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Adsorbates on Gd0001): A combined scanning tunneling microscopy and photoemission study
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We report on the electronic structure of hydrogen, oxygen, and carbon monoxide (6808d and the
development of adsorption processes studied by means of photoelectron spectroscopy in combination with
scanning tunneling microscopy and spectroscopy, respectively. Due to its high spatial resolutiasuahe
ization of the adsorption process is obtained. For hydrogen, it was found that the adsorption occurs in two
steps. It starts at crystallographic surface imperfections. From these nucleation centers, a domainlike spreading
is present which is strongly hindered at surface steps. Oxygen on the Gd monolayer possesses an ordered
structure which could be determined to bey@x 2y/3)R30°. Carbon monoxide adsorbs molecularly at low
temperatures and dissociatively at room temperature. The adsorption process of a hydrogen-covered Gd film
being exposed to carbon monoxide consists of five steps. At the beginning the whole amount of adsorbed
hydrogen atoms is removed from the surface. In the intermediate regime, carbon and oxygen is adsorbed at or
near the surface. The last step demonstrates the oxidation,f0;@&dting as a catalyst for the transformation
of CO to CGQ which creates stable carbonate species at the surface. This formation also occurs for the
adsorption of oxygen and carbon monoxiff80163-18209)07411-1

[. INTRODUCTION talysis. In the past, only a small number of investigations on
adsorbates like hydrogéhn, oxygen®® and carbon
Rare-earth metals are of great scientific interest becausaonoxidé’ on rare-earth metal surfaces have been carried
of unusual electronic and magnetic properties which aris@ut due to the difficulty in preparing atomically clean and
from their highly localized 4 electrons. A detailed knowl- well-ordered surfaces showing a characteristic surface state
edge about the electronic structure of the surface is essentiaear the Fermi level. Previous studies have been performed
to understand the mechanisms responsible for surface magn ~ Gd0001,*-2*  Th(0001,2%?  Nd(000),2 and
netic order. Over the past decade the extraordinary surfaden0001).2* Some investigations were carried out on bulk
magnetic properties of heavy rare-earth metals have beenagystals, but thin films on nonmagnetic substrates prevail in
subject of growing interest, and, as described below, somtoday’s experiments.
results are still highly controversial. Here we report on the investigation of the electronic
Gd(000)) is considered to be the prototype ferromagnetstructure of hydrogen, oxygen, and carbon monoxide being
among lanthanides with localized magnetic moments. Aadsorbed on G@001)/W(110 by means of photoelectron
magnetic surface state which was shown to be spatially lospectroscopy. The combination with scanning tunneling mi-
calized with ad,2-like orbital symmetry was made respon- croscopy and spectroscopy enables one to determine the spa-
sible for the enhancement of the surface Curie temperaturigally resolved local density of states for the adsorbates and
T3 by up to 60 K(Refs. 1-3 compared to the bulk Curie the clean G(00J) film as well as thevisualizationof the
temperature of 293 K. Whereas in the past an antiferromagadsorption process which can be carried out on the same
netic coupling between bulk and surface was experimentallgample. Hydrogen adsorption shows a two-step behavior; the
observed and theoretically supporté‘d,it is nowadays adsorption begins at surface imperfections which are the
widely believed that the surface state and the surfate 4starting points for a domainlike spreading which is strongly
states couple ferromagnetically to the bulk magnetichindered at crystallographic surface imperfections. Oxygen
moments. The oscillatory behavior between ferromagnetismand carbon monoxide adsorb dissociatively with the creation
and antiferromagnetism used in the description of theof @ subsurface oxide, and subsequently with oxidation. In
Ruderman-Kittel-Kasuya-Yusida  interaction  dependsOrder to obtain a deeper insight into the understanding of
strongly on the atomic distance. The controversial findingd1eterogeneous catalysis, the adsorption process of hydrogen-
mentioned above may therefore be explained by a small shigovered Gd films exposed to CO was determined. It consists
of the outermost interlayer spacing. Relatively thick films of five steps, with the first ones characterized by a total re-
show a canted magnetizatifi.The influence of adsorbates moval of the adsorbed hydrogen atoms.
on single-crystal surfaces provides valuable insights into the
surface electronic structure, and thus a better understanding Il EXPERIMENTAL DETAILS
of the surface magnetism in the rare-earth metals.
Adsorbates can significantly alter the electronic structure For a determination of the electronic structure, angle-
of the underlying substrate, and are additionally of great im+esolving photoelectron spectroscopy was used. Photoelec-
portance in technological processes, e.g., heterogeneous desns were produced by linearly polarized vacuum ultraviolet
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radiation from a discharge lam@Ne | resonance linehv T T T
=16.85 eV) with a triple-reflection polarizer using an im- 5} ﬁ .
proved version of the system described in Ref. 25. The angle ﬁ
of the incoming photon beam wa,,=45° with respect to ﬁ
the surface normal. A cylindrical mirror analyzer with sector i1
field (300-mm slit-to-slit distangeand high transmission 4r ?i ]
served as the energy dispersing element with the additional — | i
angular resolution of the photoelectrofacceptance cone % A
+3°). The overall energy resolution was set to about 300 S st % J
meV. The experiment was performed ingametal UHV 2 2.0 ,’;
; : o @ *

chamber to provide magnetic shielding, and the base pres- =t J % \
sure was below 10" mbar. It is equipped with a com- 2 1.0L
bined low-energy electron-diffractiof. EED)/Auger system 5 2r
for surface characterization. Ain situ transfer between the E 0.4L
ultraviolet photoemission spectroscopy stage and scanning '
tunneling microscopy¥STM) enables one to investigate the 1L
samesample.

The topography was measured in the constant current clean
mode with a commercial scanning tunneling microscope
with cut PY/Ir tips. In order to determine tltd/dU signal by 0 . é % p 5
the lock-in technique, the feedback circuit was switched off, L
and an ac componentUg,,s<20 mV,»~325 Hz) was binding energy [eV]

added to the gap voltade. The stabilization parameters be- FIG. 1. Photoemission spectra at normal emission for different

fore each spectroscopy curve were typically set to about 0.8 ;
: ; drogen exposures on (A901)/W(110. The photon energy is
V and 0.2-0.5 nA. Since the tunneling currdntvas re- 1)6/_8596\,. P YW(19 P 9y

corded simultaneously with thel/dU signal, we were able
to quantify the latter in units of nanoampere per volt insteal
of arbitrary units.

A W(110 crystal served as substrate for the growth of Gd
films. It was cleaned by heating in oxygen and flashing up to
2600 K. The Gd films were deposited by means of an A. Exposing Gd(000]) to hydrogen

electron-beam evap_orator using tungsten crut_:ibles. The pnotoelectron spectra from the clean (@D) surface
growth rate was typically set to 0.5 layer per minute. Theang hydrogen exposures are shown in Fig. 1. The spectra are
preparation procedure was based on the investigations Byyen"in normal emission and at room temperature. The
Aspelmeier, Gerhardter, and Babe_rscﬁ?(é’he experiments  sparp feature near the Fermi edge is due to the clean
were performed on two different kinds of samples. Smootrt;d(oooj) surface state and is only observed on
Gd(000Y) films were prepared by evaporation of more than.gntamination-free high-quality h¢@po0l) surfaces. Our

30 ML with the gubstrate held at room temperature, and suqﬁigh_qua"ty LEED pattern showed a hexagonal structure
sequent annealing at 700 K for 2 min. For coverages les§;ith sharp spots on a low background.

than 10 ML, we observed Stranski-Krastanov island forma-  afer hydrogen exposure a pronounced feature at a bind-
tion; between the islands a monolayer of27Gd covered thqang energy of about 4 eV appears. The energy widtH
tungsten substrate as described by Tadteal. "During Gd  yiqth at half maximun of this H-induced state is equal to
deposition the pressure stayed below B0 ™" mbar. The o 4 ev and similar to that of the surface state. The feature at
surface was exposed to hydrogen, oxygen, and carbon mognout 2 eV is caused by Gal, bulk band€® Dosing addi-

oxide by means of a high-precision Iegllg valve. The amounfiong| hydrogen suppresses the Gd surface state as previously
is characterized in Langmuir (1 410" " torrs) and not  gemonstrated by Lét al®

ddetermine the influence of different island heights. The de-
tailed preparation procedure was described above.

corrected by the ion gauge correction factor. As shown in the photoelectron spectra, the hydrogen-
induced state has a binding energy of about 4 eV, and is
IIl. RESULTS AND DISCUSSION therefore nearly unaccessible to STM investigations. It is

nevertheless possible to resolve the spatial distribution of

The investigations were performed on atomically cleanhydrogen since the suppression of the Gd surface state leads
and well-ordered hdP001) Gd surfaces prior to the expo- to a drastic reduction of the differential conductivity at low-
sure of hydrogen, oxygen, and carbon monoxide, as indibias voltages. This behavior is illustrated in Fig. 2 which
cated by the existence of the Gd surface state. shows the tunnelingl/dU spectra(stabilization parameters

For the photoemission investigation, smooth (D1 U=1.0 V,1=0.3 nA) measured on GA0O0) island sur-
films were prepared and subsequently exposed. STM invegaces(solid curve, on the first Gd monolayer between the
tigations showet® that the Gd surface state exists both onislands (dash-dotted line and on areas which have been
smooth films and multilayer Gd islands. Multilayer island modified by hydrogen adsorptiqdashed ling The suppres-
films were additionally chosen for the STM investigations tosion of the exchange-split G001 surface state with its
provide topographical contrast in order to distinguish bepredominantly majority character in the occupied partd
tween sample states and tip-induced artifacts as well as foredominantly minority character in the unoccupied band
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FIG. 2. Tunnelingdl/dU spectra(stabilization parameters)
=1.0 V, 1=0.3 nA) measured on Gd island surfadsslid), on
the first Gd monolayer between the islar{dash-dotted ling and
on areas which have been affected by hydrogen adsorfitashed
line).

part® can be clearly seen. The strong decrease in the differ-
ential conductivity which is essentially proportional to the
local density of states at the surface demonstrates the strong
geometrical localization of the surface state; bulk states do
not show such pronounced differences. The tunneling spectra
reveal that for the Gd monolayer only one peak at about 0.3
V is present(see Fig. 2 which cannot be attributed to the
surface state. This can be deduced from the observation that
no changes in the tunneling spectra occur after hydrogen
adsorption. A surface state, in contrast, is very sensitive to
adsorbatescf. Fig. 1). Additionally, the determination of the FIG. 3. Constant-current topographU€ —0.3 V, 1=0.03
energies of both spin counterparts from the surface state aSA) of Gd islands on WL10. Between high Gd isla'nds with a
function of temperature showed a shift toward the Fermigggy surface, a Gd monolayer covers the tungsten substrate. Ad-
level; the feature of the monolayer, however, remained fixegjitionally, 2- and 3-ML-high islands are to be seda) To this

in energy?® Therefore, hydrogen adsorption does not signifi-system, 0.2-L hydrogen was doséd) The same area as ia), but

cantly modify the electronic structure of the monolayer closeith an additional dosage of 0.8 L resulting in a total amount of
to the Fermi level. The lattice mismatch between bulk Gdi.0-L hydrogen.

and thin Gd films decreases with increasing thickriéghe
exchange splitting of the Gd surface state increases with inpossesses a strained hcp structure with a dilatation of about
creasing film thickness and remains constant from 4 ML8%23! On top of the high islands, two different kinds of be-
upwards®2 Consequently, the 2- and 3-ML-high islands havehaviors can be observed. Some of them show a smooth sur-
a modified surface in comparison to bulk K@p01), which  face which is undisturbed by the hydrogen. Others present a
cause differences in the adsorption process. lagoonlike appearance of alterations. In the regions with a
In Figs. 3a) and 3b), constant-current topograph&J ( “collapsed” appearance, the @DO0J) surface state is sup-
=—-0.3 V, 1=0.03 nA) of Gd islands on W10 are pressed, whereas in the unaltered regions it still exists. Due
shown after different hydrogen exposures. Between the higto the reduction in the differential conductivity of the
Gd islands which have @001 surface, there is a Gd mono- hydrogen-covered areas, the tip has to move toward the sur-
layer covering the tungsten substrate. In addition, 2- andace in order to maintain a constant current. The change in
3-ML-high islands are to be seen. The steps of the tungsteappearance is not a topographical effect, but is mainly caused
substrate remain visible on the high Gd islands. The lineby the modification in the electronic structure, namely, the
arise from lattice dislocations through the whole island duesuppression of the Gd surface state.
to different lattice constants in perpendicular direction. The special behavior of the adsorption process may be
Figure 3a) shows this system after an exposure of 0.2-Lunderstood by examining the areas which are labaled,
hydrogen. The G@001) monolayer and the low islands re- andC. In regionA there are lattice dislocations even for the
main nearly unaffected. The monolayer of Gd o0  clean Gd surface which are marked by arrawmore easily
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FIG. 5. The same area as in Fig. 3. At the beginning of the scan
(bottom), the dosage was 1.6 L. During the scanL of hydrogen
0 20 40 60 80 100 was additionally offeredmarked by the black arrowUnconnected
lateral displacement [nm] areas are more easily to be seen in the enlarged irfsageinset

FIG. 4. Line sectiorsee linesa andb in Fig. 3@)] of 2 Gd  grface. An analogous observation was reported for

island (solid line) and the Gd monolayer on top of the tungsten Gd/W(100) 33 The surface of the island tries to be atomicall
substratgdotted ling. Tungsten is marked by dark gray, 80D g4 in order to reduce its surface energy. Therefore t%e

by gray, and the electronic he'ghF ‘?'“? o the surface state by lig deight decreases from the left to the right from seven to five
gray shaded areas. In order to minimize the surface energy the

island tries to create a flat surface, resulting in an inverted ste[eﬁyeﬁs'l T(t) th? ”t?]pl.’.)ghrtap?lfh helgp([see ?ray Shlfadﬁd apea
height behavior on top of the island. e “electronic” height of the surface stateee light gray

shaded areasbeing about 1.7 Alcf. Fig. 7(c)] must be
seen in Fig. 5, marked by the ellips@hese are the starting added. This is due to the large fade-out length into the
points for the adsorption process. In regiBrit can be ob- vacuum accompanied with a relatively high local density of
served that the spreading of the adsorption is strongly sugstates above the surface. In the STM experiment operating in
pressed at step edges due to surface steps on the tungstba constant-current mode, the tip therefore has to be moved
substrate. The further evolution of this process is demonupwards. The tungsten substrate is marked by dark gray
strated in regionC. Once the adsorption of hydrogen has shaded areas.

started, then the suppression of the surface state extends overln Fig. 5, the same area as in Fig. 3 is shown. At the
the whole area. This behavior is also shown in Fign)3itis  beginning of the scaftbottom), the total exposure so far was
the same area as in Fig(a but with an additional exposure 1.6 L, dosed during the past 1 h. During the scan, the sample
of 0.8 L, resulting in a total amount of 1.0-L hydrogen. The was exposed within a few seconds to an additional amount of
areas which were already affected after 0.2 L have beed L (marked by the black arrowNow, the islands contain-
spread out. Additionally, the adsorption occurred on a furtheing regionsA andC present a suppressed surface state on top
island(regionD). For a comparison with results obtained by of the whole island. The lattice dislocation already present in
photoelectron spectroscopy, one should keep in mind that tH&e clean Gd island is marked by an ellipse. The large island
photoemission experiment averages over these regions; thiis the lower left corner shows the domainlike modification
both the peak of the Gd surface state and the hydrogerwith the additional hydrogen exposure. After the additional
induced feature are coexistent, as observed in the spectra éxposure the whole island exhibits a suppression of the sur-
Fig. 1. face state. The exposure time for the additiohd. of hy-

The adsorption of hydrogen seems to occur in two stepgirogen was substantially shorter than the previous time for
Hydrogen is first adsorbed at surface imperfections, and, sed-6 L. This observation indicates that the adsorption process
ond, starting from these points, the adsorption spreads out hanges with the dosage. In order to determine the collision
the step edges, which form boundaries strongly hindering theate, one can estimate the fluence, i.e., the total number of
further process. The steps of the tungsten substrate are eveallisions per unit surface area, Ipf\2rmksT,3* wherep
visible on top of the Gd islands. This observation is causeds the pressuranthe mass of a molecule, afidthe tempera-
by the different heights of the YWW10) and Gd000) layer ture. Considering the ion gauge correction factor the colli-
being 2.23 and 2.89 A, respectively. Between the islands, thsion rate at room temperaturerfd L is about 30 hydrogen
whole substrate is covered with a Gd monolayer; thereforemolecules per nf On the clean surface the presence of two
the step height of the monolayer is the same one as foor more hydrogen moleculesimultaneouslyseems to be
W(110), as shown by the dotted line section in Fig. 4, whichnecessary to cause adsorption. This conclusion is corrobo-
corresponds to lina in Fig. 3(@). The solid line sectiofcf. rated by the observation that prior to the supplementary ex-
line b in Fig. 3(@] demonstrates the inverted step heightposure &1 L the hydrogen covered areas are connected but
behavior on top of the Gd island, i.e., the tungsten terracafterwards the additionally created regions are mainly iso-
being one atomic layer higher appears lower on the islanthted to each othefsee inset This means that on areas of
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FIG. 6. (a) Topography of a Gd island system being exposed to
hydrogen. The clean Gd surface is markedfyhe hydrogen af-
fected island byB. (b) and(c) Maps of the differential conductivity
d1/dU for a bias voltage otJ=0.7 V in (b) andU=-0.3 V in
(c) are coded gray. The bright areas in the lower part are caused by
hydrogen-covered aredb), whereas they appear dark for negative
voltages(c). This behavior is obvious in connection with th&/'dU I ‘
spectra in Fig. 2. L | . . .

corrugation [A]

0 10 20 30 40 50
the surface being clean and of high crystallographic order the (b) lateral displacement [nm]
adsorption of hydrogen cannot be carried out via a spreading - - T - -
process, but only by a simultaneous presence of at least two 8l —+—_
hydrogen atoms. On the @D01) monolayer no alterations 1.4A
can be observed. Significant modifications take place on the N
low islands as will be shown below. 6 1

Figure &a) shows the topography of approximately 5-ML
Gd evaporated on the /10 substrate held at 530 K. Since
the Gd islands are atomically flat and the substrate exhibits
several one-atomic steps below the island surface, the local
coveraged . decreases for every island from the left toward
the right edge. Simultaneously with the topography, we have J

corrugation [A]
F-S

measured thell/dU spectrum at every pixel of the scan.

Figures §b) and Gc) show maps of the differential conduc- 5
tivity dI/dU for different sample biasegb) U=+0.7 V L L L L L
and (c) U=—0.3 V. The differential conductivity is grey- 0 10 20 %0 40 50
coded, i.e., the higher the locdl/dU signal the brighter a © \aterel displacamsnit. [mml
location appears. At a sample blds= +0.7 V the tunneling

current is dominated by electrons which tunnel from the tip

into unoccup_ied sample states with a binding ene_rgyﬁf? FIG. 7. (@ Constant-current topographUE—0.3 V, |

eV. Comparison with the topographic data of Figa)ére-  _ 03 na) for an enlarged image of a 3-ML-high Gd island on
veals that at this particular binding energy the differentialy(110 after an hydrogen exposure of 1.6 L, and subsequently of 1
conductivity above the Gd monolayer is higher than above (cf. Fig. 5. Clean Gd is marked b4, the hydrogen-affected areas
those parts of the islands which have not been affected byy B. (b) Line section of the clustefsee linea in (a)]. The width
hydrogen. Besides a few small bright pixels, thédU sig-  and the height are nearly uniform, and amount to 35 and 4 A.
nal measured above the Gd island is uniform, and thereforeespectively(c) The suppression of the surface state due to hydro-
independent of the local coverage. In tifdU maps we gen adsorption results in a collapsed looking area. The depth of this
never found a contrast on the Gd island at any sample biaglectronically induced depression amounts to about 1.4 A, as obvi-
[cf. Figs. Gb) and Gc)] in the voltage range under study ous via the line scafsee lineb in (a)].
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(—0.6 V=U=<+0.9 V). A high contrast occurs for island

B in the lower part of the image. The bias voltage of 0.7 V
was chosen due to the large differential conductivity for
hydrogen-covered aredsf. Fig. 2. The bright parts in Fig.
6(b) are therefore areas which have been affected by hydro-
gen. The dark appearance of the islaiih the upper right
part points to a clean surface. The tunneling spectra reveal
(see Fig. 2 that at a bias voltage 0f0.3 V the differential
conductivity for hydrogen-affected areas is significantly re-
duced. This inversion of the contrast is shown in Fi¢c)6
with black areas pointing to adsorbed hydrogen.

Figure 7a) shows an enlarged image of a 3-ML-high Gd
island corresponding to the system presented in Fig. 5. Only
those areas on which hydrogen is already adsorbed exhibit
small clusters. This observation may be explained by the
onset of the formation of GA001) hydride. These clusters
are created after the supplementary short-duration high-
exposure dose. The line sectigine a) shows a uniform
height of these clusters being about 4[Rig. 7(b)]. The
suppression of the Gd surface state caused by the hydrogen
adsorption occurring as a collapsed regitaibeled byB; the
clean Gd surface is marked By is demonstrated by the line
section in Fig. Tc) [line b in Fig. 7(@)]. The depth of this
only electronically induced suppression, already discussed
above, amounts to 1.4 A. This value is smaller than for the
suppression on high Gd islands. The Gd surface state is even
fully developed for at least 4-ML-high are¥sThe island
with a height of three atomic layers possesses a surface state
with a reduced fade-out length into the vacuum. The sup-
pression due to the hydrogen adsorption therefore seems to
be smaller than for high Gd islands.

The question arises as to whether or not the former find-
ings are specific for Gd islands, i.e., depend on the sample
morphology, or are also characteristic for the element
Gd(000)). Therefore, hydrogen adsorption was additionally
investigated for thick smooth Gd films. In Fig(a8 this to-
pography is shown after a hydrogen exposure of 0.3 L.
Again, the adsorption starts at the step edges and surface
imperfections. As for Gd islands, the affected areas are co-
herent[cf. Fig. 3a)]. The hydrogen “islandlike” formation
was also deduced in photoemission experiments for
H/Gd(000)) (Ref. 8 and H/B€000]) (Ref. 35 by a deter-
mination of peak heights from hydrogen-induced states as a
function of dosage. Further exposuig.6 L in Fig. §b)]
demonstrates the same behavior in the adsorption process, , i
namely, a lagoonlike appearance. After an amount of 9 L F!G. 8. Topography of a thickabout 40 ML smooth Gd film
[Fig. 8(c)], nearly the whole Gd film is covered with hydro- P€ing exposed to 0.3-la), 3.6-L (b), and 9-L (c) hydrogen. The
gen. These observations point to no significant differences jA9SO"Ption starts at surface imperfections.
the adsorption process of hydrogen on islands on the one
hand, and on smooth films on the other hand. [U=3.2 V in Fig. 9c)], an inversion of the corrugation

The influence of the bias voltage on the topography whicHi.e., the hydrogen-affected areas now seem to be higher than
is presented in a STM image is demonstrated in Fig. 9. Afor negative voltagesis present, as can be additionally de-
negative voltagefU=—0.3 V in Fig. 9a)] the hydrogen- duced from the shape of the LDOS curves. Therefore, the
affected areas exhibit a reduced apparent height due to traepth of the so-called “collapse[cf. Fig. 7(c)] is not uni-
drasticallly reduced local density of stat@sDOS) (cf. Fig.  form, and depends significantly on the bias voltage. This
2). Using moderate positive bias voltage@J=0.8 V in  dependence can directly be determinedz{tv) measure-
Fig. Ab)], it is possible to obtain equal apparent heights forments at a constant current.
the clean G001 surface and hydrogen-affected areas. Thesez(U) measurements were obtained by scanning the
This observation is caused by the drastic increase of theample bias at a constant tunneling current with the feedback
LDOS for hydrogen on G@001) toward higher voltages, as left on, and measuring the feedback signal versus the
already demonstrated in Fig. 2. For high positive voltagesample voltage. With the calibration, obtained at mono-

(€
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FIG. 9. Topography of a thick Gd film being exposed to about 1
L of hydrogen as a function of the bias voltage. Whereas for nega-
tive valuesflU=—0.3 V in (a)] the hydrogen-affected areas look
deeper due to their very small differential conductivity, an inversion
can be observepU=3.2 V in (c)] for high positive voltages. The
contrast vanishes at low positive voltagé$=0.8 V in (b)]. This
behavior can clearly be seen for the island that is nearly completely
covered with hydrogefmarked by the circleand the region with a
partial coveragémarked by the rectangleThe bar corresponds to
50 nm. (d) Dependence of the relative tip-sample distance on the
bias voltage for uncovered @D01) and hydrogen-affected areas
(I=0.2 nA). The voltages at which the images are taken are
marked bya—c. It is obvious that at 0.8 V no difference between
these two areas are present.

atomic Gd000Y) steps, one obtains the relative tip displace-in the areas which are marked by a circle, presenting an
ment via the sample bias. The determination of the displacesland which is nearly completely covered with hydrogen
ment was carried out in a current imaging mode at a regiomnd a rectangle showing a partial affected island, respec-
of the sample that consists of both clean(@01) as well as tively.

hydrogen-covered areas. For each curve, about 50 measure- It was shown(cf. Fig. 7) that after a short-duration, high-
ments were averaged. Figuréd® shows the relative tip- exposure, dose of hydrogen, small clusters are created on
sample distance as a function of the bias voltage for uncovthin Gd islands. An analogous procedure was carried out on
ered Gd0001) and hydrogen-affected area$=(0.2 nA).  smooth films. Figure 1@ shows this sample after a dosage
Those voltages at which the images are taken are markedf 10 L. Again, these clusters were creat@ge circle. It

and correspond to the ones in Fig$a)9-(c). It is obvious should be emphasized that most of these clusters are ar-
that at negative and low positive bias voltages up to 0.8 \tanged as linear chains. A line section through these clusters
the hydrogen-affected areas exhibit a significantly reduceds presented in Fig. 18). The height is uniformly about 4 A,
apparent height, whereas at higher positive voltages they apvhich is the same value as for clusters on thin filmls Fig.

pear a little bit higher than the clean ®@01 regions. At  7(b)]. The width being estimated by the full width at half
0.9 V no differences between the two types of areas arenaximum amounts to about 35 A, also in agreement with
present. The dependence on the bias voltage is clearly se@gdrogen on thin islands.
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corrugation [A]

FIG. 11. Topography of a Gd island with the monolayer cover-
ing the tungsten substrate between islands exposed to 0.08-L oxy-

0' B 5 10 15 20 25 30 gen(a) and 0.2-L oxygen(b).

(b) lateral displacement [nm]
B) as well as the hydrogen-affected ar€asrve C). Spec-

FIG. 10. Topography of a thick smooth Gd film being exposedrm A demonstrates that on the undiscovered areas the
to 10 L_(a). The line section 'n.(b) through clusters marked by exchange-split Gd surface state is present. The differential
arrows in(a) shows that for this different type of sample the clusters . S .
possess the same dimension compared to the creation on igténds conductivity _Wlth.m the hydrogen-covered area is comparable
Fig. 7). _to the one in Fig. 2. Curve3 shows t_hat _at the oxygen-
induced regions the Gd surface state is still present. As will
be discussed below in more det@ke Sec. Il ), oxygen is
adsorbedbelow the Gd surface. This behavior enables the

Exposing epitaxial Gd layers to oxygen results in disso-surface state to remain present but with a significantly re-
ciative chemisorption with initial exposure, and is followed duced weight. The further steps in the adsorption process
by formation of Gd oxid€:***The very first step of adsorb- will be discussed below in connection with the adsorption of
ing oxygen on Gd islands with the remaining monolayer inCO.
between is shown in Fig. 11. In the upper image the exposure In the following we turn our attention to oxygen adsorp-
amounts to 0.08 L; in the lower one, showing the same aretion on the Gd monolayer which is located between the Gd
of the sample, it is 0.2 L. It is obvious that in contrast toislands. Figure 1@) shows a detailed image of the mono-
hydrogen a regular distributed adsorption takes place. layer after an exposure of 0.08[tf. Fig. 11@)]. Due to its

For a demonstration of the differences between oxygestrong electronegativity the dissociatively adsorbed oxygen
and hydrogen adsorbed on B60J), the surface was cov- molecule is visible as black holes, i.e., adsorbed oxygen is
ered with small amounts of hydrogen, and subsequently witimaged as a depression; this behavior was already found, for
0.1-L oxygen. The topography is shown in Fig.(@2(70  example, for O/W110),%® and also theoretically predictéd.
X60 nnf, U=—0.7 V, and =1 nA). The large de- The oxygen overlayer forms an ordered structure. This is not
pressed area on top of the island is caused by hydrogen, tigesen{Fig. 13b)] after the additional amount of oxygen on
small areas by oxygen. A map of the differential conductiv-the surfacdcf. Fig. 11b)].
ity dlI/dU at —0.2 V is presented in Fig. 18), showing the In order to determine the geometrical arrangement, a
reduced local density of states for adsorbed hydrogen ahore detailed image is shown in Fig. (@4 The adsorption
negative voltagefcf. Fig. 60b)]. Tunneling spectrésee Fig. sites of the oxygen atoms form a hexagonal structure which
12(c)] were recorded on-top of the island for the unaffectedis schematically included into Fig. (&@. The nearest-
Gd surfacgcurveA), the oxygen induced small are@airve  neighbor distance amounts to-t3 A.

B. Oxygen adsorption
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FIG. 12. Gd exposed to a small amount of hydrogen and subse- FIG. 13. Topography of the Gd monolayer covering the tung-
quently to 0.1-L oxygen.(@ Topography (7660 nn?,U= sten substrate between islands exposed to 0.08-L oxy@eand
~0.7 V, andi=1 nA). (b) Map of the differential conductivity at 0.2-L oxygen(b). The oyxgen overlayer forms an ordered structure,

—0.2 V. (c) Tunneling spectra of the Gd island for uncovered which is not visible for higher exposures.

Gd(000) (A), oxygen-induced small are&B), and the hydrogen- .
affected aredC). These regions are marked (@. Whereas at low temperature the adsorption seems to occur

molecularly, being in agreement, e.g., with investigations

: oncerning the adsorption on @40 (Ref. 3§ and on
The monolayer of Gd which possesses a rectangular 0(0001),3% dissociatioﬁ takes p(IIEz[ace) E(lt 300 ak as already

X 14 unit _cel?_7 is drawn in Fig. 14b) as light gray balls. The - - - by Searleet al,” and additionally, e.g., for CO on
interatomic distances were taken frpm_ Ref. 27. _Our_pro_pose (100 surface$%*1 The similarity between CO and,Qad-
mo_del of the adso_rbate overlayer is mcludedom this flgul’esorption is a strong hint of the dissociation of the carbon
which can be atiributed to a (BX2y3)R30° structure 1 on0sid molecule at room temperature. Direct evidence will

with a nearest-neighbor distance of 12.48 A, being in exc:elbe given by means of photoelectron spectroscse be-
lent agreement. The basic unit cells are shown in dark gra w)

color for the Gd monolayer and in black for the adsorbate ", aynosure sequence obtained at room temperature is
system, respe_ctlve_ly. It s_hould be noted that the presentan(()g‘,esemed in Fig. 16. For small dosagas_ in Fig. 16a)],
with on-top sites is arbitrary, because we are not able tgnq o, face is relatively smooth, with single localized areas
d_|st|ngu|sh between on-top, thre.efold hollow, and b”dgebeing depressed. For higher exposUi28 L in Fig. 16b)]
sites based on the STM observations. the appearance has been changed. As will be discussed be-
low in more detail, the more rough surface points to the
C. Gd(0001) exposed to carbon monoxide creation of carbonate species due to a transformation from

L . CO to CG being caused by GOs.
The behavior in the adsorption process of CO on

Gd(000)) depends strongly on the substrate temperature.
Dosing CO to Gd results in a behavior which is shown in
Fig. 15. The upper image presents the adsorption of 0.8-L In order to obtain a deeper insight into the behavior of

CO at 90 K, the lower one of 0.6-L CO at room temperature catalytic processes, the coadsorption of hydrogen and carbon
It is obvious that the surfaces of the Gd islands are differmonoxide was investigated. For this purpose the Gd surface
ently structured. The inset in Fig. @® shows, on the same was exposed to small amounts of hydrogen with a subse-
scale, the Gd surface after an oxygen dosage of 0.08 lquent dosage of CO. The basic steps of this process were

D. Coadsorption of hydrogen and carbon monoxide
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FIG. 14. (a) The same sample as in Fig. 11 with an expanded FIG. 15. Topography of Gd islands exposed to CO at 9&K
scale. Adsorbed oxygen is shows as a depression. The adsorptiand 293 K(b). It is obvious that the Gd islands are differently
sites of the oyxgen atoms form a hexagonal structure which is schestructured, pointing to a molecular adsorption at low temperature
matically included with nearest-neighbor distances af 1. The  and to a dissociation of the CO molecules at room temperature.
crystallographic axes are in reference to the tungsten subdioate.
The Gd monolayer possessing x4 unit cell is drawn as light
gray balls. Our proposed model of the oxygen overlayer is include
by dark gray balls. This structure can be attributed to/32
% 24/3)R30° with a nearest-neighbor distance of 12.48 A.

pear: one structure at 2.4 eV binding energy is due topC 2
mission of UC, and the other one at 2.2 eV by U caused by
he existence of oxygen. Therefore, the peak intensities were

determined at 2, 2.4, and 4 eV as a function of CO exposure

(Fig. 18. The procedure consists of the subtraction of a lin-

ear background and a fit with Gaussian functions. It is obvi-

determined with a sample exposed to 1-L hydrogen beingus that the diagram can be classified into four regions, i.e.,

adsorbed on a GA00Y) surface. This system was exposed tothe adsorption process up to 0.81 L consists of four steps.

CO with dosages up to 0.81 L. The photoemission spectra At the beginning the hydrogen-induced intensity de-

are presented in Fig. 17. With increasing CO exposure it cagreases very quickly, whereas the dissociatively adsorbing

be observed that the Gd surface state near the Fermi levglO causes no features in the spectra nor for thepGtate at
remains nearly unaffected apart from a small decrease in.4 eV nor for the oxygen-caused Gd state at 2.0 eV. In the
intensity after beginning the CO exposure and a slight shifhext step the loss of intensity of the hydrogen state is dimin-
to higher binding energies. Additionally, the hydrogen in-ished, the emission of the carbon state begins, and no feature
duced feature at 4.0-eV binding energy loses intensity, and isaused by oxygen is present. Step 3 consists of a decrease in
absent after 0.81-L CO. In the energy region around 2 eV afthe hydrogen-induced intensity with the same slope as in step
additional structure appears with increasing CO exposuret, an increase of the carbon-induced intensity with the same
this is not apparent at low coverages. slope as in step 2, and the beginning of oxygen-induced in-
It was showff® for uranium possessing an electronic tensity from a Gd state. In step 4 no hydrogen-induced in-
structure  [Rn]5f%6d'7s?) related to G@O00D) tensity is present, and the carbon- and oxygen-induced states
([Xe]4f'5d'6s?) that after CO adsorption two features ap- show a strengthened increase of intensity.
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FIG. 16. For small exposures at room temperafdré in (a)]
the surface looks relatively smooth, whereas for higher dog&ges
L in (b)] it becomes rough.

In the following we want to describe the chemical reac-
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on 1L H/Gd(0001)
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intensity [arb. units]
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FIG. 17. Photoemission spectra taken in normal emission with
hy=16.85 eV for a smooth Gd film pre-exposed to 1-L hydrogen
as a function of CO dosage. With increasing offer, the hydrogen-
induced peak at 4-eV binding energy disappears, whereas around 2
eV a broad structure shows an increasing intensity.

Fig. 18 results in 0.6-L CO being necessary to remove the
whole hydrogen. 1-L CO is equivalent to a collision rate of
3.5 molecules/nf(cf. the estimation for hydrogen in Sec.
IIIA), therefore, 0.6-L CO to a rate of about two CO
molecules/nri. This means that two CO molecules in rela-
tion to four H atoms cause a complete removal of hydrogen,
as stated abovésee reaction scheme of step 1

In the next step only half a rate of hydrogen is removed as
can be seen by the different slope for the H-induced feature
in Fig. 18. The additional amount of CO causes the creation

®

tions induced by increasing CO exposure; the superscript gas
means gaseous, and ads means adsorbed in any way. In order
to obtain a better standard of comparison, all formulas were
referenced to an offer of four CO molecules.

During the first step only hydrogen is removed, and no
additional species are adsorbed; therefore, all products are
gaseous, pointing to the creation of carbon dioxide and meth-
ane:

Step 1: 8HUS+4CO-2COR+2CH™,

The ratio of eight H atoms to four CO molecules for the
complete removal of hydrogen can be independently esti-
mated by the following consideration.

It was shown by Liet al® that 2-L H, are necessary in
order to obtain a full coverage of @D01) with an 1x1
overlayer. Due to the dissociative adsorption gf, ldne can
estimate, using the Gd lattice constants, that the surface is
covered with about eight H atoms per finin our investiga-

® o

® 4.0eV

25
c
5 .
inding ener
> g energy
@3 [ 2.0ev )l
g % 24eV x2

0.0

| 1
0.2 0.4

0.6
CO exposure [L]

08

FIG. 18. Peak intensities as a function of CO dosage. The

tion Gd was exposed to 1-L Hi.e., the density amounts to shapes of the curves point to four regions with different behaviors

four H atoms per nf The extrapolation in region lsee

in the adsorption procegthe details are discussed in the jext
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Whereas for the low offer a single broad peak can be ob-
served, pointing to oxygen in the Gd subsurface oxfdat,
higher exposures a double-peaked structure appears which is
characteristic of GgD5.° It is knowrf" that sesquioxides of
rare-earth metalR,05 are a catalyst for the transformation

of CO to CG. These carbonates are stable at the surface. Gd
in Gd,0; possesses the oxidation stage’Gdlosing all va-
lence electrons, as seen in the drastic decrease in intensity
near the Fermi level. We therefore attribute the significantly
different structure around 2 eV binding energy to emission of
this carbonate species, as already supposed by Szald’
Taking into account these considerations, the further step in
the process can be described by

intensity [arb. units]

Step 5. 6GdQ 4COP-2GdC"s

8§ 7 6 5 4 3 2 1 +2(GhO5% CO,)2S
binding energy [eV]

It should be noted that a part of the carbonate species may be
FIG. 19. Photoemission spectra for 0.4-L H(GA0D/W(110  desorbed as CE.

with increasing CO dosagef. Fig. 17. The broad peak around 6- The peak intensities as a function of CO exposure are

eV binding energy is due to oxygen being adsorbed below the surgiven in Fig. 2@a). It is obvious that the same mechanism

face. The double-peaked structure for higher dosages points to thekes place. The corresponding STM images taken for 0- and

formation of GgOs. This is in agreement with the drastically de- 0.6-L CO, shown with an expanded scale in Fig. 21, demon-

creased intensity near the Fermi level. strate the removal of hydrogen. Ab®\vl L an additional
regime 5 occurs. This is illustrated in Fig. (8D by an ex-

of carbon on or near the surface but no oxygen atom is adpanded scale. The corresponding STM image is given for a

sorbed. The reaction can therefore be written as CO dosage of 3.5 L. The increased intensity becomes re-
ads as as gas ds duced compared to region 4.
Step 2: Ga4H*+4CO*- 2CO*+ CHI™+ GdC**® The “visualization” of this process was carried out via

This f . f ; | f scanning tunneling microscopy. For this purpose Gd islands
exé)sosc;r(;ng[ I?:rzjg GE000Y carbide was also observed for U with hcp(0001) surfaces were exposed to 0.4-L hydrogen.

During further exposure, hydrogen is removed with the  N€ affected areas can be seen in Figap[cf. additionally

same rate compared to the beginning. The rate of carbofid: 20@]. To this system, CO was subsequently dosed.

creation remains constant, but now oxygen is adsorbed cr _fter an offer of 0.6 L no collapsed areas are observpize

ating a subsurface oxide and causes emission frorfi" Gd ig. 21(b)] pointing to no remaining hydrogen at the surface.

states, as already discussed for oxygen adsorbed of cd't this amount region 4 is reached, and the complete hydro-
This réaction can be described by gen adsorbate is removed by CO. The single areas with a

reduced apparent height are caused by contamination during
Step 3: 3Gd 8H¥sy4CcOps the Gd formation. They are also observable in Fig(agl
Figure 21c) shows the sample which was exposed to 3.5-L
as as ds ds CO. In step 5, carbonate species are created which cause this
— CO3*™+ 2CH}™ GdC***+2Gd0*™ rough looking surface.

This direct comparison, i.e., theisualization of the
changes in the electronic properties caused by chemical re-
ﬁctions at the surface, expresses the advantage of the combi-
nation of photoelectron spectroscopy with scanning tunnel-
ing microscopy and spectroscopy.

At the end of step 3 thevholeamount of hydrogen has been
removed from the surface.

The next step is characterized by the creation of carbo
and Gd suboxide of the same type as in the former steps:

Step 4: 4Gd 4COP-4GACI+4GAOS

i . . . IV. SUMMARY
as being obvious due to the strengthened increase in the peak

intensities around 2 eV binding energy. In summary we have determined the electronic structure
In order to determine the influence of higher offers of CO,of hydrogen, oxygen, and carbon monoxide or(@®1) and
the Gd film was exposed to 0.4-L hydrogen with subsequenstudied the development of the adsorption processes. Scan-
CO dosage by up to 3.5-L. These spectra are presented iming tunneling microscopy and spectroscopy allow due to its
Fig. 19. In the low-coverage regime the results are compahigh spatial resolution the observation, i.e., thigualization
rable to the system discussed above. In contrast, the specf the spreading of the adsorption. For hydrogen, it was
trum for 3.5-L CO looks significantly different. No feature at found that the adsorption occurs in two steps. It is initiated
the Fermi level is present any longer, and the one around Dy surface imperfections. Starting from these nucleation cen-
eV binding energy shows a two-peak structure. The changeers, a domainlike spreading is present which is strongly
in the electronic properties is additionally visible in the en-pinned at surface steps acting as domain boundaries.
ergy range of O P states around 6-eV binding energy. Oxygen on the Gd monolayer possesses an ordered struc-
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FIG. 20. (a) Intensities of the hydrogen-induced structure at 4
eV, the oxygen-induced Gd state at 2.0 eV, and thepGtate at 2.4

L
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FIG. 21. Enlarged images of the STM pictures in Fig. 20 taken
at CO dosages of 0 [a), 0.6 L (b), and 3.5 L(c).

ture which could be determined to be \(2x 23)R30°.
Carbon monoxide adsorbs molecularly at low temperatures
and dissociatively at room temperature.

The adsorption process of a hydrogen covered Gd film
being exposed to carbon monoxide consists of five steps. At
the beginning the total amount of adsorbed hydrogen atoms
is removed. In the intermediate regime, carbon and oxygen is
adsorbed at or near the surface. The last step demonstrates
the oxidation to G¢lO; acting as a catalyst for the transfor-
mation of CO to CQ, which creates stable carbonate species
at the surface. This formation also occurs for the adsorption
of oxygen and carbon monoxide.

eV as a function of CO dosage. The adsorption process can be

divided into five steps. The corresponding topography is shown for
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