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Direct measurements of thel.-gap surface states on th€111) face of noble metals
by photoelectron spectroscopy
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We present a comprehensive photoemission study of tgap surface states of th{@11) surfaces of Cu,
Ag, and Au by high-resolution angle-resolved photoelectron spectrog&dy. With an angular resolution of
aboutA #=*+0.15° and an energy resolution AE~3.5 meV, our data establish new values for the intrinsic
lifetime broadening and the dispersion relation of these surface states. We compare our photoemission results
to recently published theoretical calculations and measurements by scanning tunneling spect&B8opy
the case of the All1]) state, we observe particular qualitative discrepancies in comparison to the STS data:
the PES data show a split dispersion and Fermi surface, possibly caused by a spin-orbit interaction of the
surface state electrons.
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[. INTRODUCTION shape of the spectral function. For the noble metals there
exist detailed PES investigations of electron-phonon effects
Since the first spectroscopic investigation of thegap  on the binding energy and the linewidth.'* For other sys-
surface states on th@11) surface of noble metdi$ there tems, such as, e.g., the surface states ofO@X) or
has been a large effort to study in detail the dispersion relaMo(110, the coupling between electron and phonon excita-
tions, temperature dependence, the interaction with adsofons(given by the coupling paramety is much larger than

bates, and the line shape of these paradigmatic electron|g the noble metals and leads, therefore, to particular features

- 16-21
systems. These surface states are prototype quasi-tw8! the spectral prgperue@. _ o
dimensional electron states that—as shown Another experimental approach for the investigation of

Shockle§—appear in a projected energy gap of the bulksurface states is the spectroscopy with a scanning tunneling

bands, because of the termination of the infinite crystal b);mcroscope by measuring the current-voltage charact_erlst|cs
the surface at a particular position of the surfagscanning tunneling

. - spectroscopy: STS? From the width of the steplike onset in
Just recently, the internal lifetime of the £d.1) surface . thed1/dV curve, one can determine the lifetime width of the

state l\_/vas Qetermined indepznggl:]tly byl use OL a scanning, e state at the band minimum. New experiments by STS
tunneling microscop€STM) and high-resolution photoemis- (Ref. 23 have shown significantly larger lifetimes than the

i i i '5 . . .
sion spectroscopyPES at the band minimurfy Such ex-  ¢jassic high-resolution photoemission spectra of the last five
perimental and theoretiainvestigations of the lifetime of years'2-152425|n addition to the lifetime measurements, a

surface states are important for the understanding of manyetailed analysis of the voltage dependence of the Friedel
processes that take place at the surface of solids, like, e.gscillations at point and line defects on the surface allows to
chemical reactions and catalytic processés.addition, the  extract Fermi surfaces and dispersion relations by Fourier
lifetime of electronic states in solids is not very well under- transform methods and appropriate model %<8
stood, although it is closely related to fundamental solid-state In contrast to the photoemission spectroscOPES ex-
properties like superconductivity, magnetism, or transporperiment, the tunneling experiment has the advantage that it
properties. investigates the microscopic topology on an atomic scale be-
In principle, there are three experimental methods to defore the spectroscopic measurements are perfofiedere-
termine the lifetime of electronic states: tunneling fore, it is possible to choose an almost perfect, defect-free
spectroscopglusing the tip of a STM, high-resolution pho- area on the single crystal, which is typically of the size of
toemission spectroscopyand time resolved pump-probe =3000 nnf. On the other hand, photoemission with the dis-
experiment$ 1 using two or more photon excitations. Based charge lamp integrates over a comparatively large sample
on the example of published photoemission spectra of tharea of about 1 mfywith all its steps and defects and other
Ag(11)) surface state from the last 25 years, Fig. 1 demonimperfections. This principle difference between the two
strates the technological development in photoemission speaethods was believed to be the reason for the observed dis-
troscopy, which consists mainly of an improvement of thecrepancy in the lifetime width of the noble metal surface
energy resolution by nearly two orders of magnitude. In adstates®
dition, there are significant improvements concerning the an- In the particular case of the Alill) surface LaShell, Mc-
gular resolution, the detection efficiency, and, not last, theDougall, and Jenséh observed by photoemission—with
UHV conditions. high angular and energy resolution—a characteristic splitting
Some simple metallic systems show surface states thaff the surface state and explained this splitting as being due
can be used as excellent model systems for the study of the a spin-orbit coupling, that breaks the spin degeneracy in
influence of many-body effects on the dispersion and linghe system. This explanation was corroborated by recent
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Ag(111) L-Gap Surface State by PES L-gap surface states on tfi#11) surface of copper, silver,
. . and gold.

| A) Heimann ez al. 1977 o~ Il. EXPERIMENTAL SETUP
The photoemission data presented here have been mea-
sured with a SCIENTA SES 200 spectrometer and a mono-
chromatized He discharge lamGAMMADATA ) posi-
tioned under an incidence angle of 45° to the analyzed
. direction. The angular mode of the analyzer allows us to
measure a window oft7° simultaneously, whicttat He |
\ excitation is large enough to map the complete relevint
N range in one direction without any sample rotation. The
4 angles in the orthogonal direction—necessary for complete
] Fermi surface mappingsee below—could be reached by a
subsequent change of the in-axis rotational degree of free-
~~~~~~~~~~~~~ dom of the manipulatoftilt). For example, in the case of the
Ag(111) surface state, the time of the measurement of the
complete dispersion in one direction could be reduced to
] approximately 5 min. However, the accumulation of a whole
\ | Fermi surface magFSM) with a tilt step size of 0.2° took
| approximately 3 h.
The base pressure of the UHV systems was below 5
X 10" 'mbar, increasing—due to the He leakage from the
discharge lamp—to<=8x10 °mbar during the measure-
ments. The samples could be cooled down to approximately
T=8 K on the manipulator. During the measurements, the
temperature was set f6=30K because of the accelerated
) . surface degradation at lower temperaﬁf’rA comparison of
200 150 100 50 0 -50 normal emission spectra dt=8 K and T=30K showed,
binding energy [meV] that atT=30K, the contributions from thermally activated

. . . i phonons to intrinsic linewidth and binding energy of the sur-
FIG. 1. Technological development in PES since the first obsers _ e . )
vation of the Ag111) surface state in photoemission spectra) face states are negligible. This is in accordance with the ex

from Ref. 2 measured at room temperatdRT) with Ar | (hv perimental and calculated temperature dependence reported

H H 2,13,15
=11.83eV), angular integratedd) from Ref. 30 at RT withhv in the literature’ . .
—13eV, AE~60meV andAg=1° (C) from Ref. 13 atT The surfaces of the single crystalline noble metals were

=56 K with Ar I, AE=21meV, andA #=0.9°; (D) present data at prepared by the standail situ sputter-annealing cyclg#\r

T=30K with He | (hv=21.23eV), AE=3.5meV andAg SPuttering at low energies of approximately 1 kV, annealing
—-+0.15°. by back-side electron bombardment for several hours at

500 °O, repeated until the linewidth at normal emission had
reached the minimum values presented here. The time inter-
val from the end of the annealing procedure to the start of the
easurement at 30 K was approximately 10 min.

The energy resolution of the system was determined by
easuring a Fermi edge of a polycrystalline Ag sample at
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C) Paniago er al. 1995

D) Nicolay er al. 2000

tight-binding model calculation®. The authors did rule out
several other possible explanations, especially those relat
to the herringbone reconstructin® (23xv3), which has
been considered in the literature as being responsible for "}h

fluencing the STS resul®. The observed splitting leads to T=8K and a least-squares fit by a Gaussian-broadened

two peaks in the energy distribution curgEDC's) with an Fermi-Dirac distribution at this temperature. The resulting

energy separation proportional to the in-plane wave vectoy . . -
k=|k,| reaching values of abouts=110 meV close tk . value in the angular mode and with He tadiation Qv

The experimental values for the Fermi vectors given in Ref:21'23 eV) wasAE=3.5*0.2meV. The angular resolu-
25 are 0.153 and 0.176 A at room temperature. A depen- tion, determined both from a standard calibration safiple

dence of theke values on the measurddspace direction and directly from the broadening of the surface states in the
— = F P branches of the parabolasee below, is given by A#
('=M or I'=K) or on the photon energy could not be de- _ 1 15° gjight deviations of the measured vs the nominal

tected. However, the physical origin of the observed splittingemissjon angle by nonperfect instrumental alignment have
is still discussed, in particular because STS and PES Shoyeen corrected numericaffy.

guantitatively and qualitatively different results for the

Au(111) surface state and an equivalent splitting for the IIl. RESULTS
other noble metal surface states could not be observed by o . o
PES. A. Lifetime width at normal emission

In this paper we report on high-resolution PES measure- Figure 2 shows the photoemission spectra of the three
ments to investigate the dispersion and the lifetime of thdénvestigated surface states on a common energy scale, mea-
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Noble Metal (111)-Surface States in Normal Emission Ag(111) Surface State at Normal Emission, Line Shape Analysis

Au(111)  Cu(111) Ag(111) . 0 experimental data
\ —— - fit result

------------ fit w/o asymmetry
intrinsic Lorentzian
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FIG. 2. L-gap surface states at normal emissi{brpoint) and
T=30K for Au, Cu, and Ag on a common energy scale, measured FIG. 3. Least-squares analysis of thegap surface state of
with He 1, radiation fiv=21.23eV). Note that the experimental Ag(111) at normal emission measured with Hg riadiation atT
peak positions and linewidtH&WHM) differ slightly from the fit- =30 K. The experimental dataircles were fitted by an asymmet-
ted values given in Table I. ric Lorentzian, convoluted with the resolution functi@@aussiah
The least-squares result is plotted by a dashed line, the intrinsic
sured at normal emissiotequivalent to the center of the Lorentzian (FWHM=6.2 meV) by a solid line. The dotted curve is

surface Brillouin zond'). Here, the peak dispersion has its the fit result without the asymmetif,=0, see text The residue
minimum and the lines appear with the smallest experimen?' (€ least-squares fitis given by black bars.
tal linewidth. The peak positions at normal emission for the

Au(111), Cu111), and Ag111) surface states are 484, 435, inewidth (open circlesamounts to FWHM-9 meV, includ-
and 63 meV, respectively. ing experimental broadening and asymmetry. The resulting

To extract the intrinsic linewidth of the surface states, Wemodellpa.r ameters from the Ieast-squgre; ﬁ_t of this sp_ectrum
used a simple model for the description of the experimentaf'® bmdlng energyso=63.3meV, intrinsic Lorentzian
photoemission data at normal emission. In the case of AGWHM 1'=6.2meV, and asymmetry parametefq
and Cu, the spectra can be described by a single Lorentzian ~0-09- The analysis of the data on different surfaces
with a full width at half maximuni® (FWHM) broadened by showed slight variations of the individual parameters, espe-
the finite experimental resolution, which we approximatedcidlly for the asymmetry parameté. A small asymmetry
by a Gaussian with fixed FWHME = 3.5 meV. Depending Was'usually correlgted with a high-binding energy. However,
on the individual sample surface, the spectra showed a slighfithin @ comparatively small scatter, the results could be

asymmetry, which can be seen more pronounced in the speteP€atedly reproduced.
tra (B) and(C) in Fig. 1. For our data at normal emission we __ ' n€ CU11l) surface state was analyzed analogouse
can rule out that this asymmetry is due to the finite angulaf 9+ 4, the result for the intrinsic linewidth is given in Table
resolution of the spectrometer, confirmed by respective dath € other fit parameters are given in the figure captions. For
modelations(see below. The asymmetry is most probably both Ag and Cu there is no influence of the_f|n|te angular
due to a stepped surface with additional defects, and differgesolution to the line shape of the spectra atlthgoint, not
slightly from preparation to preparatidfiin our model, we €ven for the asymmetric tailing to lower-binding energies.
describe this intrinsic asymmetry by a line shape consisting The understanding of the AL11) state is more complex:
of two independent Lorentzian halfs with FWHNI for the  although the normal emission spectrum gives the most nar-
high-binding energy side arid™ for the low-binding energy  row line, the binding energy does not correspond to the band
side towards the Fermi energy. This leads to an asymmet@inimum, because the line consists of the contributions from
parameterA,=(I'~—T>)/(I'=+T~).%® To compare our the two(probably spin orbjtsplit parabolas shifted in oppo-
data with the STM results or other values from the literaturesite k direction from the normal emissidisee Fig. 8 How-
we considered only the high-binding energy sldfe for the ~ €ver, the analysis of the narrowest experimentally observed
determination of the intrinsic lifetime widtfsee, e.g., Ref. line (see Fig. $in the way described above yields a value of
13). In summary, the model curve for the normal emission fitl’ =25+ 1 meV for Au111), and accordingly, a surface-state
consists of four independent parameters, i.e., the binding edifetime of approximatelyr= 27 fs. Because of the particular
ergy £o, the intrinsic lifetime widthl' =I'<, the asymmetry Splitting of the AuU11l) surface-state dispersion, the finite
parameterA,, and the energy resolutiodAE=3.5meV, angular resolution Ieads—in_contrast to Ag and Cu—to a
which was constant for all spectra analyzed here. slight additional broadening &t; at angles 0.5% §<5° off
Figure 3 shows the result of a least-squares fit with thismormal emission, this broadening transforms to a split peak
model for the A@l1l) surface state. The shear measuredn the EDC’s. We included the dispersion of the two parabo-
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Cu(111) Surface State at Normal Emission, Line Shape Analysis Au(111) Surface State at Normal Emission, Line Shape Analysis

O experimental data
---~ fit result
intrinsic Lorentzian

O experimental data
——- fit result
intrinsic Loretzian

normalized intensities [arb. units]
normalized intensities [arb. units]

520 500 480 460 440 420 400 380 360 570 550 530 510 490 470 450 430 410

binding energy [meV] binding energy [meV]
FIG. 4. Least-squares analysis of thegap surface state of FIG. 5. Least-squares analysis of thegap surface state of

Cu(11) at normal emission measured with Hg radiation atT Au(111) at normal emission measured with He fadiation atT

=30K. The experimental dat@ircles were fitted by an asymmet- =30K. The experimental dafaircles were fitted by an asymmet-

ric Lorentzian, convoluted with the resolution functi@@aussiah ric Lorentzian, convoluted with the resolution functig@aussian in

The least-squares result is plotted by a dashed line, the intrinsienergy spageand the angular broadenirigemielliptic ink space.

Lorentzian (FWHM=23.0 meV) by a solid line. Fit parameters for The least-squares result is plotted by a dashed line, the intrinsic

this spectrume,=434.6 meV,Aq=—0.018,I'=23.0 meV. Lorentzian (FWHM=21meV) by a solid line. Fit parameters for
this spectrum:ey=487.3 meV, A;=—0.035, '=21meV, A6

las in the line shape fit by a convolution knspace with a =*0.15°.

semielliptic angular window function. The size of the win- ) _ o

dow is given by the angular resolution Af9=+0.15°. As face preparation and experiment as far as p035|_ble in our

anticipated from the dispersion relations in Fig. 8, the respec€xPerimental setup. The influence of surface quality clearly

tive fit gives a slightly larger binding energy of the band deserves further investigation.

+1 meV. surface state are characteristically different from the others,
Table | gives a comparison of the intrinsic lifetime widths Pecause thell/dV spectra—although averaged over several

T of the three surface states at the band minimum, detefiP positions—show a high-frequency distortion, probably

mined by photoemission as described above, by STS, and kﬂpe to the herringbone reconstructfdnThis ma.kes the in-

new theoretical calculatiof8.The very close agreement be- terpretation of the STS data on AL1) less straightforward

tween the experimental results are quite striking, in view ofthan the data on Cu and Ag.

the very different sampling areas. However, this indicates

that there is either an additional broadening mechanism in B. Dispersion relation: Analysis of MDC

the STS data, which has not been revealed and is of the same The |eft-hand panels of Figs. 6, 7, and 8 show the mea-

ordeggof magnitude as the unavoidable defect scattering igreq dispersion relation of the three surface states as a gray-
PES;” or that the effect of surface imperfection is less im-scaje plot. The surface states can clearly be detected as para-
portant for the data presented here than anticipated. In thiso|ic curves with an opening at the top, positioned inside the
context we emphasize that we reduced the time between SWap of the projected band structure of the bidkly faint in
the chosen intensity scaleThe respective two-dimensional

TABLE |. Comparison of experimental and theoretical resultsdata sets—i.e., intensity vs angle and energy—have been
for the natural linewidth of the investigated surface states.IAll  measured with one or two shot experiments for Ag and Cu/
values are given in meV. The theoretical and the STM results arg\y, respectively. The slight asymmetry in intensity is due to
taken from Ref. 23, the PES values are taken from the least-squargse asymmetry of the experimental setup: the vacuum ultra-
fit at n_orma_ll emission. The lifetime=#/1" was calculateq from t_he violet light comes from the right-hand side and—according
PES linewidth. The value of the PES result on(Bll) is the fit -, 1o characteristics of the photoemission process—favors
result including the existence of the split dispersieae text the emission of the parabola branch left of the normal emis-
sion. The data sets for Cu and Au were assembled from two

Lsts Lineory Tees 7 [fs] successively measured sets at l@ivcles and high-binding
Ag 6 7.2 6+0.5 110 energy(squares because the whole energy range of the sur-
Cu 24 21.7 231 29 face state dispersion could not be detected simultaneously.
Au 18 18.9 211 31 Due to some nonlinearities in the parallel detection of the

angles, the matching of both regions is not perfect and ap-
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FIG. 6. Dispersion of the
Ag(111) surface state. Left panel:
gray-scale plot from parallel de-
tection directly from the spec-
trometer; right panel: dispersion
of MDC maxima (circles and
least-squares fit resulsolid line).
The shaded area symbolizes the
L-gap of the 111 surface. The
crossing of the Fermi level at
+2.17° is equivalent with Fermi
vectors atke=+0.08 A" The
black box indicates the experi-
mental uncertainties due to finite
angle and energy resolution.

FIG. 7. Dispersion of the
Cu(11)) surface statécf. Fig. 6).
The crossing of the Fermi level at
+5.85° is equivalent with Fermi
vectors at kg==*0.215A"%
Here, the left panel is in a loga-
rithmic intensity scale. The bend-
ing of the data points on the left
(negative branch of the parabola
are due to distortions at the detec-
tor edge. The complete dispersion
is assembled from two data sets at
low (circles and high-binding en-
ergies(squares

FIG. 8. Dispersion of the
Au(11)) surface statécf. Fig. 6).
The splitting ink is clearly visible
on the gray-scale plot on the left
side. The crossing of the Fermi
level at =4.55+0.1° and £5.2
+0.1° is equivalent with Fermi
vectors atke=+0.167A"! and
ke=+0.192A°1, respectively.
The complete dispersion is as-
sembled from two data sets at low
(circles and high-binding ener-
gies(squares
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TABLE Il. Summary of the(paraboli¢ dispersion fit results. |as with identical parameters for band minimugand cur-
The two parabolas of the Alll) surface states are centered at 4t re. shifted irk direction symmetrically from thé& point

+0.013 AL by +AKk.
" . The resulting parabolic dispersions of the peak maxima
&0 [meV] m*/me ke [A™] give the Fermi vectokr and—from the curvature of the
Ag 63+ 1 0.397 0.080 parabola—the effective  electron mass m*_
Au 487+ 1 0.955 0.167/0.192 _zﬁz[dze(k)/dkz]*l. The resulting values are summarized
Cu 4351 0412 0.215 in Table Il. Note that the observed maximum binding ener-

gies g of the investigated surface stated. Table 1) are
typically ~4% smaller than the STS valu&sThe two pa-

pears as slight kinks in the branches of the parabolas. Hov&-abOIaS of f?e ALY iurfage statg are sh!fted p&k
+0.013A°! from the I’ point, equivalent with a linear

ever, this apparative deviation from the parabolic behavior is. — - v

only marginal(i.e., within the given experimental erromnd iependen}c_{e of the energy splitting dn with Ae(k)

was taken into consideration for the least-squares analysis. 0A8r[:r¥)/m3;iiz(é d band dispersion closeBg, as was ob
Thek splitting of the Aulll surface state can be seen served for a M@110) surface staté’ is not resélvable in our

directly from the gray-scale plot in Fig. 8 without any further : ; .

. . . o ata for any of the investigated surfacese Figs. 6—
data analysis. There is obviously no such splitting for Ag an@urthermorg in contrast togobserved methodicgl disc?epan—
Cu on the scale of our instrumental angular and energy resQ; '

Ui hich learly below 5 meV or 0.0L A F ies in the determination of the Fermi vector on other
ution, which means clearly below o mev.or U.ULAFIOM — compound4? several standard methods gave the same re-

the atomic ps-pa spin-orbit splittings—which are 470, ¢ s forke in our casé®

110, and 31 meV for Au, Ag, Cu, respectivély-one would

expect close tdEg to an estimatedg-band splitting of 26 C. Fermi surface mappings—FSM
meV for Ag and and 7 meV for C#. Such a splitting should
actually be resolved under our experimental conditions.

Finally, we present in Fig. 9 the three two-dimensional

To analyze the dispersion of the surface states, we usegﬁrml surfaceqFSM) as measured by PES, which are in

. . e . . nciple, also determinable by Fourier transform STM.
cuts in a horizontal direction, which then describe the angu: P y

lar or momentum distribution at a certain energy. In an anal:rhe Fermi surfaces are centered at thepoint, the slight

ogy to the usual photoemission spectra or energy distributiofSymmetries gnd deviations from the circular shape are d_ue
curves(EDC) these are called MD@nomentum distribution to p_roblems_ with _the spectrometer lens an,d the surface aging
curves. Thus, one is able to investigate strongly dispersinguring the tilt series. The data of the FSM's have been taken
features without the influence of the broadened Fermi-Diradite the h|gh—resolu_t|on . measurements, on surfaces
distribution on the data, which results in a shift of the peakthat S,hOW already S,"th degradation effects. Th?fefo'fe' the
maximum positions and a change of line shape in the EDC’ ermi vectorkg, defining the volume of the Fermi surface,
at energies close tB:. We analyzed the MDC's by least- as already dec_reased bY approximately @ Cu/Au), up
squares fits with twdfour in the case of A(L11)] Lorentz- to 9% (for Ag), in comparison to freshly prepared surfaces.

ians, extending up to energies of about 15meBkgT Again clearly observable is—in contrast to Ag and Cu—the

aboveE .*! The resulting positions are plotted as circles andSPlit Fermi surface of the AQ1) surface state. The two
ndividual Fermi surfaces form two closed concentric circles

squares in the right panels of Figs. 6—8. The maxima follow )
a parabolic dispersion, which can be translated to the physp_onnectgd tp the Inner and outer branches ofditie) pa-
cal parameters given in Table Il. These parameters are tenfdP0las in Fig. 8, with thég values given in Table II.
perature dependeft,e.g., the values measured by LaShell,
McDougall, and Jensén have been extracted from data
taken at room temperature and, therefore, show slight differ- In conclusion, we have presented a comprehensive high-
ences to ours. For the Au surface state, we used two parabeesolution photoemission study of thegap surface states on

IV. CONCLUSION

Ag Au

4 _ 4 4
@ @ @
20 20 20
[\] [+ ©
T T4 T
4 0 4 4 0 4
o [ o [ o [

FIG. 9. Fermi surface map$SM) of the investigated noble metal surface states centerdd @ihe data were taken after a surface
exposition of about 0.5 mia 3 hrun. O labels the parallel angular detection of the analyzer, “tilt angle” the rotational degree of freedom
of the manipulator. The time order of the tilt goes from negative to positive angles.
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Ag(111), Cu(111, and Au11l), from which other values of further theoretical and experimental investigations on the
the lifetime, binding energy, and dispersion can be estabroble-metal surface states.

lished. The photoemission linewidths are in striking agree-
ment with recent theoretical and spectroscopic results by
scanning tunneling microscofy8TM), which gave signifi-
cantly larger values for the lifetime than previous photoemis- We would like to thank Ja Kliewer and Paul Steiner for
sion measurements. However, there remain qualitative didielpful discussions. This work was supported by the Sonder-
crepancies in the case of the @d1l) surface, in respect to forschungsbereich SFB 277 and directly by the Deutsche
the split Fermi surface and band dispersion observed by phd-orschungsgemeinschaftGrant Nos. Hul49-17-3/4 and
toemission. An eventual clarification of this point requiresHu149-19-1.
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