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Photoemission from bulk bands along the surface normal of W110
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Normal-emission photoelectron spectra were recorded frof@1® using photons in the energy-range
11 eV<fhiw=<30eV. The results are discussed in comparison to available band-structure calculations and ex-
perimental data obtained in earlier studies. We find reasonable overall agreement and summarize a set of
“best” critical-point energies along thE-3,-N direction of the bulk Brillouin zone, both below and above the
Fermi energy[S0163-18208)03144-Q

[. INTRODUCTION using angle-resolved photoelectron spectroscopy. In this con-
text we need a rather detailed understanding of the clean
The investigation of the electronic properties of tungstersubstrate emission features from bands beflgw However,
by electron spectroscopies has a long histofy.Since the the available results are not easily understood. Most of the
“classical” work of Feuerbacher and Christendehseveral ~ €xisting data from clean V210 do not show a clear band
groups have studied tH@00), (110, and(111) surfaces em- dispersion withk; ,8'12'%7 and were considered to be repre-
ploying various angle-resolved experimental methods likesentative of the one-dimensional density of stétééso an
ultraviolet valence-band photoemissibh?* inverse uv intense surface resonance peak is observed in normal emis-
photoemissiort®®17 secondary electron emissidf x-ray- ~ Sion at an initial state enerdy;=—1.2 eV (Ref. 12 below
induced valence-band photoemissfdhand surface core- Er, which is explained as a surface state supported by a
level spectroscopy using synchrotron radiation at highSymmetry pseudogalf.The absence of clear bulk band dis-
resolution**3*5 While valence-band studies of (00 persion could be due to multiple upper bands or evanescent
observé reasonable agreement with the available fully rela-states in extended bulk band final-state gaps. Earlier work on
tivistic band-structure calculation of Christengetp our  variable photon energies had been reported at<12 eV
know|edge no mappmg of the Occupied bulk energy bandéREf. 3 andzw=20...50 eV8 We have therefore performed
E(K) in their dependence on electron wave vedtdras ever ~an investigation of normal emission from (840 which
been reported. In fact the interpretation of the angle-resolvegoncentrates on photon energies between 12 and 30 eV. Our
spectra appears Comp”cafduy the Superposition of differ- results are in essential agreement with the calculated bulk
ent contributions to the electron energy distribution, like bulkband structure of Christensérin the following we report
direct transitions, features reminiscent of the one-Our experiments and summarize a set of critical point ener-
dimensional density of states along the probedthe com-  gies along thd’-X-N direction, both below and above the
ponent ofk parallel to the surfagesecondary electron emis- Fermi energyEe .
sion from bands above the vacuum lekgl, and(sometimes
very dominant emission out of two—dimepsipnal surfaqe Il. EXPERIMENTAL
states or surface resonances. Moreover, significant contribu-
tions of phonon-assisted indirect bulk transitions gaining rel- The W(110) crystal is oriented to=0.25°. It is 1.5 mm
evance at increasing photon energies have been refottedthick and has a diameter of about 10 mm. It is mounted
Finally, an anomalous broadening of photoemission linebetween two tungsten rods and may be heated from the rear
widths on W110 due to creation of phonons during the by electron bombardment. Cleaning proceeds by heating in
photoexcitation process has been discu$&®y, these vari- an oxygen atmosphere ¥510°8 Torr) at a temperature of
ous effects it is very difficult, and sometimes obviously im-T=1400 K and a subsequent flash T=2300 K. This
possible, to perform a straightforward band mapping experipreparation was found adequate by the absence of contami-
ment as, e.g., easily done for metals like copper gold!®  nation as checked by core-level photoelectron spectroscopy,
In conclusion photoemission from the low-index surfaces ofa very sharp pattern of low-energy electron diffraction spots
tungsten is not well understood. showing no residuals of carbon overlayers, dpérhaps
W(110) is an experimentally convenient substrate for themost important a very sharp surface resonaffcat E;
epitaxial growth of several metals and metal alloys. We have= — 1.2 eV. In fact we periodically checked for the intensity
recently started a systematic study of such growth processes this resonance to monitor sample contamination from the
and of the interaction of the adlayers with gaseous adsorbatessidual pressure in the experimental chanibase pressure
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Brillouin zone. Also included are some experimental data.
Smith et al* studied normal photoemission from (0D1),

i.e., from bands alond’-A-H. They report that all major
features observed with normally incidespolarized radia-
tion (10 e\=Aw=30eV) agree well with the calculated
band structure. AT they derived critical point energies*at
Ei~—04 ev(,;+), E~=~-13eV([g+) and E;
=+14.6 eV. These are shown as open circles in Fig. 1. Wil-
lis and Christensénand Schter et al.” measured angle-
resolved energy distribution of secondary electron emitted
from the unoccupied bands of low-index tungsten surfaces
and found good agreement with the calculated bands. From
Fig. 3 of Ref. 5 we extract final-state energies Bf
=6.3 eV ande;=10.8 eV(both with an error of about0.5

eV as estimated by usThese were interpreteds critical

w10) L

8 - point energies arountll and are shown in Fig. 1 by open
g squares. Blanchett al® observed normal emission photo-
i & electrons from WL110 for photon energies between 24 and
: 6 5 3 50 eV. They observe that the major peaks in the spectra do
‘\ fe not show any resolved dispersion. They conclude that these
Ep=0 t~e A, oh features are not due to direct transitions between bulk bands
-2 _y—c o but most probably originate from two-dimensional electronic
5 states near the surface. However they also report a dramatic
-4 intensity variation with%w, presumably due to the final
-6 1 states in the excitation proceS¥ve come back to this aspect
N - r further below. Finally the unoccupied bands of W0) were

probed by inverse photoemissibhCritical point energies
FIG. 1. EIectron_ic energy band struc_ture_of tungsten along theyre determined to be &;=+2.6 eV Cg+, or 'y, in the
I'-%-N symmetry direction of the bulk Brillouin zone as calculated nonrelativistic point-group notation if spin-orbit coupling is
by Christenser(Refs. 2, 5 using a relat|V|st|_c_ augmented-plane- neglected) E;=+2.2eV andE(=+3.2eV (both at N).
wave (RAPW) method.E, indicates the position of the vacuum Thege data are shown in Fig. 1 by open diamonds. Moreover,
level at the W110) surface. Critical point energies obtained experi- ihage guthors observed the energies of direct transitions to
mentally by different groups are shown by open symbols. Fllled,[he two Fermi-level crossing pointshown by filled dia-
symbols localize direct transitions alony observed in angle- : . : g
resolved inverse photoelectron spectroscopy. For details see teXt"[g?SnS s (;? OFIC?Q (J&IIVy)h;:: dV\(l)eéi (k\lnl%\/\:c?ot:] g)iicsl:irngt dvéalxgavsec
l . . -
8x 10 Torr). If necessary, adsorbates could be remove(i};] ?tri]a'lb\lstgfgsd:)iﬁﬁ-erhrf) mgl"‘glneggsna(‘:lgovs";e‘ftr? ;cl)ggée ‘:Iesg the
by short heating t@=2300 K. } '
yNormal emisgsion photoelectron spectra were taken usin@,e filled diamonds aE¢=+11.5eV ande=+20.5 eV in
the 3 m normal-incidence-monochromator NINHeamline ig. 1. In conclusion the_ earlier studies strongly support de-
33.2)) at the Berlin electron storage ring BESSY. Electronstails of the calculated final-state bands aldfigs-N. We
were detected with a hemispherical energy analyzer of 15wvill therefore use this knowledge in the interpretation of our
mm radius of curvature. Its electrostatic input lens isStUIdy of t?e b“}[ka_’a”gs Eeloﬁ; g bet bout 6
equipped with an aperture that may be changedgitu to nspection of Fig. 1 shows a largeé gap bétween abou
obtain a continuous variation of the angular resolution be@nd 11 eV abové&, which does not allow bulk direct tran-
tween Af=+1° and ~12°. Most data were taken @@ sitions to occur anng“-N. In_consequence strong dampm_g
— +2°. The analyzer energy resolution as defined by ihe&ffects due to a large imaginary part of the potential will
pass energy may be varied betweE, =20 and 200 meV. Occur. Damping results in a short mean free path of the elec-
If not specified differently the electron distribution curves trons emitted along the surface normal and therefuiteile
were taken at a total resolutiarE = 80100 meV including k) remains a good numlb)eIFL gets unsharp. \INe must there-
the contribution from the mon.ochromator. Thg photons ardore expect Con5|derab|e integration oxlqra%nghF-E-N.
about 90%p polarized and are incident at 60° with respect to!nN consequence normal emission spectra will show some re-
the surface normal. The vector potentabf the photon field semblance with the one-dimensionéj (esolved density of
was oriented parallel to thENPH mirror plane of the bulk ~ States. I-NiO\(NevEer, i‘f %/ )alsodsltlo(ws é’an‘iz gke\})he Orr]‘_ei con-
I . TS diranti . nectingN (at Eq~11eV) an at E;=14.5eV), whic
E)rlljlilr?uzlgnzeoneﬂ.e., thel'-2-H direction of the surface Bril may support bulk direct transitions and we know that these
' will exhibit dispersion withk, . In fact all the expectations
IIl. RESULTS AND DISCUSSION are observed in our results. Figure 2 shows a sample set of
' normal emission spectra taken at different photon energies.
Figure 1 reproduces the bulk band structure as calculate@ihe straight solid line connects photoemission peaks without
by Christenseh®® along theI'-3-N direction of the bulk  dispersion, while direct transition features are connected by
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explains the dispersing feature label&dn Fig. 2(a) by di-
— T T rect transitions between the bands labeled 2 and 8 in Fig. 1.
W(110) SR Peaks labele® (D) result from transitions around between
© = 0° , @[eV] bands 3(4) and 8.
J\JA\‘ZN A more detailed interpretation requires inspection of
' transition-matrix elements and the underlying selection rules.
"—‘J/\/‘(_LZ&B In the limit of neglected spin-orbit coupling, the electron
J \)/lzsg states alond’N are subjected to th€,, point-group sym-
ST . . _24
J\\/LZM metry. In this limit very effective selection ruf&s2*couple
‘ initial states of symmetrie¥, 3, and3, exclusively to
l VLZW final states of symmetr},;. Only the latter ones are totally
%‘ J 24.8 symmetric with respect to all point-group operations along
S J\\/L%S the surface normal and therefore contribute exclusively to
€ ‘ normal emission spectfdHowever, for a material like tung-
J 23.8 sten spin-orbit interaction must not be neglected. In the rela-
__/,,./\4 232 tivistic double-group notatici?® which takes into account
\\/L the effects of spin-orbit coupling, all states aldnly belong
J\/Lzz.s to the same representatidiy. However, this does not pre-
J 21.8 vent several bands to exhibit a predominant orbital character
J\\,/\\m according to the nonrelativistic case: some final-state bands
are still dominated by theéformen %, symmetry, which
\\’/\ 208 means that not much different character is mixed in by spin-
T\ 198 orbit interaction(although, in principle, allowed by symme-
4 3 2 1 0 try arguments A detailed analysis of the orbital composition
b) Initial State Energy [eV] of the final states of Fig. 1 sho@sthat in particular band 8

exhibits essentially®; character. This band will therefore
FIG. 2. Normal emission photoelectron energy distributioncontribute intense direct transition lines.

curves taken at different photon energies:  (a) Photon energies The onset of the direct transition labelédin Fig. 2a)
between 11.8 and 19.2 eVh) Photon energies from 19.8 to 27.3 between bands 2 and 8 near tepoint, is also clearly rec-
eV. All spectra are normalized to equal maximum peak amplitudeognized in Fig. 3 where we have plotted the variation of peak
and shifted vertically against each other. intensities with photon energjw. Since it is not trivial to

normalize photoemission spectra to the photon flux, we have
dashed lines. The nondispersing peakEat —1.2 eV has applied a simplified procedure: A linear background intensity
been carefully investigated by Gaylord and Kevaft was is defined for peald in Fig. 2a). Figure 3 now shows the
convincingly interpreted by emission from a surface reso-amplitude at maximum of pealé,B,Cdivided by the back-
nance, and this interpretation is strongly supported by ouground amplitude below peak This procedure appears jus-
results, see further below. Comparison with Fig. 1 clearlytified by the monotonic and almost constant photon flux pro-
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of W(110), derived from inverse photoemission specicircles FIG. 5. Normal emission spectra from (00 indicating the
(Ref. 19] and normal emission photoelectraisgluares, this wodk  variation of relative peak intensities with photon enegy, see
The relativistic band calculation of Christensétef. 2 is given by  text for details.

the solid lines for comparison. The diamonds are from de Haas—van

Alphen data(Ref. 17. emission spectroscopy.As is obvious from Fig. 4 all occu-

pied bands are described almost perfectly by the calculation,

duced by the monochromator in the considered range ofith typical error bars below 0.3 eV ig; and less than a few
photon energies. We have also tried different normalizationpercent ofk, on the average. Also abou&- the observed
to secondary electron background: while the detailed shapghifts between experimental and calculated bands never ex-
of the intensity variation changes, the pronounced maximaeed 0.6 eV. A similar good agreement is also reached for
observed in Fig. 3 are independent of the applied normalizasther theoretical results: several different types of band cal-
tion procedures. Peak has its maximum at w=15.7 eV, culations, such as the self-consistent relativistic pseudopo-
while peakD resonates dtw=15.9 eV. Inspection of Fig. 1 tential calculation of Bylander and Kleinmafhthe semire-
explains peakD by a ftransition from I';+ at E; lativistic  linearized  augmented-plane-wave (APW)
= —0.75 eV to band 8 df. The calculated band 8 medtsat  calculations done by Jansen and Freethaand Wei,
E;=14.5 eV and this predicts an allowed direct transition atkrakauer, and Weinett agree with each other and with the
hw=15.2 eV, i.e., only 0.7 eV off the resonance observedelativistic APW calculation of Christensen and
for D in Fig. 3. AtN, we observeE;=—3.4 eV and Fig. 1 Feuerbachénwithin typically 0.2 eV between the bottom of
givesE¢=11.2 eV for band 8. This predicts a direct transi- the valence band and up to several eV abBye We con-
tion resonance dtw=14.6 eV. These numbers indicate that clude that the bulk bands alodg>-N in tungsten are rather
band 8 should be shifted rigidly by about 0.8 eV to higherwell understood.
final-state energies. This is not unreasonable. First, also the Figure 3 indicates a double-peaked intensity variation of
inverse photoemission datayhich are shown as open dia- the feature labele€ in Fig. 2. Our interpretation is as fol-
monds in Fig. 1, indicate some shift into the same directionlows. The intensity producing the plateau observed in Fig. 3
Second it is well knowff-?® that photoemission probes an around%w=16 €V is due to a resonant excitation of the
excited state of the electronic structure, while the onesurface resonance labeled SR in Fig. 2. The maximum at
electron band-structure calculation treats the ground state d&fw=16.6 eV in Fig. 3 results from the resonant direct tran-
the system. Third an energy shift efl eV at more than 10 sition starting afl’g+, compare also Fig. 1. High-resolution
eV aboveEg is well within the expected accuracy of the spectra displayed in Fig. 5 show the development of the dif-
band calculation. ferent peak intensities. Such data allow us to lodae- at

We have now used this shifted final-state ban@®d the E;=(—1.32£0.05) eV. Already in the work of Blanchet,
experimentally observed initial-state energigsderive val-  DiNardo, and Plummérdramatic intensity variations with
ues ofk, for the dispersing features B, andD of Fig. 2(a). photon energy were observed. One rather narrow resonance
The results are summarized as filled squares in Fig. 4. Alsoccurs atE;~ — 3.4 eV aroundh w=30 eV and we interpret
shown are the bands as calculated by Christefsen data this by a direct transition at thi point. This yields an ad-
points aboveE, (filled circles obtained from inverse photo- ditional final state point aE;~26.6 eV which is shown as a
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TABLE I. Comparison of experimental and theoretical critical point ener@iegV) at high-symmetry
points of the bcc bulk Brillouin zone.

- Calculations Experiments
Critical
point Refs. 2, 5 Ref. 29 Energy Ref. Other results
g+ -1.17 -1.53 —1.32£0.10 Thiswork ~-—1.3(Ref. 49
-+ —-0.61 -1.01 —0.75£0.05 This work ~—0.4(Ref. 9
g+ 1.99 2.15 2.60.2 17
r 14.4 14.9 15.30.5 This work =15 (Ref. 5); 14.6+0.6 (Ref. 4
r 30.2 29.71.7 17
N+ -3.35 —3.66 —3.40+0.05 Thiswork —3.5(Ref. 8
N5+ 1.96 1.98 2.20.2 17
N5+ 2.89 2.94 =3.2 17
N5+ 5.90 5.88 6.30.5 5
Ng+ 10.7 9.97
Ns- 111 11.7 10.805 >
N 26.1, 26.9 ~26.5 8
Hg+ -6.1 -5.9 —-5.7 4
Hg- 9.0 9.2 9.3 4 ~9.5 (Ref. §

filled triangle in Fig. 1. A summary of all available critical some features changing withw, see for example in Fig.(B)
point energies, both calculated and obtained experimentallfthe broad shoulder dispersing frol,~—1.7¢eV atfw
is given in Table I. The first column of the experimental =21 eV to~—-1.9 eV athw=27 eV At the same photon
results shows what we believe to be the set of “best enerenergies the broad feature froBx to about—0.7 eV still
gies” presently available. shows some movement betwekn =24 and 27.5 eV.

All energies collected in Table | agree very well with the  In conclusion all data collected in the present work are
calculated bulk band energies, even for final-state energiasonsistent with the bulk band structure as calculated for bcc
well aboveE . Typical energy differences of the experimen- tungsten. Therefore we see no need to cons{ddth the
tal bands alond™-3-N are AE;<0.2 eV, and the electron exception of the surface resonanceEat —1.2 eV) emis-
wave vectors are reproduced with an accuracy Adf, sion from a surface density of states that differs from what
<0.1 A~1 which corresponds te<7% of the distance be- we expect from the bulk bands. In particular there is no
tweenN andT". Whenever bulk final-state bands appropriateevidence for a narrowing of the bands at the surfacd,e.,
for bulk direct transitions are available, such transitions ardor a shift of the gap positions between the bulk and the
observed in the normal emission spectra. If broad gaps opesurface electron density of states. In fact we would not ex-
aboveEg, k, is heavily broadened as is be expected, and thgect a surface that differs electronically very much from the
electron distribution curves represent an integration over theulk: a recent structural study presents convincing evidence
extendedk, regions alongl'N, while k; is still conserved that the W110 surface does not reconstruct, but only the
(we have checked this by taking spectra at polar anglefirst interlayer distance is contracted by about 3% as com-
slightly off normal—these differ drastically from the ones pared to the bulk! This contraction is sufficient to split-off
shown in Fig. 2. Such integration occurs at photon energiesa surface resonance from a bulk band, but cannot change the
hw<15eV and, in particular, at w=20-30 eV[compare electronic properties over larger areas of the surface Bril-
Fig. 2b)]. In the latter case integration is caused mainly bylouin zone.
the appearance of multiple final stateskgt>20 eV, com-
pare Fig. 1: all contribute to a certain extent and most prob-
ably the resulting superposition washes out the individually
dispersing features. In consequence the resulting electron This work was supported by the Bundesministerium fu
distribution curves exhibifsome resemblance to the one- Bildung und ForschungBMBF). We thank W. Braun and
dimensional density of states alohiN (k,=0). Since the the BESSY staff for help. A.E. acknowledges a generous
integration alongk, is incomplete, however, there are still grant from the “Otto-Braun-Stiftung.”
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