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Surface vibrations, polaritons and their coupling to a 2D electron gas: Interface-bound vibrations at the
SrTi03(001) surface

Hannes Herrmann®, Anne Oelschlager®, and Wolf Widdra®

February 8, 2026

The low-energy excitations of SrTi0O3, a large-bandgap oxide per-
ovskite, are dominated by phonons and phonon polaritons. At the
surface they couple to dipole-active surface phonon polaritons that
are bound to the SrTiOs-vacuum interface. These excitations can
be addressed by surface vibrational spectroscopy techniques as, e.g.,
high resolution electron energy loss spectroscopy (HREELS). The
HREELS experiments identify all SrT%03(001) dipole-active sur-
face excitations, including their specific line shape and their electron-
phonon coupling to a two-dimensional electron gas (2DEG). The lat-
ter is prepared by a surface reduction via annealing under ultrahigh-
vacuum conditions. With formation of the 2DEG, the discrete sur-
face phonon polaritons couple to the electron-hole pair continuum
as is witnessed by a substantial line broadening and asymmetric
Fano-like line shape.

Introduction

The cubic or pseudocubic perovskite oxides with the general for-
mula ABQO3 exhibit a variety of interesting physical properties, such
as high-temperature superconductivity, colossal magnetoresistance,
ferroelectricity, multiferroicity, and catalytic activityl's. Many of
these properties are closely related to the lattice dynamics and the
coupling between lattice vibrations (phonons) and charge carriers®2,
In particular, the interaction between electrons and polar optical
phonons plays a crucial role in determining the electronic transport
properties and the formation of exotic states such as polaronsﬁ.

In the cubic phase as found for STT'iO3 at room temperature, the
lattice dynamics are characterized by three degenerate dipole-active
optical phonon eigenmodes at the I'-point (all of symmetry F1,,)
which are traditionally classified as Last™, Slater®, and Axe” modes
as shown in Fig.

The Last mode corresponds to the movement of the A-site cations
(Sr** in SrTiO3) against the rigid TiOg octahedra framework
(Fig. 1(a)), the Slater® mode are mutual vibrations of the Ti cations
against the oxygen octahedra (Fig. 1(b)), and the higher frequency
Axe? mode involves the deformation of the oxygen octahedra (Fig.
1(c)). Note that the softening of the Slater mode at low tem-
peratures is responsible for the incipient ferroelectric behavior of
SrTi035%0. The dielectric function €(w) of SrTi03 at the I' point
can be well described by these three oscillators using a generalized
four-parameter oscillator modell ™4 that takes into account dif-
ferent damping of transverse optical (TO) and longitudinal optical
(LO) modes:

3 2 2, -

WLo; W +wyLo,

e(w):eooll s i .
j=1 wTOj w ZUJ’yTOj

(1)

where e is the high-frequency dielectric constant. wro, and wro;,
are the frequencies of the j-th transverse and longitudinal optical
phonon modes, respectively, while y7o, and v, are their corre-
sponding damping constants. The dielectric function captures the
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Figure 1 Eigenmodes of the three dipole-active cubic perovskite phonons
with F'1,, symmetry, known as Last (a), Slater® (b), and Axe? (c) modes.

frequency-dependent response of the material to an external electric
field, which is essential for understanding the behavior of polaritons
and their interaction with charge carriers. To probe the dielectric
response, light absorption and energy loss spectroscopy techniques
are powerful tools as they are sensitive to the energy loss function

L(w) given by:
Ly (w) = —Im (E(i)) : (2)

It describes the energy loss of fast electrons as they interact with
the material, providing insights into the vibrational modes and their
coupling to electronic excitations. Peaks in the energy loss function
correspond to the frequencies of the optical phonon modes, allowing
for their identification and characterization.

At the surface of SrT'iO3(001), the material-vacuum interface leads
to the emergence of surface phonon polaritons (SPhP), which are
electromagnetic modes coupled to the lattice vibrations. These
modes are confined to the interface between SrT%O3 and vacuum,
exhibiting unique dispersion relations and field distributions com-
pared to bulk phonons. The SPhPs can be probed using surface-
sensitive techniques such as high-resolution electron energy loss
spectroscopy (HREELS), which allows for the investigation of their
dispersion and their coupling to electronic states. In this study, we
employ HREELS to investigate the SPhPs of SrTi0O3(001) and their
interactions with a two-dimensional electron gas (2DEG) formed at
the surface of SrTi0O3. The 2DEG can be generated by annealing
the STTi0O3 surface under ultrahigh-vacuum conditions or by UV
radiation® 128 The presence of free charge carriers in the 2DEG is
expected to lead to significant modifications of the surface phonon
polariton spectra, including line broadening and asymmetric Fano-
like line shapes due to a strong coupling between the phonons and
the 2D electron-hole pair continuum.

At the surface of a material with a bulk dielectric response €(w), the
energy loss function is quantitatively described by:

1
Loyrf(w)=—Im <e(w)—|—1> .

This expression accounts for the boundary conditions at the inter-
face, where the dielectric function of the material interacts with
that of the vacuum. The surface energy loss function captures the
unique vibrational properties of the interface, including the presence
of SPhPs, which can exhibit distinct dispersion relations and cou-
pling behaviors compared to bulk phonons. The relation between

(3)
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the bulk and surface loss functions as well as the real and imaginary
parts of the dielectric function is illustrated later in Figs. [2] and [3] for
SrTi03(001) together with the HREELS spectrum.

For metallic systems which include also 2DEGs at the surface of per-
ovskite oxides, the free charge carriers contribute an additional term
to the dielectric function, typically described by the Drude model.
The dielectric response in the presence of both, the phonons and the
free charge carriers, is given with the additional Drude contribution
to equation (1):

w?o —w? +iwyLo, w2
—600 I | O 3 — €0 3 p . (4)
“"TO —w —l—zw’yTo w? +1wyp

where wp is the plasma frequency of the free carriers and 7, is
the Drude damping constant. This term accounts for the collec-
tive oscillations of the conduction electrons and leads to screening
of the phonon modes. In the presence of a 2DEG at the surface,
the coupling between surface phonon polaritons and the electronic
continuum modifies the energy loss spectra, resulting in broadened
and asymmetric features. The interplay between the lattice and
electronic degrees of freedom is crucial for understanding the vibra-
tional and electronic properties of oxide interfaces and their poten-
tial applications in oxide electronics, e.g. for a large spin-to-charge
conversion effect in an interface-engineered SrTi03(001) with a
two-dimensional electron gas 1

Methods

The experiments were performed in an ultra-high vacuum (UHV)
chamber equipped with facilities for low energy electron diffrac-
tion (LEED), X-ray photoelectron spectroscoy (XPS) and a high-
resolution electron energy loss spectroscopy (HREELS). The HREEL
spectrometer (Delta 05, Specs, Berlin) can be operated with a
monochromized electron beam with a kinetic energy between 1 and
255 eV with a total energy resolution of 1 meV for kinetic energies be-
low 16 eV as described elsewherel?23, However, all spectra shown
here were recorded with a primary energy of 4eV and an energy
resolution below 2 meV in specular scattering geometry.
SrTi03(001) single crystal substrates (CrysTec, Berlin) with 0.05%
Nb doping were wet chemically etched using a buffered HF solution
to obtain a TiO2-terminated surface?®. After introduction into the
UHV chamber, the samples were mildly annealed to 500 K to remove
adsorbates. The formation of a 2DEG at the SrTi0O3(001) surface
was achieved here by annealing the samples to higher temperatures
under UHV conditions (p < 107° mbar), which results in oxygen
vacancies and T'i3" ions at the surface as will be discussed in Fig.
Alternatively, the evaporation of ultrathin layers of a reactive metal
on top of SrTi03(001) can also lead to the formation of a 2DEG at
the interface due to the formation of oxygen vacancies in the surface
layer of SrTiO3 LoHLA

Results and Discussion

The HREEL spectrum of the pristine Sr7¢O3(001) surface is shown
as black line in Fig. [2] together with the corresponding surface loss
functions (blue line, upshifted by 200000 counts/s). The HREEL
spectrum exhibits three distinct loss features at 168, 465, and
741cm™! that can be assigned to the three surface phonon po-
laritons S1, S2, and S3, respectively. All other losses correspond to
combinations of S1, S2 and S3. E.g., the losses at 932, 1210, and
1487 cm™ 1! are sequential excitation S2+S2, S2+4S3, and S3+S3,
respectively. The weak feature at 276 cm ™! corresponds to excita-
tion of the S3 and deexcitation of the S2 mode: S3-S2. The latter
process is possible due to the thermal population of S2 at room tem-
perature, whereas it is suppresed at low temperatures (not shown
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Figure 2 (a) HREELS spectrum of the pristine SrT03(001) surface
(black line). The loss region is amplified by a factor of 5. Fitting by
a generalized oscillator model as given in eq. (1) is shown as red dashed
line. (b) The calculated surface loss function (blue line, upshifted for clar-
ity) as obtained from fitting the HREELS data. The three surface phonon
polaritons S1, S2, and S3 are indicated.

Table 1 Phonon parameters derived from the HREELS spectrum of
SrTiO3(001) shown in Fig. The parameters are the longitudinal op-
tical phonon frequencies WLo; the transverse optical phonon frequencies
wro;, and the damping constants YLO,; and Yro; for j =1,2,3. All
values are given in cm™1.

Mode | ws, | wro; | 710, | wLo; | YLO;
1 168 | 110.2 9.2 168.0 10.0
2 465 | 171.1 13.1 476.0 18.7
3 741 | 531.4 18.7 835.9 | 57.3

here). The assignments of the surface phonon polaritons S1, S2,
and S3 to the corresponding bulk phonon modes TO1, TO2, and
TO3 are summarized in Tab. [l

The complex dielectric function as reported in eq. (1) is fully de-
termined by the parameters in Tab. [I] and leads to the surface loss
function (blue line) shown in Fig. |2l The corresponding calculated
HREELS spectrum is shown by the red dashed line in Fig. [2] which
takes into account the Bose-Einstein statistics of multiple excita-
tions, the electron kinetic energy, the scattering geometry as well
as the instrumental energy broadening as determined by the zero-
loss elastic peak. The calculated HREELS spectrum reproduces very
well the experimental data, including all line shapes and all multiple
excitations.

To achieve this good agreement, we have varied the phonon frequen-
cies as well as the damping parameters and calculated iteratively the
corresponding HREELS spectra according to the procedure of Lam-
bin®? via the surface loss function Lsury and a fitting of the elastic
peak (zero energy loss peak). We started with literature values of
the bulk phonon frequencies and determined all phonon frequencies
and their damping constants by fitting the experimental HREELS
data. Whereas the LO phonon frequencies are closely related to the
close-lying phonon polariton peaks in the surface loss spectrum, the
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Figure 3 Real and imaginary parts of the dielectric function e(w) of
SrTi03(001) as obtained from fitting the HREELS data in Fig. 1.

sensitivity of the fit to the TO phonon frequencies is lower. The fit-
ted bulk phonon frequencies from the surface-sensitive HREELS data
are in good agreement with previous reports based on bulk-sensitive
techniques as, e.g., infrared spectroscopy of similarly doped sam-
ples26. Note that the slight differences in the phonon frequencies
can be attributed to the different doping levels as well as to surface
effects that may lead to small shifts of the phonon frequencies at the
surface compared to the bulk. The resulting bulk dielectric function
is shown in Fig. The real part of the dielectric function crosses
the value of -1 at frequencies of 460 and 745 cm~! that are in ex-
cellent agreement with the experimentally observed surface phonon
polariton frequencies S2 and S3. The character of the three phonon
modes are schematically illustrated in Fig.

HREEL spectra recorded after annealing the SrTiO3(001) surface
to higher temperatures under UHV conditions are shown in Fig.
For annealing temperatures between 670 and 870 K, the loss spectra
show hardly any change. A detailed comparison shows only a slight
increase in the linewidths of the surface phonon polaritons S2 and
S3 upon annealing to 970 K. However, upon annealing to 1070 K,
we observe a strong asymmetric broadening of the surface phonon
polaritons S2 and S3 as well as substancial decrease of both peak in-
tensities. The pronounced asymmetric line shapes are characteristic
for Fano resonances, which arise from the interference between dis-
crete phonon states and a continuum of electronic excitations. The
presence of a 2DEG at the surface, induced by oxygen vacancies
created during annealing, provides the necessary electronic contin-
uum for this coupling. Note that molecular oxygen adsorption will
quench the 2DEG completely (not shown here) and restores a spec-
tral response with symmetric line shapes as shown in Fig.[2 and in
the top spectrum of Fig.

Due to the free surface charge carriers, an additional Drude term
contributes to the dielectric function as described in equation (4).
The modified dielectric function leads to a screening of the phonon
modes and their coupling to the electron-hole pair continuum. This
interaction results in the observed line broadening and asymmetric
Fano-like line shapes in the HREELS spectra. The interplay between
the lattice vibrations and the electronic states at the surface is cru-
cial for understanding the vibrational and electronic properties of
oxide interfaces and their potential applications in oxide electronics,
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Figure 4 HREELS spectra of Sr7TiO3(001) after annealing to different
temperatures in UHV as indicated on the right side. Upon annealing to
temperature above 970 K, the formation of a 2DEG at the surface leads
to pronounced asymmetric Fano-like line shapes of the surface phonon
polaritons S2 and S3.

as it might lead at the surface to new quasiparticles with modified
properties. From a methodological standpoint, these experiments
establish the capability for high-quality in situ UHV characteriza-
tion of a surface-bound 2DEG without requiring the fabrication of
contacts on the sample.

To analyze the coupling between the surface phonon polaritons and
free charge carriers, we calculate the surface phonon polariton spec-
tra using the combined dielectric function of eq. (4) which includes
the Drude term. In the absence of phonons, the Drude response
alone leads to a surface-bound mode, the surface plasmon polari-
ton, with a surface loss energy given by:

w €oo
= W .
SF P €0 +1

Here, wyp is the plasma frequency of the free carriers and e is the
high-frequency dielectric constant. The surface plasmon polariton
frequency wgp depends, as the plasma frequency itself, linearly on
the square root of the carrier concentration and the effective band
mass of the charge carriers.

When phonons are included in the dielectric function, the surface
phonon polaritons and the surface plasmon polariton couple to new
hybrid modes as is schematically indicated in Fig. [5] for the case of
one phonon and a plasmon with different plasma frequencies wy.
The surface loss functions according to the dielectric function in
eq. (1) in presence of the additional Drude response of eq. (4) leads
to two surface loss peaks. Their loss energies are depicted in Fig.
In the absence of a Drude response, wp =0, there is only one peak at
the surface phonon polariton frequency wg, just below the frequency
of the LO bulk phonon wyo. With increasing plasma frequency wp,
initially the surface plasmon polariton develops linearly with wy, (blue
circles). For larger wp, this mode levels off just below the TO bulk
phonon frequency wro. The mode which corresponds initially at
wp = 0 to the surface phonon polariton (orange circles) increases its

()
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Figure 5 Energies of the surface loss peaks as a function of the plasma
frequency wp of the Drude response. The blue and orange circles indicate
the two surface loss peaks that arise from coupling of both modes, the
surface plasmon polariton and the surface phonon polariton. The hashed
region between wro = 393.7cm ™! and wyo = 584.7cm ™! corresponds
to the bulk Reststrahlen band. We note an avoided crossing behavior
between the two coupled modes.

frequency with increasing wp. Its character changes from phonon-
like to plasmon-like with increasing wp. For large wp, this mode
approaches the surface plasmon polariton frequency again with the
typical linear dependence on wp. Note that the initial frequency
shift of the surface plasmon polariton, that follows the red line, is

proportional to wp where Ace is the contribution of the

\ TFeaFae
phonon mode to the dielectric function at the surface phonon po-
lariton frequency. In other words, the surface plasmon polariton is
screened additionally by the phonon mode as long as its frequency
is below the phonon mode. However, the upshifting mode never
enters the Reststrahlen band between wrop and wyo due to the
strong coupling between both modes. Substantially above the the
Reststrahlen band, the surface plasmon polarition frequency scales
again linearly with wyp without influence of the phonon mode. In
general, the coupling between surface phonon polariton and the sur-
face plasmon polariton can be understood as an avoided crossing
behavior as is typical for coupled oscillators.

In Fig.[6} we show the calculated surface loss peak energies in pres-
ence of two surface phonon polaritons and a surface plasmon po-
larition. Here, three surface loss peaks arise from the coupling of
three modes. The avoided crossing behavior is again evident, where
the two upshifting modes never enter the respective Reststrahlen
bands (hatched areas). Therefore, the upper bound of the lower
phonon mode is limited to the TO frequency of the upper phonon
mode. The initial frequency shift of the surface plasmon polariton
(blue circles for small wy) follows the linear blue line, which is pro-

portional to wp , where Ae; are the contributions

of both phonon modes to the dielectric function. However, at large
wp, the surface plasmon polarition frequency scales again linearly
with wp without influence of the phonon modes. The strong upshift
might be partially suppressed by a strongly overdamped (vp > wp)
surface plasmon polariton as is often observed in bad metals or low-
mobility semiconductors“®?%. In the latter case the peaks broadens
substancially. The intensities of the three surface losses as a function
of the plasma frequency wy, are shown in Fig. as blue, orange, and
green solid circles according to the colors in Fig. [} The intensity
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Figure 6 Energies of the surface loss peaks as a function of the plasma
frequency wp of the Drude response in the presence of two surface
phonon polaritons. The blue, orange, and green circles indicate the three
surface loss peaks that arise from coupling between the surface plas-
mon polariton and the two surface phonon polaritons. The hashed re-
gions between wro = 393.7cm~! and wro = 584.7cm ™! and between
wro =393.7cm™ ! and wro = 584.7cm ™! correspond to the two Rest-
strahlen band. We note again the avoided crossing behavior between the
three coupled modes, where the upshifting modes never enter the Rest-
strahlen bands.
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Figure 7 Peak intensities of the surface losses as a function of the plasma
frequency wy, of the Drude response in the presence of two surface phonon
polaritons. The blue, orange, and green circles indicate the three surface
loss peaks as in Fig.[6]that arise from coupling between the surface plasmon
polariton and the two surface phonon polaritons. The intensity of the
lowest loss (blue circles) is amplified by a factor of 200.

of the lowest loss peak (blue circles) is initially strongly increasing
with increasing wp due to its plasmon character and the growing
plasmon oscillator strength. At intermediate plasma frequencies,
the increasing intensity shifts over to the high frequency loss peak
(green circles). Finally, it leads to a decrease of the intensities of
all phonon-like losses for large wp due to screening of the optical
phonon modes by the free charge carriers.

Based on these general considerations, we can now analyze the
HREELS spectrum of SrTiO3(001) after annealing to 1070 K and
formation of the 2DEG as shown in Fig. [4] (lower two traces). The
pronounced asymmetric line shapes skew the loss peaks of the sur-
face phonon polariton S2 and S3 to lower and higher energies, re-
spectively, as compared to the pristine surface (Fig. . In compari-
son with the schematic discussion above for Figs. [6] and [7] we have
to take into account that the Drude response is often overdamped
(vp > wp) in oxide materials with low charge carrier mobilities (5.
In addition, the dielectric response in the top surface layer differs
from the bulk response due to the additional presence of the 2DEG
that is confined to a few nanometers at the surface>. Therefore,
we model the dielectric response of the sample by considering a mul-
tilayer structure with a surface SrTiO3(001) layer with the Drude
response and a thickness of 5nm, on top a second layer of SrTiO3
without Drude contribution. The phonon properties in both areas
are taken to be identical as derived above (Fig. [2)) in the absence
of a Drude response. For the multilayer, the HREELS spectrum is
determined based on the effective dielectric response as described
elsewhere 250,

The calculated HREELS spectra for different plasma frequencies wp
of the Drude response in the surface layer are shown in Fig. [§
The top spectrum is the calculated HREELS spectrum of the bare
SrTi03(001) surface without Drude response as already shown in
Fig.[2] as fit to the experimental data. The subsequent spectra show
the calculated HREELS spectra with increasing plasma frequencies
wp from 250 to 1000 ¢m ™' (from second top to bottom). The
Drude damping constant is chosen as v, = 1.5 X wp in all cases to
simulate an overdamped plasmon response. The latter leads to a
substantial broadening of the surface plasmon polariton and there-
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wp, the surface modes S2 and S3 shift to slightly higher energies.
Both peak intensities are reduced and the peak shapes broaden sub-
stancially due to their coupling to the electronic continuum. The line
shapes become asymmetric due to interference effects between the
discrete phonon states and the electronic continuum. These general
trends are in good agreement with the experimental observations
after annealing to 1070 K as shown in Fig.

A best fit to the experimental HREELS spectrum after annealing
to 1070 K is shown in Fig. [0] together with experimental data on a
wider energy scale. The fit (red dashed line) is obtained for a plasma
frequency of about wp = 950 em ™! and a Drude damping constant
of vp = 1100cm ™. The calculated HREELS spectrum reproduces
the experimental data, including the asymmetric line shapes of the
surface phonon polaritons S2 and S3 as well as their substancial
broadening and intensity reduction. The blue line in Fig. [9] shows
the same fit, where the Drude response is set afterwards to zero for
comparison. The plasma frequency wp = 950 em ™! corresponds to
carrier concentrations of about ns = (1...10) x 10'?¢m = depending
on the effective mass of about m* = 0.7m. as reported previously
for in-plane response of 2DEGs at SrT%i03(001) surfaces™. It cor-
responds to free charge carriers of only a fraction of an electrons per
unit cell area in the surface layer of SrT903(001) — (1 x 1).
Finally, we emphasize that describing a two-dimensional free elec-
tron gas solely by a Drude response (second term in Eq. with
a single resonance frequency wp constitutes only a first-order ap-
proximation. A more refined treatment should account for the pres-
ence of multiple electron bands with different effective masses, as
well as potentially different spatial confinement (thicknesses), but
also more complex responses as, e.g., discussed for Si with a Cole-
Davidson model might refine the description=Y. Nevertheless, the
present study clearly demonstrates the strong coupling between sur-
face phonon polaritons and free-carrier-induced surface plasmon po-
laritons, as well as the pronounced sensitivity of this interaction to
the frequency-dependent properties of ultrathin electron gases at
oxide surfaces.

Conclusions

The low-energy excitations of the SrTi03(001) surface have been
analyzed based on high-resolution electron energy loss spectroscopy.
Three dipole-active surface phonon polarons have been identified
and their line shapes have been analyzed in detail. The experimen-
tal HREELS spectra are well described by a generalized oscillator
model that takes different damping of transverse optical (TO) and
longitudinal optical (LO) modes into account. The corresponding
bulk phonon frequencies and damping constants are in good agree-
ment with previous reports based on bulk-sensitive techniques as,
e.g., infrared spectroscopy of similarly doped samples.

Upon creation of a two-dimensional electron gas (2DEG) at the
SrT%03(001) surface by annealing under ultrahigh-vacuum condi-
tions, we observe pronounced asymmetric Fano-like line shapes of
the surface phonon polaritons due to coupling with surface charge
carriers in the 2DEG. The HREELS spectra can be well described
by a dielectric response of the SrTi03(001) sample which includes
an additional Drude response within a thin surface-near layer that
is located on top of a STT'i0O3 sample without free charge carriers.
The coupling between surface phonon polaritons and the free-carrier
induced surface plasmon polariton leads to new hybrid modes with
an avoided crossing behavior ags function of the plasma frequency
of the Drude response. The strong coupling between lattice vibra-
tions and free charge carriers results in substantial line broadening
and asymmetric Fano-like line shapes of the surface phonon polari-
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Figure 8 Calculated HREELS spectrum of the bare SrT%03(001) surface
(top blue line) based on the parametrization according to eq. (1) and
Tab. (1). Calculated HREELS spectra with addition 2D electron gases
(thickness 5 nm) at the surface described by an additional Drude term
in the dielectric function. The free charge carrier concentration is given
via the plasma frequency wp from 0, 250, 500, 750, to 1000 em™1 (from
top to bottom). The plasma oscillations are in all cases overdamped:
Yp = 1.5 X wp.
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Figure 9 HREELS spectrum of SrTiO3(001) with 2DEG in a wider loss
energy range: Experimental data (black line) and fit by a generalized
oscillator model including a Drude response (red dashed line) with plasma
frequency wp = 950cm ! and Drude damping constant y, = 1100cm 1.
Fit without the Drude response (blue line; upshifted for clarity).

tons as observed experimentally. The interplay between the lattice
vibrations and the electronic states at the surface is crucial for under-
standing the vibrational and electronic properties of oxide interfaces
and their potential applications in oxide electronics.

Data availability

The data will be available via Zenodo at DOI: 10.5281/zen-
0do0.17931973.
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