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Surface electron motion near monatomic steps: Two-photon photoemission studies
on stepped Cy111l)
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The electronic structure of three surface or near-surface states on step@&®) Cas been investigated
using angle-resolved, resonant, two-photon photoemission. Since the electron wave function in each of these
electronic states has a different average distance from the crystal plane, the measurement allowed the step
potential at each distance to be sampled. The energy dispersionmftheémage-potential state was found to
be oriented by th¢111) terrace and the=2 state was oriented by thi&75) surface plane. The band structure
of the embedded p-like surface stater(=0) was determined by the projection of the bulk band gap onto
Cu(775. [S0163-182607)05635-X

[. INTRODUCTION coherence length is larger than the terrace width.
Unoccupied-state spectroscopy has shown, initially using

The electronic structure near or at stepped surfaces, hasverse photoemissioli,a close relationship between these
recently attracted considerable attentidtbecause of its rel-  crystal-inducedsp states and the surface Rydberg or image
evance to the physics of nanoscale surface features. For estates on flat surfaces of a single-crystal metal. Each case can
ample, well-defined stepped surfaces can offer simple strude treated as a two-dimensior(@D) free-electron-like sys-
tures of atomic scale for examining electronic phenomenatem. However, electrons in image states are confatsale
on certain vicinal surfaces uniform arrays of monatomic steghe surface, instead of beneath the surface in the case of the
heights can be arranged with spacings of only tens of angerystal-induced states, by the Coulombic force of the image
stroms. The understanding of the scattering of confined elecharge polarized in the surfat&ln the absence of any lat-
trons at discontinuities on metal surfaces has recently beegral confinement potential, image-state electrons move freely
the focus of a lively series of experimental and theoreticain a plane parallel to the surface. Image electrons are some-
investigations. For example, scanning tunneling microscopwhat decoupled from the bulk and only interact weakly with
(STM) studies have shown electron standing-wave phenonthe bulk crystal due to the crystal barrier, but interact more
ena involving electrons in thep surface state scattering strongly with surface imperfections or impurities. Such cou-
from isolated step structures as well as from adsorbegling to surface features may be manifest either in the form
atoms!~ The contrast in the images of these surface wavesf binding-energy shifts or broadening of the image-state
at different sample voltages is sufficient that mapping ofkinetic-energy distributiofi:*®
their dispersive properties has been repoftéd.addition, As a result, it is of interest to determine how image elec-
STM spectroscopy has shown binding-energy shifts of surtrons may interact with the surface potential of steps on a
face electrons on vicinal copper surfaces which were attribsingle-crystal metal surface. The use of image-state photo-
uted to lateral confinement by surface stéfgnally, artifi-  emission provides several interesting possibilities for prob-
cial structures, e.g., “quantum corrals,” have beening this system. First, these surface or near-surface electrons
assembled in order to examine electron confinement withican have very narrow photoemission linewidths, thus allow-
their periphery: A recent theoretical study has pointed outing small shifts, i.e.~tens of meV, to be observed. Second,
that scattering of surface-state electrons within the corralby examining electrons in states with different principal
into the bulk may provide an important “loss” term which quantum number¥. it is possible to examine electron lateral
could greatly reduce the confinement efficiency of the atommotion at different distances, on average, from the crystal
barriers® plane. The use of angle-resolved photoemission provides

This recent work using proximal probes may be compared¢omplementary information on surface-electron scattering
to the results of studies of surface electronic structure usinfrom that obtained in STM studies, since in the case of the
photoemission. For example, there have been several angl®rmer, momentum-resolved measurements allow the surface
resolved photoelectron spectroscopic measurements electronic structure, i.e., energy versus the electron wave
splike surface statés'' as well as valence-band vector, to be mapped throughout the surface Brillouin zone.
structure®’ at stepped surfaces. These stepped surfaces were Specifically, in this paper we present comparative studies
typically formed by making small-angle miscuts to #id1)  of the electronic behavior of surface electrons in both
plane of noble metal crystals. In these studies the dispersiotrystal-and image-induced states on a single-crystal vicinal
minima of the surface states were found to be determined bgurface and the relevant flat low-Miller-index surface. Our
the projected bulk band structure on the surface Brillouinmeasurements use angle-resolvadsonant two-photon
zone(SB2) and to be significantly different from that of flat photoemission, a technique which allowed simultaneous
Cu(111). The results thus indicated that these surface statgzrobing of a set of occupied and unoccupied bands. With this
are largely delocalized in the surface plane and the laterdechnique, we have investigated the local electronic proper-
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ties of then=0 sp-like surface staté®!’ andn=1 and 2 [1io] [111]
image staté on flat C111) and stepped Qi@75). Because 12] \ *
these states exist at different average distances with respec -

to the surface plane, in effect, the electron lateral motion was KSR ST
studied as a function of height from the stepped surface. The ‘:“:“:
e

step array on vicinal Q@75 can be very uniform, thus the ““

use of this surface should also allow coherent scattering from “““ X

an array of monatomic steps to be probed as well. }“?“"
Recent studies have shown that two-photon photoemis- | |

sion (2PPH spectroscopy is a very sensitive and nonpertur-

bative tool for investigating a variety of image-electron d=1403 A
physical phenomena on many metallic surfatien this FIG. 1. A schematic diagram of an ideal lattice structure of

method, a photon first populates the image state from ap -
! . . . CCu(775, or Cu(S)-[7(111)x(111)], showing (111) terraces of
occupied electronic state below the Fermi level and the im- (779 ©)-[7(111)x(11D)] g(11y

X ; . 'seven atomic rows separated by monatomic steps.
age state is then probed with a second photon by photoion-
izing the image-state electron. For a fixed initial surface
state, probing of the image states can be accomplishegfMe crystal was cut to provide a flat(@w1) surface. The
through resonant excitation with a proper photon enéfgy. sample was loosely held by the side and mounted onto two
Because of the relatively large overlap of the two wave funciungsten rods in an UHV chamber so that both the stepped
tions for the initial and intermediate states the excitation proand flat C§111) sides are accessible in the experimental con-
cess is very efficient. Earlier experiments with resonanfiguration for angle-resolved measurements. Both surfaces
2PPE technique have generally used excitation with a fixeevere sequentially mechanically and electrochemically pol-
photon energy or photoemission detection at a fixed angle. Iished before being inserted into the UHV chamber, and then
the measurements presented here, angle-resolved resonansabjected to repeated sputter-anneal cycles until sharp low-
well as off-resonant bichromatic or monochromatic two-evergy electron-diffractiofiLEED) patterns were observed.
photon photoemission were employed. By tuning the photoiWith a carefully prepared crystal, the LEED spots exhibited
energy of nanosecond laser pulsesl the detection angle, sharp splitting, indicating a regular step morpholégyVith
resonant two-photon excitation from th@ surface stater{  an 8.5° miscut, monatomic steps would be expected to be
=0) to the image-potential states£ 1,2) can be achieved formed along th¢110] direction with the(111) terrace con-

at various electron momenté{ parallel to the surface and sjsting of seven rows df110]-oriented atoms, correspond-
hence the energy bands of both the initial and intermediatghg to an intrinsic terrace width oDy=14.03 A. An

states can be mapped out directly. This approach has receninalysig! of the LEED pattern gave a terrace width of
been reported for simultaneous measurement ofrth®  —14+1 A in good agreement with the expected value.
surface resonance and the-1 state on NiL11).* Photoemission experiments were performed with 17-ns,
The goal of the experiments described in this paper hag_pojarized laser pulses generated from a three-stage
been to investigate the motion of electrons on a well-excimer-laser-pumped, tunable dye laser with the output ra-
prepared stepped surface and to determine the confinemegigtion in the visible spectrum range. Frequency-doubled la-
of the electron by a series of step-edge potentials at roorgg, pulses with photon energieb2=4.2—4.9 eV were used
temperature. The measurements display distinct dispersiog populate the image states; the intensity of the incident
minima as well as different binding-energy shifts for the"ght was kept low enough to avoid space-charge effécts.
three surface states, each of them located at a different digyetection and sample preparation was in a chamber kept at a
tance from the surface. The results show thatrtlel image  page pressure<2.0x 10 1° Torr during the measurement.
state, located about 2-3 A above the surface, is MOSfhe electron energy distribution was analyzed with an elec-
strongly coupled with the step structure. _ trostatic, 160°(36.5-mm radius spherical-sector analyzer.
The outline of this paper is as follows: The details of theThe acceptance cone of the detector is about 0.001 sr, giving
experimental technique as well as the sample preparation at momentum resolutiors0.02 A~L for the measurements
given in Sec. Il. The experimental data using angle-resolve%resemed here. The detector energy resolution was set at
resonant 2PPE are presented and the energy banis @f 150 meV as a compromise for signal sensitivity and reso-
1, and 2 states on vicinal Cur9 are derived in Sec. Il ytion. In the angle-resolved experiment, the laser incidence
Section IV discusses the shifts of the dispersion curve as wel,5s fixed at 70° while the detector was rotated in a plane
as the changes in the binding energy of these states Qpnich is perpendicular to both the sample surface and the
Cu(779 in comparison to those on flat CuL1). Finally, the  gtep direction, in most cases. This choice of the rotational
major findings and implications for further experiments areayis for angle-resolved measurements allowed the interaction
summarized in Sec. V. of the surface electron with the step structure to be probed;
the accuracy of this rotation was better tha.2°. In this
configuration, the excitation conditions, i.e., laser incidence
and intensity, were always kept the same for each set of
A high-purity single-crystal sample was spark-cut from aangle-resolved measurements; this procedure is important for
Cu(111) boule (99.999% purity of 1.2-cm diameter. The resonant excitation experiments in which the signal intensity
stepped C(¥75 was formed by an 8.5° miscut to the must be compared with data taken at other angular positions.
Cu(111) surface(see Fig. 1, while the reverse side of the The absolute angular position of the detector with respect to

Il. EXPERIMENT
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FIG. 2. Typical monochromatic and bichromatic 2PPE spectra =05 1
on CU11)) at fundamental wavelength=565 nm.
the surface normal was determined optically with an accu- 1
racy better than-1°. 1.0 4L L
In conventional 2PPE, UV light is used both for pumping v —04 -02 00 02 04
electrons to the image states and for photoionizing the k, (A7)

image-state electrons. In order to enhance the sensitivity of
electron detection and eliminate space-charge effects due to FIG. 3. Culll energy-band diagram for the=0 to 1, 2
intense 1PPE from the UV laser light, especially at highe,states, after Refs. 17 and 18. The shaded area is the bulk band. The
photon energies, bichromatic 2PPE spectros%mas de- closed circles are data obtained by our angle-resolved resonant
ployed for mapping the dispersion relations of e 0, 1, 2PPE measurements.
and 2 states. In bichromatic excitation a relatively weak UV
intensity is used for the first excitation step while much morefrom 0.9 eV below the Fermi leveEg, to 4.1 eV abovéEg,
intense pulses of visible light are used to ionize the electronghere is no occupietulk-state continuunmn the vicinity of
(see Fig. 2 The visible light photon energy &fv is notonly  the Fermi level at zone center, although the 0 surface
well below the threshold level for single-photon photoemis-state does lie in this same region Bfk space. In fact, at
sion but in addition has a three times larger photoemissioizone center a photon energy of at least 4.9 eV is required to
cross section than for UV radiation ah2 according to the excite electrons from the bulk continuum to the:1 image
wavelength-dependent expression for photoemission, givestate. Thus, for the wavelengths used in the experiment, reso-
by Shakeshaft and Spruéh.The visible beam, which is nant excitation from the discrete surface state 0, located
originally s-polarized, and the-polarized UV beam are di- ~0.4 eV belowE atk,=0) to the image states is the domi-
rected through a visible broadband half-wave plate and a U\hant excitation path for the two-photon signal. Such resonant
thin-film polarizer so that the UV and visible are collimated excitation at a fixed photon energy only occurs for a narrow
collinearly and are botlp polarized when incident on the angular region around a specific initial value kyf. This
sample surface, thus allowing efficient excitation of surfacemethod contrasts with excitation on many other metal sur-
states. faces, e.g., GU00, Ag(100, etc.?® which offer a con-
tinuum of occupied states up to the Fermi level and thus
permit strong pumping of the image state over a broad range
of photon energiedyy=® — Ez, where® is the work func-
tion andEg is the binding energy of the image state. In the
Both thesp surface state and image states on flagiQa) case of resonant excitation with a discrete initial state, angle-
have been extensively studied using angle-resolved ultraviaesolved measurements at varioks have to be accom-
let photoemission spectroscoffgefs. 16 and 1j7and angle- plished via simultaneous tuning of the photon energy and
resolved 2PPE® respectively. Figure 3 shows the well- detection angle. This procedure, while time consuming, does
known energy-band diagrams of time=0 (sp-like surface allow the energy bands of both the initial and intermediate
staté’) andn=1, 2 (image state$) on Cu111), which were states to be mapped simultaneously.
obtained from these measurements. In addition, the diagram The n=1 image state of Qd11) has a binding energy
depicts the resonant-excitation process, where the excitatiomhich places it at the very top of the projected band gap at
is from the occupieth=0 state to the unoccupiet=1 or 2  k;=0; further the dispersion of the=1 state relative to that
states. Because the projected band gap keaO extends of the upper edge of the projected gap causesithé state

Ill. MAPPING OF THE ENERGY DISPERSION CURVES
FOR THE n=0, 1, 2 STATES
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a) Cu(111) n=1 290/580 nm surface normal. The=1 state, identified by its well-defined
] ey, g binding energy® was excited from the=0 surface state.
200 o~ B When using resonance excitation for band mapping both the
-~ 4 . initial and intermediate states can be tracked simultaneously.
K - . : .
— — i, P —]3° However, the technique requires that the resonance be iden-
= w tified by a maximum in signal intensity as the detection angle
E uﬁlﬂlﬂgfi %m -9° is varied.
800l ccsenens D:;:Zeew 0° As sh_own in I_:ig. 46}) at th_e_ pump wavelength of 290 nm
= ey the maximum signal intensities of the=1 state occurred
g i o _.D%m +8° at +13° as well as—13°, but not in the surface normal
S 504 _q.‘ 4 * direction, unlike the case on CiL00. In addition, the
wmt” M +13° spectra were symmetric about the normal, i.e., thel
oS T 4170 signal had about the same intensity to withirtb% at the
L B L R N A A AU B opposite(*) angular position from the surface normal. Rep-
-8 1.0 1.2 1.4 1.6 1.8 2.0 tative bichromatic 2PPE spectra taken at shorter
Kinetic Energy, E — E,, (¢V) resen‘?‘ o P
excitation/photoemission wavelengths 252.5/505 nm are

252.5/505 nm shown in Fig. 4b), at this wavelength both the=1 and 2
image states were excited and observed, as labeled in the

b) Cu(111) n=1 n=2

0006523
] s 69@‘“%‘??%%% -15° figure. At each wavelength the=2 peak was identified by
120- . ,.'-",-“,.._.44"'. the value of its binding enerdy. These peaks were distin-
~ ] e N~ 100 guished from a virtual 2PPERefs. 26 and 2Bprocess in-
«g : deahq]q]ump@m% dﬁﬂ@gng%%‘j% . volving then=0 state by the di_sappearan_ce of the feature as
£ 100. e 00:9%0% . the pump wavelength was varied, see Fi@)4Here, then
§ 1 %@wﬂ:g ﬁgﬁ‘%%% 0° =1 _state was populated from the upper edge of the bulk
2 ° TS o continuum, and then=2 state was excited fr_om th§3=0 N
g rcefrt M b R +5° surface state. At these wavelengths the maximum intensities
S 404 « 7 also occurred of(ilOf’) the normgl for then=2 state, and
1 w"\..._..-* oo ‘_,"- 4 . +10° the spectra were again symmetric about the surface normal.
1 Similar measurements at a series of other wavelengths
] +15° showed that excitation at larger or lower photon energies
0 — resulted in resonance peaks at larger or smaller detection

——— T T T T T
1.0 1.5 2.0 2.5 3.0

i angles from the surface norm@=0°), with the spectra al-
Kinetic Energy, E — E,,. (eV)

ways being symmetric abodt=0°. Such measurements also
show that the excited electrons in image states do not relax to
their band minima due to electron-electron interaction
within their lifetime, presumably a reflection of the weak
to cross above the band gap immediately beymndo.le'ZG image-electron i_nf[eraction with thg bulk-and surfacg—state
Thus both then=1 and 2 states are image resonaftéar electrons. In addition, the low density of electrons excited to

k,>0. Despite this, 2PPE measurements by Kubiak an&mhgligzgﬁ states apparently prevents electron-electron ther-

other$®26 have shown that both these image-state photo- Using d hasth h i Fig. 4 |
emission linewidths remain narrow and exhibit effectiveI tsrllngthat%_Sl(Jjg as those s ?‘gnﬂ']nth'g: 't'atl se\(/jerzit wav<_a—
masses very close to the free-electron value. The narro NgIns, the binding energies of bo € infial and interme
linewidths presumably reflect a low density of bulk states late states could .be. tracked by measuring the angle, at
hich resonant excitation occurred, and the kinetic energy of

just beyond the projected band gap. Note that on fIah itted electron f ) hot Specificall
Cu(111), the dispersion curves of all the three states are sym- € emilled electron for a given photon energy. Speciiicatly,

metric about the surface normal, k=0 in k space. each resonant point reveals one poiktkK;) in the energy
' band of the image state as well as g surface state; the

binding energy is given b¥g=hv—E,;, (for n=1, or 2
A. Results on CY111) relative to the vacuum level dé,=hv— ® + Eg relative to

Since the energy bands of the surface electrons othe Fermi level(for n=0), whereE,;, is the kinetic energy
Cu(11) had been well studied, angle-resolved resonantf the photoemitted electron above the vacuum level. The
2PPE measurements were first performed on this flat surfadateral momentunk; is conserved throughout the 2PPE pro-
for reference and calibration. Figurga# shows a set of cess and is given by,=(\2m.E/%)sing. As shown in
angle-resolved 2PPE spectra taken using bichromatic excit#ig. 3 the experimental results agree well, within the experi-
tion, with wavelengths of Ay;,=290 nm (frequency- mental error, with earlier measureméht€ for then=0, 1,
doubled and\ pe=580 nm(fundamentglat detection angles and 2 dispersion relations. The experimental error mainly
from —18° to +17°. Here, the minus sign on the angle wasstems from the finite signal-to-noise ratio of the system, pos-
chosen to denote a direction from the surface norfivi@b]  sible remaining space-charge effects, the accuracy in the de-
towards[112] in the plane perpendicular to the steps, whiletermination of the detection angle, and the detector energy
the positive sign applies to polar angles opposite from thend angular resolution.

FIG. 4. Angle-resolved bichromatic 2PPE spectra orf1C):
(a) at 290/580 nm{b) at 252.5/505 nm.
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FIG. 5. Angle-resolved bichromatic 2PPE spectra or{7Cb):
(a) at 267.5/535 nm(b) at 300/600 nm. FIG. 6. Energy dispersion curves of the=0, 1, and 2 states,
determined by angle-resolved resonant 2PPE, on stepp@ty §u

B. Results on Cu779) signal intensity maxima appeared at different angles, which

Angle-resolved, resonant, 2PPE measurements were th@arresponded to different resonant-excitation positions in
performed on carefully prepared stepped(TAb). Figure —momentum space. At each resonant point, the binding ener-
5(a) shows the 2PPE spectra on(Cu5) for detection angles gies of both the initiah=0 state and the intermediate image
#=—10° to +22° using bichromatic excitation at 267.5 and state at their corresponding momentum position can be si-
535 nm. Bothn=1 and 2 states were accessible from themultaneously determined for the particular photon energy
n=0 state at this UV photon energh¢=4.64 eV). As the because of the fact that the parallel momentum is conserved
detection scanned through various angular positions, onlgluring photoemission experiments, as described earlier in
one resonance peak was observed for each image state, $€c. Il A.
contrast to the case on flat Q11). Specifically the reso- A plot of each value oE vs k; corresponding to a par-
nance peaks are found é&+17° for then=1 state and at ticular resonance allowed the energy dispersion of ithe
6=0° for then=2 state. Thus the symmetry in the spectra=0, 1, and 2 states on Cir5 to be mapped, as shown in
for £k, that was seen on the flat surface, was not present ohig. 6. The binding energies of the image stateg, at a
the stepped surface, and the spectra were not symmetripecifick, value were determined from photon energy for
about the surface normal or any other particular direction foresonant excitationat that k,, by the relationEg=hv,
either then=1 or 2 state. As a second example, Figh)5 — Eun, WhereEy, is the electron kinetic energy above the
shows a spectrum obtained for bichromatic excitation avacuum level andhv, is the photon energy for the photoion-
somewhat longer wavelengths, e.g., 300 and 600 nm. Thigation step. Values ofE;, were determined from the
spectrum shows that only thre=1 state could be populated energy-distribution curvéEDC) by measuring the position
and that the resonance occurredbat+2°. Again, there was of the resonance peak relative to the low-energy cutoff in the
only a single resonance peak and the symmetry about thEPPE, a measure of the vacuum level. The EDC's in Figs. 4
surface normal, as seen on flat (Cl1), was again lost on and 5 were peak fit with a Voigt profile, which is a convo-
Cu(775). lution of a Lorentzian line shape and the Gaussian response

Further measurements at various photon energies and d&nction of the detector. The binding energy of the-0
tection angles showed that for different photon energies, theurface stateEg was determined by the relatiolﬁgz Eg
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+hvy, wherehv, is the energy of the photon that excited the iting free-electron-like motion in a plane parallel to its image
electron fromn=0 to the image state at resonance. Figure lane. Hence, the position of the parabolic dispersion curve
shows that the dispersion minima of both the0 and 1 ink; space is determined by the image-plane orientation, i.e.,
states are shifted ik space, a result which contrasts with the the dispersion-band minimum occurs at the normal of the
nesting at abouk,=0 for these same states on flat(Cll).  image plane. Calculations using the phase-accumulation
However, in the case of the=2 state the dispersion curve method* show that then=1 image state would have an
was still centered & =0. The energy-band minimum of the ayerage distance~2 A above the image plane while time
n=0 state was found to be locatedlqt-0.22 A™%, corre- 7 image-state electron would bel2 A above the surface.
sponding to a 19° detection angle for a probing photon en-  on 3 stepped surface the interaction of an image electron
ergy ~2,-3,’,6 eV. In the opposite direction froly=0 (6<<0, \yith the surface is altered from that on a flat surface. First,
downhill” on the steps, a second downward dispersion, cparge smoothing at steps on a metal surface is known to
which was symmetric to the above-mentioned dispersion i, 1o the formation of local step-edge dipdfesriented

the “uphill” region, was _also.seen. Measurements at Iargecrperpendicular and outward from the edge. Second, the polar-
angles were not accessible in the downhill direction due t ) . . )
|z|at|on of charge in the metal due to the image electron will

experimental constraints. Note that the resonant 2PPE signd s0 be perturbed by the steps. As a result of both effects, the

was considerably weaker in comparison to that in the uphilf”1 . . )
direction Image electron will no longer move in a simple one-

Then=1 state minimum was shifted tg~0.09 A~2, or dimensional potential. Further, the character of this potential

#=8-9°, an angle which corresponds to the direction alond"i” clearly depend on the distance of the_ ellectron from the
the terrace normal, i.e[111]. Also note that this dispersion surface plgne. Because of the close proximity to the surface,
curve is not as symmetric about the dispersion minimum age n=1 image-state electron may be expected to follow
that on flat C(111); in fact, there is an inflection point at closely the local topography of the stepped surface. For ex-
k,~0, whose existence was carefully verified repeatedly bygmple, based on classical electrostatics, the electric field of
both resonant excitation measurements and angle-resolvéd electron located a distante2—3 A above the surface
measurements at fixed photon energies close to the reswould extend~v2l to either side of its projected position on
nance. the substrate. Thus, a 14 A-wide terrace would be sufficient
These shifts in the dispersion curves with respect to eacto support an=1 image state. In addition, the lifetime of the
other for the three states are consistent with the asymmetric=1 state on this surface is sufficiently short, e.g8 fs
spectra shown in Figs.(&® and 3b). For example, using even on flat C(111),2®3 that for the small values of lateral
bichromatic 2PPE at 267.5/535 nm, electrons are excited bsnomentum k,<0.2 A~1), perpendicular to the step consid-
the UV photon from then=0 surface state to the=2 im-  ered here, an image-state electron will not, on average, trans-
age state &~ 0; this same UV photon energy is also reso-verse more than one terrace during its lifetime. As a result,
nant between the@=0 and 1 states at17°. Thus for this its image plane will be that of a locél11) terrace instead of
UV wavelength resonant peaks are found forve2 and 1  the general plane of th@75) surface. In fact, the dispersion
states at 0° and 17°, respectively. data of then=1 state shown in Fig. 6 agree well with this
In addition to the changes in the dispersive behavior ofexplanation. Specifically, the=1 maximum binding energy
the three surface states, small changes in the binding energylocated ak,~0.09 A, which corresponds to the terrace
of three states were also measured-B0 meV upward shift normal[111], instead of the surface normal kt=0, thus
in the energy band was measured for tirel state along showing that then=1 state is oriented by the step terrace not
with a ~70 meV upward shift for the=0 state. However, the general surface plane of GQu5).
no apparent shift was measured for the 2 state. Also, a On the other hand, the=2 state is located much further
downward work function change was measured by compar¢l ~12 A) away from the surface and, thus, the lateral extent
ing the low-energy cutoff shifts in the 1PPE spectra from theof its instantaneous image dipolar field at the surface will be
front, Cu775), and back, C(111), sides of the same sample averaged over at least two adjacent steps. Thereforen the
at higher photon energieh¢=4.4 eV). The overall work =2 state will have an image plane defined by the averaged
function on stepped Gu75 was seen lowered by40 meV  Cu(775 surface and its dispersion curve will be oriented by

as compared to that on flat Ciil). the overall C(775 plane and not the individual step terrace
in the[111] direction, i.e., the dispersion minimum occurs at
IV. DISCUSSION k,=0, as shown by the data in Fig. 6. Hence, the 2D Cou-

lombic potential is sampled at two characteristic distances

from the surface: one at a dimension much smaller than the
The data displayed in Fig. 6 show that the electron disterrace width and one at dimensions greater than a terrace

persion curves have their minimum values at three differentidth.

locations ink, space. Such electronic behavior is very differ-  Note also that the=1 dispersion curve exhibits a shape

ent from that on flat fcc surfaces for which the dispersionwhich is not symmetrically parabolic and, in fact, appears to

curves are nested abdyt=0. To understand this behavior it have a significant secondary minimum locatet;at 0. This

is necessary to consider the formation of these surfacesehavior suggests that the lateral motion of trel image-

related states. state electron is not determined simply by a sin¢ld1)
First, on a flat surface, image states are confined by an 1Eerrace direction, i.e., the=1 dispersion is not obtained by

Coulombic potential with the 2D image-state electron exhib-a simple shifting of the free-electron-like dispersion curve

A. Dispersion shifts ink space
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from k,=0 to k,~0.09 A"! in going from C{l11l) to
Cu(775. In fact, the steps on Q@75 are asymmetric with
respect to the surface normal. The effects of this asymmetry
have been observed previously on steppedGi,® where
2PPE signals in th& <0 region were significantly weaker
than in thek,>0 region. This phenomenon was attributed to
different scattering efficiencies from the asymmetric step po-
tential, depending on whether the image-state electron ap-
proached from thg112] or the [112] direction. On the
stepped C(001), the excitation for the 2PPE process is from
bulk continuum and thus the difference between electrons
with £k, is easily seen from the angle-dependent EDC at a
fixed excitation wavelength. On stepped(TI5), which re-
guires resonant excitation, asymmetric scattering could be
detected by comparing the relative magnitude of resonance
signal on the opposite side of the SBZ centgr: 0 (or the FIG. 7. A schematic drawing of the projection of theneck
surface normal Because of this breaking of symmetry on onto the surface Brillouin zones for Cil1) and C775), after Ref.
Cu(775 due to the asymmetric steps, the final dispersion ofl0. The picture on the left is the cut profile through the 3D BZ of
n=1 is the result of a simple dispersion displacement due t&u for the relevant projection. The shaded aread irl) and (775
orientation by theg(111) terrace and the asymmetric disper- SBZ’s are the projected band gaps.

sion behavior aroun#d;=0 as the electron moves toward or

away from the step riser. , _ _zone center. In general, the presence of the asymmetric step-
Next, in order to understand the location of the dlspersmrbdge potential breaks the surface symmetry ofi7C§ and

minima for then=0_ crystal-lnd_ucgd state on QY it is the dispersion of the=0 surface state should not be sym-
necessary to examine the projection of the bulk band struc-

ture onto the 2D BZ for that specific surface. In the case oﬁstrécrs?ob::tk”:;’s I?o %réng'pr:]er'n;?ii ;;?hs?;]stheagt ttﬁg zone
flat Cu111), because the neck of the bulk Fermi surface is P PP y P

orthogonal to the111] direction, the bulksp gap is pro- center is because this surface state is very weakly localized
jected onto the center of the hexagonal surface Brillouin® the surface, so that _'t is only weakly mfluenced by the
zone, i.e., the center of the band gap is in the direction ofurface step pptgnual, in contrast to the physics for rthe
[111], or at thel" point in k space. Thus the@=0 band leﬁtatE blg similar tp that for the= 2t§tatel. db
minimum is atk,=0 and its dispersion is symmetric about 's band-gap-projection argument is also supported by
the surface normal. For CIi75), the surface lattice structure € fact that similar behavior is seen, using occupied-state
is changed from the close-packed hexagon ofi€Q) to a photoemission(i.e., 1PPR, for the dispersion curves af

nearly rectangular lattice consisting e7 atomic rows inthe =9 suorface states on the vicinal surfaces of other noble
[1?0] and 2 atomic rows in th@llﬁ direction. The 2D metal$® and for a different surface orientation of vicinal

Cul! For example, photoemission experiments by Shapiro,

surface BZ is thus reduced by a factor of 6.3 from that on: o
Cu(11)) in the direction perpendicular to the step, giving M!ng’ and_ Ch|an§1_ showed that on stepped (@32, the
minimum in the dispersion curve of the same surface

reciprocal-lattice .vect.ors of 1.22 -and 0.44A alor?g the state as examined here was seen at 7° from the surface nor-
[110] and[112] directions, respectively, as shown in Fig. 7. 1,5 “This angle did not correspond to the change from flat
Becauge of this narrower surface_ BZ, even the relatively(llb expected on the basis of a simple tilt of th&L1)
small tilt of thg w_cmal surface, with respect to (1), terraces on the vicinal surfaayhich would have given a
causes the projection of the bulkneck to fall on thg bound- dispersion minimum at-10°. Instead, the measured angle of
ary of the(779 BZ. In fact, the center of the projected 7o a5 attributed to the fact that the orientation of the dis-
gap is now at the boundary of the surface Brillouin zone inpegjon jnk space of this crystal-induced state resulted from
the[112] direction. The maximum binding energy of the  the projection of the bulk band structutemore specifically
=0 surface state, supported by the band gap, occurs at thge band gapon that particular surface. For our surface mea-
center of the gap, now a~0.22 A™* instead ofk;=0,  sured with resonant 2PPE, much lower photon energies were
which corresponds to tHe&75] direction(vicinal surface nor-  ysed. As a result, the distinction between the terrace tilt
mal). angle and the dispersion minimum was much clearer,
The measured dispersion data for 0, in Fig. 6, indeed namely, the dispersion minimum occurred-at9° in com-
show the band minimum is a~0.22 A™%, detected at parison with the tilt of the terrace normal at 8—9°.
~19° from the surface normal, a direction clearly experi- |n summary, based on the dispersion properties ofnthe
mentally distinguishable from the terrace normal. TRjs =q, 1, and 2 states, it is clear that the=2 image state is
value corresponds to the distance from the surface BZ centgjtiented by the overall surface plane while the 1 image
to the zone boundary along th&12] direction(perpendicu- state is oriented by the local terrace plane, with the differ-
lar to the steps in agreement with discussion presentedence in the two states reflecting their different heights above
above. Figure 6 also shows a similar downward dispersiotthe surface. Thev=0 surface state, which has an average
away from the center fok,<O0, i.e., in the[112] direction,  distance of~4 A beneath the surfac®,has its dispersion
indicating the dispersion is symmetric with respect to theminima determined by the surface Brillouin zone on

™ [(111]

(111)2DB.Z.
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induced image statemE&1,2), the dominant factor in the
binding energy is due to the rapid variation®g and hence

the surface potentidf: On a flat metal surface)®g/JE re-
sults from the turning point phase shift at the Coulombic-like

€ dpp ~ 124 potential barrier, which acts perpendicular to the surf4ce.
n=2 e * e bl The electron is thus confined vertically. On structural or het-
erogeneous surfaces, there are, as mentioned above, lateral
. potential gradients which may shift the binding energy. For
n=1 % o dnq ~3A example, Fischer, Fauster, and Steinntarimave reported

s ° .
7 7 lateral confinement shifts in image electron binding energies
n=0 /// // /%/ % confined by islands<100 A in diameter. In the present ex-
7 periments step-edge potentials may also confine electrons.
FIG. 8. A schematic of the position and orientation for the ~The influence of the step discontinuity on electrons at differ-
=1 and 2 image states at stepped TAF). The average distances €nt heights from the step can be estimated from a calculation
from the surface are-3 and ~12 A for then=1 and 2 states, Of the electrostatic potential induced by the dipolelike
respectively. charge-density formation at the step edge. In the calculation,
a jellium model for the positive charge background with the
Cu(775. The height dependence of the surface and imagstep structure of Q75 was used along with the electron-

states is summarized in Fig. 8. density profile determined by minimizing the surface energy
using local-density expressioffsThe electron density are
B. Binding energy shifts on then=0, 1, 2 states expressed as follows,
The presence of periodic surface potentials associated p(r)=polS(B[z—hS(yx)])+1/2], 2

with a step array might be expected to shift the binding en- i

ergies of surface electrons. As mentioned in Sec. IIl, in factWherer=r(x,y,z), §x]=—erf{xJ/2, p, is the electron den-

in our experiments on the stepped surface upward shifts igity far inside the bulk lattice, the step height 3.9, and the
the binding energies for both the surface<{0) and image falloff parameters 3=0.49 and y=0.6 for the electron-
state f=1) were observed as well as a reduction in thedensity spill over the rl_gld positive charge ledge on the
surface work function, all in comparison to their values onStéPped copper surface m normal to the step terrace, and
the corresponding flat surface. The work-function reduction<: @nd perpendicular ta and the step, respectivelgll in

is in accord with the formation of local dipoles due to charge@tomic units, as is in the following expressjoihe electro-
smearing at the step edge. The reduction measured on ﬂﬁga'gc potential due to this charge distribution is then given
surface is local in nature since it results from the local elecP

tronic structure change at the step edge. Local work-function r—r'|

changes have recently been investigated extensively on V(x,2)= —ZJJIn[—,]p(r’)dx’dz’, )
smgle—crysat?sl metal surfaces for a variety of surface Iro—r'|

\Sv%ri]gt!tlggps)bortotﬂ;hj iairr%?;\rgzlzrt];:ffsazigr:ltjgiesc;ei?] ttﬁrerallocrﬁlvherero is the reference point at the step for zero potential

vious section, the work function would remain virtually the andr=r(x2).
same as on flat GU11). As a result, a step-induced local ¢, For CU779), the step potential was found to be most ef-

kfuncti h q i tribute to the bindi ctive within =2 A of the plane through the middle of the
work-lunction change does not contribute to the bin Ir?g'step corrugation and in the direction perpendicular to the step
energy shift in then=1 image state. This point is also evi-

. . terrace and to diminish rapidly away above the step, as
dent from the fact that the work-function changes in the OPshown in Fig. 9. Ata distanc% o¥12 A Zlbove the surfacep the
posite direction to the shift in the image stéte., the image '

state shifts upwards in energy while the surface work func_poten'ual change along theplane induced by the step edge

tion decreasgsSince the image state is known to be innediS small, less than 2% of the maximum variatioa0, and
> 9 o P hence has no appreciable effect on the2 electron. This
to the local vacuum levéf any reduction in the work func-

tion on the terrace would cause a decrease in the bindinresult is in accord with the lack of binding-energy shift seen

energy. Because this is contrary to our observation, anothep. O measurements; however, for the=1 electron, the
9y. y ' Upward shifts in energy can be explained by the partial con-
explanation must be sought. f
In order to understand such binding-energy shifts for both

crystal-and image-induced surface states in going from a flat

Cu(11]) to the Cy775 surface, the phase-analysis model, - . 2 s
. . electron confinement by the step-edge potential discontinui-
introduced by Echenique and Perthgind further developed ties, a 1D Kronig-Penney model was solved numerically for

. 14 .
gzusnr(;mshtjrf;igss?gfeédgggggrt?ne Qon:nueltri]gllgflrgﬁecc):ftioRr?fhi?j’eaf vari(_aty of trial potentials; th_i; numerical approach providgs
when the following phase condition is satisfied: a erX|pIe method for examining 'ghe effects of these trial

' potentials on the electron dispersion near the surface. The

d=Dy+De=27n (1) a_nalysis considered simplg square-wave potential_s as yvell as
' bipolar rectangular potentials with various potential widths

where®g and ®. denote the phase changes related to surand heights. For example, the simulation, using a square

face barrier and crystal barrier, respectively. For the barrierstep potential with 0.4-V height, 3-A width and a 14-A pe-

inement resulting from the step potential formed at the step
dge.
In order to estimate the binding-energy change due to
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z related temperature-dependence experiment they also
67 8A showed that the=0 state shifted upwards in proportion to
] — . the shift of the bulk band gap that resulted from the tempera-
g 4 4A ture increase. Note, however, that this same temperature de-
g ] & -4 pendence of the crystal band structure does not lead to
S ] binding-energy shifts in thee=1 image state, as demon-
5 21 /x‘ 1A strated by Wet al,*® because the=1 is considerably de-
= coupled from the surface structure and its binding energy is
E o ] /X// 0A primarily affected by the barrier potential.
% 1 . Thus, for the case of stepped copper surfacesnth@
% 1] ’_\/ -1a surface state would be expected to shift due to similar
2 1 —\/ A changes in the projected band structure onto the specific sur-
A 1 face. Such an effect of changes in the projected band struc-
-4 T 4A ture is seen clearly in an extreme case by the change in the
_10' T _5 AR (')' T 5 T '1'0 location of then=0 state for different copper surfaces. For
x (&) example, on C(100), the L gap is projected tX and the

subsequent surface band gap has a cusp on the lower band

FIG. 9. Calculated step potentials as a function of height aboveedge atX, instead of a smooth parabolic shape as on

and below the step. Cu(111).1"*® Consequently, the inducexp surface state due
to this band gap was found to be just 0.06 eV below the

riod, yielded a 50-meV energy shift of time=1 band bottom  Fermi level®® a upward shift of over 0.3 eV compared to the
towards the vacuum level. Thus binding-energy shifts closgame state on Gli11). Changes iV, could have similar
to the values measured in our resonant 2PPE experiment cgBnsequences on the=0 state due to the projected band
readily be obtained with reasonable periodic step potentialstructure on different stepped surfaces. For the case of
For then=2 image state, realistic estimates of the potentialcy(775), a careful calculation of the projection of the bulk
using the calculation fo¥(x,z) described above showed no pand onto thé775) 2D Brillouin zone must be done before
detectable change in binding energy; a result in agreemenihe surface band structure of this surface can be determined
with our measurements. These results suggest thatt#  accurately or the effect of this structure on the binding en-
state is not strongly affected by the step potential because thgqy of the crystal-induced=0 state can be evaluated. At
step potential perturbation is negligiblezat 12 A above the  this time, more precise theoretical work is needed to deter-
surface for the maximum probability density of time=2 ~ mine whether the shifts observed by us are due to the
state. changes in the projected band structure on(##5) surface

In contrast to the lack of previous measurements of enor to the direct influence on the=0 electron by the step
ergy shifts to then=1 state, there have been several previ-potential which can also lead to an upward shift observed in
ous measuremerft§' for the n=0 surface state at stepped the measurement based on simileP analyses.
surfaces. For example, Sancheizal.” have performed STM
and photoemission measurements on several stepped copper
surfaces and observed a shift in the binding energy which
increased with decreasing terrace width. This shift was at- In summary, a comparison of the dispersion curves of
tributed to the confinement ai=0 electrons by the step these surface or near-surface electrons, as measured in our
potential. experiments, reveals a different electronic response to the

The n=0 surface state can be categorized as crystalstepped surface, which can be related to their distances from
induced because the solution exists due to rapid variation ahe surface plane. Specifically, the symmetry in the energy
the crystal-induced phase charg at an energetic position dispersion of then=0 surface state and tlme=1 image state
close to the bottom of the projected band gap, where thebout the surface normal was lost on the stepped T as
variation of @5 makes an insignificant contribution to the compared to the planar CLLY). In fact the minimum in the
phase requirement of Eql); in fact, previous calculations dispersion curve of the=1 image state, a state which exists
have shown that the position of the surface state @) is 2-3 A above the surface, was measured to be oriented about
relatively insensitive to any specific form for the surfacethe local normal of th€111) terrace on the stepped Q5.
barrier* Since then=0 state is determined by the crystal- However, then=2 state, located further above the surface,
phase change, chiefly through the band-gap paranu(%t,érf1 was found to disperse about the normal of (A&5) surface
shifts in the binding energy of thisp surface state can easily plane. Finally, the electronic structure of the embedded
occur through any alteration in the surface band structuresp-like surface state appeared not to be dependent on the
For example, Schneidast al® performed a series of high- (111) terrace orientation nor th@75 surface plane, but in-
resolution angle-resolved photoemission spectroscopy meatead was determined by the projection of the bulk band
surements on thélll) surfaces of Ag, Au, and Cu as a structure on thé€775 surface.
function of the surface temperature, where the energy shifts More recently, in connection with the experiments de-
have been attributed to band-gap shifting. Subsequently, Paeribed above, monochromatic UV 2PPE experiments en-
niago et al®” showed, by calculating the effects of the, abling a wider-angle detection range, have also showed that
change onb, that the shift ofL, gave rise to a shift of the the step potential induced at the step edge is sufficiently
n=0 surface state on Cill) in the same direction. In a strong for then=1 electron to give rise to consistent um-

V. CONCLUSIONS
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klapp processes at several different photon energies. In pastate delocalization in the surface plane as discussed in Sec.
ticular, the measurements showed different amplitudes folV. Details of these measurements will be presented else-
the oscillatory dispersion at different photon energies for thavhere.

n=1 image-state electrons; the period of this oscillation was

0.44 A~1, suggesting a transformation knspace by the step

reciprocal-lattice vector of the same value. As suggested in ACKNOWLEDGMENTS
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