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AbshcL The surface potential barrier shape of the lowhdex faces of copper was 
determined by an analysis of inverse photoemission and two-photon photoemission 
measurements making use of the one-step model of pholoemission. The barrier potentials 
obtained in this way allow for a con~istenf description of the energetic positions and 
effective masses of all known surface states for the various faces. I1 is found, in 
agreement with previous theoretical predictions, that the most open surface. Cu(ll0). 
erhibiu the strongest saturation of the image potential with an image plane lying nearest 
to the topmost atomic layer and with the weakest image force outside the clylal. A 
comparison with theoretical slab  calculation^ shows that in these calculations lhe position 
of the image plane is always significantly funher outside Ihe crysal than derived in the 
present study. Dynamical effects in the effective potential are found lo be negligible for 
electronic slates up to 6 eV above the Fermi level Ep. but are probably responsible for 
systematic discrepancies between theory and experimenr for unoccupied bulk states in 
the energy range 10-15 eV above EF.  

1. Introduction 

Inverse photoemission (IPE), two-photon photoemission (2PPE) and very-low-energy 
electron diffraction (VLEED) have recently led to a renewed interest in the study of 
unoccupied electronic surface states in the local energy gaps of metals. In this context 
the variation of the potential near the metal-vacuum interface has been central to 
the discussions. 

The effective potential felt by an elcctron in the surface region is mediated by 
the electrons self-energy C ( T ,  T ' ,  E), which represents a non-Hermitean, non-local, 
energy-dependent operator [l]. The self-energy 3 is usually defined within the Green 
function formalism of elementaly excitations in interacting many-particles systems 
in such a way, that it takes into account all the dynamical exchange and correlation 
effects beyond the Hartree approximation [2]. For electron states exactly at the Fermi 
level &, it can be shown in the framework of density functional theory (DFT), that 
the total effect of C ( T ,  T ' ,  EF) can bc incorporated exactly by means of an effective 
local static potential V*yC(~) [3]. Within the usual local density approximation (LDA) 
for VxC(~) DFT allows for an ab-inrrio calculation of the total effective potential, 
which near the metal-vacuum interface is then termed the surface barrier potential 
V B ( T )  [41. 
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For occupied and unoccupied electronic surface states at metals with energies 
near EF the DFT surface barrier VB in principle gives an excellent description. 
Unfortunately, however, the LDA in DFT results in an incorrect asymptotic behaviour 
of VB(r) in the vacuum region. For large distances 121 from the metal surface VB(r) 
in LDA decays exponentially, instead of behaving proportional to I$', which in turn 
is required by simple electrostatic arguments. This shortcoming of the usual LDA- 
DFT barrier potential has led some authors to work in practical calculations with 
parametrized models for the surface barrier. 

In this contribution we study occupied and unoccupied surface states at the three 
low-index surfaces of Cu. We will use a parametrized surface barrier and calculate 
both the energetics and corresponding IPE spectra for surface states on the basis of 
the dynamical one-step model of photoemission [S-71. 

The aim of this paper is to extract as much information as possible about the 
barrier potential of Cu by comparing our calculated results with the wealth of 
experimental information on Cu surkce statcs available in the literature. 

2. One-step model: surface contribution 

The general theory for the surface contribution in the one-step model has already 
been described in a very compact form elsewhere 181. In the following we present 
the full details of its derivation. For a clean and unreconstructed surface the effective 
static barrier potential takes the form 191, 

Here g denotes a two-dimensional reciprocal lattice vector and T,, is parallel to the 
surface. Self-consistent electronic structure calculations for solid metal films in the 
framework of DFT [4] have demonstrated that VB(r) has a distinctly threedimensional 
character. The periodic variation of r/, in the lateral directions is commonly referred 
to as corrugation. At the present level of accuracy in VLEED and IPE corrugation 
effects seem, however, to be of relative insignificance [lo, 111. Thus all terms with 
g # 0 in (1) are usually disregarded and 1% is approximated in one-dimensional form 

In the framework of the onc-step model of angular resolved ultraviolet 
photoemission (ARUPS) and inverse photoemission [5-71 the electron (photon) current 
is described by the following expression: 

VB(2). 

I (k l l ,  e r )  = -(l/7r)Im(kll, e,IG;AGfAtC; lefr kll). (2) 

The propagators for the final- and for the hole-state are denoted by C: and G:, 
respectively, and calculated from standard layer Korringa-Kohn-Rostoker (KKR) 
multiple scattering techniques for the semi-infinite crystal [5,7,12]. The operator 
A mediates the coupling to the electromagnetic field. In atomic units (e = h = m = 
1,c = 137.036) it follows: 

A = (I/Zc)Au.p. (3) 

A, denotes the spatially constant amplitude of thc electromagnetic vector potential 
and p the momentum operator. I n  the case of photocmission is the single-particle 
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energy of the outgoing electron and kll denotes its wavevector component parallel to 
the surface. 

In general we have for the surface contribution of the current the formula 

1 
Is"'(kll, el)  = -; Im J(kll, E[IG:]T)A (+le At G; lef, ks) d r  

derived from equation (2). 
In the region between the surface barrier and the first layer of the bulk crystal the 

wavefields for the initial and final states can be written in plane-wave representations, 
since it is assumed, that the potential is constant between the non-overlapping muffin- 
tin-spheres and the surface barrier potential V,( 2). The plane wave representation 
gives for the initial state 

(4) 

and for the final state 

With the coefficient a : ,  which is emitted by the barrier, we take into account the 
reflection of the initiaf state wavefield by the surface potential. vig denotes the 
barrier-reflection coefficient for the hole-state. 

According to the r-dependence of the barrier potential we have to calculate the 
initial and final state wavefield numerically in the surface region. It follows for the 
initial state 

$ Z g ( C 1 A  = 4, + 2119. (10) 

Here and $2g denote the regular solutions of the Schradinger equation for 
V,(z) in the range -cc < z < cl:. The value cIz defines the point, where the 
surface potential goes smoothly into the inner potential of the bulk crystal. 

Inserting (7) and (9) into equation (4) and rewriting the surface contribution for 
the current, we arrive at the following exprcssion: 
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where A, is the a-component of the amplitude A, and q is the wavevector of the 
photon field. 

which belongs 
to the initial state wavefield emitted by the surface barrier. The initlal state matrix 
element ( T ( G : A ~ G ; I C ~ , ~ ~ ~ )  can be manipulated to a form more appropriate to  a 
direct calculation: 

The problem that remains, is the calculation of the weficient 

where is the free electron Green function for the initial state. After integrating 
over dri, in equation (12), we can describe the matrix element by a plane wave 
expansion, which is valid in the region of our interest, namely between the surface 
barrier and the first bulk layer: 

with 

For a step barrier VB(a) = Vu,@(= - q2), where 0 is the unit step function, we 
obtain Pendry's result [5 ] .  Vu, denotes the constant inner potential of the bulk crystal. 

In calculating the matrix element for the surface contribution by itself we follow 
Pendry's original ansatz. The main effect from a z-dependent surface barrier results 
in a strong variation of the barrier reflection coefficient rlS.  For that reason we use 
for the evaluation of this coefieient a potential model for \'&a), which has been 
introduced first by Rundgren and Malmstrom [13] in LEED calculations. 

3. Results for Cu surfaces and discussion 

The spectra of electronic surface states on Cu surldces have been calculated with the 
theoretical model of section 2. For the bulk muIfin-tin potential of Cu the potential 
due to Chodorow [14,15] was used. Damping processes within the one-step model 
are described by adding a canstant imaginary part Vu; to  the inner potential Vur. For 
the high-lying electron states we took Vu, = -1 ev  which is in accordance with 
LEED experience, for the low-lying states near E, Vu, was chosen as a small quantity 
V,, = -0.02 eV: 

3.1. Cu(l00) 

In figure 1 we present the projected bulk bandstructure for Cu(100) together with all 
calculated and experimentally ObSeNed IPE data. The shape of the surface barrier [13] 
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giving rise to the surface states S in figure 1 will be discussed below in a systematic 
comparison of all three low-index surfaces of Cu. 

In addition to our former work on surface states at Cu(100) [8,16], which 
concentrated on the r X U L  azimuth, herc we givc also the results for rXWK. Along 
r X U L  so far four empty surface states SR, S , ,  S,, S, and two unoccupied bulk states 
B,, B, have been detected in IPE experiments. SR denotes a crystal-induced surface 
resonance, SI the first image-potential state, both being associated with the X,,-X, 
gap. S ,  and S, represent crystal-induced surface states derived from the b,(Cl)-Ll  
gap. S, becomes an occupied surface state near X and has been detected there in 
high-resolution photoemission spectroscopy [17]. 

When compared to our former work [ S ,  161, an interesting new feature in figure 1 
is the existence of an additional bulk state B, at -0.35 eV (X) in the occupied regime 
near This state lies at X 0.28 eV below S, and just at the C, bulk edge. In our 
former work [S, 161 B, did not show up for two reasons. Those calculations had been 
restricted to the energy range above -0.1 e\! since no additional state had been 
expected. Moreover, those calculations concentrated on the z-component A ,  of the 
photon field A,,. For B, it turns out, however, that the calculated orientation of the 
electric dipole axis in the r X U L  azimuth is rotated - 45' away from the surface 
normal. In a pure z-polarized spectrum B, thcrcCore becomes suppressed. 

The question, whether B, has been observed in corresponding high resolution 
photoemission experiments [17] in addition to S,, is not clear. In these experimene a 
doublet of surface states S',S is seen both for excitation energy f w  = 16.85 eV (NeI) 
and iiW = 11.85 eV (AI) ,  but the presence of the second component S' was attributed 
to the Ne1 (A = 0.177 eV) and ArI (A = 0.210 ev) satellite line in the exciting 
photon field. This satellite splitting, however, is comparable to the calculated B,S, 
splitting in the occupied regime which is of the order of 0.15-0.28 e\! Moreover, 
the fact that both energetic separation and rclative intensity in the S',S doublet vary 
slightly in the experiment as a function of 0 (cf figure 2 in [17]) suggests that the 
existence of an additional state near X might be a real effect. 

Typical calculated IPE-spectra and corresponding experimental data (fw = 9.7 eV) 
for different angles 0 of electron incidcnce and photons emitted within the azimuth 



604 Grass et al 

in different directions a with respcct to the surface normal z are shown in figure 2 
for rXUL and in figure 3 for TXWK, respectively. The spectra are raw spectra, 
convoluted with a Gaussian of 0.275 e V  full width at half-maximum, to take the 
experimental resolution into account. Apart from the fact that the experimental 
spectra show a large fraction of sccondary emitted photons, which are not taken into 
account in the calculations, the agreement between theoryand experiment is generally 
very good. In  particular the polarization dependence of the intensity of the various 
peaksis well reproduced in the theory 

cu (100) rxuL t l ~ =  9.7 cv 

E - E, (.V) 

Cu (100) rXWK hu= 9.7 eV 

E - Er (eV) 

Figure 2. Experimenlal (lefl) and theoretical (righl) Figure 3. Ewpcrimental (leit) and lheoretical (right) 
inverse photoemission spectra (hw = 9.7 eV) inverse photoemission spectra (hw = 9.1 ev) 
tor Cu(lMI) along Lhe rXUL bulk mirror planc. for Cu(l00) along the I'XWK bulk mirmr plane. 
E) denotes the angle of electron incidence and 01 E) dcnotcs the angle of eleclron incidence and CI 

lhe photon detection angle. the pholon detection angle. 

A systematic comparison of all calculated surface states at the zone centre l= 
and boundary x with experimental data for Cu(100) is included in table 1. The 
agreement between theory and expcrimcnt for thc energetic positions and effective 
masses is within the error bars of the experiment A recent inverse photoemission 
study of Cu(100) at variable photon energy rcported a surface state at the zone 
boundary 8 with energy Y 0.5 e V  [lS] (not includcd in table 1). We have calculated 
the corresponding IPE spectrum (hw = 22.7 cV), but have been unable to find a 
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surface state at 2 in this energy range. At present the origin of this discrepancy is 
not clear. 

Table 1. Comparison of experimental and calculaled binding energies and effeclive 
masses of surface stales on Cu(IW), Cu(ll0) and Cu(1ll). 

Surface Symmelry wpe E -  EF (eV) m*/m. E -  Ep (eV) me,". Reference 
normal point (theory) (theory) (experimenl) (experiment) 

(100) r St 4.10 0.990 4.00*0.20 1.2f0 .20  [37] 
4.06f 0.02 0 .90 f  0.10 [42] 

4.13f 0.20 NI1 

(loo) r s; 4.48 1.010 4.45*0.02 ~421 

(loa) r Sn 1.50 0.427 1.20f 0.30 [411 
1.15 [451 

1.48f 0.06 I441 
(100) x Sz -0.065 0.076 -U.O58 f 0.025 0.067f 0.01 [I71 
(1W) x S3 3.52 0.630 3 .601  0.20 0.70f 0.20 [36] 

3 .45f0.20 1411 

(110) F st 4.54 0.98 4 2 8 f  0.35 1401 
4.39zk0.15 [431 

(110) f s; 4.74 0.99 

(110) Y S, -0.42 0.21 -0.393 f 0.025 0.268& 0.01 1191 
2.50* 0.20 1.10 P I  

(110) Y S, 2.38 0.94 1.91 & 0.25 1411 
I . X O ~ O . Z O  o.noko.20 [39] 

(110) d SI  1.96 0.248 2.09 f 0.20 NI1 
2.OOf 0.40 ~401 

(110) x SI 5.36 1.49 5.63f 0.20 (411 
5.40* 0.40 I391 

4.11*0.03 1211 
(111) r SI 4.06 0.89 4.05*0.05 1 . ~ k O . 1 0  I221 

4.39f 0.20 [41j 
(111) f s; 4.68 0.98 4.63f 0.05 0.9Of 0.15 [22] 

(111) r Sz -0.40 0.369 -0.389 f 0.025 0.462 f 0.01 [Za] 

1111) M,M' S? 0.98 0.031 
-0.39f 0.02 0.46 [211 

By definition a surface state must contribute to the surface current Isurf in 
equation (11). i.e. its intensity for .~-polarizcd light should be non-zero. Mirror 
symmetry of the three low-index surfaces in FCC crystals then induces that for a 
surface state at I? the intensity for I- or z/-polarized light must vanish as long as 
spin-rbit interaction is disregarded. In such a case the dipole orientation 0, of the 
surface state thus will be exactly parallel to z ,  i.e. 0, = Oo. Here 0, denotes the 
angle between the vector formed from I( A=), Z(Ay), I ( A l )  and the surface normal. 
Similiarly for a surface state in an azimuth, which represents a mirror plane of the 
crystal, the intensity for y-polarized light perpendicular to the azimuth must vanish. 
The vector formed from I(A=),  I(.4y), I (A, )  thus will lie within the mirror plane, 
but its orientation 0; for a surface state away rrom r can in principle now span 
the range 0' < 0, < 90'. Increasing values of 0, then indicate an increasing bulk 
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contribution to the surface state. In our calculation for Cu(100) we found significant 
non-zero values of 0, only for thc surface state S, at X. This result shows that 
this state could be sensitive to corrugation in the effective barrier potential V,(r) of 
equation (I) ,  an effect which is not taken into account here. 

In addition to  the transitions discussed so far, the experimental IPE-spectra contain 
dispersionsless features in the range 0-1.5 eV above the Fermi level. These features, 
which show up at all three low-index surfaces of Cu, must be attributed to transitions 
into weak maxima of the threedimensional densify-of-states (DOS) in this energy 
range. 

3.2. Cu(l l0)  

The projected bulk bandstructure for Cu(ll0) together with all calculated and 
experimentally observed IPE data is shown in figure 4. In addition to the first and 
second image-potential states S, and S;  ncar I=, two crystal-induced surface states 
S,, S, (TKLU) and S,, S, (rKWX) arc clearly idcntified in the b,-L, and X,,-XI 
derived band gaps. Furthermore three unoccupicd bulk states B,, B,, B, have been 
detected in IPE experiments. In analogy to the (100) surface, S ,  becomes an occupied 
surface state near and has bcen dctectcd thcre in high-resolution photoemission 
spectroscopy [19]. 

- cu (1 IO) - 
Y 

- x rKWX r rKLU 

v L, Figure 4. Bulk bandslmclurc of Cu, 
w" projected onlo the P-X and p-7 

directions of the surface Brillouin I 3.0 

zone. Solid circles (open squares 
with error bars) denole calculated 
(measured) band dispersions. Thc 
size of the symbol indicates the 

-1.0 L ~ '  intensity of the transition. The band 
gaps of the projected bulk band 
structure are bounded by solid lines. 

w 
XW 

1 .o 

1 .o 0.5 0.0 0.5 

kll ( A- '  ) 

Calculated IPE-SpCCtra and mcasurcd data (&U = 9.7 cV) arc shown in figure 5 for 
the lXL.U azimuth and in figure 6 for TKWX. Theory and experiment agree very well. 
As in the case of Cu(100) the peaks in the cxpcrimental spectra are often obscured 
by a large fraction of secondary emitted photons. Energy and effective mass of all 
surface states at Cu(ll0) are included in table 1. With the exception of the second 
image-potential state S,, at r, which so far has not been observed experimentally, we 
find essentially agreement between theory and expcriment within the experimental 
error bars. Significant non-zero values for the electric dipole orientation 0, of 
surface states at Cu(ll0) were found for S,(Y) and S , ( x ) ,  i.e. these states could also 
be sensitive to corrugation effects in the effcctive barrier potential. 
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Cu ( 1  10) rKWX hw= 9.7 BV Cu (110) rKLU h W =  9.7 eV 

E - E, (eV) E - E, (ev) 

Figure 5. Experimenlal (left) and theorelical (right) Figure 6. Experimenlal (left) and theoretical (righl) 
inverse pholoemission spectra (hw = 9.7 ev) invese pholoemission spectra (hw = 9.7 ev) for 
for Cu(ll0) along the TKWX bulk mirror plane. Cu(l10) along the rKLU bulk mirror plane. 0 
0 denoles lhe angle of electron incidence and 01 denotes the angle of eleclron incidence and 01 the 
lhe photon detection angle. pliolon dececcion angle. 

3.3. Cu(l l l )  

Figure 7 shows the projected bulk bandstructure for Cu(ll1) together with all 
calculated and experimentally observed IPE data. Three bulk states B,, B,, B,, two 
image-potential surface states S,, S: above the b,-L, derived gap and two crystal- 
induced surface states s,, s, in the  L,,-L, and X,,-L, derived gap are identified. 
Again S ,  becomes an occupied surface state near r and is observable in high- 
resolution photoemission spectroscopy [20,21]. 

The rXUL and rLKL azimuths shown in figure 7 are equivatent, if only the 
surface layer is taken into account, but bccome non-equivalent for the bulk crystal. 
Pure surface states thus should behave symmetriwlly in both azimuths, whereas bulk 
states can exhibit an asymmetry. This is indeed the case in figure 7. For the 
surface states this means that the dipole orientation 0, is nearly zero up to the 
zone boundary. For the Cu(ll1) surface there is thus no indication for corrugation 
effects in the effective barrier potential, a result which is compatible with the densely 
packed structure of this surface. 
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- cu (1 11) 
M rLKL 'i rxuL M' 
- 

L ,  

X4. 

-1.0 -0.5 0.0 0.5 1.0 
kW ( A-' ) 

Figure I. Bulk bandstructure of Cu, 
projected onto lhe r-M and ? - M I  
directions of the surface Brillouin 
zone. Solid circles (open squares 
with error bars) denole calculated 
(measured) band dispersions. ?he 
size of the symbol indicates the 
intensity of the transition. The band 
gaps oi the projected bulk band 
struclure are bounded by solid lines. 

Calculated IPE-Spectra and measurcd data (hw = 9.7 e v )  for Cu(ll1) are shown 
in figures 8 and 9 for the azimuths rXUL and rLKL, respectively. Again theory 
and experiment agree very well. Thc non-equivalence of both azimuths for bulk 
states is clearly seen. In addition this non-cquivalence also exists for larger values 
of 0, i.e. near the zone boundary, in the intcnsity of the surface state S,. In fact 
S3(M,M') exhibits the largest non-zero value for the dipole orientation (0, = 3.9') 
among the surface states at Cu(ll1). Energy and cffcctive mass of surface states at 
Cu(ll1) are included in table 1 and again show an agreement with the experiment 
essentially within experimental error bars. Notc that the energetic position of S, at 
the zone boundary is not known exactly. Likc in the case of Cu(100) and Cu(ll0) 
the experimental IPE data show wcak dispcrsionsless fcatures in the energy range 
0.5-1.5 eV above the Fermi level which corrcspond to DOS transitions. 

3.4. Corrugation effects 

In the present paper corrugation is dcfincd as the lateral variation of the barrier 
potential VB(r) in equation (1) with T , , .  This effect is neglcctcd in our calculations. 
Note, however, that the total bulk crystal potcntial will exhibit a trivial lateral variation 
and that this effect is of course taken into account by our formalism. 

The relative importance of corrugation in the barrier potential can be judged by 
inspection of the angles 0, of the dipolc orientation of the various surface states. The 
maximum 0, values at thc various surfaces arc: 0; = 10.3O for S,(b) at Cu(llO), 
0, = 9.5O for S,(X) at cu(100) and 0, = 3 . 9 O  for S3(&i,M') at Cu(ll1). The 
relative importance of corrugation thus decreases with increasing dcnsity of atoms in 
the surface unit cell. This was to be expcctcd. 

To judge the absolute importance of corrugation effects in the barrier, it is 
necessary to resort to the occupied surface state S, at the various surfaces, since 
this state has been measured with the highest resolution. A comparison of theory 
and experiment for S, is shown in figure 10. The calculated energetic position of S, 
at the various symmetry points is always within the crror bars of the experiment. Only 
the calculated effective mass of S, at Cu(ll0) and Cu(ll1) lies slightly outside the 
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Figure 8. Experimental (left) and theoretical (right) 
inverse photoemission spectra (hw = 9.7 ev) for 
Cu(ll1) along the PXUL bulk mirror plane. 0 
denotes the angle of electron incidence and 01 the 
photon detection angle. 

E - E ,  (ev) 

[pigum 9. Experimental (left) and lheoretical (right) 
invcrse photoemission spectra (hw = 9.7 ev) for 
Cu(ll1) along lhe rLKL bulk mirror plane 0 
dcnotes Ihe angle 01 electron incidence and o( lhe 
photon dcleclion angle. 

error bars, but we hesitate to interprct this as a clear-cut indication for the importance 
of surface corrugation. 

Another group of surface states, which is known with high precision, are certain 
image-potential states, which are accessible to two-photon photoemission. In the case 
of Cu this is the case for S, and S; at the  (100) and the (111) surface [21,22,42]. 
From the agreement between theory and experiment in table 1 for these states we 
conclude, that an influence of surface corrugations is not detectable in these cases. 
This conjecture is in agreement with a recent thcoretical study of this problem [ll]. 

3.5. Effective surface bum'er 

The effective z-dependent surface barriers V,( z )  for the various Cu surfaces are 
shown in figure 11. They are plottcd with respect to the vacuum level E,, utilizing 
the values of the work function Q, as given in table 2. The zero of the z scale lies 
in the uppermost layer of atoms. As mentioned above, V,(z) is of the Rundgren- 
Malmstrom (RM) type [13]. For its real part wc have: 
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Figure 10. Bulk bandSlNcture of 
Cu, projected onto the p-X, p-? 
dimtiom of-the surface Brill?uin 
tone near X,? and near r in 
the r - M(M') direclion. Solid 
(open) circles denote calculated 
(measured) band dispersions. 

< zA < t i m  ;( 1 z - z i p  

VXz) = S " + S I ( z - z A ) + s 2 ( z - z A ) * + S 3 ( -  . - zA)3 zA < < zE . (15) { vor z > ZE 
Here zim denotes the position of the classical image plane. The asymptotic regime 
z < zA k connected to the bulk mufffin-tin zero V,, by a third-order polynomial in z, 
spanning the range zA < z < 2,. The polynomial coeficienrs so, s,, s2, s3 are k e d  
through the requirement of continuity of Vu( z )  and its derivative. The parameters 
zimr rA, zE, the polynomial range Az = IzA - zEJ, the size A, of the surface unit 
cell and one-half of the interlayer distance d,,Z are listed in table 2 for the various 
surfaces. 

Table 2. Polenlial parameters for the barrier potentials of Cu(l ll), Cu(lO0) and Cu(ll0). 

cu (111) cu (100) cu (110) 
Workfuncrion: + (eV) 4.88 4.63 4.87 
Reference [431 1381 1431 
Surface barrier potential: 
Vox ev -12.43 -12.18 - 12.42 
Beginning of the polynomial region: 
TA a.u. -3.611 -3.974 -4.066 
End of the polynomial region: 
ZE a.u. -0.522 -0.008 0.577 
Length of the polynomial region: 
A r  = IZA - I E ~  a.u. 3.089 3.966 4.643 
Size of the surface unil cel1: 
AE lom2 a.u.? 0.722 0.833 1.179 
One-half of interlayer distance: 

Position of the image plane: 
i i m  a.". -2.047 -1.932 - 1.762 

d l p  a.u. - 1.972 - 1.708 -1.206 

The shape of the surface barrier depends on the parameters zim, zA, zE that 
were determined in the following manner. To receive an approximate value for the 
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position of the image plane zim, we started the variational procedure with one-half 
of the interlayer distance d,,* and h c d  the value for zim roughly by comparison 
of the experimental and theoretical peak positions for normal emission (klI = 0). 
In determining the beginning zA and the end of the polynomial region zE, these 
parameters were varied from $1.0 to -5.0 a.u. In this way, as well as for the exact 
fixing of zimr the peak positions and effective masses of all surface states in the whole 
projected bulk bandstructure were taken into account, to receive the best fit for the 
surface potential. The quality of the surface potential depends on the accuracy of the 
experimental measurements. 'lb reproduce the measured data within the experimental 
resolution, especially the results from the high resolution photoemission experiments 
[17,19,20] and two-photon photoemission experiments [21,22,42,44], it was necessary 
to vary the most sensitive parameter zi, up to the third digit. 

It should be noted that no relaxation of the outermast atomic surface layer has 
been taken into account in the present calculation. This neglection of relaxation 
effects seems to be justified on the basis of various thin film calculations for Cu 
surfaces and LEED fine structure analysis cited below. 

From the data in table 2 it is seen, that zim moves toward the first layer of atoms 
and the polynomial range Az becomes largcr, if A, increases. This means, that the 
most open surface, Cu(llO), exhibits the strongest saturation of the image potential 
with an image plane lying nearest to the topmost layer. As a further consequence the 
image force for a given value of z outside the crystal is strongest for Cu(ll1) and 
weakest for Cu(ll0). 

This behaviour is in agreement with calculatcd surface barrier parameters for the 
semi-infinite jellium model for varying density of the conduction electrons [23-2$1. 
Moreover it agrees with the results of density functional calculations for thin films of 
Cu(lO0) and Cu(ll0) [26,27]. However, the absolute value of zim for Cu surfaces in 
these calculations was significantly larger than in the present study. For Cu(100) the 
results are rim = -2.40 a.u. [26], -2.33 a.u. [27] compared to -1.93 a.u. in table 2, 
for Cu(ll0) zim = -2.17 a.u. [26], -2.28 a.u. 1271 compared to our result -1.76 a.u. 

It has been argued [26] that this systematic deviation is due to different choices 
of the barrier model. I n  fact in the calculations of [26,27] the self-consistent static 
effective potential of LDA-DFT in the surface region was planar-averaged and then 
fitted to an expression (JJJ) [28] 

- 

Here A and B are constants dctermincd by matching VB(z) and its derivative at 
the image plane z = zim. 

We have also used the JIJ barrier in our calculations for Cu(100). With parameters 
V,, = -0.896 Ry, zim = -1.93 a.u., X = 1.34 one obtains a description of all surface 
states at Cu(lOO), which is of similiar accuracy as that discussed in subsection 3.3 on 
the basis of the RM barrier. The conjecture, that the JJJ and R M  barriers result in 
similiar values for zim. when fitted to the same data base, is furthermore corroborated 
by recent work of Smith et ul [27]. These authors fitted the JJJ barrier for the various 
Cu surfaces to corresponding surfacc state encrgics, making use of a simple phase- 
accumulation model. The simplicity of this model does not allow for the derivation 
of a definite set of barrier parameters, which works for all observed surface states 
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at a given surface. What can be obtained, however, are parameters averaged over 
the surface states included in the fitting procedure. In this way the authors derived 
(rh) = -2.27 a.u. for Cu(lll), (re) = -2.18 a.u. for Cu(100) and (rim) = -1.70 
LU. for Cu(ll0). One notices that these JJJ fits to the experiment still yield values 
for rim smaller than the corresponding JJJ fits to the theoretical potentials in [26,27). 
Moreover, these averaged parameters are in very nice agreement with our RM fits 
to a data base of similiir quality. The fact, that the face dependence in these (re) 
values is more pronounced than in our zim parameters, is understandable, since the 
two procedures work at quite different levels of theoretical refinement. 

The differences in rim between fits to calculated first-principles LDA-DFT potentials 
and fits to experimental surface state data are therefore liiely to have a difIerent 
origin. In the introduction we have already mentioned that the effective potential 
felt by an electron in the surface region is in principle energydependent The height 
lV0J of the surface barrier decreases with increasing electron energy. The effective 
potential thus become less attractive and the effective image plane position rim shifts 
toward the crystal, if the electron moves [29]. 

Such dynamical effects could in principle explain the above mentioned differences 
in zim. There is, however, a caveat: a recent very careful analysis of LEED fine 
structure data of Cu(Oo1). using the JJJ barrier with V,, as a parameter, resulted in 
rim = -2.5f0.1 a.u. [30]. An earlier LEED fit to the IIJ barrier of Cu(Oo1) had given 
-2.35 a.u. [31]. From a comparison of these experimental fits with the fits to the 
theoretical potentials in 126,271 an inward shift of rim as a consequence of dynamical 
effew cannot be deduced. Since the electron energies in such LEED fine structure 
experiments are usually larger than those of electrons occupying bound surface states 
above the Fermi level, the same would then be true for the interpretation of the 
corresponding IPE data. The conjecture, that dynamical effects in the effective 
potential should become non-neglectible only for energies significantly above the 
vacuum level, is supported by our analysis of high lying unoccupied bulk states 
(E - EF -10-15 eV) in the following paragraph. 

We believe that the above mentioned discrepancies in rim between theory and 
experiment have their origin mainly in the way in which the presence of an image 
tail is enforced in the theoretical analysis. Fitting an ab-initio LDA-DFT barrier with 
incorrect asymptotic behaviour to a model barrier with correct behaviour [26,27] is 
a problematic task. A strategy to determine rim from an ab-indio DFT barrier with 
correct asymptotics is clearly preferable, but so far such calculations seem to exist 
only for the semi-infinite jellium model 132,331 and not for real metal surfaces. 

3.6. High-rying unoccupied buk states 

In figure 12 we show calculated IPE spectra and corresponding experimental data 
(hw = 9.7 eV) for unoccupied bulk states of various Cu surfaces in the energy range 
1&15 eV above the Fermi level. In these calculations we used Vu, = -0.1 eV, 
Vu, = -2.0 eV to account for the higher energy range. A comparison between 
theory and experiment shows good agreement with respect to the shape of the various 
spectra. The energetic positions are, however, systcmatically shifted by 0.5-2.5 eV 
in the sense, that the experimental peaks lie at higher energies above the Fermi 
level. We interpret this systematic effcct as a conscquence of dynamical effects in the 
effective one-electron potential felt by an electron in such an unoccupied bulk orbital. 
This explanation is supported by similiar work of Speier et a1 [34]. These authors 
compared measured IPE peaks in an energy range 5-50 eV above the Fermi level 
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Fwre 11. Banier potentials for Cu(lll), 
Cu(1Ml) and Cu(ll0) from analysis of inverse 
photoemission, photoemission and two photon 
photoemission data. The origin L = 0, marked 
by the dolled line, represents the Cenlre of the 
first row of atoms. The different image planes are 
marked by mlid short liner. 
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Figure 12. Experimental (lefl) and theoretical 
(righl) inverse photoemission spectra for high-lying 
unoccupied bulk states (hw = 9.7 ev) for Cu(lao), 
Cu(ll0) and Cu(ll1) along lhe I'KWX, I ' U ,  
FXUL and I'LKL directions. E) denotes the angle 
of electron incidence and (I the pholon deteclion 
angle. 

with calculated peaks in the density of states for various transition and noble metals, 
including Cu. Their conclusion was, that for Cu dynamical effects in the effective 
potential are negligible up to 6 eV above the Fermi level, but become of the order 
of 1 eV for states in the range IC20 e\! Our result is in good agreement with their 
finding, though in our case the systematic shift is more pronounced. This may also 
be due to the different calculated mufEn-tin potential entering the analysis. 

4. Conclusions 

The surface potential barrier shape of the low-index faces of copper can be 
determined by an analysis of inverse photoemission a d  two-photon photoemission 
measurements making use of the one-step model of photoemission. The barrier 
potentials derived here allow for a consistent description of the energetic positions 
and effective masses of all known surface states for the various faces. In agreement 
with previous theoretical predictions the most open surface, Cu(llO), exhibits the 
strongest saturation of the image potential with an image plane lying nearest to the 
topmost layer. Theoretical ab-initio type slab calculations show the same trend, but 
in these calculations the position of the image plane is found significantly further 
outside the crystal. Corrugation and dynamical effects in the effective potential seem 
to be negligible for electronic states up to 6 eV above E,. 
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