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The layer-dependent Debye temperature of Ru(0001) is determined by means of high-energy
resolution core-level photoelectron spectroscopy measurements. The possibility to disentangle three
different components in the Ru 3ds. spectrum of Ru(0001), originating from bulk, first-, and
second-layer atoms, allowed us to follow the temperature evolution of their photoemission line
shapes and binding energies. Temperature effects were detected, namely, a lattice thermal expansion
and a layer-dependent phonon broadening, which was interpreted within the framework of the
Hedin-Rosengren formalism based on the Debye theory. The resulting Debye temperature of the
top-layer atoms is 295+10 K, lower than that of the bulk (T = 668+5 K) and second-layer (T =
445+10 K) atoms. While these results are in agreement with the expected phonon softening at the
surface, we show that a purely harmonic description of the motion of the surface atoms is not valid,
since anharmonic effects contribute significantly to the position and line shape of the different core-
level components.

L. INTRODUCTION

The determination of the Debye temperature 85 of solid surfaces, which is related to the dynamic
motion of atoms, is extremely important for understanding the new physical properties arising when
the translational symmetry of a three-dimensional solid is broken. Surface melting is perhaps one of
the most important examples.1,2 The temperature at which the abrupt change from a crystalline to a
liquid phase takes place can be simply estimated using the Lindemann criterion: surfaces melt when
the square root of the atomic mean-square displacement <u?> due to thermal vibrations is a sizeable
fraction (about 15%) of the lattice parameter.3,4 In the Debye model <u”> is directly linked to 6p
by the equation <u?>=9h°T/mkgfp°. Therefore its layer-dependent determination permits to
understand whether surface atoms melting occurs at significantly lower temperature than in the
bulk.

The experimental determination of the Debye temperature is commonly based on scattering (lowand
medium-energy ion scattering,5 atomic beam scattering6,7) and diffraction [x-ray diffraction,8,9
low-energy electron diffraction (LEED) (Refs. 10-12)] techniques, where the attenuation of the
diffracted beam intensity with increasing temperature is exploited. Moreover, the Debye
temperature is a key ingredient in the surface structural determination since it enters the parameter
refinement and optimization when comparing experimental and calculated diffracted beam
intensities.

In the past, the different surface sensitivity of electrons and x-rays allowed comparing the relative
amplitude of thermal vibrations of surface and bulk atoms. When used at different electron beam
energies, even LEED is a powerful method to probe the changes in effective Debye temperature,
because of the varying electron inelastic mean-free path.13 To date, these methods have allowed to
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extend the determination of the Debye temperature, which is usually restricted to surface and bulk
atoms, also to subsurface layers only for few systems.11,14

There are several points supporting the idea that the Debye temperature of second-layer atoms
should be different than that of bulk and surface layers. In fact, the anisotropic motion of surface
atoms and the interlayer relaxation, which is temperature dependent, can appreciably modify the
force constants on second-layer atoms. As a consequence, the latter should exhibit a behavior
intermediate between that of bulk and first-layer atoms. However, the accurate determination of the
layer-dependent Debye temperature is a very demanding task. Diffraction techniques, which have
been extensively used in structural investigations of surfaces and interfaces, perform very well on
ordered systems, but convey a long-range averaged information and may therefore encounter
limitations in probing nonequivalent local atomic arrangements. This is why an unambiguous
determination of the parameters describing the thermal motion in different layers is not always
straightforward. Therefore an alternative method to estimate the layer-dependent Debye temperature
would be important.

In the present study we employ the high-energy resolution core-level x-ray photoelectron
spectroscopy (XPS) technique based on synchrotron radiation to determine 6p for the Ru(0001)
surface, second-layer and bulk atoms. This approach exploits the fact that the core levels of a metal
can be split into different components which originate from different layers. The binding energy
(BE) shift of the surface component relative to the bulk, named surface core-level shift (SCLS),15
is closely related to the local electronic density of states and thus provides valuable information
about the electronic structure of clean as well as of adsorbate-covered metal surfaces. Noteworthy,
there are several examples where even subsurface core level shifted components have been
detected, as in the case of Be,16-21 Ta,22 W,23,24 Rh,25-27 and Ru.28-30

One further reason supporting the core-level photoemission approach is that, according to previous
studies, SCLS measurements are a valuable tool to probe bulk and surface Debye temperature.31—
34 In fact, by applying the Debye model for the local phonon density of states within the harmonic
approximation and the linear electron-phonon coupling, Hedin and Rosengren35 (HR) derived the
following expression for the phonon broadening of core-level peaks as a function of the temperature
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where G(T) is the temperature-dependent Gaussian width of the core-level components, G and
Gin are the contributions of the instrumental resolution and inhomogeneous broadening,
respectively, G,x(0) is the phonon broadening at T = 0 K and 0, is the Debye temperature.

In this work, we apply the HR theory to the analysis of the Gaussian widths of the bulk, first-, and
second-layer components, as determined by fitting the Ru 3ds, core-level spectra of Ru(0001)
measured at different temperatures.
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II. EXPERIMENTAL

The measurements were performed at the SuperESCA beamline36 of the Elettra synchrotron
radiation facility in Trieste, Italy. The photoemission spectra were collected by means of a Phoibos
150 mm mean radius hemispherical electron energy analyzer from SPECS, equipped with in-house
developed delay line detector.

The experimental setup combines high-energy resolution with high data acquisition rates, thus
allowing to monitor in real time the evolution of the core-level spectral components over a wide
temperature range. The overall experimental energy resolution (which accounts for both the electron
energy analyzer and the x-ray monochromator) was always kept within 50 meV in all
measurements, as determined by probing the width of the Fermi level of a Ag polycrystal.



The Ru(0001) single crystal was mounted on a liquidhelium cryostat manipulator with four degrees
of freedom. The sample was cooled by liquid nitrogen and heated by electron bombardment from
hot tungsten filaments mounted behind it. The temperature of the sample was monitored by means
of two K-type thermocouples directly spotwelded on one side of the specimen.

The sample was cleaned by repeated cycles of Ar* sputtering and oxygen treatments, followed by
annealing to 1600 K to remove residual oxygen. The ordering and cleanliness of the surface were
checked by LEED, which exhibited a sharp (1 x 1) pattern with low background intensity, and by
XPS. The procedure was always repeated after annealing to high temperature, which could induce
irreversible surface contamination.

When performing high-resolution SCLS measurements, a very good background pressure is
required, since even a tiny amount of impurities (mainly hydrogen, water and carbon monoxide,
which are typical contaminants in a ultra high vacuum environment) may alter the line shapes and
BEs of the core-level components, as well as cause the appearance of new features. This is the
reason why the pressure was always maintained below 1.5x107'° mbar during measurements.

In the first part of the experiment, high-resolution Ru 3d5,, spectra were acquired in sweep mode,
i.e., by scanning the energy of the analyzer, at low temperature, in order to minimize thermal
broadening effects and make an accurate determination of the line-shape parameters. In the second
stage, we investigated the temperature effects on the spectral linewidths and on the core-level BEs
by performing a series of fast XPS measurements, in which the evolution of the Ru 3d5,, core levels
was monitored while the sample was cooling down from high temperature. The spectra were
acquired in two modes, namely, in sweep mode and in fixed mode. In the latter case, instead of
scanning the analyzer voltages, “snapshot” spectra are obtained by exploiting the energy dispersion
of the analyzer at the detector plane. As will be explained in more detail in the next section, this
acquisition mode, combined with the large number of virtual channels of the detector (more than
800 points per spectrum) that guarantees accurate measurements of the spectral line shapes even for
dwell times of 1 s or shorter, gave the possibility to obtain a more uniform sampling over the whole
temperature range considered.

It is important to stress that these experiments are extremely demanding in terms of energy
resolution, surface sensitivity, signal-to-noise ratio and data acquisition rates. Care must be taken in
order to avoid small perturbations of the experimental conditions, e.g., due to photon beam
instabilities or residual magnetic fields, which may affect the spectral line profile.

ITI. RESULTS

A. High resolution low-temperature measurements

Prior to the temperature-dependent measurements, we collected and analyzed a series of high-
resolution Ru 3d5, spectra at low temperature (80 K), where thermal smearing effects are
minimized, in order to pinpoint the BEs and lineshape parameters of the core-level components. We
spanned different photon energies in the range 350-400 eV, and worked in three angular
configurations: at normal emission, at grazing emission (70° from the surface normal) and in the
forward scattering geometry37 (about 36° from the surface normal), where an atom of the first-layer
lies in line between a second-layer emitter atom and the electron energy analyzer. This strategy,
which has already been successfully applied in previous works,26,29,30,34 proved extremely useful
to facilitate the spectral deconvolution in the subsequent data analysis.

All the spectra were fitted to Doniach-Sunji¢ (DS) functions convoluted with a Gaussian
distribution. The DS profile combines a Lorentzian width I, which is related to the finite core-hole
lifetime, with the Anderson singularity index a, which reflects the occurrence of electron-hole pair
excitations. The Gaussian width accounts for phonon broadening, instrumental resolution, and any
inhomogeneous broadening. The background was assumed to be linear. The reported BE positions
of the spectra were calibrated with respect to the Fermi level, which was measured under the same
conditions. The data analysis allowed us to unambiguously identify three Ru 3d5, core-level
components, consistently with what reported in previous investigations.29,30



Besides the bulk contribution, we identified a surface component, which is shifted to lower BE, as
expected for a d metal with a more than half-filled d band, 38 and a secondlayer component, which
appears like a shoulder at higher BE than the bulk. While the identification of the surface
component was straightforward, owing to the relatively large SCLS, the deconvolution of the bulk
and second-layer components was not trivial, since they lie very close to each other. By properly
tuning the photon energy and the photoemission angle, it is possible to induce an intensity
modulation of the three core-level components, due to diffraction effects and to the energy-
dependent photoelectron mean-free path in the solid.
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FIG. 1. Selected high-resolution Ru 3ds» spectra measured at different photon energies and
photoemission angles (T = 80 K). The spectra are acquired at (a) normal emission and (b) in
forward-scattering geometry. The deconvolution into bulk, surface, and second-layer components is
shown superimposed.

Figure 1(a) shows a selection of Ru 3d5,, spectra collected at normal emission at different photon
energies, together with their deconvolution into bulk, surface, and second-layer components. As can
be clearly seen, the intensity of the surface feature is enhanced at lower energies while an opposite
trend is observed for the bulk component. The second-layer photoemission signal, on the other
hand, keeps an almost constant intensity at all photon energies. In Fig. 1(b) is shown a spectrum
acquired at 403 eV in the forward-scattering geometry. A comparison with the spectrum measured at
normal emission at the same photon energy highlights a different ratio between the intensities of the
bulk and second-layer components, which amounts to 1.9 at normal emission, while it drops to 1.2
in the forward-scattering geometry. In the following, we will focus, in particular, on the analysis of



the Ru 3ds,, spectra acquired at hv = 403 eV, both at normal emission and in the forward-scattering
geometry.
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FIG. 2. Correlation matrix for the fitting coefficients of the Ru 3ds, spectrum acquired at normal
emission and hv = 403 eV. r; describes the degree of correlation between the parameters i and j.

Collecting a series of spectra at different photon energies and in different angular configurations
allows to detect and subsequently remove possible correlation effects between the fitting
parameters. A quantitative tool to assess the degree of correlation between two fitting coefficients is
provided by the correlation matrix, i.e., the normalized form of the covariance matrix. The
correlation matrix for the set of fitting coefficients of the Ru 3d5, spectrum acquired at normal
emission for hv = 403 eV is reported in Fig. 2; the color scale reflects the degree of correlation
between any pair of terms (see legend). A high degree of correlation between two parameters is
typically reflected in an unphysical modulation of the latter upon changing the photon energy and



the photoemission angle. This behavior was indeed observed in a preliminary trial fit, in which we
left all parameters unconstrained.

An efficient strategy to remove fictitious correlation effects, which has already been successfully
tested in previous works,22,26 is given by the analysis of the chi-square (x?) contour plots, in which
the evolution of the x* is mapped while two fitting coefficients are simultaneously varied.

105 110 115 120 125 130 135 140 145 150 155

Bulk Gaussian FWHM (me\f)
225 FrTT TR T T T RO
S 220 (b) B '
E 215 :

210
205
200
195
190
185 |
180

60 65 70 75 80 85 90 95 lﬂUlDSllﬂllSlE{]
Surface Gaussian FWHM (meV)

FIG. 3. Two-dimensional contour plots referred to the fit of Ru 3ds, core-level spectrum measured
at hv = 403 eV at normal emission. The plots show the normalized chi square x* v’ as a function
of (a) asymmetry and Gaussian width of the bulk component and (b) Lorentzian and Gaussian width
of the surface component.
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The presence of a deep and localized minimum in the phase space diagram indicates that the
optimum value of the parameters lies in the range where the minimum is found. Figure 3 shows two
contour plots for the spectrum acquired at hv = 403 eV at normal emission, where the quantity



X*/xmi” is plotted in color scale. This method provided us also a tool to estimate the error bar
affecting the fitting parameters: for each contour plot, we selected the region were the x? lay within
5% from its minimum value and calculated the corresponding range of variation in the fitting
coefficients.

Although, in principle, a different line shape would be expected for bulk and second-layer
components, the two peaks lie so close to each other, and their fitting coefficients are therefore so
highly correlated, that no reliable estimate could be derived for two distinct sets of line-shape
parameters. Hence, in order to reduce the number of degrees of freedom, we constrained the bulk
and second-layer components to a common set of line-shape parameters.

The results of the analysis are summarized in Table I. The fitting procedure used proved successful,
as reflected in the structureless modulation of the residuals for all spectra (not shown). We found a
firstand second-layer CLS of —375+5 meV and +135+5 meV, respectively, which are in good
agreement with previously published results.29,30

As to the line-shape parameters, a first interesting result concerns the larger Gaussian width of the
bulk and secondlayer components compared to that of the surface. Intuitively, an opposite behavior
would be expected, since phonon excitations are enhanced at the surface, owing to the lower
coordination of top-layer atoms. In similar cases, it has been surmised that the presence of buried
features close to the bulk peak is responsible for the observed Gaussian broadening of the bulk and
second-layer components. Only in few cases, where a direct comparison with theoretical
calculations was available, it has been possible to disentangle the individual contributions of third
and deeper layers from that of the bulk.16,17,19,21 In general, however, the CLSs of the former fall
below the attainable experimental resolution, so that these contributions remain hidden, thus leading
to a fictitious broadening of the other components. An alternative explanation has been proposed by
Riffe et al.,39 who investigated the Ta(100) surface. Following the HR model,35 they pointed out
that, in a first-order approximation, the intrinsic Gaussian broadening of a core-level component is
related to the temperature by the following expression [compare Eq. (1)]:
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where C is a constant that depends on the details of the valence band structure and on the mass
density of the solid; therefore it is not necessarily the same for surface and deeper layer
components. This issue, anyhow, is still an open question at present.

TABLE I. Fitting parameters obtained for Ru 3ds, spectra measured at hv = 403 eV.

Fitting parameters Normal emission Forward scattering
Bulk and second-layer Lorentzian FWHM (meV) 115+ 15 120+ 20
Bulk and second-layer asymmetry 0.095 = 0.005 0.105*0.015
Bulk and second-layer Gaussian FWHM (meV) 130+ 10 125+ 15
Surface Lorentzian FWHM (meV) 205+10 185+ 10
Surface asymmetry 0.115=0.010 0.110x=0.015
Surface Gaussian FWHM (meV) 90+ 10 105+10
Surface core-level shift (meV) =375x5 =365 10
Second-layer core-level shift (meV) 1355 135*5

With reference to Table I, another interesting finding is the larger Lorentzian width of the surface
compared to that of the bulk and second-layer components. This indicates a shorter core-hole
lifetime at the top layer, which can be understood in terms of the lower coordination of surface



atoms. This, in fact, leads to a higher localization of the more atomiclike d electrons, which in turn
enhances the intra-atomic Auger decay probability. Actually, there are two counteracting effects
which should be taken into account. On one hand, an increased delocalization of the 4d conduction
electrons may reduce the overlap between 3d and 4d levels and therefore result in a lower Auger
decay probability. In addition, the firstto second-layer inward lattice relaxation, which has been
reported for this surface,40 and the subsequent bondlength contraction, may mimic the effect of an
increased coordination. Nevertheless, according to our results, the latter effects are evidently
overridden by the increased localization of 4d electrons at the top layer. A similar trend [namely, a
larger Lorentzian full width at half maximum (FWHM) for the surface than for the bulk component]
has been reported in the past also for W(110),41 Ta(100),39 Rh(110), Rh(100),25 and Ir(111).34
Finally, a larger asymmetry index is found for the surface than for the bulk and second-layer peaks:
this can be explained by considering the higher surface density of states at the Fermi level, which
accounts for an increased electronhole pair excitation probability. A similar behavior was indeed
found also for Ta(100),39 Rh(100), Rh(110),25 Rh(111),26 and Ir(111).34

B. Temperature-dependent measurements

Once the analysis of the high-resolution spectra at low temperature was completed, we investigated
the thermal evolution of Ru 3ds, core levels. This was accomplished in two steps: (i) by acquiring
high-resolution spectra at some selected temperatures in the range 77-973 K, operating the analyzer
in scanning mode; (ii) by taking fast XPS spectra, both in sweep mode and in fixed mode (as
described in Sec. II), in which the evolution of the Ru 3ds. core level was tracked while the sample
was cooling down from 1100 to 80 K.

In the first part of the temperature-dependent measurements, we acquired a set of high-resolution
spectra while keeping the sample at some fixed temperatures, with the purpose of studying the
thermal broadening of the core-level components. Within the temperature range investigated,
phonon excitations yield the main contribution to the spectral linewidth, which is reflected in a
Gaussian broadening of the peaks at increasing temperature. Figure 4(a) shows a selection of Ru
3ds,, spectra acquired at normal emission at different constant temperatures.

In order to reduce the degrees of freedom, we fitted this data set by fixing the Lorentzian width and
asymmetry index of bulk, surface and second-layer components to their lowtemperature value,
allowing only their Gaussian width to vary. This choice relies on the basic assumption that, in a
first-order approximation, the core-hole lifetime and the electron-hole pair excitation probability do
not depend on temperature.

A problem concerning the spectra acquired at fixed temperature arises from the small BE separation
of the bulk and second-layer components, which become almost indistinguishable at high
temperature under the effect of thermal broadening [see Fig. 4(a)]. If their intensities were left
unconstrained, the fitting procedure returned an unphysical estimate of their line-shape parameters
and BEs. Hence, in order to remove possible artifacts and to rationalize the analysis, we forced the
ratio between the integrated intensities of the bulk and second-layer components to a fixed value
over the whole temperature range. We repeated the fitting procedure for five different values of the
ratio (ranging between 1.7 and 2.1), to check how this choice affected the quality of the fit. Since no
appreciable effect was detected, we took the value of 1.9, which is the ratio found for the low
temperature spectra, acquired at normal emission and at the same photon energy.

The results of our analysis are reported in Fig. 4(b), where the squared Gaussian widths of bulk,
surface and secondlayer components are plotted against the temperature. A linear fit to the data is
shown superimposed, to highlight the different slopes of the curves.

The large thermal relaxation experienced by the surface is reflected in an enhanced Gaussian
broadening of the corresponding core-level component with respect to the other peaks. The bulk
and second-layer Gaussian widths, which are almost the same at low temperature, progressively
diverge at increasing temperature, with the subsurface component experiencing a larger broadening.
A major drawback of the kind of measurements just described, where the sample is constantly
warmed by filament heating, is the presence of current-induced magnetic fields, which may affect



the spectral profiles as well as the measured BEs. Another problem may be carbon surface
segregation from the bulk induced by prolonged heating to high temperature which may affect the
spectral line shape and BE. This phenomenon, which occurs significantly between 1000 and 1400
K, has been exploited in recent experimental works to grow an epitaxial layer of graphene on
Ru(0001).42 In addition, the limited number of experimental points available over a relatively wide
temperature range (~900 K) did not allow a reliable comparison between the experimental results
and the predictions of the HR model.
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FIG. 4. (a) Selected high-resolution Ru 3ds. core-level spectra acquired at normal emission at
different constant temperatures (hv = 403 eV). (b) Total squared Gaussian width versus temperature
for Ru 3ds,, bulk, surface, and second-layer components, as obtained from a least-squares fit to the
spectral sequence reported in (a). A linear fit to the data is shown superimposed, as a guide to the
eyes.

In order to overcome these problems, we performed fast XPS measurements, in which the thermal
evolution of the Ru 3d5,, core level was monitored in real time. We first collected a sequence of



spectra in sweep mode while the sample was cooling down from 1100 to 80 K. The result of the
data analysis basically confirm the trends we have already observed for the spectra acquired at
constant temperature. Also in this case, the surface peak shows an enhanced Gaussian broadening at
increasing temperature with respect to the other components. The curves associated to
photoemission from the bulk and the second layer, which almost overlap at low temperature, exhibit
two distinct trends in the temperature range above 600 K.

However, the scattering of the experimental points in the high-temperature range makes it very hard
to correctly resolve the bulk and second-layer contributions at high temperature. Another drawback
is that the time required to take each spectrum was about 7 s, which, at the beginning of the cooling
run (approximately above 800 K), corresponds to a sizeable temperature drop (approximately 80 K)
during each scan: this means that the different BE intervals of the hightemperature spectra are
affected by thermal broadening in a nonuniform way.
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FIG. 5. (a) Thermal evolution of the Ru 3ds. core levels during cooling of the sample (series
acquired in fixed mode, at normal emission, and hv = 403 eV). The acquisition time is 1 s per
spectrum. (b) Ru 3ds/, spectra corresponding to T = 1050 K and T = 90 K.

In order to achieve an accurate assessment of the temperature-dependent parameters, we exploited
the snapshot operation mode (described in Sec. II) to collect spectra at normal emission and at hv =
403 eV, with acquisition time of 1 s per spectrum. This unique operation mode allows a
considerably faster acquisition rate compared to sweep mode, which is particularly suitable to tackle
the short timescale evolution of core levels. It should be stressed how the faster data acquisition rate
not only increased the number of experimental points available over the whole temperature range,
but allowed, in particular, a more efficient sampling of the high temperature interval. In addition,



the spectra acquired in fixed mode are much less affected by the temperature drop during each scan
than the corresponding sweep mode spectra.

Figure 5(a) shows an intensity plot of the raw data while in Fig. 5(b) two Ru 3d5,, spectra acquired
at the beginning (T = 1050 K) and at the end (T = 90 K) of the cooling run are reported. Following
the same fitting strategy described above, we extrapolated the temperature-dependent Gaussian
widths of bulk, surface, and second-layer components (reported in Fig. 6), as well as the thermally
induced CLSs of the surface and subsurface components, shown in Figs. 7(a) and 7(b), respectively.
The Lorentzian widths and asymmetry parameters were constrained to the values found for the low
temperature spectra.

The resulting Gaussian width of the surface component is seen to grow at an appreciably faster rate
than the others. Another remarkable observation concerns the Gaussian width of bulk and second-
layer components, whose curves are already distinguishable above 400 K.

IV. DISCUSSION

We applied a refined fitting procedure to the data shown in Fig. 6 based on the HR model for the
thermal broadening of core-level spectra, as expressed in Eq. (1). In this way, a quantitative
estimate of the Debye temperature of bulk, surface, and second-layer Ru could be derived, despite
some intrinsic limitations of the model, which will be considered below. The resulting Debye
temperature is 295+10 K for the surface, 445+10 K for the second-layer, and 668+5 K for the bulk.
A comparison of these results with those reported in previous works shows an overall good
agreement. In particular, Madey et al.43 estimated a surface Debye temperature of 321 K for
Ru(0001). These results were obtained by analyzing the intensity attenuation of the LEED spots at
increasing temperature for electron-beam energies between 100 and 400 eV. While our estimate of
the surface Debye temperature is in agreement with this work,43 a larger discrepancy is found for
the bulk Debye temperature (668 K versus 370 K).

This disagreement could be understood by considering that LEED is intrinsically a surface-sensitive
technique, so that, even at high kinetic energies, a substantial contribution of the top layer to the
overall diffracted intensity cannot be suppressed. Indeed the calculated electron inelastic meanfree
path on Ru is found to be only 7.8 A at 400 eV kinetic energy.44 As a consequence, the value
reported by Madey et al. should be considered as an average over the contributions of different
layers, including the top layer, which tends to underestimate the actual bulk Debye temperature.

A survey of the experimental data reported in literature shows different values for the Debye
temperature of Ru. Calorimetric experiments carried out by Reese et al.45 yielded a Debye
temperature of 55545 K, in good agreement with previous works (Refs. 46 and 47). In a more
recent experimental work by Narayana48 the Debye temperature of five different hcp elements was
derived from x-ray diffraction data: the estimated Debye temperature of Ru was 495+24 K.

An important remark concerns the range of applicability of the HR model for the different layers.
While the model fits the data for the bulk component almost over the whole temperature range, it
performs less satisfactorily in the case of the second-layer, for which it provides a suitable
description only in the temperature interval below 700 K, and even worse in the case of the top
layer for temperatures above 450 K. The failure of the HR model clearly indicates that the simple
theory underlying it provides an inadequate description of the thermally induced phonon excitations
involving surface atoms. An argument that has often been invoked to explain the anomalous thermal
behavior displayed by toplayer atoms is the enhanced anharmonicity of surface vibrations compared
to bulk phonon excitations. In general, a purely harmonic description of the motion of the atoms in
a solid is not valid, since, as the temperature rises, the amplitude of lattice vibrations increases and
the anharmonicity of the interatomic potential is reflected in a thermal expansion of the lattice.
Lattice vibrations at the surface are considerably larger than in the bulk, due to the reduced
coordination of the atoms, as well as to the boundary condition of vanishing forces at the cleavage
plane. The perpendicular motion is expected to be very anisotropic, i.e., with very different potential
shape for inward and outward motion, and to become sufficiently excited to reach the anharmonic
range even at relatively low temperature. Noteworthy, anharmonicity is responsible for the



anomalous thermal interlayer expansion of solid surfaces and it leads to surface-specific
phonondispersion relations.
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FIG. 6. Squared Gaussian FWHM vs temperature for bulk, surface, and second-layer components,
as obtained from a least-squares fit to the time-resolved Ru 3ds» spectral sequence acquired in
snapshot mode, at normal emission and hv = 403 eV. The fits to the experimental data using the HR
model are shown superimposed.

In this framework, extensive investigations have been carried out in the past on the Cu(110)
surface.49,50 In this case, an appreciable anisotropy of the vibration amplitudes can be expected
due to the twofold symmetry of the structure; for this reason, Cu(110) has been taken as a model
system to study surface phenomena such as anharmonicity, roughening transitions, and surface
melting.51

In light of these considerations, the apparently odd behavior of the Gaussian FWMH of the surface
component (Fig. 6) can be ascribed to increased anharmonic vibrations of toplayer atoms at
increasing temperature, which restricts the possibility to apply the HR model to a limited subset of
data at low temperature. Moreover, the simple “rule of thumb” stating that the surface Debye
temperature should be 1/v2 that of the bulk,52 cannot be applied to our data because it relies on the
basic assumption that the atoms in a crystal can be described as harmonic oscillators, which is
actually not applicable to our case.

The behavior of the CLSs outlined in Fig. 7 can be interpreted as due to temperature-dependent
relaxation of the top layer. While at low temperature the firstto second-layer distance at low
temperature is slightly contracted with respect to the bulk interlayer spacing,40 at increasing



temperatures the top-layer undergoes a thermal expansion. It has been indeed observed that most
metallic surfaces tend to relax inwards at low temperature while at higher temperatures the
contraction turns into an expansion.53 Moreover, the thermal expansion of the first interlayer
spacing is considerably larger than in the bulk. This behavior, which has been experimentally
observed, e.g., for Pb(110),54 is not surprising if one considers the anharmonic potential felt by a
first (or, to a lesser extent, second) layer atom when it is moved along the direction normal to the
surface. Again, the large anharmonicity stems from the reduced number of nearest neighbors of
first-layer atoms. In this way, the top-layer expansion at higher temperature is responsible for the
corresponding SCLS increase, while the second-layer atoms which are “overcoordinated” at low
temperature, display a shift to lower BE, thus approaching a more bulk like coordination as the
temperature is increased.
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FIG. 7. Thermally induced CLS of (a) surface and (b) second-layer components in the range 80—
1050 K, as obtain from a least-square fit to the time-resolved data acquired in snapshot mode,
reported in Fig. 5.

The fact that the temperature-dependent SCLS reaches a saturation value approximately above 400
K (see Fig. 7) can be likely related to the onset of anharmonic effects, which are also responsible for
the observed breakdown of the Debye model for the surface data above 450 K (see Fig. 6).

The measured BE shifts of the bulk and surface core-level components were used to extrapolate the
linear thermalexpansion coefficient (A) of Ru, by applying the Friedel model which has already
been successfully tested on other transition-metal surfaces.39 This model, combined with the linear
combination of atomic orbitals (LCAQO) calculation of the bandwidth W; (see Ref. 38), provides an
expression for the thermally induced change in the d-band center E; (with respect to the Fermi
level) as a function of the normalized linear lattice expansion, Aa/a (where Aa is proportional to the
temperature variation over the range considered: Aa = AaAT). The total thermally induced BE shift



(in electron volt) of a core-level component is expressed as the sum of two terms, which account for
the contribution of initialand final-state effects, respectively,39
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where qy is the Bohr radius and rs is given by V = 4/3 nir, V being the volume per conduction
electron. We therefore started from the LCAO results of W; = 8.44 eV and Z; = 7.27 (Ref. 38)
(which implies that Z; = 0.73 and ry/a, = 3.105) to calculate the expression in braces in Eq. (3). We
then used the experimental BE curves of the bulk and surface components to calculate Aa/a and
plotted the values so obtained against the temperature. A linear fit of the data allowed us to derive
the layer-dependent thermal expansion coefficient: in particular, we find a coefficient of
6.26+0.07x10°° K™ for the bulk and 9.22+0.09x10°® K™ for the top layer. Our results are in good
agreement with previous findings. A value ranging between 5.1x107° and 9.6x107° K™ is generally
found in literature for the linear thermal expansion coefficient of Ru (see Ref. 55). Two distinct
values for the thermal expansion coefficient of Ru along the a axis (in-plane lattice expansion,
7.1x107° K™ ) and along the c axis (out-of-plane expansion, 11.1x107° K™ ) are reported in Ref. 56.
These data fit our experimental results particularly well. The surface thermalexpansion coefficient
evidently receives a larger contribution from lattice relaxation in the direction normal to the plane,
due to the lower coordination of top-layer atoms and hence to the larger amplitudes of phonon
vibrations at the surface. The smaller thermal expansion coefficient found for the bulk, on the other
hand, is consistent with the greater stiffness of deeper layers.

In conclusion we have shown that by using high-energy resolution core-level photoelectron
spectroscopy it is possible to obtain an accurate value of the layer-dependent Debye temperature of
Ru(0001). Our results show that a harmonic description of the motion of the surface atoms is valid
only below 450 K. Above this temperature anharmonic effects contribute significantly to the
position and line shape of the different core-level components and result in a different surface and
bulk thermal expansion.
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