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ANGLE-RESOLVED PHOTOEMISSION STUDIES OF THE VALENCE BAND 
STRUCTURE OF STEPPED CRYSTAL SURFACES: Cu(S)-[3(111)x(100)J 

ABSTRACT 

R.F. Davis,* R.S. Williams, t S.D. Kevan,* 
P.S. Wehner,§ and D.A. Shirley 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 
University of California 

Berkeley, CA 94720 

Angle-resolved photoemission spectra are reported for the stepped 

Cu(211) face in the photon-energy range 9 eV < hv < 34 eV. The 

valence-band (VB) spectra are interpreted in terms of a direct-

transition model for bulk photoemission. Determination of VB dis-

persion relations and assignment of the bands are aided by use of 

selection rules involving the transmitted radiation vector potential 

and several different experimental geometries. The major results are: 

(1) it is possible to determine experimental VB dispersion relations 

for non low-Mi.ller-index directions; (2) VB dispersion relations for 

stepped Cu(211) show excellent agreement with bulk valence bands 

interpolated along the [211J direction; (3) the quasi-free electron 

model describes photoelectron dispersion relations, but the one-electron 

* Address after Oct. 1, 1981: Pol aroi d Corporat ion, Waltham, MA 02154 

t Present address: Department of Chemistry, University of California, 
Los Ange'l es, CA 90024. 

* Present address: Bell Laboratories, Murray Hill, NJ 07974. 

§ Present address: Tennessee Eastman Company, Kingsport, TN 37662. 
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bulk conduction bands do not; and (4) there is no evidence for band

gap photoemission into a gap that is predicted in the bulk conduction 

band structure ca. 10 to 14 eV above the Fermi level: the peaks show 

dispersion through this energy range. Itis concluded that the unusual 

structure of the stepped surface does not significantly perturb the 

bulk electronic structure near the surface. 
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I. INTRODUCTION 

Detailed angle-resolved photoemission (ARP) studies of the 

face-centered cubic (FCC) metals copper,1-5 sjlver,6,7 gOld,8-11 

nickel,12 palladium,13 platinum,8,14 and iridium15 have shown 

that the peak structures in photoelectron energy distribution curves 

(EDCs) arise mainly from energy- and crystal momentum-conserving direct 

electronic transitions near or at the surface. Consequently, by com-, 

bining the photon energy-variability of synchrotron radiation with a 

normal electron emission geometry, these studies1,2,4,6,8,9,12-15 

have resulted in the determination of empirical bulk valence-band dis

pers i on re 1 at ions along itl (the surf ace perpend i cu 1 ar or normal 

component of the crystal momentum it) with remarkable success. However, 

in each case, the surface studied was a low-Miller-index plane [i.e., 

(100), (110), or (lll)J. These studies yielded experimental energy 

bands along high-symmetry lines in k-space, permitting ready 

comparisons to published theoretical band structure calculations. 

In this paper, we report angle-resolved normal photoemission (ARNP) 

valence-band studies of the Cu(211) face. These experiments directly 

address a number of important problems in photoemission from metals. 

The complexity of ARNP from (110) and (100) faces16 relative to (111) 

suggests that a detailed understanding of ARNP from still lower 

symmetry faces--such as (211)--might be very difficult or impossible. 

This hypothesis has several origins. First, low k-.space symmetry 

induces a complete non-degeneracy of the energy levels at most reduced 
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k points along the [211J line. S~condly, the relatively large surface 

unit cell of high-index faces gives rise tQ a set of small two

dimensional reciprocal lattice vectors which may induce surface 

umklapping of photoelectrons with higher cross-section than on un

reconstructed low-index' faces. 17 Furthermore, like many high-index 

faces of the Group VIII and I-B metals oriented in the [OlIJ crystal

lographic zone,18 the clean Cu(211) surface develops a stable stepped 

structure after annealing. The electronic structure of stepped and 

kinked surfaces is of considerable interest because the step and/or 

kink atoms on such surfaces are believed to influence surface reactiv

ity.19 Although there is some experimenta1 20 and theoretica1 21 

evidence that enhancement of surface_reactivity may arise more from 

steric effects due to step-adsorbate geometry than from any particular 

electronic-structural property of the steps, some theoretical calcula

tions predict, in certain cases, substantially different electronic 

environments for step or kink atoms relative to atoms on planar 

surfaces. 22 ,23 

An important result of this work concerns a conduction band gap 

along [211J, which affects the band structure ~, but not at, the 

Brillouin zone boundary. As demonstrated below, our data show' 

essentially no evidence for the "band-gap photoemission" process dis

cussed by previous workers,17,24,25 Rather, we show that through a 

combination of different radiation polarization directions and energies 

(hv), a detailed understanding of the photoemission process from 

Cu(211) is obtained within the framework of the direct-transition 
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model using a quasi-free electron final-state band structure. 

Furthermore, although the low symmetry of Cu(211) does indeed intro

duce a great deal of structure to the EDCs, it also allows us to 

investigate the symmetry and dispersion properties of each individual 

valence band. 

In Section II, we discuss experimental procedures. Section III 

describes the results within a bulk direct-transition framework. 

Section IV contains a general discussion, and Section V gives a 

summary. 

II. EXPERIMENTAL 

, A high purity single crystal slab of Cu was cut and mechanically 

polished to within ~0.5° of the (211) plane (19.5 0 from [111] in the 

[011] zone), with a mean surface roughness of l-~m. After a chemical 

poliSh,26 the crystal was installed in an ultrahigh-vacuum chamber 

(base pressure -3 x 10-10 torr) for ~ situ preparation and charac

terization of the Cu(S)-[3(111)x(100)] stepped surface,18,27 an ideal 

segment of which is depicted in Fig. 1. Preparation was accomplished 

by repeated cycles of Ar+ sputtering, followed by annealing at -875K. 

Immediately preceding the ARP experiments, the resulting surface was 

monitored by Auger electron spectroscopy (AES) for cleanliness and low 

energy electron diffraction (LEED) for crystallographic order, giving 

rise to AES impurity signals characteristic of ~0.05 monolayer con

tamination and LEED patterns (with extremely sharp and intense spots) 

characteristic of the stable step surface structure. As shown in 
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Fig. 1, the (211) surface consists of (111) oriented terraces with 

three inequivalent atomic rows (labeled A, B, and C) that are parallel 

to the [OliJ direction, and monatomic steps of (100) orientation. The 

only symmetry element that this surface contains is the (011) mirror 

plane w.hich cuts throu.gh the surface perpen"dicular to the atomic rows. 

The photoemission measurements were performed on the 8° branch of 

Beam Line I (BL 1-2) at the Stanford Synchrotron Radiation Laboratory 

with the incident radiation highly polarized (> 97%) in the horizontal 

plane and in the energy range 9 eV ~ hv ~ 34 eVe Our ARP instrument, 

described elsewhere,28 employs a rotatable 5.40 cm mean radius 

hemispherical analyzer with an angular acceptance of =3°. In these 

measurements, the energy resolution (monochromator plus electron 

analyzer) varied from ca. 0.12 eV to ca. 0.25 eV (FWHM) at the lower 

and upper photon energies, respectively. 

As shown in Fig. 2, experiments were done with two different normal 

emission geometries, conversion between which was achieved by azimuthal 

rotation of the crystal about its normal (h) by 90°. For both orient-
+ 

ations, the incident radiation vector potential (A) was confined to 

the plane of incidence, and the photoemission direction (p) was con

fined to the surface normal ([211J). In orientation I [Fig. 2(a)J, A 
lies in a crystallographic plane perpendicular to the (011) mirror 

plane (M), with ~A = 0°, whereas in orientation II [Fig. 2(b)J, A lies 

in M (M is the plane of incidence in this case) with ~A = 270°. The 

+ + ° ° angle SA (between n and A) could be varied between 10 and 45 in 

either ~A azimuth by coupling analyzer and crystal polar rotations, 
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but the majority of measurements were performed with sA = 30°. At 
~ 

this angle, A is aligned with the [110] direction in orientation I, 

and is - 5° from alignment with [100} in orientation II. In situ polar 

crystallographic alignment (: 1°) was achieved using a He-Ne laser, 

and the azimuthal ori entat.i on (: 3 0) was determi ned from LEED patterns. 

We shall henceforth refer to orientations I and II as simply (I) and 

(II), respectively. 

Typical EDCs for the entire energy range are shown in Fig. 3 for 

both orientations and SA = 30°. Only 24 spectra are plotted here, 

for brevity. Our interpretation is based on a total of 82 spectra. 

,In each spectrum, the Fermi level (EF) was determined as (d.j/dE)max.' 

i.e., the point of maximum derivative of photoelectron intensity with 

respect to energy, in the region near the onset of the s-p plateau. 

Because of relatively low intensity (..!), this procedure became pro

gressively more difficult in the higher photon energy region 

(hv ~ 20 eV), particularly for the spectra taken with the sample in 

(I). Nevertheless, the work functions derived from EF' placement and 

analyzer reference voltages showed an rms scatter of only: 35 meV for 

the entire data set. 

III. DIRECT-TRANSITION MODEL FRAMEWORK 

The spectra shown in Fig. 3 clearly indicate that (a) the low 

symmetry of the (211) face intrpduces complexity to the valence band 

peak structure relative to the spectra of low-index Cu faces, and 

(b) there is a strong dependence on radiation polarization, as the 
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+ only difference between the two orientations is the direction of A 

relative to the crystallographic axes. The behavior of the various 

contributions to the spectra, which can be identified and shown to 

disperse as a function of photon energy, is highly indicative of bulk 
+ 

direct-transition processes, particularly because ~ (surface co~ponent 

of momentum) is zero for normal emission. This behavior is demon-

strated by the structure plots for both orientations, shown in Fig. 4. 

The circles represent strong peak (closed circles) or weak feature 

(open circles) energy positions relative to EF for the range of 

photon energies used. The distinction between strong and weak features 

is somewhat artificial--indicative of greater peak position uncertainty 

but not necessarily of relative peak intensity--because the complexity 

of the spectra gives rise to substantial peak convolution. For 

example, the intensity of the most tightly bound peak in (II) appears 

to be weak for 14 eV < hv < 16 eV and negligible for hv < 14 eV, but 

this is probably because the peak is hidden behind the tail region of 

the second most tightly bound feature, which is an intense peak at 

these photon energies. The connecting lines on the plots in Fig. 4 

have no significance other than to join and map the individual struc-

tures as a function of hv. The reproducibility between the two sets 

of plots [(I) and (II)] is excellent, as equivalent peaks which are 

found in spectra for both orientations (at a given hv) are typically 

separated by 0.04 eV or less. 

In the normal emission geometry, peak energy dispersion with hv as 

shown in Fig. 4 can only occur from direct transitions at reduced 
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k-points which yield photocurrent in normal emission, i.e., those which 

either are part of the [211] direction crystal momentum space or which 

are in other directions but can excite transitions that result in 

normal emission via surface umklapp processes. 17 ,29 Normal emission 

from [211] line initial states could arise from primary Mahan cones29 

or from electrons excited away from [211] that reach the detector via 

surface umklapps (secondary cones). We proceed, below, to set up a 

bulk band structure framework30 with which to interpret the data 

represented in Figs. 3 and 4, and we show that excellent agreement 

between experiment and theory is obtained if (a) only [I-conserving 

transitions from [211] initial states are assumed to occur, and 

(b) only one final state band is important in transmitting photocurrent 

to the analyzer (i.e., no secondary Mahan cones contribute peak 

structures). 

A. Characteristics of Cu[211] Bands 

The irreducible portion of k-space lying along [211], all of which 

is contained in the (all) plane, is shown as the dashed line in Fig. 5. 

The point B = (3/4,3/8,3/8) (in units of 2w/a, which will be used 

throughout this work) is equivalent to 0 = (-1/4,-5/8,-5/8), both being 

at the Brillouin zone boundary. Although these points have no other 

significance or special symmetry properties it is useful to designate 
. + 

them as Band D. The group of the k-vector (the point group Cs ) 

corresponding to points along [211] (r ~ B, 0 ~ X) contains only the 

identity element (E) and the (all) mirror plane (oh). Thus, 
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electronic states lying on the [211] crystal momentum axis may be 

symmetry classified as either even or odd (AI or A", respectively, in 

Cs ) with respect to reflection through the mirror plane. 

The energy bands for Cu were generated for the [211] crystal 

momentum line using Smithls parameterization31 (with minor modifi-

cation of several parameters) of the Hodges, Ehrenreich, and Lang 

interpolation scheme. 32 Although the fitting procedure considers 

only the occupied bands, this interpolation scheme reproduced the 

energy bands calculated by Janak, et al. 33 quite well up to EF = 

+20 eV (EF is energy relative to EF). Thus, the resulting band 

structure shown in Fig. 6 should give a fairly good representation of 

both the valence bands and the conduction bands up to +20 eV. Energy 

bands were also calculated using interpolation parameters derived from 

the critical point eigenvalues of Janak, et al.,33 and from experi-

mental energy level positions based on Cu(lll) and Cu(100) studies by 

Knapp, et al. 2 and Cu(110) studies by Thiry, et al.,4 but neither 

of these two calculations agreed as well with our data as the one which 

utilized Smithls parameterization, which is based on Burdick ls34 

augmented plane wave (APW) calculation. From careful inspection of 

the eigenvectors in our calculation, we determined the irreducible 

representations (AI or A") of the first nine bands at each k point, 

and have labeled the bands shown in Fig. 6 accordingly. We found it 

useful to label the bands of each type separately according to in-

creasing band index, but this has no group-theoretical significance. 

It does, however, remove ambiguities caused by band crossings. Of the 
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six valence bands, four have AI symmetry, while two of the three lowest 

conduction bands also have AI symmetry. As shown, the band structure 
I I 

reveals a gap in the conduction bands between.A5 and A6 from about 

10.2 eV to 13.0 eV above EF• In principle, a conduction band gap 

has implications for ARP if it involves the photoemission final 

states. 17 ,24,25 Although the precise location and width of the gap 

are not necessarily accurate in our calculation, the existance of a 

gap near EF = 12 eV is guaranteed by symmetry considerations. 

B. Photoemission Properties of Cu[211] Bands 

Hermanson35 has discussed the polarization selection rules for 

photoemission normal to low-index faces of cubic crystals, and there 

have been several experimental studies of these polarization 

effects. 2,36 In this study, we have incorporated two different 

polarization geometries to investigate the importance of these effects 

for a stepped crystal face, for which the symmetry properties are 

simple. Polarization selection actually reduces considerably the 

problem of determining dispersion relations for each individual valence 

band in Cu(211), as will be discussed below. The selection rules 

governing ARNP from Cu(211) are summarized in Table I. The photo

emission final state must belong to the AI (symmetric) irreducible 

representation because operations which leave the crystal invariant 

should not affect the electronic state sampled by the detector. Thus, 

in order for a transition to be allowed, the irreducible representation 

of a particular initial state must be contained in the transition 
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++ + 
operator A·p. Referring to Fig. 2 and Table I, the component of A 

" along [011] (orthogonal to M) can excite A" initial states (AI or 
" -A2), while components along [211] and [111] (lying in M) excite 

I I 

only AI (AI through A4) initial states. Thus, for the geometries 

shown in Fig. 2, the spectra accumulated in (I) may arise from AI ~ AI 

and A" ~ AI transitions, with IAx/Azl = 0.6 at sA = 30°. On the other 

hand, the spectra from (II), with Ax = 0, should arise from AI 

initial state bands only. Careful inspection of relative peak inten

sities in the spectra (Fig •. 3) indicates a qualitative verification of 

these selection rules for Cu(211) direct transitions. Aided by direct 

compari.son of theoretical and experimental band structures (vide 

infra), we have labeled the structure plots in Fig. 4 according to the 

initial states involved in the transitions. Symmetry effects in our 

spectra will be discussed at greater length in the next section. 

In consonance with previous studies,6,8,9,14 the photoemission 

final states were taken partly to be AI conduction band components 

which are derived from the empty lattice conduction band(s) that would 

be involved in [211] primary Mahan29 cone emission. Between rand 

B, there are no unbound primary cone components in the energy range 

excitable with hv ~ 34 eV, as the smallest reciprocal lattice vector 
+ + + 

involved in a primary cone transition ki ~ ki - G (in the empty 
+ 

lattice approximation) would be G = (4,2,2); this would require 
+ 

hv > 170 eV at ki = B. However, there is primary emission in our 

energy range from· final states between D and X, shown in Fig. 6 as the 
I I 

regions of A5 and A6 highlighted by filled circles. These states 
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are derived from G = (i,i,i). In the band gap regions, 9.0 eV < 

EF ~ 14.0 eV and EF ~ 26.S eV, the final states were derived from 

EF(k) = (h2/2m*)lk - GI2 + V~, with G = (i,!,.!). These states are 
I I 

shown in Fig. 6 as the two dashed curves connecting AS with A6 and 

extending beyond A~. The parameters m* (reduced mass) and V~ 

(inner potential) were calculated from a fit of this free-electron-like 
I I 

dispersion relation to the re9ions of AS and A6 highlighted by 

filled circles in Fig. 6, yielding m* F = 0.89 me and Vo = -8.0 eVe This 

value of m* is consistent with that determined experimentally by Knapp, 

et al. 2 for the 41 conduction band in Cu(OOl) [(m*/me ) = 0.90 - 0.94J. 

Using the measured37 value for the Cu(211) work function (~ = 

4.S3 eV), we obtain V~ = -12.S eV (V~ is the vacuum-referenced inner 

potential) for our final-state band, reasonably consistent with the 

value determined from LEED studies38 of Cu(OOl) (V~ = -13.S eV). 

In contrast to several previous studies (see, e.g., Ref. 14), this 

Cu(211) quasi-free electron final-state dispersion relation was used 

without modification. 

In Fig. 7, we show a comparison of our empirically derived valence 

band positions (symbols) with the interpolated dispersion relations 

(lines) for all six valence bands along [211J. The arrows at EF in-
I 

dicate k values for which A4 intersects the Fermi surface (from 

de Haas van Alphen data39 ). The empirical bands in Fig. 7 represent 

the combined data of (1) and (II) (Figs. 3 and 4). If a peak appeared 

in both orientations, the mean value was used to determine the band 

position. The points in Fig. 7 were positioned in the standard way30 
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+ 
by determining ki from the final-state band highlighted in Fig. 6. 

Then, for each valence band, the points were fitted to a smooth curve, 

yielding empirical dispersion relations. These are tabulated in 
+ 

Table II for selected values of ki within the region of [211J k-space 
+ 

sampled by the 9 eV ~ hv ~ 34 eV radiation [k i between (-0.14,-0.57,-0.57) 

and (0.42,-0.29,-0.29)J. Considering both the complexity of the 

Cu(211) EDCs and the possible inaccuracies associated with our inter

polation scheme calculation,32 the theoretical and experimental bands 

generally agree quite well and both agree with the Fermi surface 

data. 39 The only feature in the EDCs which does not appear to arise 

from direct transitions is a weak shoulder at EF = -2.30 ~ 0.02 eV 

in the spectra for 9 eV < hv < 16 eVe It is reasonable to attribute 

this nondispersive feature to the d-band edge in the density of states. 

A similar feature was noted in silver,6 gold,8 and platinum8 ARNP 

spectra. 

We can describe the "agreement" between experiment and interpolation 

theory quantitatively by calculating 6E = EF(expt.) - EF(int.) for 

each energy level listed in Table II, where EF(int.) is the inter

polated energy position. The results are listed in Table III, along 

with similar (theoretical) numbers reported by Hodges, et al. 32 for 

a general comparison of interpolated Cu bands with Burdick's34 APW 

calculation. The theoretical ~E values represent the general limita

tions of the interpolation method and thus are lower bounds on the size 

of ~E values that might reasonably be expected for these Cu(211) 

studies. Conversely, experimentally derived ~E values that are smaller 
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than those of Hodges, et al. 32 are not meaningful. By this criterion, 

the differences between the interpolated and experimental band 
I I 

structures are negligible for all bands except Al and A4• Inspection 

of the dispersion relations in Fig. 7 indicates that the greater devi-
I I -+ 

ations in Al and A4 arise from the region of k-space near ki = 

(0.38,-0.31,-0.31); i.e., halfway between 0 and X. The group velocity 

(~g) of the A~ band approaches zero near EF = -5.40 eV (expt.) and 

-5.68 (int.), yielding a value of ~E (0.28 eV) that is consistent with 

deviations observed in the Vg = 0 region of the lowest s-band on 

low-index faces of Cu. 2,4 Our measurements indicate that A~ approaches 

Vg = 0 in this ki region with EF = -2.65 eV while the interpola-

tion value is -2.34 eV, yielding ~E = -0.31 eVe This is somewhat 

puzzling, because the experimental position of the uppermost s-p band 

on low-index faces2,4 agrees well with the APW theory33 along E, A, or 
I 

~. Thus, the discrepancy observed in A4 may well result from an 

associated larger error in its interpolated dispersion relation rela-

tive to the other bands. This is supported by the existence of large 
I 

experiment ~interpolation deviations in A4 band energies throughout 

most of the region of the Brillouin zone sampled by our experiments. 

We cannot, however, completely rule out the possibility that transi

tions occur at or near r (i.e., transitions like r12 ~ r21 , f15 , r251 ), 

where the empty lattice final states are highly degenerate and the 

valence band density of states is large. This would yield peak 

. structure at or near EF = -2.85 eVe The average of EF(f) and 
F I 

E (0.38,-0.31,-0.31), -2.60 eV, is very close to the observed A4 
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-+ 
band position at ki = (0.38,-0.31,-0.31). However, transitions at r 

are unlikely to yield the considerable intensity observed near EF = 

-2.60 eV in the EDCs, because they produce photoelectrons with group 

velocities in directions other than [211]; i.e., they are secondary 

Mahan, cones in nonnal emission, and secondary emission is expected to 

be negligible at the relatively high (hv ~ 30 eV) photon energies 

required for r transitions. This explanation of the deviation in 
I 

A4 near the minimum also does not address the deviations elsewhere 

along 0 - X. 

" " Other than the shapes of the A1 and A2 experimental bands 

-+ " " (especially near ki = 0, where the A2 - A1 splitting is smaller 

than expected), the measured dispersion relations agree very well with 

the interpolated bands. Deviations are about as large as the errors 

expected in the interpolated bands alone (see Table III). This 

represents the most significant result of this work. 

IV. DISCUSSION 

A bulk direct-transition framework has been set up and shown to 

fit the Cu(211) data quite well. Now, the results will be discussed 

with particular emphasis on: (a) symmetry properties of the Cu(211) 

EDCs, and (b) final-state structure and the absence of band-gap 

photoemission. 
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A. Symmetry Properties 

In Fig. 8, Cu(211) spectra (eA ~ 30°) at several photon energies 

are directly compared for the two orientations, (I) and (II). The EDCs 

in each set of curves are normalized to the most intense feature. 

Throughout the data range, the majority of peak intensity in (I) (where 

direct transitions from A" and AI states are allowed) arises from 
I I" " 

AI' A2, AI' and A2, whereas (II) (only AI states allowed) is 
I I I 

dominated by photoexcitation from AI' A2, and A4• Relative intensity 

and dispersion characteristics of each valence band feature will be 

discussed separately, beginning with the uppermost band. 
I I 

(1) A4• Below hv = 19 eV, A4 clearly dominates the s-p plateau 

region of the spectra in (II), while n.o peak is observed there in (1). 

The s-p plateau, which arises from indirect transitions, is larger in 

(II) than in (I) over most of the photon energy range. This is shown 

by the top curve in Fig. 9, where R21 =Jl(II)~(I) is plotted for 

the s-p region, and may be an indication that indirect transitions also 

follow a polarization selection rule in photoemission. If so, the s-p 

plateau arises largely from indirect transitions at k points which have 

point group symmetry no lower than that of the [211] line, i.e., those 

lying in the (all) plane. However, a selection rule for indirect 

transitions is only rigorously valid if there always exists a phonon 

of the correct symmetry40 which can couple with the k vector of the 

electron in the photoexcitation transition. Indirect transitions 

undoubtedly arise from d bands also, but this is masked by the large 

direct-transition intensity in the d-band region. Between hv = 9 and 
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19 eV, A~ disperses from EF = -0.23 to -1.78 eV in (II). At hv = 
I 

20 eV, the A4 intensity in (II) has moved into coincidence with part of 

" F the A2 peak centered at E = -2.30 eV, making.a definitive peak 
I 

position assignment of A4 impossible and giving the misleading appear-

" ance of a resonance in the A2 peak in this energy range (cf. hv = 22 eV 

in Fig. 8). At hv = 25 eV and EF = -2.42 eV, A~ again appears as a 

" separate structure in (II), splitting away from A2 on the higher 
I 

binding energy side. Additionally, A4 appears in (I) for the first 

time at hv = 26 eV with £F = -2.51 eVe We note that the large intensity 
I 

of the A4 peak for hv > 25 eV is related to the large amount of d 
+ 

chargcter that its wave function picks up near ki = (0.38,-0.31,-0.31) 
I 

because it mixes strongly with the uppermost d band. Thus, A4 is the 

dominant feature in the spectrum for (II) at hv = 34 eV (see Fig. 8) with 

EF = -2.55 eV, and is clearly discernable in (I) for hv ~ 26 eVe 
I 

In (II) and (I), respectively, A4 continues to disperse downward at 

hv = 26 eV with EF = -2.46 and -2.51 eV, to EF = -2.68 and -2.70 eV at 

. hv = 30 eV, where it reaches a band minimum. It disperses upward toward 

EF for hv > 30 eV in both orientations. 

" " (2) A2• A2 apparently contributes intensity to spectra in both 

orientations throughout the energy range studied. Possible causes for 

" the large intensity in the A2 region of the EDCs in (II), where 

" it is symmetry forbidden, can be discussed. First, A2 is con-
I 

voluted with A4 completely for 19 eV < hv < 25 eV and partially 

for several electron volts on either side of this range, giving the 

" misleading appearance of a large A2 intensity. In addition, the 
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II 

intensity of the A2 peak was found to be extremely sensitive to the 

azimuthal angle ~A; thus, some of its intensity in (11) must arise from 

the relatively large (=3°) uncertainty in ~A' ,as well as from the finite 

(=3°) geometric half-angular acceptance of the analyzer. In other words, 
II 

if A2 intensity is very sensitive to ~A' then it appears in our 
+ spectra for (II) because A has a small component along the x-axis (1 

to M) because of the angular uncertainty in ~A'. Furthermore, while 

density-of-states (DOS) photoemission does not playa dominant role in 

our spectra, it yields a weak shoulder (EF = -2.30 eV) in the spectra 

for h\l < 16 eVe A photoelectron sampling depth argument suggests that 

DOS emission should be enhanced at higher photon energies. 41 Thus, 

although apparently absent from the spectra for h\l > 16 eV, it is un-
II 

doubtedly hidden beneath direct-transition intensity from A2 in (I) 
II 

and may account for a large part of the intensity of A2 in (II). The 
II F empiricalA2 band is extremely flat, with an average energy of E = 

-2.40 = 0.08 eVe Thus, it could easily coincide with a DOS peak at 

-2.30 eVe But, if polarization selection is valid for DOS features, 

the DOS intensity in (II) cannot arise from a one~dimensional DOS be-
II 

cause it would arise almost entirely from symmetry-forbidden A2 

states, i.e., it must be from the three-dimensional DOS. 
II 

The energy-dispersive characteristics of A2 in both orientations 

are similar: EF = -2.60 eV at h\l = 11 eV, dispersing up to EF = 

-2.33 eV at h\l = 19 eV; it remains relatively flat until h\l = 23 eV 

where it begins to move away from EF, moving to EF = -2.41 eV at 
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hv = 27 eVe " F Above hv = 27 eV, A2 rises, reaching E = -2.27 eV 

at hv = 34 eVe 

" (3) AI. This is the most intense feature in (I), but it is 

essentially absent from (II), appearing only as a weak shoulder at 

most photon energies in the latter orientation. For this reason, 
I I 

definitive empirical dispersion relations for A2 and A3 near 
+ " ki = (0.38,-0.31,-0.3.1) could be determined. In (I), Al masks the 

I I 

weaker A2 feature for hv > 23 eV and the much weaker A3 feature for 

" hv > 18 eVe But, in (II) the A1 peak is small below hv = 22 eV and 
I I 

absent above, allowing the band positions of A3 and A2 to be 

determined. This is another. important result of this work: symmetry 

considerations may be used to effectively "turn off" bands and deter-

mine individual band dispersion relations along what would otherwise 

" be considered a complicated direction in k-space. The Al peak can be 

clearly seen at low photon energies, starting with hv = 12 eV and 

EF = -2.78 eV in (II) and hv = 13 eV, EF = -2.84 eV in (I). At 

"" " " hv = 12 eV, A2 obscures the Al peak in (I) (the empirical Al - A2 

splitting in this region is only about 0.25 eV). In (II), where it is 
il 

symmetry forbidden, Al becomes relatively weaker with increasing 

" energy. In the range 20 eV ~ hv ~ 22 eV, AI· is visible in (II) 
I 

as a weak shoulder on the low binding energy side of the intense A2 

direct-transition peak, with EF = -3.42 eV at hv = 22 eV (cf. Fig. 8). 

In (I), where it is symmetry allowed, 

hv = 13 eV (where it is still smaller 

" F Al moves from E = -2.84 eV at 
II F 

than A2), to E = -3.54 eV at 

hv = 27 eV, becoming the dominant feature in the spectra for hv > 15 eVe 
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II F 
Above hv = 27 eV, A1 moves toward EF again, reaching E = -3.39 eV at 

1 1 

hv = 34 eV. It actually crosses the A3 and A2 dispersion relations; 
F II this can be seen in Fig. 8 in the spectra for hv = 28 eV, where E (A1) = 

F 1 F 1 
-3.53, E (A2) = -3.46, and E (A3) = -3.28 eV. 

1 

'(4) A3• This transition is apparently weak,appearing as a shoulder 
1 

on the low binding energy side of A2 in both orientations. 

In (I) it is seen at hv = 13.0, 13.5, 17.0, and 18.0 eV with energies 
F II 

in the range -3.74 eV ~ E ~ -3.61 eV. In (II), where A1 is not a 
1 

strong feature, A3 is observed in the range 17 eV < hv < 29 eV with 

EF = -3.79 and -3.28 eV at the low an~ high photon energy limits of 

this range, respectively. 
I. 

(5) A2• This band contributes the largest intensity to the EDCs 

over most of the photon energy range in (II), and in (I) is a large peak 
II 

although obscured for hv ~ 24 eV by the stronger symmetry allowed A1 

transition. The A~ onset is at hv = 11 and 13 eV with energies EF = 
1 

-3.93 and -3.81 eV in (II) and (I), respectively. By hv = 13.5 eV, A2 

is the dominant feature in (In, with EF = -3.89 eV. It moves to EF = 

-4.01 eV at hv = 15.0 eV, then disperses upward for hv > 15 eV, reaching 

EF = -3.40 at hv = 30 eV. Finally, it is found at EF = -3.46 at hv = 
1 

34 eV. In (I), A2 disperses upward for hv~'13 eV, until it is 
II 

obscured by the A1 peak at hv = 24 eV near the energy where these two 

bands cross. 
1 1 

(6) A1 •. A relatively large peak is observed from A1 in both 

o'rientations and' for hv > 13.5 eV. It appears to be somewhat weaker in 

(II) relative to (I) than would be expected by symmetry considerations, 
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I 

but this is undoubtedly because it is obscured by the strong A2 

transition below hv = 16 eVe However, it is still clearly seen in 

each orientation starting at hv = 13.5 and 14.0.eV, with EF = -4.16 

and -4.21 eV, in (I) and (II), respectively. 
I 

From there, Al 

disperses downward in both orientations, reaching a band minimum with 

F E = -5.42 eV at hv = 29 eV~ It would be somewhat difficult to 
I 

determine the Al band position accurately for 14 eV < hv < 18 eV 

without the aid of the spectra in (I). These spectra (cf. hv = 14 and 
I 

16 eV in Fig. 8) show that the A2 transition in (I) does not 
I 

obscure the Al transition. 
+ 

As discussed in Section III, the components of. A that are parallel 

" to M (Az ' Ay) can excite AI transitions and Ax (1M) excites A transi-

tions, if the polarization selection rules are obeyed in Cu(211) (see 

Table I). Finite angular acceptance of the analyzer (=3°), angular 

alignment (=1° in a, =3° in ~), and incomplete polarization of the 

radiation (>97 percent polarized) are among the effects which con-

tribute to the apparent breaking of these rules; i.e., weak photo-

" " emission from Al and somewhat stronger emission from A2 in (II), 

where they are both forbidden because IAx l = 0 (see Fig. 2). In (I), 

where IAxl and IAzl are both greater than zero, the relative in

tensity ratio of AI to A" photoexcitation should be proportional to 

IAz/Axl2 which is 3 for the incident radiation field. However, there 
I . " 

is no A4 peak in (I) except at higher photon energies and Al 
I I 2 

typically dominates over A2 and A3, suggesting that IAz/Axlis 

effectively <1. This might arise from a classical Fresnel-type 
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modification of the macroscopic electro~agnetic field as it passes 

through the vacuum-solid interface. 42 Smith, et a1. 43 have 

discussed these effects in the ARP polarization. studies of Cu(lll) by 

Knapp, et al. 2 They defined the parameter ~t = ~t(hv,ei) = IAzt/Axtl2 
-+ 

where IAztl and 1Axtl ar~ the transmitted components of the A vector, 

and 9 i is the optical angle of incidence (e i = 60° in the present case). 

~t can be determined from £1 and £2' the dielectric constants of the 

sample. Using known £1 and £2 values for Cu,44 ~t has been calculated in 

the energy range 9 eV ~ hv ~ 34 eV and is shown in Fig. 9 (bottom curve). 

It is generally «3 (~i = IAzi/Axil2 = 3) throughout, and is <1 below 

hv = 26 eVe This effect accounts at least qualitatively for the large 

observed intensity for All states in (1). 

Radiation refraction effects in our data may be discussed 

further. Also shown in Fig. 9 are intensity ratio curves for the s-p 

plateau region discussed above (energy window 0 eV ~ _EF ~ 1.8 eV) 

and the d bands (energy window 1.8 eV ~ _EF ~ 5.0 eV) as functions 

of photon energy. The ratio R21 is the ratio of intensity in (II) 

to the intensity in (I). As discussed before, the s-p region is more 
I 

intense in (II) (where the A4 transition is IImost allowed ll ) than 

in (I), with R21 (sP) > 1 for photon energies hv > 13 eVe The 

feature labeled "a" in Fig. 9 marks the energy at which the direct-
I 

transition peak from A4 is centered in the 1.8 eV window in (II) 

(EF - -0.9 eV). There is an inflection point above this, presumably 
I 

because part of the A4' direct transition has moved out of the window. 
I 

The point lib" locates the energy at which the center of the A4 direct 
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transition in (II) is at the edge of the window (E F - -1.8 eV). At 

higher energies, the ratio drops, but it rises again from about 1.5 at 

hv = 22 eV to 1.8 at hv = 25 eV. The d-band ratio R21 (d) in Fig. 9 

is more striking. It is less than 1 throughout the energy region, 

reaching its maximum value of 0.90 at hv = 18 eV. It remains essenti-

ally flat for about 4 electron volts thereafter, then dips suddenly to 

0.67 at 26 eV, then rises to a second maximum of 0.90 at 32 eV. The 

large dip at 26 eV (feature "c") signals a sudden relative increase in 

" " d-band emission in (I), i.e., from A1 and/or A2 states near the 

center of the 0 - X line. The peak in R21 (sP) indicates an increase 

in s-p emission in (II) relative to (I). The reason for the d-band 

ratio fluctuation could simply be the larger density of initial states 

in the center of the 0 - X portion of the zone, where Vg - 0 for 

these valence bands, but there is no reason to expect the observed 

differential increase in photoemissionin (I) on this basis because 
I I I -+ 

A2, A3, and A4 also have Vg - 0 at these k; values. Also, this 

would not explain the s-p ratio fluctuation. The explanation is more 

likely in the sudden drop in ;t (lower curve) near hv = 26 eV. The 

;t curve dips near hv = 26 eV because £2 r;ses44 from 0.690 at hv = 

23 eV to 0.761 at hv = 25 eV. In turn, £2 rises primarily because 

of d ~ f electron transitions45 occurring at or near f. Although 

;t cannot quantitatively account for R21 over the entire energy range, 

its rapid variation near hv = 26 eV suggests that R21 is attenuated for 

d bands and enhanced for s-p electrons simply because of enhanced 

suppression of Az' i.e., a relative attenuation of emission from bands 
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of AI symmetry and/or an enhanced A" Signal in (I) takes place. The 

intense A" d-band emission in (I) causes R21 (d) to drop, while the 

absence of s-p electrons with A" symmetry causes R21 (sp) to increase'. 

We note that an analysis like this is possible only as the result of .the 

simple symmetry selection rules for Cu(211). Smith, et a1. 43 requited a 

constant value of ~t - 0.09 (i.e., a factor of -5 lower than the classi

cal Fresnel value) to obtain good agreement between their theory and the 

experimental data of Knapp, et al. 2 While it is difficult to compare 

this with our experimental results without a theoretical calculation, a 

factor of -5 reduction in~t (e.g., ~t ~ 0.18 at hv = 20 eV) would not 

seem to be warranted by R21 near unity over a large part of the energy 

range above 16 eVe Furthermore, the striking similarity in the fluctua

tion of the R21 and ~t curves near 26 eV suggests that ~t is not an 

energy-independent constant in this photon energy range. 

Finally, it is interesting to compare EDCs for different 9 i • In 

Fig. 10, spectra at hv = 17 eV are shown for both orientations and 9 i = 

50°, 60°, and 80° corresponding to ~i = 1.4, 3.0, and 32; and ~ = 0.52, 

0.64, and 0.78, respectively. For (II), the spectra are normalized to 
I I I 

the intensity of (A2 + A3) (this is essentially A2 at this energy), 
II 

and (I) EDCs are normalized to the Al intensity. Generally, only 

changes in relative peak intensities are induced by varying 9 i at all 

photon energies studied. New peak structures are not observed. For 
I I I 

example, in (I) at 17 eV (Fig. 10), the s-p plateau, (A2 + A3), and Al 
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grow with increasing 9i , in' consonance with the trend in st(9i). 

In (II), IAxl = 0; thus, the relative intensities of the four AI 
I I I I 

peaks in (II) [A4, (A3 + A2), and AI] do not significa'ntly change 

with 9i • However, it was noted above that residual experimental 

misalignment effectively leads to IAxl ~ O. Therefore, increasing 

9i in (II) suppresses the residual IAxl component in a manner 
II 

similar to (I), accounting for the observed attenuation of A2 

intensity in (II) (Fig. 10). 

B. Final-State Band Structure 

Previous experimental and theoretical work on low-index 

faces I7 ,24,25 showed evidence for unusual behavior in ARP when the 

excitation energy placed photoelectrons into bulk conduction band 

gaps. The main feature supporting this is a IIlack of dispersion ll of 

the initial~state bands,25 arising because the k vector of the 

photoelectron is imaginary in the gap, thereby allowing only states at 

the surface to be excited. 17 ,24 Because Iklll = 0 in normal emission, 

band-gap photoemission corresponds to photoexcitation from f, indepen-

dent of photon energy. Hence, sweeping the photon energy resulted in 

direct transitions with concomitant valence-band dispersion as kl was 

varied across the zone, until the gap was reached. 25 However, bulk 

conduction band gaps along high symmetry directions invariably occur 

at r and/or zone boundaries, and it could be argued equally well that 

the lack of dispersion is simply a consequence of Vg - 0 for the 

initial-state bands. Additionally, lack of dispersion in d bands is 

not necessarily indicative of band-gap photoemission, because they are 

already reasonably flat. 

", 
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As a consequence of low symmetry, the conduction band gap between 
I I 

AS and A6 in Cu[211] occurs away from the zone boundary, where 
I I 

initial-state sand s-p bands (AI and A4, respectively) have large 

group velocities. Thus, an unambiguous test of band-gap photoemission 

should be possible in Cu(2II). The experimental dispersion relations 

in Fig. 7 show that there is no evidence for the band-gap photoemission 

process discussed previously. The portion of the band structure ex-

pected to be affected by the bulk band gap is enclosed within the 

vertical dashed lines. Not only do the sand s-p bands disperse 

throughout the gap region, but the absolute s-p and d-band intensities 

used to derive the R2I curves in Fig. 9 show no unusual structure in 

the spectra for either orientation. Previous work in this laboratory 

on low-index faces of Ag,6 Au,8,9 and pt8,14 also showed initial-state 

dispersion at photon energies for which the final states should be in 

a conduction-band gap, but the present Cu(2II) work is by far the most 
I 

convincing evidence for this, because of the large slope in the Al 
I 

and A4 bands away from the zone boundary. Furthermore, Fig. 7 shows 

that d-band dispersion in the gap region is minimal in both theory 

(interpolated bands) and experiment, indicating that a dispersionless 

d band is not sufficient evidence for a band~gap photoemission process. 

The apparent lack of band-gap photoemission leads directly to a 

discussion of the final-state band structure in ARP and the- success of 

the single-plane-wave approximation for its dispersion relation. It 

has been shown that the finite lifetime of the photoelectron (which is 

relatively short in Cu at these energies 2) introduces an imaginary 

component to its ~ vector regardless of its position ~n the zone,46 
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and that the effect of this is to remove gaps in the band structure, 

giving rise to. more free-electron-like conduction bands. 46 ,47 It 

has also been pointed out that while k-broadening is still more 

important in the band-gap region than outside it, the increase in the 

spread in k (i.e., 1m k) is only by a factor of 2_3.47 Physically, 

damping attenuates the interaction between the photoelectron and the 

periodic lattice potential. 47 Since band gaps arise from Bragg 

scattering, it is not surprising that damping closes these gaps. 

Strictly speaking, all of this points to the inadequacy of the one

electron band structure picture in describing photoelectron dispersion 

relations. 48 The photoelectron is short-lived, and the bulk band-

structure does not account for the symmetry-breaking influence of the 

hole, which is relatively long-lived. However, experimenta1 5,30 

results suggest that the quasi-free-electron approximation works well 

over a wide range of final-state energies. The striking evidence for 

this in Cu(211) represents another important result of this work. 

v. SUMMARY AND CONCLUSIONS 

We have presented results of normal emission ARP studies using 

variable-energy synchrotron radiation for the stepped Cu(211) face. 

The photoemission process is similar to low-Miller-index faces of 

copper. 1,2,4 All peak structures in the EDCs, except for a previously 

observed DOS feature at the leading edge of the 3d bands and the s-p 
~ 

plateau, are shown to derive from k1-conserving direct transitions 

along the [211] direction in k-space. The presence of the stepped 
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surface does not introduce any other spectral features, although part 
II 

of the photoemission intensity in various peaks (particularly A2 

in orientation II) may arise from DOS photoemission. Excellent agree

ment between peak-energy positions and bulk-initial state dispersion 

relations is obtained if the final-state wavefunction is assumed to 

contain only one plane-wave component; i.e., no secondary Mahan 

emission features were found. This excellent agreement with the 

interpolated bulk bands suggests that any photoelectron refraction 

effects associated with non-normal emission, i.e., from step and/or 

terrace directions, are negligible. In consonance with previous 

work,5,30 a quasi-free-electron parabolic final-state dispersion 

relation was used successfully, even at energies corresponding to a 

symmetry band gap near the zone boundary. The top and bottom valence 
.. I 

bands, A4 and A1, are shown to disperse even when the final 

state falls in this gap region, suggesting that the one-electron bulk

band gap picture is not applicable to the description of photoelectron 

conduction-band structure. Finally, radiation polarization selection 

and refraction at the vacuum-solid interface are observed to play an 

important role in determining relative peak intensities. This is 

demonstrated in a particularly straightforward manner with Cu(211) be

cause there are only two irreducible representations (AI and All) for 

eigenstates along the [211] direction. In fact, polarization selection 

greatly reduces the problem of determining individual band empirical 

dispersion relations along the complicated [211] direction •. 



-28-

These studies suggest that the stepped structure of the Cu(211) 

surface does not significantly perturb its bulk-like electronic 

structure, a result which was anticipated in previous work. 20,49 In 

contrast to this, it would be interesting to investigate the valence

band structure properties of stepped crystal faces of the catalytically 

active Group VIII metals, particularly in light of recent Pt(100)-(5x1) 

results,14 which showed large DOS contributions to the normal emission 

EDCs for the reconstructed surface. 

Based on these Cu(211) results, we conclude that bulk-valence band 

structure determination can be applied to low-symmetry directions in a 

manner analogous to the (111), (100), and (110) faces, thereby allevi

ating the necessity for crystal faces with a specific high-symmetry 

orientation. This has implications for band-structure studies of more 

complicated materials. where it may not be possible to obtain 

high-symmetry faces. 

Finally, the four major results of this work are summarized: (1) 

it is possible to determine experimental valence-band dispersion 

relations for non-low-index directions; (2) valence-band dispersion 

relations for stepped Cu(211) show excellent agreement with bulk 

valence bands interpolated along the [211J direction; (3) the quasi

free electron model describes photoelectron dispersion relations, but 

the one-electron bulk conduction bands do not; and (4) there is no 

evidence for band-gap photoemission. 
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Table I. Polarization selection rules for normal photoemission from 
. (211) faces of FCC crystals. a 

Coordinate Axes 

x y z 

[Oli] [ill] [211] 

Irreducible 
Representations 

AI A" b 

Final State 
Symmetry 

AI 

Allowed Initial 
Symmetries 

Ax Ay Az 

A" AI AI 

aThe photoelectron propagation direction defines the z-axis in each case. 

bSince the [211J axis in momentum space has no special symmetry 
designation, the symbols AI and A" chosen to represent the even and odd 
states,respectively, are those for the usual Cs symmetry classification. 
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Table II. Values of empirical valence bands along [211J in copper. 

+ Ener9Y, _EF (eV) ki(units of 2~/a) 
". I I I II II I 

kx k =k Y z A1 A2 A3 A1 A2 A4 

-0.12 -0.56 3.89 2.41 

-0.08 -0.54 3.84 2.56 0.00 

-0.04 -0.52 4.22 3.86 3.69 2.86 2.51 0.35 
0 -0.50 4.38 3.97 3.77 2.94 2.49 0.67 

0.04 -0.48 4.58 3.96 3.77 3.00 2.45 0.96 
0.08 -0.46 4.79 3.86 3.69 3.14 2.39 1.33 

0.12 -0.44 ·5.05 3.77 3.62 3.27 2.34 1.66 

0.16 -0.42 5.18 3.68 3.58 3.41 2.33 1.91 

0.20 -0.40 5.29 3.59 3.50 3.45 2.31 2.15 

0.24 -0.38 5.36 3.52 3.39 3.49 2.30 2.36 

0.28 -0.36 5.39 3.43 3.31 . 3.52 2.36 2.52 

0.32 -0.34 5.40 3.40 3.27 3.51 2.39 2.63 

0.36 -0.32 5.39 3.41 3.48 2.37 2.65 

0.40 -0.30 3.45 3.42 2.32 2.59 

0.44 -0.28 3.58 3.33 2.23 2.48 
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Table III. Deviations between experimental and theoretical valence bands 
along [211] in copper. 

Deviation Magnitude for Valence Bands Along (211] ~eVl Overall 
Parameter, i , i II II , Theoretical 
~Ea Al A2 A3 Al A2 A4 ~Eb 

~E 0.11 0.04 0.06 0.01 0.06 0.20 0.09 
c 

~Erms 0.10 0.05 0.06 0.11 0.10 0.14 0.11 

I~Elmaxd 0.29 0.10 0.11 0.24 0.21 0.32 0.37 

+ 
a ~Ei = EF(expt.) - EF(int.); i refers to ki from Table II. 

b From comparison+of interpolation scheme with Burdick's bands (Ref. 34) 
in copper, at 89 ki points in the Brillouin zone; taken from Ref. 32. 

c ~Erms = root-mean-square deviation. 

d I~Elmax = maximum deviation. 
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FIGURE CAPTIONS 

Fig. 1. A segment of an ideal Cu(S)-[3(111)x(100)] surface, showing 

three-atom terraces of (111) orientat~on separated by monatomic 

steps of (100) orientation. The (Oli) mirror plane cuts 

through the surface perpendicular to the atomic rows. 

Fig. 2. Experimental geometries employed: (a) orientation I, with the 

plane of incidence! to the (011) mirror plane M; (b) orienta

tion II, with the plane of incidence II to M. The majority of 

spectra were recorded with 9 A, the angle between the surface 
~ ~ 

normal n and the incident radiation vector potential A, equal 

Fig. 3. Selected normal photo~mission spectra forCu(211) with photon 

energies in the range 9 eV ~ hv ~ 32 eV and 9 A = 30°. The 

spectra in panel (a) were collected with the orientation"I 

geometry, while those in (b) were recorded with orientation II. 

Fig. 4. Plot of experimental peak position versus photon energy for 

each structure in the Cu(211) EDCs for 9A = 30°: (a) 

orientation I; (b) orientation II. Open and filled circles 

designate weak and strong features, respectively, and the 

connecting lines have no theoretical significance. The plots 

are labelled with the appropriate initial states involved in 

direct transitions (vide infra). 
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Fig. 5. The (ali) mirror plane, showing the region of k-space in the . 

first Brillouin zone along the [211] direction (dashed lines). 

The points Band 0, both at the zone ~oundary, are separated 
-+ - - - :+ by an umklapp with G = (1,1,1) 2~/a. The vector KOX' ending 

at a general pOint along the 0 - X line, is thus not actually 

in the [211] direction in the reduced zone scheme. 

Fig. 6. The band structure of Cu interpolated along the [211] 

direction. The energy bands are symmetric about X, and the 

unoccupied bands are shown up to EF = 30 eVe The bands are 

labeled by AI and A" irreducible representations. The AI 

symmetry final-state band that carries photocurrent in the 

[211] direction is highlighted by dashed lines in the bulk 

band-gap region and solid lines with filled circles elsewhere. 
I I I I 

Fig. 7. Empirical [symbols: (.) Al' A2, A4, DOS; (0) A3; 

" " (0 ) A1; and (0 ) A2] and theoretical (solid lines, from 

interpolated bands in Fig. 6) valence-band dispersion relations 

for Cu(211). A partial photon energy scale is indicated at 

EF, and the vert ica 1 arrows are from de. Haas van Alphen data 

(Ref. 39). The dashed vertical lines bracket the region for 
-+ which the k-vectors lie in the bulk conduction band gap. 

Fig. 8. A direct comparison of photoemission spectra at selected photon 

energies for both orientations, with SA = 30°, showing a 

strong dependence on radiation polarization orientation. The 

structures are labeled by the appropriate bands involved in 

direct transitions. 
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Fig. 9. Intensity ratio R21 =J.(II)~(I) versus photon energy for 

s-p electron intensity [R21 (sP), upper curve] and d-band 

electrons [1.6 x R21 (d) show~, middl~ curve]. The energy 

windows for the ratio curves are indicated in the lower right 

corner, and the labels a, b, and c are discussed in the text. 

Also shown is a plot of the parameter ;t = IAzt/~xtl2 versus 

photon energy for copper, where IAztl and 1Axtl are the 

transmitted components of the radiation vector potential. 

Fig. 10. A direct comparison of photoemission spectra at hv = 17 eV 

and various values of the angle of incidence si' for both 

orientations. The direct-transition peak positions are 

indicated on the horizontal axis. 
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