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High-resolution photoelectron emission spectroscopy of surface states on(ll1)
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One-photon and two-photon photoelectron emisgibAPE/2PPE spectroscopy is used to study surface
states at and below the Fermi energy ofli) in '—-K andI’—M direction. Picosecond UV laser pulses at
A=210.70 nm(7=47 460.16 cr’) and\=351.17 nm(7=28 476.09 cm?) are used for photoexcitation. The
energy of the emitted photoelectrons is analyzed in a time-of-flight spectrometer with an energy resolution of
AE<20 meV. Two surface states located below the Fermi energy and energetically separated by 120 meV are
detected af’. With increasing; the high-energy state disperses upwards, while the low-energy state disperses
downwards. Furthermore, a theoretical investigation is performed in the framework of the relativistic one-step
formalism. The measured surface-state dispersions are shown to be quantitatively described by the calculations.
For the relative and absolute intensities of the two surface states at and &reMpdriment and theory are not
in agreement{S0163-18207)06147-X

[. INTRODUCTION the chosen photon energies, did not permit an observation of
two separated surface stateslabn the N{111) surface. In
Surface state€SS’s play an important role in a variety of this study we report one- and two-photon spin-averaged pho-
processes on metal surfaces. Recent experiments show th&emission measurements on(Nil) using UV laser radia-
importance in reconstruction effectsionadiabatic damping tion with a picosecond pulse duration. The energy spread of
of adsorbate vibrations, and adsorbate-adsorbate the photon source is about 0.50 cm(A=351nm) and
interactions* Furthermore, surface states contribute to the0.64 cmit (A\=211 nm). The photoelectron emission from
nonlinear optical response of surfaemd influence the sur- states neak is studied with an energy resolution of better
face magnetisi-1? In the past, surface states on(Nil) thanAE=20 meV.
have drawn considerable attention. In early angle-resolved
photoelectron spectroscopy investigations, Eastman and Il. EXPERIMENT
Himpsel found an occupied, nonmagnetic, totally symmet-
ric A, surface state &z= —0.25 eV binding energy, which
disperses downwards with increasikg. In conventiondf*
and spin-resolved inverse photoemission stufliegartially
occupiedA ; surface state just &g is reported. This state

The experiments are performed in an ultrahigh-vacuum
chamber with a base pressure of 20 % mbar. A retarding
field Auger spectrometer and low-energy electron diffraction
(LEED) are used to ensure the cleanliness and order of the
. o i : surface. For an additional check of the cleanliness of the
disperses upwards with increasirig. The spin-resolved ﬁrepared surface, photoemission using coherent vacuum ul-

measurements reveal a magnetic exchange splitting of aboyt iqjet jaser radiation generated by frequency conversion in

A.E: 100 meV, ar_1d the detected state is ass“m‘ig' to be d?ére gases was also us€drhe nickel crystal is mounted on
rived from the p-like L,/ bulk state. Borstekt al:™> per-

. : ) ) a liquid-nitrogen-cooled molybdenum plate, and could be ra-
formed a numerical calculation which yielded only one S”r'diatively heated to 1050 K. The Kil1) sample is initially
face state al’ which splits into two components for nonzero prepared by repeated cycles of Aion sputtering and heat-
k;. Bertef® obtained the same result when applying a theoing (up to 1050 K, together with an oxygen treatment to
retical symmetry analysis to the surface state clogg-toHe  remove sulfur and carbon from the sample. Before each run
supposed that slight misalignments or residual contaminay js cleaned again at low Arion current, and is then sub-
tions of the sample cause a small energy diﬁerence_betweegbquenﬂy annealed.
the photoemission and inverse photoemission resulls at The ultraviolet radiation for photoemission is derived
In the literature, the existence of one or two surface stategom a Nd:YLF (neodymium: yttrium lithium fluoridl laser
at I" thus remains disputed. In photoemission studies onlgystem. It consists of a mode-locked oscillator and a regen-
occupied states, and in inverse-photoemission experimenerative amplifier operating at 76 MHz and 1 kHz, respec-
only unoccupied states, are detectable. Both methods thdively. Laser pulses of 70-ps duration and about 2.5-mJ en-
yield complementary information. Only & is a certain ergy are emitted at a measured infrared wavelength of
overlap present. Thd ; surface state reported by Eastman\,,c=1053.50 nm. Consecutive frequency doubling in a
and Himpsel is not accessible by the inverse photoemissiohiBO5 crystal and sum-frequency mixing in a second LBO
(IPE) method. The comparatively low energy resolution ofcrystal yields strictly linearly polarized UV radiation at
about 100 meV of earlier photoelectron investigations, and,,.=351.17 nm(h»=3.53 eV, 7= 28 476.09 cm?) with a

0163-1829/97/5@4)/160037)/$10.00 56 16 003 © 1997 The American Physical Society



16 004 KUTZNER, PAUCKSCH, JABS, ZACHARIAS, AND BRAUN 56

pulse energy of up to 350J and a pulse duration of 40 ps. field conditions have also been taken into account. Due to the
This 351-nm radiation is used for the two-photon photoemisaccelerating potential the angular resolution is reduced to
sion (2PPB measurements. The polarized UV laser beam ist2.7° for normal emission and t03.8° for emission at 15°
incident on the sample under an angle of 60° with respect toff-normal atEg when using 211-nm radiation. In the case of
the surface normal, and is focused by a quartz lehs (the two-photon emission with 351-nm radiation, the angular
=500 mm). The measured beam radiusis 100 um at the  resolution aEg is +2.5° for normal emission antt 3.5° for
position of the N§111) surface. Under these conditions the 15° off-normal detection.

irradiated elliptical spot has an area of about B0~ % cn?

on the sample. Pulse energies ofid resulting in fluences of Ill. THEORY

about 6 mJ/crh have been applied to the nickel crystal to . . . .
avoid space charge broadening effects. About 0.2 electrong !N this section the key aspects of relativistic photoemis-
per laser pulse have been detected under these conditiordion theory will be outlined. Based on the one-step
The fifth harmonic of the neodym lasenag,=210.70 nm is model;®*’ the relatlylstlc genergllzatlon of the phgtocurrent
generated by frequency doubling the second harmonic in 810Ws the calculation of spin-integrated and spin-resolved
B-BaB,0; crystal, yielding UV radiation ak,.—263.35 nm photoemission spectra for pure elemental salfaé2 Within
(hv=4.71 eV, 7=37 971.73 cm?) with a pulse energy of a relat|\{|st|c one-step theory the photocurrent for photoelec-
up to 250 and a pulse duration of 35 ps. Sum frequencyl"OnS With energye ¢ and momentunk, parallel to the sur-
mixing of this radiation with the fundamental radiation in aface IS des<_:r|bed by the sp_m-densny matpixin the space
second B-BaB,O; crystal vyields 21070 nm 3( 'EPresentation, one can write

=47 460.16 cm?) radiation. At this wavelength, pulses of

1
10 uJ at a duration of 31 ps are available at the surface for p(es,k)=——1Im j er dr'wi(r)
one photon photoemissioflPPB. For the highly efficient m
1PPE process the intensity of the 211-nm radiation has to be XAGT(r,r AT (r"). 1)

attenuated by several orders of magnitude to reduce the num-
ber of emitted photoelectrons in order to avoid space-chargederein \If;‘(r) describes the time-reversed spin-polarized

induced broadening effects. LEED (SPLEED state
The emitted photoelectrons are detected in a time-of-flight ; N
(TOF) electron spectrometer with a sample-detector distance WHr)=(r|G; |et.ky). 2

of 879 mm. The geometric collection angle of the emitted
electrons is=1.3° along the surface normal. The electrons
are detected by microchannel plat84CP’s) with an imped-

ance matched 50r anode. The MCP signal is recorded by a

For all further derivations, atomic unit®i=e=m=1, c
=137.036 will be used. Further, the positive-axis points
inside the semi-infinite crystal. The final and initial state

+ + ;
1 GHz time-to-digital-converter which is directly connected propagato_r:f;z andGy , respectlvely, can be expressed by
to the internal bus of a VME bus computéElted. The 4x 4 matrices, and the time-reversed SPLEED stj¢r)

energy resolution of the spectrometer, which depends on thtélkes the form of a four-component Dirac spinor. In the rela-

kinetic energy of the detected electrons, is determined tdvistic theory the interaction of an electron with the electro-

AE=16meV at 2 eV kinetic energy by nonresonant three-Magnetic field is described by the operator

photon ionization of xenon in the gas phase using 263-nm A=— a-A 3)
radiation. o

The measured time-of-flight distributioé(t)dt are di-  with the spatially constant amplitudg, of the electromag-
rectly transformed into kinetic-energy distributions, netic vector potential. The three componesntsof the vector
N(E)dE. A transformation from the time to the energy scale @ are defined through the tensor produgt=o,® o, k
has to conserve the total particle number, tiE)dE  =1,2,3, wheres, denote the Pauli spin matrices. The spin-
=N(t)dt. For a constant flight path and constant velocity averaged photocurrehtand thez componentp, of the spin
in a field-free drift tube, the kinetic energy is given By  polarization vectop are then obtained from
=(m/2)(L/t)2, yielding |dE/dt|=mL?/t® for the Jacobian.
Combining these equations yielt§E) =t3N(t)/(mL?) for I =tr(p) (4)
the transformatiorL is the overall flight pathimn the electron
mass, and the flight time of the electrons. From the zero-
kinetic-energy edge in this spectrum, the work-function dif- tr(o,p)
ference between sample and electron spectrometer is deter- p;w, 5)
mined. In the present case the electrons experience an p
accelerating potential of 0.99 V between thé Nil) sample  with the z componento, of the Pauli spin operatos. For
and the spectrometer. Using this value corrected kineticfurther details see Refs. 20—22.
energy distributions of the emitted photoelectrons at the
sample surface are generated numerically. The simulated IV. RESULTS AND DISCUSSION
electric-field distribution between the sample and TOF en-
trance is included in this numerical simulation. Differences One-photon photoelectron emission spectroscopy is per-
between the direct transformation and the numerical simulaformed with UV laser radiation ath=210.70 nm (h»
tion turn out to be smal(1-3 me\j. When turning the =5.884eV and 2PPE spectroscopy with 351.17 rnimv (
sample in front of the spectrometer the changing electricaF 3.531 eV) radiation. Figure 1 shows energy distribution
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FIG. 1. One-photon photoelectron emission spectra ¢1 M) FIG. 2. Two-photon photoelectron emission spectra dfll\M)
at A\~211 nm. The energy resolution at the Fermi enerfg (  atA=351 nm showing EDC’s a#=0° (a) and §=5° (b). Due to
=0eV) is 13 meV, and the sample temperatlire140 K. (a) En- the higher two-photon energy of 7.06 eV, a larger part of the nickel
ergy distribution curvéEDC) obtained for normal emissio@tI'). 3d band can be seen. Despite a lower-energy resolution of 29 meV
(b) EDC obtained for off-normal emission @=5° in the [—K at Eg=0 eV, results comparable to the 1PPE spectra are obtained
direction. In both spectra the measured signal intensity is fitted by &ith the 2PPE technique.
function considering the electron spectrometer resolution, the Fermi

distribution function(dotted, the bulk emission, and two surface spectra should be dominated by surface-state emission and
states. The two surface states as well as the bulk contribution Otﬁot be complicated by the presence of additional bulk tran-
tained from the fit are shown separately by the dashed lines. Thgitions

details are described in the text. In a high-resolution spectrum taken off-norm#<5°),

: . . . clearly two separated signal peaks apgé&ay. 2(b)] at about
curves (EDC9 obtained with p-polarized light at EB:XO.ZS e\? denotedgbys pand argfﬂi (d)e]znoted by
|~.211 nfm.hAt the Fermi edge pgsnlorEé:O ev) tt_]he eSO~ g ' The energetic position of the former stat) (is in ac-
ution (f)f the spectrometer 'Sr? ﬁUt,ll?j meV.iLI' N Spel‘ztrun?:ordance with the\ ; surface resonance reported by Eastman
;:uts 0 aft EE__O'GS ev, w 'c(; yie _sha Nl_lD ‘3’%24 and co-worker$®# The other state, labele®} , is cut off by
unction of ¢=5.23 eV in accordance with earlier Work™ = he Fermj function. It is only partially occupied and thus only
Experlmiantal points of the Ni energy bancls given in Rff' 23artly visible in the spectrum. Its energetic position coincides
are L =-0.15eV (with respect toEg=08€V), L3 =  \ith" the resonance reported in inverse-photoemission
+0.16 eV, and.,=+6.0 eV. Thus, using the 211-nm radia- gy,gies’-214 |n normal emission the separation of the two

tion (hv=>5.88 eV), only indirect transitions from; and  g¢5te5 is not as obviodiFig. 2@)], although here a shoulder
A3 into evanescent ; states can be gxcned. The photoelec- 5 Eg=—0.1eV is also clearly discernible. We therefore
tron spectrum thus reflects the density of states of bogh ._conclude that two surface states existl'atin addition, no

a_ndA3L, but the intensity IS expect(_ad to be weak. Th? em's.'significant signal intensity is detected at the Fermi energy,
sion from surface states is superimposed on the intensit

. ¥howing clearly thatboth surface states are located com-
from these bulk bands. Photoelectrons derived from surfac letely %elowa One thus may conclude th& is non
. . . F . =
states _cou_ple_ to plane waves n _the vacuum in a single st |%a netic afl’. IPE results, however, suggest that the high-
which is significantly less restrictive than for the bulk. As a 9 : ' » Sugg eng

result, emission from surface states should dominate. Exper2N€rgy staté, is only partially occupied and magneticlat’
ments with hv~6 eV radiation, as in the present work, The existence 0§, atI reveals it as a true surface state in a

should thus be most effective to discriminate between bullsymmetry gap al’, since mixing with bulk states of same
and surface contributions, since these photoelectron emissi@mergy and symmetry is no longer possible. As pointed out in
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Ref. 7, it is derived from th@-like L, point rather than the ' T T T '
d-like L5 point. To analyze the signal structure in more detail

with regard to quantitative results, a simplified model is used - WM 22° ~
to describe the measured photoelectron signal. Therein the MM 16°

signal structure is a superposition of theeak bulk emis-

sion and the emission from two surface stasee the dashed - N?i 12° 4
lines in Fig. 2. The three-dimensional free-electron-gas | *w 10°
model is used to describe the bulk contribution. In case of i
the surface states we assume that both states have the same - ‘9,‘ 7° -
peak intensityl; and signal form (E) and are described by z | o
a Gaussian function of the form 5 5
< | 3°
©
lo 1 [E—Eg)|? ~ .
I(E)=A(E) ex;{——( ) } (6) = F 1° 4
N2mo 2 o b .
o | -1°
S

with the factor = M .30
A(E)= 2 7 i ]

) I edBE EoT " et 7

In this expressiow is the Gauss widtH,; the peak intensity, i WWMW 10°4

and E, the energetic position of the pure Gaussian peak,

which slightly differs from the overall signal peak(E) is a | st N 440 ]
factor that takes the asymmetric form of the SS signals into [ e 160
account. This asymmetry is described by the fa&orThe

resolution of the electron spectrometer, as well as the influ- L oo s -21°

ence of the Fermi distribution functio(dotted ling, have

been considered. Applying this model to the experimental

data yields the continuous lines in Fig. 1 as a fit result. The Eg [eV]

dashed lines denote the single components, i.e., the bulk con-

tribution and the two surface states, for both normal and FIG. 3. Experimental dispersion of surface states albrgK

off-normal emission. The Fermi distribution function convo- direction forh»=5.88 eV radiation. 1PPE spectra of(Ml1) taken

luted with the apparatus function is also shofgntted line. with 211-nmp-polarized radiation for various emission angles are

The energetic positions of the surface stateF Aave been shown. The sample temperatureTis 155 K.

determined from these fits tBz=(—0.230+0.015) eV for

the lower-energy statg, andEg=(—0.110=0.020) eV for  p-polarized 211-nm light and various emission angles in the

the higher-energy stat§,. The given uncertainties have I'—K direction. A downward shift o and an upward shift

been deduced from the statistics, and do not include systenaf S, aboveE is observed when increasihg. The experi-

atic errors due to the chosen fit functions and assumptionmentau data reveal that the intensity ®has a maximum at

An energy gap of about 120 meV is found from a singler, For increasing, the intensity decreases. F8f, which is

spectrum betweeS and S, atI'. The deduced width for a only partly occupied for finitéd, , no definite statement about

single surface state &tis (160+10) meV[full width at half  the intensity can be made from the photoelectron emission

maximum(FWHM)]. In other experiments with a lower en- data. However, the chosen assumptions in the fit model about

ergy resolution an overall widtiincluding both surface form and intensity of the two SS’s appear to be reasonable,

stateg of ~300 meV(FWHM) is reported->24 and are based on the fact that both surface-state signals have
Figure 2 shows two-photon photoelectron emission specapproximately the same height when they can be seen sepa-

tra obtained wittp-polarized radiation at =351 nm. Due to rately in the spectra.

the higher two-photon energy of 7.06 eV this spectrum cuts Figure 4 shows theoretical photoemission spectra for vari-

off at Eg=—1.83 eV. Direct transitions fromh; to A; are  ous emission anglegin theI'—K direction. A paramagnetic

now possible because oh2>L,.?° Due to the higher ki- muffin-tin potential from Ref. 26 was used, together with a

netic energy of the emitted photoelectrons the energy resaurface barrier of Rundgren-Malmsmotype?’ in order to

lution atEg=0 eV is reduced tdAE~29 meV. Concerning describe the crystal potential. Furthermore, the parametrized

the two surface states the 2PPE method yields similar resultsurface barrier was optimized by comparison with the experi-

to the 1PPE method. An additional significant contribution ofmental photoemission data. Possible damping processes were

the bulk emission is not obvious at a first glance. However, &onsidered in a phenomenological way by adding an imagi-

slightly increased gap of about 130 meV between both SS’sary contribution—iV; to the muffin-tin potential of Ni.

and an increased width of about 1820 meV for a single The initial stateV,; was chosen t&,;=0.03 eV. The corre-

SS component is obtained Bicaused by a lower energy and sponding value for the final state, which was used in the

k, resolution, and probably the influence of bulk emission. theoretical investigation, i¥,;,=1.0 eV. The most striking
The dispersion of the surface resonances has been det@bservation in the calculated photoemission spectra of Fig. 4

mined by tilting the sample. Figure 3 shows 1PPE spectra fois that the intensity 08, appears to be much higher than that

-0.6 -04 -0.2 0.0 0.2
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' ' T T and the same widths of both Gaussian line shapes. With in-
creasing;, S disperses downwards in energy, while dis-

B 25°4 perses upwards and crosses the Fermi energy at dpout
=0.06 A"1. The one-photon result§illed circles agree

20° with the two-photon resultfilled squarepswithin the experi-
mental uncertainty. However, slight deviations between both
15° data sets are noticeable, most obviously inhe K direc-
tion. They are probably caused by additional bulk emission,
10° which is not included in the applied model in the case of the
higher two-photon energy. The continuous lines represent
parabolic fits taking both 1PPE and 2PPE results into ac-

— TN

j& 5°

JL count. They describe free-electron-like dispersions with ef-
\/_’/L 0° fective electron masses ai*/m=(—0.41+0.2) for S, and
N—A

m*/m=(0.13+0.05) for S, in the '=K direction. In the
5] I'—=M direction, m*/m=(—0.35+0.08) for S and m*/m
=(0.14+0.05) forS, is found. The given uncertainties are
again solely based on the spread of the data. The energetic
positions of the two surface states ar@43 meV forS and
—94 meV forS,; atT' in the free-electron dispersion model.
For comparison, the results of the relativistic one-step model
calculations are shown by the open circles and the dotted
-20° lines for an excitation wavelength of 211 nm. Theoretically,
effective masses ofm*/m=—0.33 for S and m*/m=0.12
- -25° 4 for S; are obtained for both directions. Within the experi-
! L L L ! mental limitations the dispersion results in the two directions
-0.5 0.0 0.5 1.0 15 of the surface Brillouin zone coincide, and match well with
E. [eV] the calculated dispersions. The values for the effective elec-
8 tron masses obtained both from experiment and theory are
FIG. 4. Theoretical curves calculated with the relativistic one-aboutm*/m=0.13 forS,. This value is smaller by a factor
step model. The intensity of the low-energy st&ds small in  of 3 in comparison with earlier IPE measuremeh@ne rea-
comparison witts; , and decreases completely when approaching son for this could be the smallé&y interval from which this
(6=0°). value is determined in the present work. When considering a
largerk, interval we observe a decrease in curvature, result-

of S. In disagreement to the experimental data, the intensitynd in higher absolute values of the effective masses. Of
of S decreases with decreasikg, and approaches zero at COUrse, a drastic decrease in curvature is obtained 8hén
thel point. The existence of more than one surface stake at Placed atEg atT'. This could be the reason in IPE measure-
cannot be supported by the relativistic one-step model bynents due to insufficient sensitivity at the Fermi energy. An
changing the parameters. We also considered surface corr@nergetical gap of 149 meV betwe8randsS, is determined
gation effects, but no intensity & could be generated & from the separation of the parabolic fit curves. Although the
Former one-step model calculations performed by Borsteintensity ofSvanishes at’ in the case of the theoretical data,
et al® came to the same result. However, in their calculationr2" energetical gap of about 150 meV can be estimated be-
the S, state terminated at the bulk band edge, i.e., ddly tweenSandS, atI" when assuming a parabolic form of the
existed afl". dispersion neal’. Again, experimental and theoretical re-
The results of a detailed analysis of the experimental asults agree very well. The earlier mentioned smaller gap of
well as of the calculated, dispersion of surface states on about 120 meV that is achieved when the 1PPE results are
Ni(111) in T—=K and'—M directions of the surface Bril- treated separately dt is probably a more realistic value
louin zone are shown in Fig. 5. Due to the low kinetic energybecause of the dependence of the parabolic curves on the
of the photoelectrons emitted, only a smiglinterval around  chosenk; interval aroundl". Figure 5 shows that the 1PPE
I can be projected by tilting the sample in an angle intervadata points forS are above, and fog, below, the combined
of +25°< #< — 25°. We restricted our analysis to values of parabolic fit curves, resulting in a smaller gap if considered
|k;|=<0.15 A, The data points given are extracted from fits Separately.
of the observed photoelectron intensities by the above dis- Finally, we want to discuss some aspects of the SS forms
cussed model. It should be pointed out again that the experand widths. Atl" the deduced width for a single surface state
mental data points given for th® state are based on the is about 160 meMFWHM). With increasingk; the signal
easily obtainable data, which are directly accessible by phantensities decrease, and the deduced widths of the surface
toelectron spectroscopy. In contrast, the data points given fatates increase. 200 meV is observed for a 15° off-normal
the upward dispersin@, state are much more strongly de- electron detection for the 1PPK0.11 A~1) data, and
pendent on the fit procedure used. This fit is based on thabout 300 meV for the 2PPE(~0.18 A1) data. This in-
assumption of the same intensity of both SS’s for fiked  creased width indicates an increasing overlap with the bulk

intensity [arb. units]
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band. There is no gap aroumgt in the (111) direction, and

the surface states are degenerate with allowethtes except
atI'. Additional, crystal-induced surface states I&andS;

are expected to show spin splittings of the same size as bulk
states® An exchange splitting of about 300 meV is reported
in the literature from spin-integrated PE measurements for
the uppermostl band®'*?°A substantial smaller splitting is
obtained in spin-resolved IPE measurements for the unoccu-
pied S; state, namely, 10622 meV. This splitting is re-
ported to have the same size as the splitting ofpthi&e gap

. . . ; . boundaryL, .” The lack of spin resolution is a shortcoming
0.2 0.1 0.0 0.1 0.2 in the present high-resolution experiment. The reported spin
splitting value and the value obtained for the SS separation at
I' coincide. Consequently, an interpretation _cannot be ex-
cluded in which the observed signal structurd'ds caused

by only one spin-split SS. However, from the development
of the PE spectra with increasitkg (see Fig. 3, we conclude
that the given interpretation of two surface states is most
reasonable. Applying a curve form analysis of the obtained
asymmetric surface states, we estimate a spin splitting to
about 70 meV. The energetical separation is less but close to
the value reported in spin-resolved IPE measurements. How-
ever, a spin-resolved PE experiment with an improved angu-
lar resolution is required to confirm this interpretation.

In summary, the analysis of high-resolution photoelectron
[A'1] : : emission spectroscopy data gives strong evidence for the ex-
istence of two crystal-induced surface states ofi N atTI.

. . Both states are completely occupied and energetically sepa-
FIG. 5. DispersiorEg vs k for the two observed surface states .y by about 120 F:neV.yTheoP(-ztical investig%tions )i/n thpe

on Ni(111) for (8) '—=K and(b) '—=M directions. The data points P ) -
have been obtained by analysis of the measured EDC's with tthramework of the relativistic one-step formalism as well as

applied fit model. Results of 1PP@®) and 2PPE(H) measure- S?/mmtit.ry cons!dera:[uc:ns n?tedl furthter ITF:LOVEment '.[0 eX]:
ments are shown. The data points are fitted by paralfotaginu- P alr? '? experlmen. a reﬁu ) n.con ras ,h € | |§p§r§|0n 0
ous lineg. The open circles and dashed lines indicate the results OIPOt surface states is well described by the relativistic one-

the relativistic one-step model calculations. step formalism.

02}

00}

02}

00
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states, and, as expected, is most obvious in the 2PPE data. In
contrast to Cu and Ag, where narrow surface states are
found, on N{111) the surface resonances are comparatively The authors would like to thank the Bundesministerium
broad. These broad resonances are caused by the band strfio- Forschung und Technologie for partial support of this
ture of Ni(111), where the Fermi level is located within tde  work under Project No. 13 N 5816.
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