 2015, Elsevier
(see also ref. [7]).

(a)

(b)

Figure 9. a) HREELS spectra for BTO(001) single crystal (black line) and
BTO(001) ultrathin films on Pt(001) with thicknesses of 3, 4, 15, and 25
unit cells (u.c.) as marked by open green, open orange, solid blue, and
solid red circles, respectively. The inset shows the LEED pattern for the
4 uc-thick BTO(001) film. b) Surface phonon polariton frequencies for
the three main modes as functions of film thickness. Dotted blue curves
serve as guides for the eye. The black solid line shows the calculated fre-
quency shift based on dielectric theory. The black dashed line includes
standing-wave corrections.
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5. Conclusions

To discuss the relation between surface stress and surface phonon
shifts further, we will concentrate here on the case of NiO on
Ag(001). Figure 10 shows the relative shift of the FK surface pho-
non polariton Δω=ω as a function of the change in experimentally
determined surface stress τ � τ13ML. As a point of reference we
have chosen the surface stress for a thick NiO film of 13 ML
because it is the starting point of film relaxation (see Figure 5
and 6). Note that a choice for a thicker film would only lead to
a horizontal offset in Figure 10. The figure reports for the first
time the correlation between surface stress and surface phonon
shift for an oxide thin film. The relative phonon shift can be
approximated by a linear dependence on stress change with a
slope of 0.013mN�1, as indicated by the red solid line. The verti-
cal offset for τ � τ13ML ¼ 0 originates from the fact that the fre-
quency is taken relative to NiO bulk, whereas the surface stress
change data are relative to a thick film of 13ML. The “linear” cor-
relation between surface stress and surface phonon shift over a
wide range in film thickness from 2 to 13ML is nontrivial since
both quantities, surface stress change and surface phonon fre-
quency, change in a nonlinear way with film thickness, as dis-
cussed earlier. For the microscopic phonon modes, we find red
shifts for three phononmodes (either at the surface Brillouin zone
center or at the boundary) when we compare the strained 4ML
film with unstrained NiO(001), as shown in Figure 7b. As there
are no additional data for other film thicknesses available, a direct
correlation with the surface stress data is not possible.

In contrast to NiO, we find for the unstrained growth of
BaO(001) on Pt(001) only a small frequency shift of the FK surface
phonon polariton that is fully explainable by dielectric theory with
constant bulk phonon frequencies. It proves that the dipolar
modes of ultrathin oxide films with rocksalt structure in the
absence of film strain can be well described by dielectric theory,
which takes the ultrathin film geometry and the bulk phonon fre-
quencies into account. Therefore, the case of BaO(001) on Pt(001)
delivers a justification to discuss the surface phonon polariton
shift beyond the dielectric theory for strained NiO ultrathin films
in terms of the growth-induced surface stress. Note that we
assume no significant stress for the unstrained growth of BaO
on Pt(001), for which no surface stress data are available so far.

For BTO thin films the situation is more complicated: 1) The
BTO surface stress experiments have been conducted during
growth at 930 K, whereas the phonon data correspond to
300 K. This difference is particularly important for BTO in view
of its structural ferroelectric-to-paraelectric phase transition
around 400 K. 2) The ferroelectric domain structure, which is sta-
bilized at the surface for ultrathin films at room temperature,
may lead to tetragonal distorted unit cells at the surface.[45]

Therefore, the surface stress at room temperature is expected
to be significantly modified by the domain structure. 3) The exis-
tence of several thin-film polar modes renders a comparison of
the shift of only a single phonon mode with surface stress
changes being less direct. 4) Note that the low-frequency
relaxor-type mode,[41] which is not accessible in the present
experiments and which has been reported to be strongly temper-
ature dependent, is likely to couple to stress changes, too.
Therefore, the experimentally observed and initially linear down
shift from 780 to 730 cm�1 of the high-energy surface phonon
polariton cannot be related in a simple way to the linear stress
change reported in the same thin-film thickness range.

In general, the interpretation and a detailed understanding of
the correlation between surface stress and surface phonon shifts
are not straightforward: The surface stress relates to an in-plane
force that can be written as the first derivative of a potential
energy with respect to atomic displacements. The phonon fre-
quency on the other hand is derived from the second derivative
of the potential energy with respect to atomic displacements. In
addition, the displacement pattern relevant for surface stress
experiments and optical phonons is not identical. Therefore, a
dedicated theoretical approach is required to unravel the experi-
mentally observed correlation between surface stress change and
surface phonon shift. To gain deeper insights in this correlation
for BaTiO3 thin films, additional experiments on substrates that
offer other lattice misfits, as, e.g., Au(001) and Fe(001), would be
beneficial as well as a comparison with thin films of other per-
ovskites, as, e.g., SrTiO3.

Clearly, dedicated theoretical investigations are needed. The
combined experimental data presented here on surface stress
and lattice dynamics in ultrathin oxide thin films of BaO(001),
NiO(001), and BaTiO3(001) may initiate such studies and serve
as reference data.
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