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The �1�1�→quasihexagonal �HEX� phase transition on a clean Pt�100� surface was investigated
by monitoring the time evolution of the Pt4f7/2 core level photoemission spectra. The spectral
component originating from the atoms forming the �1�1� metastable unreconstructed surface was
found at −570±20 meV with respect to the bulk peak. Ab initio calculations based on density
functional theory confirmed the experimental assignment. At temperatures above 370 K, the �1
�1� phase irreversibly reverts to the more stable HEX phase, characterized by a surface core level
shifted component at −185±40 meV. By analyzing the intensity evolution of the core level
components, measured at different temperatures in the range of 393–475 K, we determined the
activation energy of the phase transformation, E=0.76±0.04 eV. This value is considerably lower
than the one previously determined by means of low energy electron diffraction. Possible reasons
for this discrepancy are discussed. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2794344�

I. INTRODUCTION

Among the transition metals surfaces, Pt�100� represents
an intriguing case for the remarkable differences in chemical
reactivity between the �1�1� unreconstructed phase and the
reconstructed high-temperature quasihexagonal phase
�HEX�. A vast literature has therefore been dedicated to the
structural determination of the different phases,1–3 the
mechanism of reconstruction4,5 �also in the presence of ad-
sorbates�, and the understanding of chemical properties, re-
lated in particular to the oscillatory behavior of a large num-
ber of surface chemical reactions.6

Similar to other �100� 5d transition metal surfaces such
as Ir and Au, Pt exhibits a quasihexagonal reconstructed
stable phase, periodically matching the �100� substrate. Dif-
ferent symmetries of the first and the subsurface layers result
in a large �5�25� unit cell. Scanning tunneling microscopy
�STM� clearly revealed that the topmost layer has a hexago-
nal structure, characterized, however, by a large-scale height
modulation. Due to a contraction of the Pt–Pt distance, the

topmost layer accommodates about 25% more atoms than
the bulk-terminated ideal �100� layer. Density functional
theory �DFT� calculations4 have identified the tensile excess
stress of the unreconstructed �1�1� phase, originating from
a d charge depletion in the surface layer, as the driving
mechanism for the formation of the reconstructed phase. The
HEX reconstruction can be lifted by adsorbates such as
CO,7–14 NO,15–19 and O,20–27 as the gain in adsorption energy
overcompensates the loss in reconstruction energy. The tran-
sition from the �1�1� to HEX phase has also been invoked
to interpret the oscillatory kinetics of a large number of
chemical reactions on Pt, as due to periodical switching be-
tween two states of different catalytic activity. In these stud-
ies, CO+O2, NO+CO, NO+H2, and NO+NH3 chemical re-
actions have been widely studied6 in the attempt to develop a
mathematical model describing the oscillatory chemical re-
activity. In general this involves the definition of a set of
coupled differential equations, describing the variation of the
adsorbate coverage on the HEX and �1�1� phases and the
phase transition between the two. In this context, one of the
most important parameters is the activation energy of the
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�1�1�→HEX structural transition, which quantifies the
thermal stability of the �1�1� phase.

While for the Au�100� surface a mechanism was pro-
posed based on atomic migration from steps or islands
�which act as sources of the 25% excess HEX surface at-
oms�, a different mechanism has recently been suggested for
the Pt�100� �1�1�→HEX phase transition, based on the
presence of an intermediate phase.5 This process involves the
extraction of extra atoms from the second layer, forming sub-
surface vacancies. The effective activation energy Ea for the
subsurface vacancy creation has been estimated to be 1.2 eV
�pre-exponential factor of 1013 s−1�, slightly larger than the
unique experimental value reported so far, obtained by low
energy electron diffraction measurements which is
0.91 eV.28

In the present paper, we investigate the transition from
the �1�1� to the HEX phase on Pt�100� by means of high-
energy resolution core level photoemission. The time evolu-
tion of Pt4f7/2 spectra measured at different temperatures al-
lows us to determine the activation energy of the process.
Differences between our experimental findings and previ-
ously reported activation energies for the same process are
discussed.

II. EXPERIMENTAL

The photoemission studies were performed at the I311
beamline of the third generation synchrotron radiation source
MAX II, Lund, Sweden.29 The background pressure in the
main chamber was always better than 1�10−10 mbar. The
Pt�100� single crystal was cleaned by Ar ion sputtering at
room temperature �E=1.2 keV�, annealing to 1250 K, oxy-
gen cycles in order to remove residual carbon �in the tem-
perature range of 570–1070 K at pO2=1�10−7 mbar�, and
finally, hydrogen reduction to remove residual oxygen traces
�pH2=1�10−7 mbar, T=470–770 K�. Surface cleanness was
checked by inspecting the C1s, Si2p, S2p, and O1s signals.
The overall energy resolution �beamline+spectrometer� of
the Pt4f7/2 spectra was 50 meV at the photon energies we
used, ranging from 120 to 150 eV. Core level binding ener-
gies �BE� have always been calibrated with respect to the
Fermi level.

The metastable �1�1� clean layer is prepared with a
procedure similar to the one developed by Kuhnke et al.30

using He diffraction. NO is based at 300 K
�pNO=2�10−8 mbar� for about 600 s, monitoring in real
time the N1s signal evolution. It is well known that in the
saturated NO layer the reconstruction is completely lifted.
The surface is then annealed to 420 K in an oxygen atmo-
sphere �p=1�10−7 mbar� in order to desorb part of the NO
layer and allow the residual NO to dissociate, thus forming a
chemisorbed oxygen layer on a �1�1� substrate �N immedi-
ately leaves the surface as N2 after NO dissociation�. The
resulting surface is completely covered by chemisorbed oxy-
gen as evidenced by the O1s signal and the absence of a N1s
signal. After cooling to 340 K the oxygen is removed by low
pressure hydrogen reduction at 2�10−9 mbar, monitoring
the O1s signal and stopping the hydrogen flux as soon as all
oxygen has been reacted off, in order to minimize residual

hydrogen on the surface. The high-photon flux of the beam-
line allows measurement of the O1s intensity evolution with
high surface sensitivity �better than 0.1% of monolayer
�ML�� and time resolution �10 s/spectrum�. Small traces of
residual hydrogen �less than 1%� can be easily desorbed by
2–3 flashing cycles below 420 K ��10 K/s�, a temperature
at which HEX-induced diffraction spots start to be observed
in a slow heating process �0.06 K/s�.30

Low energy electron microscopy �LEEM� and micro-
low-energy-electron-diffraction �LEED� were used to pro-
vide a local characterization of the surface structure. These
microscopic investigations were done using the spin polar-
ized LEEM �SPLEEM� microscope available at the Nano-
Spectroscopy beamline at ELETTRA.31

The core level photoemission spectra were fitted with a
Doniach-Šunjić �DS� function,32 characterized by the singu-
larity index parameter � �final-state screening of the core
hole� and by the Lorentzian width � �finite core-hole life-
time�, convoluted with a Gaussian of width G, which takes
into account the broadening due to the phonons, the surface
inhomogeneity, and the instrumental resolution. A linear
background was also subtracted.

III. DFT CALCULATIONS

The core level binding energies were calculated using a
density functional theory based formalism33,34 employing the
generalized gradient approximation35,36 as implemented in
the Quantum-ESPRESSO open source distribution.37 The in-
teraction between the electrons and the ionic cores is de-
scribed by an ultrasoft pseudopotential.38 The Kohn-Sham
equations are solved self-consistently using a plane-wave ba-
sis set restricted to a kinetic energy cutoff of 32 Ry. In order
to deal with the metallic character of the system and to im-
prove the convergence with respect to the number of k points
of the Brillouin zone integration the contribution from each k
point is broadened by using a Methfessel and Paxton smear-
ing function39 of order 1 with a width �=0.012 Ry.

For the �1�1� cell a sampling with a �10�10�2�
Monkhorst-Pack grid was adopted, resulting in 15 special k
points in the irreducible wedge.40 The Pt�100� surface was
modeled by a fully relaxed seven-layer slab with a vacuum
region corresponding to five interlayer spacings, enough to
avoid interactions between neighboring slabs as previously
found.41 Final state core level binding energies can be accu-
rately computed in the pseudopotential formalism we used
by describing the excited atom by a pseudopotential gener-
ated in the core-excited configuration. In this formulation the
core level binding energies, including final state effects, are
given by the pseudopotential total energy difference supple-
mented by an additive constant that can be determined for
the isolated atom and cancel out when computing binding
energy differences. Initial state contributions can also be ex-
tracted by a frozen-density calculation. The estimated abso-
lute error in the surface core level shift is ±30 meV. Details
of the method we used can be found in Ref. 41.
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IV. RESULTS AND DISCUSSION

A. Surface Characterization

The deconstructed surface displays a good �1�1� LEED
pattern �Fig. 1�a��. LEEM �Fig. 1�b�� shows no structural
contrast, which is direct evidence for the laterally homoge-
neous distribution of the �1�1� phase. Phase contrast in the
images reveals instead a complex surface morphology. Typi-
cally, large flat areas with densely spaced single steps �aver-
age terrace width of 40 nm� and a few step bunches are
observed.

LEEM is ideally suited to follow the dynamics of the
phase transition occurring during annealing of the �1�1�
metastable structure. At an electron energy of 6 eV it is pos-
sible to obtain structural contrast between the �1�1� and the
HEX phases, the latter appearing brighter than the �1�1� as
seen in Fig. 1�c�. Typically, the HEX phase grows in needle-
like domains which are preferentially aligned along the main
crystallographic directions and can extend up to
�300�50 nm2. With increasing time �or temperature�, the
HEX phase tends to cover the entire surface �Figs. 1�d� and
1�e��.

The growth mode of the HEX phase during annealing of
the �1�1� phase mirrors is observed during the inverse pro-
cess. In fact, when the HEX reconstruction is lifted by NO
adsorption, the �1�1� domains have similar asymmetric
shape and orientation. This is in agreement with previous
scanning tunneling microscopy �STM� experiments and
simulations for the CO-induced lifting of the HEX,7 which
demonstrated that the surface restructures via the ejection of
chains of Pt atoms. Our LEEM data �not shown� indicate that
the same mechanism can determine the shape of the domains
up to mesoscopic length scales.

Prior to the phase transition measurements, we indepen-
dently characterized the �1�1� and HEX phases. In Fig. 2
the Pt4f7/2 spectrum of the clean �1�1� structure measured
at 90 K and 120 eV photon energy is shown, together with
the individual components resulting from the data analysis.
Only two peaks �A and B� were used to fit the spectrum at
71.02 and 70.45 eV, respectively, i.e., with a core level shift
of 570±20 meV. Best fits were obtained with two DS func-
tions with different values of the fitting parameters

��A=480 meV, �B=310 meV, �A=0.14, �B=0.13, GA

=100 meV, and GB=240 meV�. In order to determine the
origin of these components we first acquired Pt4f7/2 spectra
at high photoelectron kinetic energies �above 300 eV�. The
low binding energy component B presents a reduced inten-
sity, as expected for a surface component, due to the in-
creased inelastic electron mean free path. In addition, the
lower binding energy component is strongly modified by
small traces of adsorbates such as oxygen and hydrogen,
deliberately dosed on the clean surface at room temperature.
Finally, for a 5d transition metal surface with a d-band more
than half occupied, the surface peak is expected to have a
smaller binding energy with respect to the bulk peak, with a
shift that, in absolute value, should be even larger than the
one found for the close-packed Pt�111� surface, i.e.,
−400 meV.42–44

In order to simplify the fitting procedure, the spectrum

FIG. 1. �a� �1�1� LEED of the deconstructed surface �E=70 eV�. The
corresponding LEEM image �E=16 eV� �b� demonstrates the homogeneous
lateral development of the �1�1� phase; step and step bunches appear
darker than the terraces. �c� Development of needlelike HEX domains dur-
ing annealing of the �1�1� phase �T=420 K, E=6 eV�; main crystallo-
graphic axes are indicated by the white arrows. �d� LEED of the HEX
reconstructed surface �E=55 eV� and �e� corresponding LEEM image
�E=16 eV�. In all LEEM images the white bar indicates a length of 1 �m.

FIG. 2. �Color online� Pt4f7/2 core level spectra corresponding to �1�1�
and HEX phases measured at 90 K and 120 eV photon energy �spectra are
plotted on a different scale, see inset�. The �1�1� spectrum can be fitted by
two components corresponding to bulk �A� and first-layer �B� atoms with a
surface core level shift of −570 meV. For simplicity, also the HEX phase
has been fitted by considering only one surface component �C� at −180 meV
with respect to the bulk peak.
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corresponding to the HEX phase has also been fitted with a
single surface component, whose lineshape parameters were
fixed to the values of the �1�1� surface component. Al-
though this clearly represents a strong approximation, as
first-layer atoms involved in the �5�25� structure are geo-
metrically slightly inequivalent, the alternative solution
would require that an unreasonable number of components
was included in the fitting procedure.

It should be noted that the overall integrated intensity of
the HEX peak is about 32% larger than �1�1�-related peak,
as clearly visible in the inset of Fig. 2. This can be ascribed
to the higher surface atomic density, even though photoelec-
tron diffraction effects at these photoelectron kinetic energies
can be relevant. For the same reason we could also explain
the decreased intensity of the bulk component in the HEX
spectrum. On the basis of all the above considerations, we
assign the lower BE component to first-layer Pt atoms. In
order to support these conclusions by means of a quantitative
comparison with the experimental findings, we performed
DFT calculations of the Pt�100� surface core level shift for
the unreconstructed structure.

The fully relaxed �1�1� surface shows a first-to-second
layer distance which is contracted by 2.4% with respect to
the calculated bulk interlayer spacing of 1.99 Å. The equi-
librium geometry is in very good agreement with previous
theoretical results which yielded a surface relaxation of
−2.6%.45 Furthermore, our density functional theory �DFT�
calculations confirm the experimental assignment of the
lower BE component, since the calculated surface core level
shift is −510±30 meV.

There is still a small discrepancy between the theoretical
and measured values. As second-layer contributions have
been found46 to be important in Rh�100� and Rh�111� sur-
faces for a detailed comparison between experimental and
theoretical spectra, in order to asses the impact of such effect
in the present case, we also calculated the second-layer sub-
surface core level shift. Indeed we found a small positive
shift �+22 meV� in the second-layer contribution with re-
spect to the bulk peak, consistent with the fact that second-
layer atoms have a somewhat higher coordination than the

bulk one, due to the reduced first-to-second layer distance.46

Accounting for this minor shift in the experiment would
bring experimental and theoretical results in even closer
agreement. We did not, however, add a new core level com-
ponent so close to the bulk peak in the data analysis for two
reasons: �i� it is known that, as for Pd,47 the DS lineshape
does not accurately describe the Pt4f profile, due to the rapid
change of the density of states around the Fermi level, and
�ii� the LEEM images show the presence of step bunches and
thus not only first-layer but also second-layer atoms with
coordination n�12 are expected, resulting in other low in-
tensity core level components hidden underneath the bulk
peak.

On Pt�100�, the Pt4f7/2 surface core level shift appears to
be dominated mainly by initial state effects due to the re-
duced coordination of surface atoms, as the calculated con-
tribution from the electronic core hole screening is about
+70 meV for both first- and second-layer atoms. This is
clearly visible in Fig. 3, where the calculated partial density
of states48 of first-layer, second-layer, and bulk atoms is plot-
ted. The displacement49 of the d-band center of the surface
atoms with respect to the bulk ones, �Bd=Bd

bulk−Bd
surf, goes

FIG. 3. �Color online� Density of states projected onto the 5d orbitals of the
Pt atoms in the inequivalent configurations of the �1�1� unreconstructed
phase �see insert�: bulk �black�, second-layer �gray�, and first-layer surface
atoms �orange�. The calculated atom-projected d-band center is also
reported.

FIG. 4. �Color online� �a� Time evolution of the Pt4f7/2 core level spectra
measured at T=414 K and h�=120 eV. Each spectrum was measured in
14 s. The yellow line indicates the position of the �1�1�-related surface
core level component, while the green line indicates the binding energy of
the HEX-induced surface core level shifted peak. �b� Intensity evolution of
the three peaks’ integrated areas �black=bulk, green=HEX, yellow=1�1�
versus time, obtained by fitting the sequence of about 130 spectra, recorded
at constant temperature.
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for the clean �1�1� structure from −541 meV in the case of
the first-layer atoms to +90 meV for second-layer atoms.

B. KINETICS

The identification of the surface core level shifted com-
ponents permits the study of the kinetics of the �1�1� struc-
tural transformation to the HEX phase. The time evolution of
the intensity of the �1�1�-related component as a function
of time at different temperatures ranging from 393 to 475 K
is a measure of the changes in the population of �1�1�-type
atoms. The same approach has been previously applied to
study the thermal stability of the Rh�110� �1�n� missing-
row reconstruction.50 Figure 4�a� shows a typical sequence
of Pt4f7/2 spectra acquired at 414 K �acquisition time
�14 s /spectrum�. Already a qualitative inspection of the
evolution of the raw data reveals that the high binding energy
component at 70.80 eV, ascribed to atoms in the HEX con-
figuration, grows with time, while the �1�1� related surface
component gradually disappears.

The intensity versus time curves are plotted in Fig. 4�b�:
initially the intensity of the �1�1�-surface component de-
cays exponentially, while the HEX surface component grows
with time. Also the bulk peak intensity diminishes, as ex-
pected by comparing HEX and �1�1� low temperature spec-
tra. The results for the time evolution of the �1�1�-related
peak at different temperatures are summarized in Fig. 5. The
curves seem to follow an exponential decay with a decay
constant � that decreases with increasing temperature. How-
ever, in the whole temperature range spanned by our experi-
ment, this behavior applies only at the early stages of the
transition and it is important to note that a complete transi-
tion to the HEX phase takes place only at very high tempera-
tures. Indeed, even at 475 K, i.e., the highest temperature
studied, the �1�1�-induced component does not disappear
completely. Since the �1�1�→HEX transition is an acti-
vated process, assuming that the rate follows an Arrhenius
equation, we fitted the initial time evolution with the
A exp�−t�� function, where the rate � is � exp�−EA /kBT�, EA

is the energy barrier of the process, � is the pre-exponential
factor, and kB is the Boltzman constant.

Each series of spectra measured at a different tempera-
ture was fitted using three components, with DS lineshape,
repeating the analysis several times with the Gaussian line-
shape parameters and the BE positions of the different core
level components fixed at several values, until the minimal
chi-square for the whole series was found. This procedure
was adopted in order to take into account the possible con-
tribution of first-to-second layer expansion and phonon-
induced broadening effects, yielding a reliable estimate of
the � error bar parameter in the Arrhenius plot reported in
Fig. 6. The activation energy value derived is 0.76±0.04 eV.

Even if the results are not in disagreement considering
the error bars, the activation energy we found is considerably
lower than the value of 0.91±0.17 eV previously reported by
means of low energy electron diffraction.28 This would imply
a transition rate difference at the lower temperature
�T=373 K� of about two orders of magnitude.

However, as suggested by He diffraction measure-

ments,30 the preparation method of the metastable �1�1�
reported in Ref. 28 and used in other experimental investi-
gations to prepare the metastable �1�1� phase52,53 results in
small traces of atomic hydrogen in the sample �around 5% of
ML�, which can influence the phase transition. For instance,
these He diffraction measurements30 demonstrated that a
small residual H coverage �below 10%� stabilizes the �1
�1� phase up to more than 400 K.

Indeed it is well known that adsorbates can promote or
inhibit atomic surface diffusion. Using STM Horch et al.54

studied the hydrogen-promoted self-diffusion process of
platinum adatoms deposited on the �1�2� missing-row re-
constructed phase of Pt�110�. In that case, DFT calculations
showed that the Pt–H complex consisted of a hydrogen atom
trapped on top of a platinum atom, placed in the trough along

the �11̄0� direction, resulted in a 0.09 eV reduction of the
diffusion barrier, in good agreement with the experimental
finding of 0.16 eV. On the contrary, for a �1�1�-Pt�100�
surface prepared by the field evaporation technique, Kellogg
showed that chemisorbed hydrogen inhibits the exchange
displacement diffusion mechanism of Pt adatoms.55 Mobile
hydrogen atoms, sitting next to the Pt adatom, increase the
diffusion barrier by enhancing the energy required to remove

FIG. 5. Time evolution of the integrated intensity of the �1�1�-related
Pt4f7/2 surface core level component measured in the 393–475 K tempera-
ture range. All the intensities have been normalized to the surface compo-
nent intensity measured at room temperature. Continuous lines represent the
fit with the function A exp�−t��.
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a surface atom from the substrate. In recent theoretical inves-
tigations, based on DFT and molecular dynamics
simulations,5,45 the mechanism of atom extraction from the
second layer creating subsurface vacancies is the process
proposed as the first step for the formation of the HEX phase
starting from the metastable �1�1� structure. We therefore
conclude that the higher activation energy value previously
obtained using LEED can be ascribed to the presence of
residual traces of atomic hydrogen left by a non-optimized
preparation procedure.

As mentioned above, the intensity evolution is exponen-
tial only initially, most probably a sign of the existence of a
different, competing mechanism for the transformation of the
�1�1� towards the HEX phase. As found by Van Beurden et
al. in MD simulations,5 besides the homogeneous vacancy
formation process, two other heterogeneous processes are ex-
pected. The first one involves a reconstruction process,
which initiates at step edges, where each second atomic row
on the surface shifts half an atomic distance along the �011�
direction. In the second one, step edges and island corners
get dissolved by absorption into surface layers. Both mecha-
nisms, which would require a large mass transport from the
steps over the surface, are associated with defects and are
expected to proceed at a lower rate than the subsurface va-
cancy mechanism.

V. CONCLUSION

By monitoring the time evolution of the Pt4f7/2 core
level photoemission spectra we have studied the �1�1�
→quasihexagonal �HEX� phase transformation on Pt�100�.
We have shown that the �1�1� phase, showing a surface
core level shifted component at −570 meV, irreversibly re-
verts to the HEX phase, characterized by a component at
−185 meV, at temperatures above 370 K. The analysis of the
intensity evolution of the core level components, measured
in the range of 393–475 K, allowed us to determine the

activation energy of the phase transformation, E
=0.76±0.04 eV, which results to be considerably lower than
the one previously determined by means of LEED. The dif-
ference is explained as due to residual hydrogen in the LEED
measurements.
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