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Phase diagram of hydrogen on Be(0001) from reconstruction-induced surface core-level shifts
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The surface core-level shiftSSCLS on the (0001 surface of beryllium were used to study the phase
diagram of the hydrogen-induced reconstructions on this surface. Two different top-layer reconstruction phases
are formed upon atomic hydrogen adsorption below and above room temperature, respectively. We are able to
assign a characteristic core-level spectrum to an individual reconstruction phase and trace its presence at
various hydrogen coverages and sample temperatures. This technique makes it possible to survey the low-
coverage regions that are lacking long-range ordering. Adsorption of atomic hydrogen in a temperature range
of 100 to 270 K induces &y3X y3)R30° H-Bg0001) chemisorption structure, in which 1/3 of the Be
top-layer atoms are removed to form a honeycomb structure of Be vacancies. Upon adsorption above 300 K a
(1 3) superstructure forms, which has been proposed to exhibit a missing-row reconstruction of the Be top
layer. Our hydrogen-induced SCLS measurements reveal that beryllium vacancies are forming already at small
H coverages of 0.2 monolayers.
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The study of the adsorption structure of chemisorptiontense, are observable in extended regions obthe T phase
systems and the adsorbate-induced surface reconstruction @iagram: The(V3x \3) pattern can be observed in the cov-
lies mainly on diffraction techniques, such as low-energyerage range between 2/3 and 1 ML and in a temperature
electron diffraction(LEED) or x-ray diffraction. In many range between 230 to 330 K while th{&x 3) pattern is
cases, however, these methods can not be applied becausepptervable between 1/3 and 2/3 ML and 270 and 380 K.
a lack of long-range ordering especially at low adsorbateHowever, at coverages below 1/3 ML fagy> 270 K and
coverage regimes. One must resort to local structural probebelow 2/3 ML for T,4.< 270 K only a diffuse(1x 1) LEED
like photoelectron diffractioh or to spectroscopic tech- pattern can be detected. Two conflicting scenarios would ex-
niques, such as electron energy-loss spectrostdmythis  plain this behavior(1) As the DFT calculations predict, the
paper, we present a novel use of surface core-level shifts tgtomic hydrogen adsorbs on a flat, unreconstructed surface
deduce the structure of adsorbate systems that do not exhikihd forms a dilute adlayér2) Missing long-range ordering
long-range periodicity, using hydrogen adsorption on theof the reconstructed H-Be chemisorption system at low cov-
(000 surface of beryllium as an example. erages. In order to resolve the low-coverage adsorption struc-

The adsorption of atomic hydrogen on(B60J) leads to  ture one must resort to a local probe such as x-ray photo-
two distinct sharp low-energy electron diffractighEED)  emission spectroscogXPS). The major restructuring of the
patterns at two different coverages and adsorption temper@e0001) surface in the two adsorption structures should
tures: a(\3X y3)R30° pattern upon adsorption @1 ML manifest itself in significant modifications to thes tore-
at T,4=270 K and three domains of @ X 3) phase upon electron binding energies of the beryllium atoms in the sur-
2/3 ML adsorption at 370 R Both reconstructions dra- face region, resulting in altered surface core-level shifts
matically change the geometric surface structure gbB@l)  (SCLS. The changes will be due to the charge transfer be-
by forming two superstructures both involving the removaltween the adsorbate and the substrate in formation of the
of 1/3 of the Be top-layer atoms. The/3x \3) phase is chemical bond, and the reconstruction induced change in the
made up of a honeycomb structure of Be vacancies, eacsurface atom coordinatidi.
decorated by three H ad-atoms bonded in tilted bridge sites; In the present study we demonstrate that the adsorbate-
according to a recent LEED stutlgnd in agreement with a induced changes on the SCLS of a clean metal surface can be
density-functional theory(DFT) calculation® This first- used as a “fingerprint” of the adsorption geometry at the
principles study also proposes that at 2/3 ML coverage théowest adsorbate coverages by comparison to the high cov-
hydrogen atoms are tilted toward linear trenches organized iarage results for which sharp LEED patterns can be obtained
a 1/3 Be missing-row structufe, A structurall-V analysis and analyzed. We have studied the effect of hydrogen ad-
of the video LEED data of this phase is underway. Thesorption on the Be 4 level by high-resolution core-level
LEED patterns for these two structures, although less inspectroscopy mainly from the structural point of view, by
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tracing the fingerprints associated with the two reconstruc- AL I U I B AL IR
tions across the phase diagram.

The experiments were carried out at the SX700 beam line
of the synchrotron radiation source ASTRID in Aarhus,
Denmark® The monochromator was set to give an energy
resolution of 70 meV in the photon energy range 135-140
eV. The acceptance angle and energy resolution of the elec-
tron analyzer, a VG CLAM-2 hemispherical analyzer with
100 mm mean radius, was chosen to be £8° and 50 meV,
respectively. The total energy resolution for this experiment
was 86 meV in this photon energy range. All spectra were
taken at an incidence angle of 40° and normal emission. The
Be(000)) crystal was first mechanically polished, and pre-
paredin situ via repeated cycles of 1 keV Ndombardment
at normal incidencé10uA/cm?). During the 30 min sput-
tering the sample was heated to 670 K. Annealing periods of
10 min at 730 K followed each cycle. The sputtering at el-
evated temperatures facilitated the removal of oxygen. This
procedure resulted in a shaffix 1) LEED pattern and a
clean surface as monitored by valence-band and core-level
spectroscopy. The sample could be cooled to 150 K via a
liquid nitrogen cryostat. Exposing the clean(B@01 sur- I o e e e
face to molecular hydrogen does not result in any H er H 2z N 110

. . . . . Binding Energy (eV)
adsorption in the investigated temperature range. An atomic
hydrogen doser was used. It consists of a 0.25 mm tungsten f5 1 ge 5 photoemission spectra from B0 recorded at
filament heated to 1800 K. The molecular hydrogen wasitterent photon energies in normal emission at 150 K. The solid
passed through a molybdenum tube of 6 mm diameter SUfyrves through the data are four component fits. The four peaks

rounding the filament coaxially. The clean(B801) surface, shown are fitted to the spectrum taken at 125 eV.
located about 3 cm from the end of the Mo tube was thereby

exposed to atomic hydrogen. Exposures were controlled by A quantitative analysis of core-level spectra is not a direct
measuring the kibackground pressure in the chamber; typi-Process and involves curve-fitting procedures. Doniach-
cally some 107 Torr. The conversion to absolute coveragesSunjc line shapes were used with a fixed asymmetry param-
was done earlier through a nuclear reaction anaiéRA)  €ter of 0.04 throughout this analysis. It is important to put
experiment. This is an accelerator-based technique in whicRonstraints on the line shapes when fitting four components,
the proton flux from the reactioB(*He,p)*He on the deu- and later six, with significant overlap in order to get physical

. : meaningful results. The clean @801 spectra were fitted
terium covered surface IS compared to fhdlux from a with a fixed Lorentzian width of 150 meV for the peaks B
standard of known deuterium cover&ge.

At first a photoemission investigation of B& tore level and S3, 200 meV for S2, and 250 meV for S1 for all photon

. . energies. The Gaussian width depends on the instrumental
from the clean B@00D) was performed to identify the pho- o5qiution and is thus energy dependent. It was always kept

ton energy at which the intensity of SCLS originating from yhe same for B, S3, and S2 but increasing with energy from
the first layer is high with respect to the bulk component.220 mev at 125 eV to 270 meV at 150 eV. S1 ranged from
Figure 1 displays Be < photoemission spectra from 240 meV to 280 meV. This variation is consistent with the
Be(000)) as dotted lines recorded at different photon enermonochromator resolution in this energy range. These peak
gies in normal emission and at a temperature of 170 K. Foufidths were determined after a very large number of itera-
distinct features are resolved, with energy differences largéions. The fitted parameters resulted in good fits to the ex-
enough to make them out without curve fitting. We assignperimental data in the whole photon energy range with a
them as one component from the bl and three compo- smooth polynomial background.

nents from the first three laye(§1, S2, SBin agreement A fifth component(S4) in the fit in order to account for
with published work® and first principles calculatio$.The  emission from the fourth layer, as recently suggested by Jo-
relative intensities of the four peaks are strongly dependertianssonet al'? and used in Refs. 13 and 14 was not in-
on the photon energy. The most important contribution tocluded. The resolution used in the present experiment hardly
this energy dependence is given by the inelastic mean frejistifies another component in the fit and, more importantly,
path, which has a minimum at a kinetic energy of 25 eV infor the photon energy used for the hydrogen adsorption stud-
beryllium. Therefore the intensity ratio of the first-layer com- ies the photoemission intensity from the third and lower lay-
ponent to lower layer and bulk components is highest forers is quite small. We also found that the line shape described
photon energies around 136 eV, i.e., at a kinetic energy o&bove is sufficient to account for the data. No attempts were
about 25 eV. In the hydrogen adsorption experiments we armade to include phonon replicas that have been observed at
mainly interested in the first two layers and have thereforesery high resolution by Andersest al'® However, the rela-
chosen a photon energy of 137.5 eV where the intensity frontive simplicity of our fitting is not expected to have any
the B and S3 components are very small. influence on the conclusions in this paper.

hv (eV)

Photoemission Intensity (arb. units)
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TABLE |. Surface core-level shifts relative to the Be 1s bulk Lo s tennalennn e lennntennnliiind
component observed on B901); energies in meV. Be 1s
hv=137.5eV

First layer Second layer Third layer (138)

s1 s2 s3
Experiment

This study -835+30 -550+35 ~245+30

Ref. 10 -825+30 ~570+20 -265+25 (V¥3x¥3)
Theory

Ref. 11 —870 ~600 —220

Within this fixed set of fitting parameters only the peak
positions and intensities were varied, which resulted in the
curves through the data points shown in Fig. 1 and the fol-
lowing surface shifts relative to the bulk component-B35
meV (=30) for S1,—550 meV(=35) for S2, and—245 meV
(£30) for S3. The error bars give the standard deviation
from the independent fit of seven different photon energies. T=150K g
In Table I a comparison with the experiment by Johansgon
al.1%andab initio calculations by Feibelman and Sturhip
given. The good agreement gives us confidence in the fitting
procedure and guarantees the quality of the set of derived
parameters that can be used in the following analysis of the
H-Be(0001) system. From here on, the clean surface peaks
will be fixed in position and only the intensities will be al-
lowed to vary so the evolution of additional hydrogen-
induced SCLS can be monitored.

In order to calibrate our results with the LEED observa-
tions, the H coverage dependence is investigated at three
adsorption temperatures 150 K, 270 K, and 370 K. A first 113 112 111 110
qualitative impression of the H-induced changes in the 8e 1 Binding Energy (V)
core level is given in Fig. @); it shows a comparison of the
clean core-level spectrum with a set of three curves taken %tf
saturza_tlon “Qf thet1 X 3) phase at 2/3 ML(T,45=370K) and saturation of thg1Xx 3) phase at 2/3 ML(T,4~370 K) and two
the (v3X y3) structure at 1 ML coveragéT,=270K and  qen afT,, =270 K and 150 K at 1 ML hydrogen coverage for the
150K). The very different line shapes between each of thg,3x \3) structure; and withb) a set of three curves taken at 0.2
two superstructures and the clean Beldvel are obvious. ML hydrogen coverage adsorbed at 150 K, 270 K, and 370 K.
Comparing the same set of spectra but now recorded at a
small hydrogen coverage of 0.2 ML in Fig(l®} reveals the ond layer atoms have six nearest neighbors, giving rise to
same qualitative picture; the spectra taken after adsorption @he SCLS per layer. In the third layer, however, 1/3 of the
150 K and 270 K are identical but significantly different atoms sit underneath the top-layer vacancies while 2/3 are
from adsorption at 370 K and the clean spectrum. We find imot. Two SCLS emitted from the third layer might be the
general at all coverages that the Bs dore-level spectra consequence adding up to a total number of four SCLS from
taken after adsorbing at 150 K are always identical to thehe first three layers. With this number in mind the curve
same H coverage adsorbed at 270 K. This leads to a firditting procedure was started. Applying similar constraints to
important conclusion: There are no changes in the phase dighe line shape as in the clean surface case, we find that the
gram between 150 K and 270 K. core-level spectra can be fitted with six peaks at a fixed po-

The coverage dependence for low temperature adsorptiasition and variable intensity consistently at all hydrogen cov-
is shown in Fig. 3. It displays a series of Be dore-level erages. The weak bulB) and S3 component observed on
spectra with increasing H coverage fbyu=270 K. Before  the clean surface are ignored in the fits because these energy
launching into the quantitative analysis, an important quesregions turn out to be dominated by two hydrogen-induced
tion must be answered: How many hydrogen-induced SCL$eaks H1 and H2. For increasing coverage, the clean S1 and
should one expect? At saturation the surface is reconstructesb peaks are decreasing continuously, while four hydrogen-
in the (V3% 3) honeycomb vacancy structure. Simple induced features grow until saturation. The fitting parameters
counting of the number of inequivalent Be atoms in the firstfor S1 and S2 are kept from the fit to the clean core-level
three layers with help from Fig. 4 is intuitive. In the first spectrum, while the H-induced peaks were fitted as follows:
layer the Be atoms are threefold coordinated, while the secFhe Lorentzian widths of &, HB, H1, and H2 were found to

0.2 ML H adsorption
at

Intensity (arb. units)

T=270K

FIG. 2. (Color onling Comparison of the core-level spectrum
the clean surface witlla) a set of three curves; one taken at
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0.7 ML

0.5 ML FIG. 4. Top view of the(y3x y3)R30° adsorption structure for
1 ML hydrogen(small circle$ on the first three layerdarge shaded
circles of the B€0001). From Ref. 3.
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atoms energetically favorable. Small regions{&x V3) re-
constructed domains will nucleate and grow at the lowest
0.2ML coverages investigate.2 ML). In contrast to the first-
principle calculatioh we see no sign of a dilute phase of H
on the unreconstructed surface.

Attempts to assign the four hydrogen-induced SCLS to
particular surface atoms did not give reasonable results. An
intensity-vs-escape-depth model, which is already problem-

Be 1s clean atic in a simple cas®, is bound to fail for a structure with
hv = 137.5 eV chemically different atoms in one layer. Moreover, for pho-
ton energies lower or higher than 137.5 eV the B and S3
components increase in intensity and can no longer be dis-
missed as insignificant contributions in the fit. Including

them into the fit function would render the fit rather ambigu-

jrrrrpryreprrreyrreipervrrprevepeeet . .
113 112 111 110 ous. One possible solution to the problem could be photo-
electron diffraction experiments at very high resolution but,
again, B and S3 would have to be included into the fit. In-

FIG. 3. (Color onling Series of Be & core-level spectra taken deed, any quantitative analysis of the peak areas would re-
with increasing H coverage fdF,4=270 K. The upper most panel quire including B and S3 and such an analysis was therefore
represents saturation of €3 x V3) LEED pattern. not attempted here. .

For an adsorption temperature of 370 K, the series of Be
be 200, 250, 250, and 250 meV, respectively, and the Gaus4ds core-level spectra taken at increasing hydrogen coverage
ian widths 230, 260, 260, and 260 meV at all coveragesis displayed in Fig. 5. The line shapes are qualitatively
expect at saturation where H1 and H2 were 350 meV Widedifferent from those in the series taken from nh\éx \5)

The set of fitting parameters was arrived at after many iterasyperstructure. Again, we find that six peaks at fixed posi-
tions, so the spectra could be fitted consistently at all covertions and variable intensities result in a consistent fit to the
ages with six peaks, two clean surface peaks and foupectra for all coverages. Three hydrogen-induced features
hydrogen-induced SCLS. The extracted shifts relative to they| with rising intensities, two clean surface peaks S1 and S2
bulk component are given in Table II. decreasing with H coverage, and the constant bulk compo-

All' hydrogen-induced peaks were stationary, i.e., no shiftyent B. The position of the H1 peak coincides with the S3
with increasing hydrogen coverage could be detected all the

way to saturation, only an increase in peak intensity vs the TABLE II. Hydrogen-induced surface core-level shifts relative
diminishing clean-surface features S1 and S2. This behaviap the Be & bulk component of théy3 x y3) and (1 3) structure;
can be taken as a clear indication that the H-induced strucsnergies in meV.

tural rearrangement of the surface does not change and that
the (13X 13) honeycomb vacancy reconstruction starts 3 \3)
growing already at low coverages. As a consequence an
leading to the most important conclusion drawn from this
experiment, the vacancy formation of the Be surface doegix 3) H1 H2 Ha
not happen only close to saturation, but already a small num- —280+10  +403+8  +794+21
ber of H adatoms are making the removal of Be top-layet

\

. N I~ 3N 3

Intensity (arb. units)

i

[P —

Binding Energy (eV)

H1 H2 HB Ha
-292+10  -80+8  +282+39  +642+35
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0.2 ML FIG. 6. Phase diagram of the H-@801) chemisorption system
from hydrogen-induced SCLS; open circles mark positions where
SCLS were analyzed. The LEED pattern in all regions of the phase
diagram is(1 X 1) except in the hatched areas where LEED shows a
pattern according to the reconstruction. The bold crosses mark the
points in the phase diagram where the sharpest reconstruction-
induced diffraction spots can be observed.

Intensity (arb. units)

dé

Be 1s clean

hv=1375eV 4

crease in peak intensity vs the diminishing clean surface fea-
tures S1 and S2. This behavior is the same as observed for
the(\3>< \3) structure and clearly shows that the H-induced
surface reconstruction in th@ X 3) phase forms already at
the lowest coverages investigated.
SN, In summary, the application of high-resolution core-level
M B S R n s ma s e ey spectroscopy was successful in exploring the low hydrogen
113 112 111 110 coverage region of the phase diagram by “fingerprinting” the
Binding Energy (eV) reconstruction phases in a regime where long-range order
produce sharp LEED patterns. We find that both H-induced
FIG. 5. (Color onling Series of Be & core-level spectra taken Be(0001) surface reconstructions nucleate at the lowest cov-
with increasing H coverage fdf,q<=370 K. The upper most panel erages explored in this experiment; about 0.2 ML. As in the
represents saturation of tiigx 3) LEED pattern. case of the(y3x \3) honeycomb vacancy structure, the re-
moval of Be atoms out of the top-layer can only be weakly
thermally activated, because at the lowest investigated ad-
component of the clean surface at about 111.3 eV. The corsorption temperature of 150 K the characteristic H-induced
volution of the increasing intensity of the hydrogen-inducedSCLS of the vacancy reconstruction were measured. With
feature and the decreasing surface peak explains the appardhis surprising results at hand, we are in the position to pro-
initial rise in the peak intensity below 0.2 ML and a much pose a phase diagram of the hydrogen o01t0Bé1) chemi-
weaker increase between 0.2 ML and 0.7 ML. In the fittingsorption system, given in Fig. 6. The phase diagram distin-
procedure S3 must be ignored for the same reason as in tigalishes two different adsorption structurgh: Below 280 K
series taken at 270 K but the bulk component is includedn the entire coverage reglme up to saturation at 1 ML atomic
because its position does not coincide with any hydrogenhydrogen adsorbs in &/3x y3)R30° honeycomb recon-
induced features. The fitting parameters for the S1, S2, and Btruction of vacancies in the Be top layé?) Hydrogen ad-
are kept from the fit to the clean core-level spectrum, whilesorption above 300 K results i1 X 3) reconstruction of the
the H-induced peaks were fitted as follows: The LorentziarBe surface. This phase saturates at 2/3 ML coverage. Ad-
widths of H1, H2, and i were found to be 250 meV and the sorption beyond 2/3 ML hydrogen coverage and above 300
Gaussian widths 260, 350, and 350 meV, respectively, at ak yield a (1x1) LEED pattern with weak1 X 3) and (3
coverages. The larger Gaussian widths in this sequence ig\3) superstructures spots in the regions indicated. The
due to an increased vibrational broadening since the temhydrogen-induced SCLS spectra in this region indicate the
perature is higher. The higher Gaussian width of H1 and HZoexistence of the two reconstructions. A quantitative analy-
for the (V3 \3) structure at saturation coverage, howeversis, however, was not conclusive and requires a higher in-
is probably caused by disorder. The extracted shifts relativetrumental resolution to be able to identify the large number
to the bulk component are given in Table Il. Up to saturationof hydrogen-induced peaks. Experiments using variable-
of the (1X 3) phase at 2/3 ML, all hydrogen-induced peakstemperature scanning tunneling microscopy will also be un-
are fixed in energy, no shift could be detected, only an indertaken to complement this study.
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