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Angle-resolved photoemission study of clean and hydrogen-saturated Nibl10)
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We present the development of Fermi-level crossings from the clean to the hydrogen-safirgtsdrface
of molybdenum at room temperature. The well-known adsorbate-induced phonon anomaly is discussed in
terms of a quasi-one-dimensional Fermi-surface nesting and giant Kohn anomaly. Our experiment resolved an
existing discrepancy between earlier photoemission data and Fermi-surface contours calculated within density-
functional theory. Moreover, it is found that the Fermi-surface nesting is fully established at hydrogen cover-
ages where the phonon anomaly just barely forms.

I. INTRODUCTION Barker, and Estruj postulate that this phenomenon is char-

acteristic for the clean surface and is due to a periodic trans-

The coupling of electronic and nuclear degrees of freedation of surface atoms. Interestingly, using the inelastic scat-
dom, i.e., the breakdown of the adiabatic approximation, betering of helium atoms Hulpke and Smilgies discover that the

longs to the very base of solid-state physics and can lead tenergy of a phonon mode alorig10] decreases to zerd.

fascinating effects, such as reconstruction or anomalous phdhis indentation in the dispersion curve of the corresponding
non softening. Often, the interaction of electrons and ionghonon mode is localized at a wave vector which is in agree-
goes hand in hand with a reduction of the dimensionality ofment with the reciprocal-lattice vector of the mentioned pe-
the system under investigation. This phenomenon will nowiodic lattice perturbation. Combining the results of the low-
be illustrated with the aid of subsequent examples coveringnergy electron diffraction experiment and the vibrational
both experimental and theoretical results on molybdenumypectroscopy the following picture is conveyed: a still un-

crystals. Using the inelastic scattering of neutrons Powellhown mechanism freezes a soft phonon of vanishing energy

Martell, and Wooq%show that phonon energies at H and N o thys causes a static and periodic change of the lattice
of the first Brillouin zone are anomalously low. Varma and ., stant which leads to the observed diffraction pattern. A

3 i
Webef* interpret th_e I(_)werm_g_ .Of the phono_n modes as 3hint for the underlying mechanism is furnished by measure-
consequence of lattice instabilities. They realize that the per-

turbation of the lattice periodicity depends on the existenc ments using angle-resolved photoemission spectroscopy.

. X -The authors present Fermi contours of electronic surface
of electronic states close to the Fermi level. These electron% P

states are among Fermi-surface contours that have large paﬁ@tes and claim that decreasing the temperature starting with
of matching curvature. In the literature this situation is called/@luesT=>T, causes a change from convex to concave cur-

quasi-one-dimensional Fermi-surface nestingrder to em-  Vature of the contours. Especially 8 the curvature is ex-
phasize the similarity to the one-dimensional case where thik€mely flat which produces significant nesting features.
Fermi surface consists of two parallel planes. This is the 9@in the nesting vector, i.e., the reciprocal vector spanning
reduction of the dimensionality mentioned above. Varma andn€ nested contours, compares well with the wave vector of
Weber point out that the wave vectors of the anomalous phot-he anomalous phonpn que.
non modes equal the vectors spanning the nested regions of 1€ last example is dedicated to MA0). By means of a
the Fermi contours. Additional measurements for the H-poinf1€ &{om scattering experiment examining the clean and
anomaly demonstrate that the lowering of the phonon en-ydrogen-saturated surface in terms of surface phonons
ergy decreases with increasing temperature. Thus it is provedulPke and Lalecke find that the dispersion of both the
experimentally that electronic states close to the Fermi levef@nsversal and the longitudinal acoustic-phonon modes,
are responsible for the phonon anomaly. By means of tht\_ﬂv_hlcl’_l will be referred to as the Rayleigh wave and the lon-
frozen phonon methatthe frequencies of the phonon modes gitudinal mode, respectively, are extraordinary. They ob-
at H and N could be reproduced theoretic&lly.The intro- ~ Serve that beginning from-0.6 A~* along thel'N direction
duced phonon anomalies at H and N may be caliednsic ~ towards the boundary of the surface Brillouin zone the en-
because they exist priori. ergy of the longitudinal mode is loweré®®The dispersion
The reconstruction of the cledf00) surface of molybde- curves for the hydrogen-saturated surface reveal two anoma-
num serves as an example for what might be called &ous branches for the Rayleigh wave aldeg1] (see Fig. 1
temperature-inducedphonon anomaly. Investigations by for a definition of the directions of the direct and the recip-
means of low-energy electron diffraction for NI®0) reveal  rocal lattice. Two indentations of different magnitude of the
a reversible structural transformation which depends on thélispersion curve are found at a wave vector~e3.9 A",
surface temperatur@:!! For temperature$>T,~250K the =~ Compared to the clean surface the energy of the Rayleigh
common (1x 1) diffraction pattern is observed. For values Wave is lowered from=17 to ~14 meV and from~17 to
below the critical temperaturE,, however, a quartet of dif- ~2.5 meV for the small and the deep indentation, respec-
fraction spots around thg3) position is monitored. Felter, tively. Also at theS point of the surface Brillouin zone cor-

0163-1829/2000/620)/1414611)/$15.00 PRB 61 14 146 ©2000 The American Physical Society



PRB 61 ANGLE-RESOLVED PHOTOEMISSION STUDY OF CLEN. .. 14 147

corresponding contour of the second surface Brillouin zone

and thus new hole pockets arouNdand S are fully devel-
oped[Fig. 3(d)]. As is obvious from the figure these hole
pockets are situated predominantly in the projected band gap
that unambiguously characterizes them as surface states. The
authors extract reciprocal vectors which should enable quasi-
one-dimensional Fermi-surface nesting and thus should drive
the giant Kohn anomalysee Table I, third column

The left-hand side of Fig. 3 displays theoretical results
, based on density-functional theory using the full-potential
Mo(110)-reciprocal lattice linearized augmented plane-waves metfdd® Concerning
FIG. 1. Direct and reciprocal lattice of Mb10). Symmetry di- EZF f?rfj?r?gga;egtgﬁ dczlgrjéaétrlggﬁtcino[ﬁg %?u;zttihi);pﬁ]gmen
rections and high symmetry points of the surface Brillouin zone & dentified bands are extremely .Iocalized ét the surface and
defined. that they are ofl character. Specifically, the contour of the

_ electron pocket is due to alg,2_,2,dy,) band”>~?® The re-
responding to a wave vector ef1.2 A™* along[112] an  sults for the hydrogen-saturated surface, however, differ sig-
indentation of the dispersion curve of the Rayleigh wavenificantly. Following the theoretical results it is obvious that
down to~11 meV is _detected. Rotating the crystal azimuth-ihe (dsz2—2,dy,) band is shifted along thEH direction to-
ally and thus changing the momentum transfer of the Heyards the projected band gap. The authors emphasize that
atoms the authors find that the anomaly becomes onlyhis shift is not due to a hybridization of the hydrogen orbit-
slightly weaker for wave vectors whose orthogonal projec-4s with the corresponding surface band but a consequence of
tion onto [001] remains~0.9 A™%. Thus they postulate @  modification of the surface potential. It is important to note
quasi-one-dimensional character of the observed phonofat the (ls,2_,2,d,,) states lose their three-dimensional
anomaly. Moreover, using deuterium as the adsorbate thenaracter and become pure two-dimensional surface states.
anomaly remains unchanged and it becomes clear that thenother reduction of the dimensionality is obtained by the
anomalous behavior of surface phonons is driven by th@levelopment of nested regions of the calculated Fermi con-
chemical nature of the adsorbate and not, for instance, by ituyrs. According to the results of Kohlet al. the extracted
mass. _ _ _ _ _ nesting vectorgsee Table I, first columrare in good agree-

An equivalent experiment using the inelastic scattering ofment with the wave vectors of the anomalous phonon modes
electrons, i.e., electron-energy-loss spectroscopy, essentiallyaple |, second column The discussed discrepancy be-
leads to the same results.® While the deep indentation in yween theory and the photoemission experiment was the
the dispersion curves could not be observed, which is due tgain impetus for us to perform our experiment.
the different scattering mechanisms, it is shown that also the | et ys finally comment briefly on hydrogen coverages and
longitudinal mode reveals an anomalous lowering of its enyrdered adsorbate structures on (D). It is known from
ergy at the discussed critical wave vectors. Furthermore, it i§yrycture analysis by means of low-energy electron
pointed out that the anomaly becomes less in magnitude witRiffractior?®-32 and from electron-energy-loss
increasing temperature. At room temperature the anomalypectroscopl-‘®that hydrogen is adsorbed atomically in the
for both phonon modes is still clearly visible. Finally the threefold-coordinated hollow site for all coverages. Experi-
authors find that the anomaly grows in for coverages belownents using low-energy electron diffraction find that at
saturation(see Fig. 2 for a representation of the surface phog 5-ML hydrogen coverage a §22)2H superstructure with
non dispersion curves two hydrogen atoms per adsorbate unit cell exists which is

Both clean and hydrogen-saturated (Ub0) surfaces combined with a slight rippling of the surfade.The (1
have also been mvestlgatzid by means of angle-resolved pha-1)  giffraction pattern is restored for the hydrogen-
toelectron spectroscopy-* The results are summarized in satyrated surface at 1 ML. An electron-energy-loss spectros-
the right column of Fig. 3. Here the Fermi-surface contours;opy experiment reports another adsorbate superstructure for
for surface states and surface resonances are shown for thecoyerage of 0.75 ME"18 While the diffraction pattern
clean surfacelupper pait and for the hydrogen-saturated yemains a (% 2) the specular energy-loss spectra clearly

system. The shaded areas are bulk electronic states that fange. Thus an additional ¥2)3H adsorbate superstruc-
projected onto th¢110) surface. The crosses mark locations ,re with three hydrogen atoms in the adsorbate unit cell is
where a surface state or a surface resonance crosses g pifest.
Fermi level. Around”, N, andS (see Fig. 1 for a definition

of the symmetry points of the surface Brillouin zor®le

pocketsare located, i.e., contours that enclose unpopulated

states. Arelectron pocketi.e., a contour that encloses popu-  For the experiment we use tig10 surface of a molyb-
lated states, is visible along tH&N direction. Now Jeong, denum single crystal. Molybdenum crystallizes in the body-
Gaylord, and Kevan find that with hydrogen adsorption thecentered-cubic structure with a lattice constant @f
hole pockets become smaller and vanish at saturdti@ ~ =3.148 A. The surface has been cut and polished to within
multaneously the electron pocket grows in area, i.e., the er.3° of the desired orientation. Before the crystal was in-
ergies of the electronic states are lowered with respect to thetalled into the ultrahigh vacuum chamber it was heated to
Fermi energy. At saturation this contour coalesces with the300 K in a hydrogen atmosphere for several hours.

a=3.148 A"1

-—

[170] l

[001]
Mo(110)-direct lattice

II. EXPERIMENTAL
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FIG. 2. Summary of the dispersion curves for
the Rayleigh wavdtriangles and the longitudi-
nal mode(circles for the main symmetry direc-
tions of the surface Brillouin zone as defined in
Fig. 1. The dispersion of the phonon modes was
recorded for the clean surfadapper data sets
the (2x2)3H phase at 0.75 ML, and the
hydrogen-saturated surfa¢gélx1)H] at 1 ML
coverage. The phonon wave vectors are given in

units of the lengths betwedn andH, S, andN,

where 1TH=3x/a, 1TS=+/3n/a, and 1TN
=v2x/a. The energy loss of the phonon modes
is measured in units of cnt, where 1cm?
~0.124 meV. Notice that in both the top and the
bottom data set for thEH direction results of the
analogous He atom scattering experiment are in-
cluded as small dot&lata taken from Ref. 17

The cleaning procedure as modeled after Refs. 24 and 2%ecessary, can be repeated several times without degradation
consists of several oxidation cycles where the crystal, beingf the surface. The flash temperature is achieved by electron
constantly heated to 1400 K, is exposed to oxygen for 1®ombardment of the back side of the crystal and has been
min and is left without oxygen for 10 min. The oxygen pres-checked using a pyrometer. Having obtained a clean surface
sure is chosen to be>410 ° Pa. After accomplishing three after several oxidation cycles it is sufficient to apply only a
cycles the crystal is flashed to 2000 K. This procedure, iflash. Surface cleanliness was monitored by low-energy elec-
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FIG. 3. Comparison between theoretical and experimental re- S
sults for the Fermi surface of surface states for clean and hydrogen- S 500 -
saturated M@L10. The left column shows the results obtained by clean
density-functional theory calculation®ef. 25; the right column 0 T T T T T T
displays the results as obtained by a previous photoemission experi- 5 4 3 2 1 0
ment(Refs. 22 and 23 Electron binding energy (eV)
tron diffraction, x-ray photoelectron spectroscopy using (c)
Mg Kea radiation, and ultraviolet photoelectron spectros- = 2000
copy. The reader is referred to Figiaffor the energy dis- L 1500
tribution curve of the clean surface in normal emission. This 2 |
spectrum has also been observed by Jeong, Gaylord, anct 1000
Kevarf* near normal emission. The authors assign the peak 5
at ~1.4 eV to be a spin-orbit-induced surface resonance. 8 500+
Also shown is the energy distribution curve afte®0 min in
ultrahigh vacuum with a base pressure of less than 1 0- ; 4! 3! 2! 1! ol

X 10 8Pa. There are two obvious changes: firstly, a broad
spectral feature at=4.9 eV for the clean surface shifts to
~4.2 eV, secondly, the spln—orblt-lnducgd surface resonance FIG. 4. Energy-distribution curves in normal emission(dhthe
peak decreases its intensity by30% with respect to the gpectrum for the clean surfadeold line) is shown and the effects
clean surface and shifts slightly to a higher binding energyf residual gas exposure in ultrahigh vacuum after 90 min are dem-
For us it is important that the Fermi edge is not affectedynstrated(thin line). In (b) the development of the spectra with
during the 90 min that follows from recording energy distri- increasing hydrogen exposure is revealeddrthe stability of the
bution curves every 90 s. The proof of good local atomichydrogen-saturated surface under Headiation is shown. One
order has been given by x-ray photoelectron diffractionspectrum was recorded immediately after preparing the saturated
which allowed for determining the crystal orientation and thesurface; the second one was recorded 60 min later.

Electron binding energy (eV)

TABLE |. Critical wave vectors for the anomalous phonon main symmetry axis to within an accuracy of less than 1°
modes as obtained theoretically by density-functional theorysee Fig. 5.
[(DFT) (Refs. 25—28] and experimentally by electron-energy-loss Hydrogen exposure was performed using gas of 99.995%
spectroscopy(EELS) (Refs. 17 and 18 and photoelectron spec- purity and by backiilling the chamber tox110"7 Pa for
troscopy[(PES (Ref. 23]. Nofice the significant difference be- | coverages and>510 ¢ Pa for saturating the surface.

¥he crystal was exposed to hydrogen at room temperature

directions. The last column is dedicated to our own results wher L .
very good agreement with both theory and the EELS experiment i%‘”d a sensitivity factor of 1.6 for the Bayard-Alpert ion

gauge has been taken into account for quantifying the

revealed. amount of exposure. The development of the normal-
Qe Qe Qe Qe emission energy-distribution curves with inc_reasing hydro-
(DFT) (EELS) (PES (PES gen exposure is demons_trated in Figh)4 Start_lng with the
(A A A ) clean surface the crystal is exposed successively to hydrogen
— for 90 s at a pressure ofX110 ' Pa. The saturated surface
I"'H([001]) 0.86 0.90 131 0.85 corresponds to an exposure for 30 min at B0 ® Pa. Ob-
rs(112]) 1.23 1.22 1.50 1.19 viously a peak at=3.1 eV grows in and increases in intensity

with increasing coverage until saturation is reached. Figure
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{[170] of six channeltron detectors in the analyzer is set to measure
photoelectrons precisely from the Fermi energy which has
been determined using a polycrystalline Ag sample in a pre-
cedent ultraviolet photoemission experiment. Afterwards the
sample is rotated both in the polar and in the azimuthal di-
rection in order to collect data points spread uniformly over
the hemisphere above the crystal. Thus one is able to mea-
sure the complete Fermi surface of surface states covering
the whole or parts of the first surface Brillouin zone. The
resulting data sets are then presentedkp arojection where
k, is the electron momentum component parallel to the sur-
face. Other types of data sets shown here are the angle-
scanned energy-distribution curves. Here one fixes the polar
or the azimuthal angle and records energy-distribution curves
as a function of the varying angle. In both cases, i.e., for
Fermi-surface maps and for angle-scanned energy-
distribution curves, the data are transformed into a linear
gray-scale patteriiffor a more detailed discussion of these
acquisition modes the reader is referred to Refs. 34 and 35

Ill. RESULTS AND DISCUSSION

The strategy of our experiment is as follows: as an over-
view the complete Fermi-surface maps of both the clean and
the hydrogen-saturated surface are desired. After locating the
main differences in the Fermi surface contours regions of the
first surface Brillouin zone are chosen which allow for a
detailed view on the hydrogen-induced changes. These parts
of the overall Fermi-surface maps are recorded employing a
longer dwell time and an enhanced density of data points
with respect to the complete maps.

Figure Ga) shows the complete Fermi-surface map of
clean Md110 where the intensity of the photocurrent is pre-
sented on a logarithmic scale. Every data point was mea-

[f10] sured fo 1 s and the step in the polar angle was chosen to be
2°, starting atd=50°, resulting in a total amount of 1898

FIG. 5. (&) X-ray photoelectron diffraction pattern of Mal3,, data points. The concentric circle indicates grazing emission
(Exn=1511.4eV) emission from clean NILO) at room tempera-  of photoelectrons corresponding to a parallel wave vector
ture recorded using $ia radiation(1739.4 eV. The data are ste- ki=%"1J2m(hv—Ez—®) (mis the free electron masky
reographically projected. The outermost data points originate fromg the energy of the incident lighEg is the electron binding
photoelectrons with nearly grazing emission corresponding to a poénergy with respect to the Fermi energy, iEs=0.0eV at
lar angle of 88°. As the step in the polar angle was chosen to be 24, Formj surfaced =4.95 eV is the work function Com-
the total number of data points Is 50.44'@ the most visible spots paring this data set with the results of Jeong, Gaylord, and
of (a) are shown and their crystal directions are given. 3 - .

Kevarf® [see Fig. 80)] we find good agreement. In accor-
dance with their paper we see the hole pockets ardynd,

4(c) compares the energy-distribution curves of a freshly pre-. = -
pared hydrogen-saturated surface with a 60 min older onand S (we have highlighted these contours by full black

fines which are weak in intensity and the electron pocket
demonstrating its stability under Heirradiation. ) y P

All experiments were carried out in a modified Vacuum €longated along th&N direction (110], highlighted as a

Generators Escalab 220 spectrométeFor all ultraviolet —dashed black lineenclosing thel’ point. In addition, our
photoemission experiments the pass energy of the 18(#ata set also di§plays bulk band contributions that hap.pen.to
hemispherical analyzer was set E,=1eV in order to Cross the Fermi level near the center of the surface Brillouin
achieve an energy resolution of 35 meV full width at half zone(see for instance Ref. 36while Jeong, Gaylord, and
maximum. The iris aperture at the input lens of the analyzeKevarf® concentrated on surface resonances and surface
was chosen to get an angular resolution of less than 1° fuftates.

width at half maximum. The ultraviolet light source is a  Figure 8b) is completely analogous to the data set of Fig.

Gammadata VUV 5000 helium discharge lamp with a toroi-6(&) and displays the Fermi-surface map for the hydrogen-
dal monochromator. For all experiments He radiation saturated surface. The marked Changes in several of the

(21.2 eV} has been used. Fermi-surface contours reflect their surface-state character.
Most of the data sets we present in this pub"cation areThe contours of the hole pOCketS have contracted towards

Fermi-surface mapdg-or this data acquisition mode one out their respective high-symmetry pointg(andﬁ, see below
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FIG. 7. (a) Sector aroundN for the clean surface using better

FIG. 6. Complete Fermi-surface map of the cldapnand the  statistics and an enhanced density of data points compared to Fig.

hydrogen-saturated Mb10) surface. The intensity of the photocur- 6(a). The intensity is plotted on a logarithmic scalb) Azimuthal

rent is presented on a logarithmic scale. In both data sets we hawngle-scanned collection of energy-distribution curves along the

included the surface Brillouin zone for better orientation. Further,dashed line indicated ita). Clearly the Fermi-level crossings can

we indicated the regions of the Fermi-surface map that we investibe seen and assigned to the contours of the Fermi-surface map in

gated in greater detafsee the sectors aroumTjandg). In (a) we (@). (c) Angular distribution curve at the Fermi edge, extracted from

highlight the hole pocketsfull curve) and the electron pocket the data set irfb). The data were measured using Ideradiation

(dashed linpwhich were discussed in Ref. 23. (b) we highlight ~ (21.2 &V},

the hole pockets around andS that have shrunk upon hydrogen _

adsorption. For the evolution of the electron pocket see Figs. 7 ang€t of Fig. 6a). Let us begin with the sector arouhtiwhere

8. The data were measured using Ideradiation(21.2 e\j. the range of azimuthal angles covers a 90° sector symmetric

around thel'N direction. For the clean Ma10) data set

_— shown in Fig. Ta) we applied a dwell timefo2 s and a step
and the ele_ctron pocket has expanded alond tadirection __in the polar angle of 1°. In order to confirm that the displayed
(1001)), while a bulk-related feature ha; not moved. Th'sc ntours originate from Fermi-level crossings of electronic
latter featurss has also been observed in a recent study Qiaies we measured an azimuthal angle-scanned collection of
Li/Mo(110.7" As the work-function change from the clean gperqgy.-distribution curves along the dashed line indicated in
to the hydrogen-saturated surface~.1 eV (Ref. 38 the  Fig. 7(a). For this measurement we fixed the polar angle at
modification of the value ok, can be neglected.

| : ) 19°, resulting in a parallel wave vector of the emitted photo-
As mentioned above we will now look at regions of the glectrons of~0.7 A™1. Each energy-distribution curve runs

surface Brillouin zone where major changes of the Fermifrom 1050 to—450 meV electron binding energy in steps of
surface contours appear according to Fig. 6. For this purposgn meV while the azimuthal angle step is chosen to be 1.5°.
we chose the sectors arouNdandS as indicated in the data We have added to Fig.(@) a dashed line indicating the
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FIG. 8. Completely analogous to Fig. 7, now for the hydrogen- 00 04 08 1.2
saturated surface. Notice that one band shifted towards the surface kel 1721 (A -1
Brillouin-zone boundary. The azimuthal angle-scanned collection ) #eng [ 1( )
of energy-distribution curves ifb) thus shows five Fermi-level
crossings instead of three: the outer ones belong to the shifted band FIG. 9. (a) Sector around for the clean surface as indicated in
and the remaining ones are bulk band contributions that are ndtig. 6(@). Again we chose a logarithmic scale for presenting the
affected by hydrogen adsorption. photocurrent intensity.(b) Polar angle-scanned collection of

energy-distribution curves along the dashed line shown in the sec-

Fermi level. Clearly one can assign the contours measured ior. The Fermi-level crossings can be observed and belong to the
the data set of Fig. (@) to the Fermi-level crossings of the contours demonstrated in the sect@. Angular distribution curve
bands displayed in Fig.(). Moreover, we can confirm the at the Fermi level from the data set(b). The data were measured
result of Jeong, Gaylord and KeVdrthat the two strong using Hel & radiation(21.2 eV).
Fermi-surface contours form an electron pocket, i.e., that

they enclose occupied states. In order to locate the Fermkide is much stronger than on the left-hand side. This type of
level crossings more precisely we display in Figc)7an  mijrror-symmetry breaking is due to our oblique photon inci-
angular distribution curve that has been extracted from th@ence geometry and has been observed in other ¢4%bss
data set of Fig. () at the Fermi edge. asymmetry being similar in the clean and H-saturated
These high-resolution data for the clean surface mustio(110) data indicates the common orbital symmetry of the
hence be compared to the analogous results for thgpserved states in both cases. According to Kobteal 2>~28
hydrogen-saturated surface that are displayed in Fig. 8. Thgis is the (3,2 ,2,d,y) band. Instead of the three Fermi-
hydrogen-induced changes are as follows: one band hagye| crossings one can now distinguish fieee Fig. &)]:
shifted away from thd’N symmetry line along thé&'H di-  the outermost ones belong to the H-shifted bands and the
rection. This band, which appears twice in this data set dugemaining bands are Fermi-level crossings of bulk electronic
to theI'N mirror symmetry, shows a pronounced asymmetrystates that are obviously not affected by hydrogen adsorp-
in the measured intensity. The appearance on the right-harttbn. Notably they appear at very similar locations as the
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(b) FIG. 11. Quasi-one-dimensional Fermi-surface nesting along the

I'H direction([001]). The corresponding nesting vecQf*® is in-
cluded and is in agreement with the wave vector of the anomalous
phonon modes along this direction. The intensity is plotted on a
logarithmic scale.

sen equally to the azimuthal scan data of Figb) and 8b);

the step of the polar angle is chosen to be 1.5°. Again we find
that the contours displayed in Fig.& belong to Fermi-level
crossings of electronic bands, i.e., they are Fermi-surface

contours, and it is confirmed that the contours surroundiing

andS are hole pockets whereas the remaining contour is an
electron pocket. In Fig. (@) we give an angular distribution
curve at the Fermi eddeotice the horizontal dashed line in

© ~ 6000 - Fig. 9b)] which allows for precisely locating the Fermi-level

'T(n 5000 — crossings.

> 4000 On the H-saturated surfad€&ig. 10, the Fermi-surface

B contour that belongs to the electron pocket shifts towards the
2 3000 — zone boundary and increases its intensity markedly. Again
3 2000 — the amount of shifting is in very good agreement with the
< 1000 theoretical resultgsee below As already discussed above,

L the hole pocket arounsl does not vanish in our data, i.e., we
00 04 08 1.2 do not observe a complete filling of the associated band upon
ky along [112] (A iy H saturation. Rather, we observe a shift towardsShmint,

in good agreement with the calculations by Kotdeml 25-28
FIG. 10. Completely analogous to Fig. 9, now for the hydrogen-  We reexamine now the data sets from the H-saturated
saturated surface. Note that the intensity of the shifted band hasyrface of Figs. 8 and 10 in terms of Fermi-surface nesting.

increased compared to the clean case. In Fig. 11 we display again the sector aroudénd draw the

attention to the nested regions of the Fermi-surface contours.
The white and the black lines serve as guides to the eye.
Obviously the electron pocket contours possess large parallel
parts and consequently one can qualify this situation as
quasi-one-dimensional Fermi-surface nesting. More impor-
tantly, the length of the included nesting vec®i™® as de-

(dsz2—2,dy,) band of the clean surfacé.

As will be discussed in more detail below, the amount of
H-shifting is in very nice agreement with the calculations of
Kohler et al?’ In the logarithmic intensity representation of

Fig. 6 we note that the hole pockets aromdand S shrink
considerably towards the high-symmetry points, but they d‘?ived most precisely from Fig. (8) is |Q®A=0.85A""
. C - 1

not disappear completely as had been suggested by ‘]eorWhich is in excellent agreement with both the theoretical and

Gaylord, and Keva#® As far as theS pocket is concerned  the experimental value obtained by vibrational spectroscopy.

this observed shrinking is much in agreement with thﬁ Cal'Figure 12 is dedicated to the sector aro@dnversion sym-

culations by Kohleret al*>~*° [see Fig. &)]. For theN  metry was exploited in order to add the lower part of this
pOCket the prOblem may be that in these slab calculations it |$ermi_surface map. Again we extract the |ength of the indi-
difficult to distinguish surface resonances from bulk statesgaie nesting vector from Fig. &) and obtain |Q%¥

Similar changes can be observed around$hgoint of the =119 A~! which compares very well with the calculated
surface Brillouin zone as Figs. 9 and 10 suggest. The part ofalue’’ and with the result from vibrational spectroscdfiye

the complete Fermi-surface map presented here is a 50° se@ader is referred to Table | where in the fourth column we
tor symmetric around th&'S direction. We also measured added our results on the critical wave vecjoia this con-
polar angle-scanned collections of energy-distribution curvegext it is interesting to cite a recently published paper inves-
along the indicated line. The results are presented in Figgigating the Fermi-level crossings of hydrogen-saturated
9(b) and 1@b): the electron binding-energy interval is cho- W(110) where similar phonon anomalies have been ob-
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clean

0.6L Hy

FIG. 12. Quasi-one-dimensional Fermi-surface nesting along the
T'S direction ([1?2]). The lower part of the Fermi-surface map
results from the upper part by exploiting inversion symmetry. The
corresponding nesting vect@S*® is included and is in agreement
with the wave vector of the anomalous phonon modes along this
direction. The intensity of the photocurrent is presented on a loga-
rithmic scale. 1.5L H
served. Rotenberg and KevArdemonstrate that here the
nesting takes place between spin-orbit split surface bands. In
the case of M@L10) we have not found any hint for spin-
orbit split contours, i.e., we can account for all observed
contours either by surface states of bulk bands. For this sub-
strate the spin-orbit interaction is less important than for
tungsten and consequently a splitting of contours should not
be expected.

In the following we would like to address two more
things. Firstly, from our photoemission data no hint can be
extracted why for the clean surface the dispersion curve for
the longitudinal mode is lowered towards the Brillouin-zone
boundary alond’N. Specifically, we find no nested regions
of Fermi-surface contours that could explain the lowering in
terms of a Kohn anomaly. Secondly, the reader is reminded
that the phonon anomaly sets in before saturation of the sur-
face with hydrogen is accomplished, i.e., the energies of the ©)
phonon modes are slightly loweréske Fig. 2 for coverages
below 1 ML. From the point of view of the photoemission  FIG. 13. Development of the Fermi-level crossings with increas-
experiment we were thus interested to reveal the gradudfd hydrogen coverage. Starting from the clean surfapper data
changes of the Fermi-surface contours with increasing hyse? the Fermi-surface maps for hydrogen exposures of 0.6, 1.5, 2.5,

. ey and 80 L are shown. Notice the strong similarity between the last
drogen exposure. We examined the sector aroundl theint N
. . two data sets. In all data sets we used a logarithmic scale for the
in order to observe the development of the contours. The ﬂqu1 .
. . . tensity of the photocurrent.
data sefFig. 13a)] is the already known Fermi-surface map

for the clean surface at room temperature. FigurtolBe-  pyqrogen adsorptiof. This separation can be seen more
veals the contours after exposing the sample to a hydrogeaeaﬂy after an exposure of 2.5[Eig. 13d)]. Here the hole

atmosphere of 510 7 Pa for 90 s, which corresponds to — . - .
~0.6 L, taking into account a sensitivity factor of 1.6 for the pocket aroundN has nearly vanished. It is interesting that the
0 ) contours at 2.5 L are very similar to the contours recorded

Bayard-Alpert ion gauge (1%1 Langmuir=10 ®Torrs). . .
One can observe that already after this small exposure t%fter 80 L _hydrogen exposu_r[ﬂg. 13e)] E_spe_ually the
nested regions of the Fermi contours as indicated by the

hydrogen the hole pocket arouhtibecomes smaller and the \yhite and black lines in Fig. 18) are already developed at
contour of the electron pocket begins its way aldig to- 25 L. Notice that the electron-energy-loss spectroscopy
wards theH point. After 1.5 L hydrogen exposufeee Fig.  experiment’'® reports the beginning phonon anomaly at
13(c)] the hole pocket has further decreased in size and on@.75 ML which was achieved witk-3 L of hydrogen expo-
can see now that the contour of the electron pocket starts teure. In order to compare the hydrogen exposures of the
seperate from the weaker bulk band, which is unaffected bpresent experiment with those of the former vibrational spec-

2.5L Hy

80L H,
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troscopy analysis we performed a low-energy electron difwhy the nested Fermi-surface contours already exist below
fraction experiment where we observed the development ofaturation although the surface phonon anomaly has not fully
the diffraction pattern during hydrogen adsorption. Since aleveloped. One reason might be that the matrix elements
(2% 2) superstructure exists for coverages between 0.5 angsponsible for the coupling strength between electronic and
0.75 MI (Refs. 17 and 3Jlit was possible to compare the nuclear systems, considered as a function of the hydrogen
hydrogen-exposure values directly, resulting in good agreecoverage, might reach their maximum at saturation. This
ment. The main difference seems to be the intensity of thevould lead to a minor interaction for coverages below satu-
electron pocket contour which is larger for the saturated surration and could explain our observatidisAnother reason
face. In other words, the same nesting vector albkty(the  could be that our experiment was performed at room tem-
data for thel'S is analogous but not shown hgrexists for ~ Perature. Thus the ordering of the adsorbate structure should
the Fermi-surface contours after 2.5 L hydrogen exposur80t be as perfect as for the cooled surface that was investi-
and it should thus be responsible for the beginning phonodated by vibrational spectroscofs}y.*® Locally, hydrogen-
anomaly. The question remains open why the anomaly is nctaturated patches might therefore be expected on the room-
fully developed at this coverage although the Fermi-surfacéémperature surface that contributes to the observed Fermi-
nesting is obviously the same as for saturation. This questiofurface contours, but which are not large enough to support
leads to the prerequisites that must be fulfilled for a gianthe softened phonon modes.

Kohn anomaly in general and it seems appropriate to discuss

the character of this anomaly a bit more thoroughly. It be- IV. SUMMARY AND CONCLUSION

longs to textbook physiéSthat a free electron gas redistrib-
utes its charge density in the presence of a positive charge %

order to cancel out the long-range Coulombic field of thetoelectron spectroscopy. Moreover, we have measured in de-

positive charge. In a SOI!d a phono_n mpde can be viewed 83il the development of Fermi-surface contours with increas-
a positive charge density neglectl_ng its discrete C_ha”_iCt%g hydrogen coverage for parts of the surface Brillouin
V.Vh'Ch is screened by_the conduction elect.rons. T_h|s Sltuaione. In our data we clearly observe quasi-one-dimensional
tions Ieads toareductlon_of the Iong-.range.mteractlon of thq:ermi—surface nesting for the hydrogen-saturated surface.
lons which can be quantified by the dielectric constant qf theI'he corresponding nesting vectors are in excellent agreement
electron gas. In the same way as the force between the ioNs\ISih the wave vectors of surface phonon modes that are

reduced Sy. th?hd'ﬁl.egtr:'c dcg_nsltar:t_ S]? |st_the phonon frleénomalously lowered in energy as observed by experiments
quency. Using the Lindhard dielectric tunction one can caly,qn,  the inelastic scattering of He atdfid® and

culate the amount of this reduction. Kohn pointed out tha

the sinqularity of the Lindhard dielectric function at %lectrond”!® and as calculated from density-functional
€ singularity ot the Lindhard dielectric function at & Wave v, ,y,25-28 consequently, the existing discrepancy between
vector of Xg (kg being the Fermi wave vectpshould be

SO - . - il theory and a previous photoemission experiment on this sys-
V'S'ble n phonon. dlspgrsmn curves in form of KirfksEs- tem could be resolved in favor of the theoretical calculations.
pecially in one dimension these kinks are developed to th

: . . §ve conclude that the observed adsorbate-induced phonon
full extent, i.e., the phonon-dispersion curve drops down toanomaly is a giant Kohn anomaly due to quasi-one-

zero energy ate , which corresponds to a static reconstruc- i engional Fermi-surface nesting. Furthermore, we can de-

ttl)on of tl?e one-dmegsmgal_ I|r|1ea:j_|on C.ggﬁ'r::' This effect 'Sduce from our experiment that the nesting property alone
dgtter : nO\;vn as the E eleris f'Stom or ? one- eed not cause a fully developed phonon anomaly. Another
Imensional system the Fermi surface consists of two paraErerequisite may be a sufficiently large coupling between

lel planes with a distance ofkg in reciprocal space and gjactrons and ions in order to transfer the electronic instabil-
many electrons can thus take part in the anomalous phonqpy to the observed lattice instability

softening. In our case the one-dimensional situation is not
completely restored but there exist large parts of nested re-
gions of the Fermi contours that make the situation quasi-
one-dimensional. This is the reason why the anomaly is We would like to thank U. Linke for preparing the mo-
called agiant Kohn anomaly. As a result of our investigation lybdenum crystal and H. Ibach for kindly placing the crystal
we must assert that the existence of nested regions of Fermat our disposal. We appreciate the help of P. Aebi concerning
surface contours is necessary but not sufficient for a gianthe construction of a sample holder which allows for heating
Kohn anomaly. the crystal to 2000 K. The authors want to thank W. Deich-

What other requirements apart from the existence omann for his support and the mechanical workshop for tech-
nested Fermi contours must be fulfilled in order to drive anical assistance. This work has been supported by the Swiss
phonon anomaly? At the present state we can only speculai¢ational Foundation.

We have investigated the Fermi-level crossings for clean
d hydrogen-saturated NMid.0) using angle-resolved pho-
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