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ABSTRACT 

The relative photoemission intensity from the Ag 4d valence band (VB) 

was studied as a function of photon energy using 32 - 250 eV synchrotron 

radiation. A sharp decrease in intensity of more than an order of 

magnitude was observed in the range 100 eV < hw < 140 eV. At hw = 140 eV 

the 4d cross-section exhibits a minimum which is attributed to the 

radial node in the 4d wavefunction. High resolution VB spectra were 

obtained in the energy ra~ge 60 eV ~ hw ~ 150 eV. For 110 eV ~ hw ~ 

130 eV the relative heights of the two prominent valence band peaks 

are inverted. This modulation is attributed to the strong variation 

of the atomic Ag 4d photoelectric cross section in this energy range. 

These results demonstrate the importance of carrying photoemission 

studies of 4d group metals to the hw ~ 150 eV range in order to bridge 

the UPS-to-XPS gap., 
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I. INTRODUCTION 

The,potential of synchrotron radiation for,photoemission studies 

of solids has long been recognized. So far, hO\1ever, most:,studies 

have been restricted to the p~oton energy range hw < 100 eV. 1 . The 

Stanford Synchrotron Radiation Project (SSRP),2 on the storage ,ring. 

SPEAR at the Stanford Linear Accelerator (SLAC), is uniqyelycapable 

of producing variable-energy photon beams of energies up to 250 eV , 

in sufficient intensity and resolution for photoemission spectroscopy. 

Here we report a study of the valence band of Ag(4d) in the photon 

energy range 32 - 250 eV. 

The present report may be regarded as a continuation of an earlier . . . 

paper on po1ycrysta11ine Cu,3. (hereafter referred tp as I). The main 

emphasis of I was the study of cross-section effects whi,ch arise from 

the details of ~he initia1- and final-state band structure and the 

transition matrix element. While such "band-structure-type" cross-

section effects are also anticipated for Ag, an additional "atomic-

type" cross section effect may be expected. The latter arises from the 
. . ~ 

radial node i~ the Ag 4d wavefunction. It is known from atomic calcu-

1ations4 that so-called "Coo~er minima,,5,6 exist in the cross section 

for initial state wavefunctions which exhibit ~ ~adial node. In such 

cases the cross section may vary strongly over a small energy range. , 
l 

One objective of the present paper is to investigate whether such 

effects can be observed in photoemi ss i on from the Ag valence ba~.d. 

Two different kinds of measurements are reported. First ~e investigate 

the variation of the effective total photoelec~ron intensity from the 

4d valence band in the photon energy range 32 eV ~ hw ~ 250 eV. 
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Secondly, we report high resolution VB spectra in the energy range 

60 eV ~ hw ~ 150 eVe The two sets of results are then combined and 

interpretated to deduce how the detailed shape of the VB is affected 

by atomic-type cross section effects. 

II. EXPERIMENTS 

Experiments were performed using synchrotron radiation from the 

storage ring SPEAR at SLAC. 2 The incident monochromatic7 light was 

focused onto the silver samples which were positioned in the focal 

point of a double-pass cylindrical mirror analyzer (CMA). The poly-

crystalline Ag samples were prepared by in situ evaporation from a 

tungsten filament onto a stainless-steel substrate. The base pressure 

in the sample chamber was '\11 x 10-9 Torr, with a maximum pressure of 

2 x 10-8 during evaporation. The energy distributions of the photo

emitted electrons were analyzed by operating the CMA in the retarding 

mode. 8 The kinetic energy of the photoelectrons is modified by a 

retarding (accelerating) voltage such that only those electrons are 

detected which have the correct pass energy (Ep) of the analyzer. 

For a given Ep the resolution 6E of the CMA is fixed. The variation 

of the total Ag 4d intensity with photon energy was studied with an 

analyzer resolution of 6E = 1.6 eV, at Ep = 100 eVe High resolution 

VB spectra were recorded with a resolution of 6E = 0.35 eV, at Ep = 

50 eV. 9 

II 1. RESULTS 

Results of our high resolution studies of the Ag valence bands 

in the photon energy range 60 eV ~ hv ~ 150 eV a're shown in Fig. 1. 

.. 
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Characteristic features are the flat s-band extending beyond 3 eV 
,,"] ", 

binding energy (BE) below the Fermi level and the two prominent 

d-peaks centered at ~.8 eV and~6.3 eV BE, respectively. At the 

lowest and highest photon energies the d-band structure resembles 

roughly the x~ray photoemission spectrum (XPS) in Fig. 2 which was: 

taken with A9v Ka (1486.'6 eV) radi ati on on a Hewl ett-Packard 5950A 

spectrometer." The s-band intensity of all spectra in ;Fig. 1 is 

reduced relative to the XPS result, by a factor of approximately 3. 

The most prominent crianges in the shape of the4d valence band occur 
.. r 

in the energy range 110 eV - 130 eV. Here, the relative heights of 

the two leading d-peaks are inverted relative to the lower and higher 
: . 10 

photon energy range. 

The variation of the Ag 4d intensity with photon 'energy shown in 

Fig. 3, was derived in the following way. The experimental spectra 

were corrected for their inelastic background. The Ag4d peak region 

was defined as 3 eV ~ BE ~ 8 eV. The intensity of the s-band in this 

energy' range was estimated by extrapolating the s':"band intensity for 

EB < 3 eV and ~ubtracted from the total intensity. The area obtained 

'this way for the 4d band was normalized with respect to the average 

photon flux incident on the sample. The photon flux depends on both 

the electron-beam current of SPEAR at the time of meas'urementand 

the transnission of the mirror plus monochromator assembly at a' 

given photon energy. The beam current and its decay during data 

collection (typical time ~30 minutes per spectrum) was supplied on 

lin'e by SPEAR. The transmission of the mirror plus monochromator 

as a function of photon energy had previously been measured with 

a sodium salicylate scintillation counter. 11 Finally, 
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the data were corrected for the collecting efficiency of the CMA. 8,12,13 

Due to the action of the accelerating/retarding field the collecting 

efficiency is a function of both the pass energy (Ep) and the kinetic 

energy (E k) of the electrons emitted from the sample. The transmitted 

current in general is theoretically given by I ~. Ep/Ek.8.12 Thus 

the observed 4d intensity at a given photon energy hw was corrected 

by a factor Ek/Ep where in our case Ep = 100 eV and Ek = hw - 10 eV 

(4d binding energy + work function = 10 eV). As seen from Fig. 3 the 

experimental error bars of our data points are rather small (~±lO%). 

The largest uncertainty is the correction for the CMA collecting 

efficiency. The effect of this correction is seen from Fig. 3 where 

the uncorrected (constant collecting efficiency) 4d intensity is shown 

for comparison as a dashed line. 

IV. DISCUSSION 

Let us first discuss the variation of the Ag 4d intensity with 

photon energy. The measured intensity of the Ag valence band at a 

given photon energy (I(w)) is in general a very complex quantity. 

Among other factors that modulate I(w) is the effect of electron energy 

loss during transport to the surface. This effect is most important 

in just the energy range we have studied. However. it is difficult 

to assess and is probably a much weaker effect than the atomic cross

section modulation discussed below (the escape depth probably varies 

by a factor of 2 or less, while the atomic cross-section varies over 

an order of magnitude). We shall therefore consider the variation 

in mean escape depth to be absorbed in an "effective" cross-section 

variation. For the case of an angle integrated measurement on a 

• 
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polycrystalline sample the observed intensity in this approximation ;s 
14 given by .. ,' 

Itf ·(k)1 2 o(Ef(k) ~E.(k) - hw) o(E - E.(k)) 
J J J 

(1) 

Here N(w,E) is .the photoemission energy distribution' (PED) that is 

usually measured in photoemission experiments (cp. Fig. 1,). tfj(k) is 

a momentum matrix element for a transiti.on between an initial state j. 

of energy fj(k) and a final state f of energy Ef(k). The k-integration 

extends over the first Brillouin zone_(BZ). From equation (1) it is 

seen that it is in general impossible to relate the measured quantity 

I(w) to a si9gle physical parameter. However, such a correspondenc~ 

can be approximately established if final state effects are weak, i.e. 

if transitions are allowed throughout the whole BZ and effects arising 

from the angular part3 of the matrix element t fj are unimportant~ In 

this case equation (1) simplifies to15 

(2) 

Here Itfjl2iS an a~gle averaged (radial) transition matrix element 

I-+q I which depends on the wavevector of the photoelectron = 

J2m (E +hw)'lh. 16 N.(E) and Nf(E +hw) are the initial and final 
J . 

densities of states, respectively. To a good approximation it can 
2 usua lly be assumed that I t fj I and Nf are only vJeakly energy dependent 

over the range of integration, i.e., over the width of the valence 
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band (~3 eV). provided that the photon energy is sufficiently high. 

Then the measured intensity is directly proportional to the photo-

ionization cross section 

(3) 

Here Ef = E. + hw, and f. is taken to be the center of the 4d valence 
J J 

band. a(w) has been calculated for various atoms. 4 Unfortunately, 

at present. no experimental or reliable theoretical results are avail-

able for atomic Ag 4d orbitals. A comparison of accurate theoretical 

atomic cross-sections with the present data might yield useful informa-

tion on how cross-section effects are modified when the atom is intro-

duced into a solid. In fact, from our previous results for polycrystalline 

Cu 3 one would expect final state band structu~e effects to be weak for 

hv> 80 eV, and therefore equation (3) should hold to a ~easonable approxi-

mation. In the range hv ~ 80 eV the curve in Fig. 4 might deviate from a 

corresponding plot of the atomic Ag 4d cross section versus energy 

because the final state band structure and effects due to the angular 

part of the transition matrix element come into play.3 However. since 

such deviations are closely related to the weak modulation effects 

seen in extended x-ray absorption fine structure (EXAFS), they might 

lie within the error bars of our measurement. 

The minimum in the curve shown in Fig. 4 arises from the radial 

matrix element- 1 t fj 12 in equation (3) 17 and may be explained as 

follows~ The selection rules for electric dipole transitions 6~ = ± 1 

connect the 4d initial state of Ag to p- and f-partial wave final 

states. In general, a minimum in the cross section can occur provided 

... 

.' 



." 

o 0 ;5 0 t~J 5 u ~;i 0 1'. 3 

-7-

the initial state wavefunction has at least one node~ In this case 

the radial dipole matrix element associated with the p or the f channel 

may change sign as a function of photon energy.18 The photoexcitation 

cross section, which is proportional to the sum of the square of the 

matrix elements, will then exhibit a minimum at the energy for which 

one of the matrix elements vanishes. Because the absolute value of 

the d ~ f matrix element dominates the d ~ p one at higher (> 20 eV) 

energies6 the minimum observed for Ag 4d at hw = 140 eV may be 

attributed to a vanishing d ~ f matrix element at this energy. We 

have calculated the Ag 4d cross-section as a function of the kinetic 

energy of the photoelectron, using plane-wave (PW) and orthogonalized 

plane-wave (OPH) final states 'for the continuum electron. 19 The 

results of such calculations for Itfjl2 are shown in Fig. 4 for the 

cases of Cu(3d) and Ag(4d). While neither PW nor OPW can be taken 

seriously for quantitative estimates of cross-sections, we note that 

both show deep minima around hw = 140 eV for Ag. For Cu no such 

minimum exists. In the simple PW and OPW final state picture the 

correspondence between a minimum in the cross section and a radial 

node in the initial state wavefunction is easily seen. Consider the 

atomic matrix element for a 3d and a 4d initial state wavefunction and 

a PW final state: 

(4) 

Here q ;s the photoelectron wavevector, and the initial state is written 

in form of Slater orbitals. For a 3d initial state: a > 0, b ~ O. 

For 4d: a > 0, b < 0, and a radial node exists. Thus, for a 3d state 
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both parts of the matrix element in equation (4) have the same sign. 

Fora 4d state oPPosite signs result, and, depending on the magnitude 

of the two terms the matrix element (4) may change sign as a function 

of the final state energy (~lqI2). The square of the matrix element 

then exhibits a Cooper minimum. While for a PW.fina1 state the cross-

section in a Cooper minimum is zero, it is finite for an OPW due to 
. 3 

the orthogona1;zation terms in the matrix element. 

In the context of the present paper the curve shown in Fig. 3 is 

of interest for yet another reason, namely, for its effect on the 

detailed shape of the VB spectrum (Fig. 1). In particular, we focus 

our attention on the changes in the energy range 90 eV ~ hw ~ 150 eV. 

At these photon energies "band-structure-type" cross section effects 

are expectftd to be weak3 and may therefore be exc1 uded as being 

responsible for the observed inversion of peak intens;tes for 

110 ~ hw ~ 130 eV. On the other hand, the curve shown in Fig. 3 

exhibits its largest slope exactly in this latter energy range. As 

is seen from equation (3) this curve describes in gqod approximation 

the dependence of the 4d cross section on the final state kinetic 

energy Ef = hw + Ej .
20 Earlier, in discussing the energy integrated 

quantity I(w) we neglected the dependence of t fj and Nf on Ej (equation (3)) 

by introducing an averaged value Ej . For the energy resolved PEDis 

taken at a fixed hw the curve in Fig. 3 describes the variation of 

cr(w, Ef ) over the range of the valence band energies Ej . In the 

range of steepest s.lope, i.e. for 100 eV ~ hw ~ 130 eV, changes of 

approximately 20% in cr(w, Ef } result over an energy interval of 
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~Ej ~ 2 eV, which is approximately the separation of the two prominent 

VB peaks (Fig. 1).21 Thus in this energy range the effect of the radial 

matrix element17 on the detailed shape of the valence band is not 

negligible. Neglecting "band-structure-type" cross section effects . 
the PED at a given photon energy is described by 

N(w, E) = C fd\ 2: a(w, Ef ) cS(E - EjCk)) 
j 

(5 ) 

Fig.5 shows the results of a calculation using equation (5). The 

solid curve corresponds to the case a{w, Ef ) = const; i.e. to the 

density of (initial) states. Details of the calculation are described 

in I. Smith 1 s22 parameters were used with a spin orbit coupling of 

0.015 Ry inc 1 uded. The dashed curve was cal cul ated by inc 1 ud i ng the 

dependence of a(w. Ef)on the final state energy. The calculation 

corresponds .to hw = 120 eV. The dependence of a (w, Ef ) was taken 

from Fig. 3. Including a final state energy dependent cross section 

enhances the high BE peak of the Ag 4d valence band by a maximum of 

17%. We believe that this effect is responsible for the observed 

changes in the shape of the valence-band spectrum in the range 90 

150 eV. When comparing the slope of the curve in Fig. 3 with the 

intensity ratio of the two prominent valence band peaks in Fig. 1. 

the close relationship is apparent. 

We conclude that in the case of polycrystalline silver, even 

with all the averaging effects that are implied by polycrystallinity 

and angle-integrated electron detection in our CMA, the transition 

from a UPS-like to an XPS-like 4d-band spectrum is not complete 
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before 150 eV. If our spectra had been taken with photon energies 

extending only up to 90 eV, the reversal of intensities would have 

been overlooked; if to 110 eV, an incorrect density of states might 

have been inferred. Similar behavior may be expected in other 4d-group 

elements. It therefore seems important that valence-band studies on 

these elements be carried out with photon energies up to at least 

150 eV. 

We note in passing that Lindau et. al. have observed an inversion 

of the two peaks in the 5d valence band of gold. 23 We have not 

considered this result here because we believe its origins are some-

what "more complicated. It will be discussed in a forthcoming paper 

on angle-resolved photoemission from gold. 24 

Finally, we briefly comment on band structure type cross section 

effects whi ch are expected for h(11 ~ 80 eV. .A. close inspection of the 

spectra in Fig. reveals that the high BE peak is reduced for hw ~ 80 eV 

relative to the XPS result (shown in Fig. 2) which should closely 

represent the initial density of states. 3 This becomes even more 

apparent when the influence of the inelastic background is taken into 

account. Similar effects have also been observed in I for Cu in the 

50 - 70 eV range, although the spectral changes are more dramatic for 

Cu. Also, for Cu the strongest decrease in intensity of the high BE 

side was observed for 50 eV ~ hw ~ 60 eV while for Ag the high BE 

side is lowest for hw = 80 eV. The fact that band structure type 

cross section effects for Ag are weak at the lowest energies studied 

seems to confirm our interpretation of the effects observed at higher 

photon energies. 

..... 

• 
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FIGURE CAPTIONS 

Fig. 1. Photoemission spectra of Ag (polycrystalline) valence bands 

in the photon energy range 60 eV ~ hw ~ 150 eV. Experimental 

re~olution was 0.35 eV. 

Fig. 2. Photoemission spectrum of Ag valence bands at hw = 1486.6 eV 

(A~ Ka). Experimental resolution was ~0.6 eV. 

Fig. 3. Relative intensity of the Ag 4d peak as a function of photon 

energy. The data were collected during three different beam 

periods (Run 1, 2, 3). The dashed curve does not include the 

correction for the collecting efficienty of the cylindrical 

mirror analyzer as discussed in the t~xt. 

Fig. 4. Square of the radial matrix element Itfjl2(reference 19) as 

a function of the final state kinetic energy Ef (reference 20) 

for Cu (3d) and Ag (4d). PW and OPW mean pl~ne-wave and 

orthogonalized plane-wave final states. ~espectively. The 

units of Itfjl2 are arbitrary but the relative values, for Cu 

and Ag are acurate. The energy scales of Fig. 3 (hw) and Fig. 4 

(Ef ) "differ by the average initial state energy Ej = - 5.5 eV. 

Fig. 5. Calculation of the Ag 4d PED according to equation (5). The 

solid line is the density of (initial) states. The dashed 

curve takes the cross-section dependence on the final state 

energy Ef = hw + Ej into account (Fig. (3)) and corresponds 

to hw = 120 eV. 
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their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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