
Lawrence Berkeley National Laboratory
Recent Work

Title
ANGLE RESOLVED PHOTOEMISSION FROM Cu SINGLE CRYSTALS USING Alk RADIATION

Permalink
https://escholarship.org/uc/item/17c1r051

Author
Apai, G.

Publication Date
1976-09-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/17c1r051
https://escholarship.org
http://www.cdlib.org/


• 

... 

" . lJ ..; ..J ""~ V \.) 

Submitted to Physical Review B 

ANGLE RESOLVED PHOTOEMISSION FROM Cu 
SINGLE CRYSTALS USING A1Ka RADIATION 

G. Apai, J. Stahr, R. S. Williams, P. S. Wehner, 
S. P. Kowalczyk, and D. A. Shirley 

September 1976 

LBL-5489 
Preprint c,\, 

Prepared for the U. S. Energy Research and 
Development Administration under Contract W -7405-ENG-48 

For Reference 

Not to be taken from this room 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal 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. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



o 0 

-iii- LBL-5489 
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University of California 
Berkel ey, Cali forni a 94720 

ABSTRACT 

Angle resolved photoemission ene'rgy distributions (PEDis) were 

obtained from valence bands of Cu single crystals using A1Ka. (hw = 1486.6 eV) 

radiation. A pronounced difference in the PEDis was observed between 

electron emission in the [001] and [111] directions. The observed 

differences are attributed to the symmetry properties of the 3d initial 

state wave functions and are well described by the initiai density of 

states modulated by an angle dependent transition matrix element. An 

analytical expression is derived for this matrix element for tight

binding d initial and plane-wave final states. 



-1-

I. INTRODUCTION 

Angle resolved photoemission (ARP) spectra in the x-ray regime 

(XPS) from the valence bands of Au1,2 and Ag2 single crystals have been 

reported previously. The interpretation of such spectra is in general 

~ non-trivial problem since no fin~l state band structure ca1cu1ati6ns 

exist at such high energies, thus precluding detailed ca1cu1ations. 3 

The question arises whether an approximate model can be found which 

allows the interpretation of angle-resolved photoemission spectra in 

the XPS regime. 1,2 In order to elucidate this problem furthe~ we 

have measured photoelectron energy distributions (PED's) from the 

valence bands of Cu single crystals along the [001] and [111] directions. 

Experimental details and results are presented in Section II. In 

Section III we discuss the theoretical model suggested by Baird et a1. 1 

and compare it to the model used by McFeely et a1. 2 For this latter 

model which emphasizes matrix element effects in x-ray,photoemission, 

an analytical expression is presented for the transition matrix element 

for photoemission from tight~binding d-bands4 into plane-wave final 

states. This allows one to calculate ARP spectra for any photoemission 

direction with respect to the crystalline axes by means of a linear 

combination of atomic orbitals (LCAO) band structure ca1cu1ation4 

carried out in 1/48 of the Brillouin Zone (BZ). 
t " 

In Section IV we .i 

. . 
discuss the results of such a calculation for photoemission along the 

/ 

[00l] and .[111] directions for Cu and compare it to the experimental results. 



II. EXPERIMENTAL DETAILS AND RESULTS 

Two single crystals of copper with (001) and (111) surface 

orientations, respectively, were polished.to 1 micron smoothness and 

etched in nitric acid to remove the damage layer formed by polishing. 

The crystals were oriented to within ±lo by the Laue back-reflection 

method. Photoemission spectra were retorded with a Hewlett-Packard 

5950A electron spectrometer modified for ultra-high vacuum operation 

using monochromatized Al~ radiation (1486.6 eV). After introduction' 

of the two crystals the preparation chamber of the spectrometer was 

baked to achieve a base pressure of -5 x 10-10 torr. The crystal surfaces 

were then cleaned by argon ion bombardment and annealed by heating with an 

electron gun to remove surface damage. Cleanliness of the surfaces was 

checked by monitoring the carbon and oxygen ls peak intensities. The 

carbon and oxygen ls peaks were undetectable. Spectra were recorded 

for electrons propagating along the [001] direction of the (111) 

crystal and along the [111] direction of the (001) crystal. Theexperi-

mental geometry is shown in Fig. 1. In both cases the nominal electron 

take-off angle from the crystal face was 35.5°. We estimate an angular 

accuracy for positioning the samples of ±2° with a spectrometer solid 

angle of acceptance of ±(4 ± 1)°. 

Experimental PEDis from the valence bands of Cu ~sing A1Ka photons 

are shown in Fig. 2a. The first spectrum was obtained earlier from a 
5 polycrystalline Cu sample. The other two spectra were recorded using 

the single crystal samples. They correspond to electron propagation 

along the [111] and [001] directions, respectively. It should be noted 

that all spectra shown in Fig. 2a represent raw data, without any 
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smoothing, deconvolution or background subtraction. The experimental· 

resolution for the spectra, estimated from the full width half maximum 

(FWHM) of the Au 4f7/2 line, is 0.8 eVe The detailed shapes of the 

Cu[lll] and Cu[OOl] PEDis are compared in Fig. 2b. It is apparent 

that a distinct change in spectral shape exists between the two angle 

resolved PEDis. Before discussing the results obtained by a theoretical 

model calculation, let us briefly discuss the basic features of the 

theoretical approximation employed here and also compare it to another 

1 
. 1 mode recently suggested by Baird et al. 
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III. PHOTOEMISSION MODELS IN THE XPS REGIME 

A. Direct Transition Model 

Baird et al. explained the angular variations of their photo

emission spectra from Au valence bands in terms of a direct-transition 

model, which is illustrated in Fig. 3b for the case of photoemission 

into the [001] direction. Here we have assumed an angular resolution 

of ±4° and for simplicity have neglected the photon wavevector {~ph = 0).6 

The basic assumption made by Baird et a1. is that the magnitude of the 

photoelectron wavevector q inside the crystal is given by the free 

electron dispersion relation Iql = {2mEflh2)1/2, where the fina1.state 

e.nergy Ef is determined by the initial state energy E. and the photon 
. J , 

e~ergy hw (Ef =. Ej + hw). In this free electron model the distribution 

of photoelectrons outside the crystal (wavevector p) is determined by 

the crystal-vacuum boundary conditionS,Pn = qn and pi = qi - 2mvolh2,1 

where qn and ql are the parallel and perpendicular components of q relative 

to the surface and Vo (~14 eV for Cu) is the inner potential of the metal. 

At XPS energies qi » 2mvolh2 (except at low take off angles) and the 

photoelectron angular distributions inside and outside the crystal are 

nearly the same. As seen from Fig. 3b the endpoints of all allowed q 
vectors then lie on a section of a sphere (in three dimensions) which. 

may be approximated by a planar circular disc. l ,8 The location of the 

disc in the repeated zone scheme can be reflected back by an appropriate 

reciprocal lattice vector G into the first BZ, thus specifying the 

fraction of the first BZ (i.e., of all wavevectors k in the reduced zone 

scheme) which may contribute to photoemission into the analyzer. 
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Assuming constant transition matrix elements the angle resolved 

photoemission spectrum is then given by the density of states calculated 

over the so determined it vectors and involving all bands which satfsfy 

the detailed energy conservation requirement Ej(k) + ~w = Ef (t).9 

Variations in the PEDis with angle in this model arise because 

different parts of the first BZ are sampled. 

B. Matrix-Element Model 

The present model was first discussed by McFeely et al. 2 in connection 

with angle-resolved PEDis fromAg and Au valence bands. In contrast to 

Baird et al.,the latter authors pointed out that a more realistic 

description of the final states (i.e., Bloch sums rather than free

electron states) in conjunction with the finite acceptance angle of 

the analyzer, leads to sampling of all states in the first BZ. This 

point is illustrated in Fig. 3c, again for photoemission in the [001] 

direction with an angular divergence of ±4° and tph = ° as an example. 

Becauseinarealistic band structure the final state wavevector and 

energy are no longer related by the simple free electron dispersion 

relation Ef(t) = h2\q\2/2m the magnitude of q inside the crystal is 

no longer fixed. 10 At hw = 1486.6 eVa, great number of final Bloch 
-+ 

states contain the reciprocal lattice vector G = [0,0,12] and all such 

possible final states, which can enter the analyzer, are indicated as the 

shaded area in Fig. 3c. When reflected back into the first BZ by 

G = [0,0,-12] the shaded area indicates all initial states which may 

contribute to photoemission into the analyzer. Here it is important 

to state that even the small parts of the first BZ which cannot undergo 
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transitions to final Bloch states containing G = [0,0,12] components 

may contribute if G = [0,0,14] components are considered or if the 

effect of the photon-wavevector (kph ) is taken into account. 6 Because 

of the size of kph at hw = 1486.6 eV6 the momentum conservation 

requirement kph + k + G = q is not only satisfied by G-vectors of the 

form [O,O,n] where n is an even integer~1 but, depending on the direction 

of kph ' ~-vectors of the form [±1,±1,11], [±1,±1,13], [±2,0,12] or 

[0,±2,12] may be involved. Thus from a standpoint of momentum conservation 

initial states within the whole first BZ may give rise to photoemission 

into a ±4° acceptance cone along the [001] direction, or in general 

along any given direction. However, in order for transitions to occur 

from a given initial state both momentum (q = kph + k + G) and energy 

(Ef(k) = Ei(k} + hW} need to be conserved in the excitation process. 

In the XPS regime of photoemission the energy conservation selection 

rule is relatively easily fulfilled at points throughout the first BZ 

because of the large number of final states present12 and the mixing of 

these states by the crystal potential. This point is discussed in more 

detail by McFeely et al. 2 

In the above discussion we have assumed that the photoelectron 

angular distribution is the same inside and outside the crystal, i.e., 

we have neglected refraction of the photoelectrons at the crystal

vacuum interface. If the final Bloch state contains the reciprocal 

lattice vector G a photoelectron with wavevector kph + k + G = q is 

produced inside the crystal. The electron is then transmitted through 

the surface into a direction p outside the crystal, where Ipl is related 

to the kinetic energy Ekin of the photoelectron according to 
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If a is the angle of incidence between q and the 

surface normal and S is the angle of refraction between p and the crystal 

normal, the boundary conditions are Pn = qn and sinS/sina = Iql I Ipl. 13 

The ratio Iql/lpl,which at XPS energies is essentially unity for free 

electron final states, as discussed earlier"may deviate from 1 for 

Bloch-type final states because states throughout the first BZ are 

sampled causing q = ~Ph + ~ + G to deviate from the free electron value. 

However, since at XPS energies IGI » Ikl the ratio Iql/lpi is still 

approximately unity,refraction at the solid-vacuum interface may be 

. neglected, except at low take off angles. Under the above assumption that 

the whole first BZ contributes to photoemission and refraction at the 

surface is negligible, the angle dependent PEDis are thus given by the 

initial density of states where the various bands at each ~ point within 

the first BZ are weighted by an angle-dependent transition matrix element. 2 

As was shown in Ref. 2, the t~ansition matrix element may conveniently 

be calculated by writing the initial state wave function in the tight

binding form2,4 and assuming a plane-wave final state. Neglecting the 

s-part of the initial state wave function, which only contributes a small 

and isotropic matrix element, one obtains the angle-dependent matrix 

element2 

(1) 

and the intensity distribution may be discussed in terms of the Fourier 

transformed d-orbitals d (8 , ~ ) listed in Table I. The coefficients 
1.I q q 

aj(k) are obtained from a band-structure calculation. 4,14,15 Because 
1.I 
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of our assumption that the whole first BZ is sampled, Eq. (1) may 

be further simplified by grouping the matrix elements of all equivalent 

points in the first BZ. The matrix elements of all equivalent points 

are obtained by transforming the d-orbitals under the respective 

symmetry operations. 16 In. this way it is seen that the various cross

terms which occur in Eq. (1) cancel and one obtains the following 

analytical expression for the matrix element (compare Appendix A) 

crCk,j,q) --2(IS~12 + IS~12 + IS~12)(d~ + d~ + d~) 

+ 3 (I s~ 12 + 1 B~ 12) (d! + dV 
Equation (2) demonstrates that the angle-dependent matrix element is 

in general a linear combination of the t 2g and eg projections of the 

initial state tight-binding function 

and 

(2) 

(3) 

(4 ) 

Because in deriving Eq. (2) we have transformed the wave function of 

all equivalent points in the first BZ into one irreducible wedge of the 

BZ one may use Eq. (2) as weighting factors for a density of states 

calculation in the 1/48 BZ. The angle-resolved photoemission spectrum 

in the XPS limit is then given by 

N(E ,q) -- f d3
k r cr(tj ,q) o(E - Ej (~» 

1/48 
BZ 

(5) 
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According to Eq. (2) photoemission along the [am] direction (8q,<I>q = 0° 

and hence dl = d2 = d3 = 0) and along the [111] direction (8q = 54.7°, 

<l>q = 45° and hence d4 = dS = 0) represent the two extreme cases 

corresponding to the eg and t 2g projections of the density of states. 17 
. . ._---

At this point we need to comment on previous calculations of the 

XPS photoemission spectra of polycrystalline d-band materials by 

Nemoshkalenko et al. 18 These authors claimed that by including angle 

averaged (integrated) matrix elements between tight binding d-initial 

states and plane wave final states, they could account for p~rtof the 

discrepancy between the experimental spectra and the calculated density 

of states. In particular they concluded that the electron excitation 

probability from eg states is higher than from t 2g states. Our calculation, 

which employed the same description of initial and final states, is in 

gross disagreement with this result, since for polycrystalline 

materials, i.e., angle-integrated matrix elements, the eg and t 2g states 

contribute equally to the photoemission spectrum. Equations (1) and (2) 

show that for this case the cross section (which is proportional to the 

transition probability) is given by 

crCk,j ,q) '" L 1 B~(i<) 12 
m . 

(6) 

This is exactly the total d-projection of the initial states, i.e., 

the sum of the eg and t 2g projections)9 Only in case of angle resolved 

photoemission from oriented single crystal faces can the cross sections 

for photoemission from eg and t 2g states be different. 
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IV. DISCUSSION OF RESULTS 

In Fig. 2c we show the results of a theoretical model calculati.on 

employing Eq. (5) for photoemissioninto the [111] and [001] directions. 

As di scussed earl i er these cases correspond to the t 2g and eg projecti ons 

of the valence band density of states. Comparison of Figs. 3b and 3c re

veals good agreement between the experimental shapes of the PEDIs and the 

calculated ones. The main characteristic differences between the experi

mental spectra taken along the two symmetry directions are predicted well 

by the calculation. We note that plane-wave final state cross section 

calculations should be more reliable for Cu than for the previously in-
. 2 

vestigated noble metals Ag and Au. This is inferred by the small elec~ 

tron scattering phase shifts for Cu as opposed to the larger values for 

Ag and Au. 20 Also, the spin-orbit coupling which reduces the eg - t 2g 
anistropy by mixing the wave functions is small for Cu. This might 

explain why the experimental and theoretical differences between the tWQ 
directions are quite pronounced for Cu. It is interesting to note that 

our theoretical model predicts the largest changes to occur between the 

PEDis taken along the [001] and [111] directions. This is in complete 

agreement with the experimental findings of Baird et al. for-Au. l More 

evidence for the importance of matrix element effects in x-ray photo

emission from d-bands~as opposed to the constant matrix element model 
( 

proposed by Baird et al., was recently presented by Will iams et al ~l Th(~se 

authors found good agreement between the an~Jular variation of valence band 

peak intensities of MoS2 and that predicterl by a tight-binding d initial 

and plane-wave final state matrix element. We feel that the present results 

in conjunction with the results obtained earlier for Ag and Au2 indicate 

·w 
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that the model presented above to explain the angular dependence of 

photoemission from d-bands may in general provide a useful approximation 

in the x-ray range of photoemission . 
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APPENDIX A: TRANSFORMATION OF TIGHT BINDING 
d-FUNCTIONS IN A FIELD OF CUBIC SYMMETRY 

Let ~i{r) be a tight binding Bloch function 

, ikoR 
~J (r) = N- l /2 L e R, x, (r - Rn) 
k R, J N 

where Xj{r - RR,) is a linear combination of atomic orbitals (LCAO) 

Let P be an operator, corresponding to one of the operations of the 

b ' 21 ' t h' h t f . t ~ f cu lC group, l.e., an opera or w 1C rans orms a pOln ~ rom one 

(Al) 

(A2) 

irreducible zone of the first BZ into an equivalent point in a different 

irreducible zone. Then the transformation of the corresponding Bloch 

f t ' d P' , b 16 unc 10n un er 1S glven y 

(A3) 

where 

(A4) 

Thus the transformation of the tight binding function ~:(r) is 
~ k 

accomplished by simply transforming the atomic functions ~ (r) under the 
11 

inverse operation p-l, Furthermore, ~ (r) may be separated into a radial 
11 

part R(r) and an angular part d (8 ,¢), In the case of a simple fcc 
- 11 r r 

lattice the operations of the cubic group only affect the angular part, 

i,e., the d-orbitals d (0 '¢)' Thus 
~ r r 
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Knowing how the wave function wier) transforms under P we can now 

transform its matrix element with a plane-wave given by Eq. (1). Since 

this matrix element is the Fourier transform of the function 

t=at(k) d
ll

(8r ,<pr ), we obtain 

IL a~(k) P-1d
ll

(8q ,<Pq) 12 
II 

(A6) 

for the transformed matrix element. Hence it is only necessary to work 

out the transformations of the five d-orbita1s under the 48 symmetry 

operations of the cubic group. This is easily done by writing the 

d-orbita1sin cartesian coordinates. All t 2g orbitals (compare Table I) 

transform into each other (e.g., P-1d2 = -d3) while the eg orbitals either 

transform into themselves (i.e., P ... 1d4 = d4 or -d4 and P-1dS = ciS) or 

into a linear combination of d4 and dS' i.e., 

P-1d4 = ±(1/2 d4 ± 13/2 dS) and P-1dS = ±13/2 d4 - '1/2 dS' The sum 

of all 48.cross-sections given by Eq. (A6), corresponding to the 48 

equivalent k points in the first BZ then yields Eq. (2). 
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Table I. Angular d-Orbitals. 

Label Function ~ 

.". 

dl dXY (15/4n)1/2 sin28Sin$cos$ 

d2 dyz (15/4n)1/2 sin8cos8sin$ t 2g 
d3 d (15/4n)1/2 sin8cos8coS$ 

xz 

d4 d 2 2 }(15/4n)1/2 sin28cos2$ 
x -y I "g __ 1 __ (15/4n)1/2(3COS28 _ d5 d 2 2 1) 
3z -r 213 
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FIGURE CAPTIONS 

Fig. 1. Experimental geometry for angle r(~solyed photoemission studies 

at 1486.6 eV. The angle between the x-ray incidence- and 

electron exit-directions was fixed at 72°. Spectra were 

measured along the [111] direction of a crystal with a (001) 

surface orientation and along the [001] direction of a crystal 

with a (001) face. 

Fig. 2. (a) Experimental photoemission spectra from valence bands of Cu 

using A1Ka radiation. The first spectrum was obtained with a 

polycrysta11ine (evaporated) Cu sample. The second spectrum was 

measured along the [111] direction, and the third spectrum 

along the [001] direction of a sinqle cr'ystal. 

(b) Comparison of the Cu[lll] and Cu[OOl] spectra of Fig. 1a. 

(e) Calculated t 2g and eg projections of the total Cu 3d density 

of states using a tight binding interpolation scheme as discussed 

in the text. The density of states histograms were convoluted 

with a Gaussian of FWHM = 0~8 eV. 

Fig. 3. (a) (010) projection of the three dimensional Brillouin Zone (BZ) 

of a fcc lattice with lattice constant a. 
.,.. 

The k axes are those 

of the infinite three-dimensional crystal. (b) Photoemiss;on 

at hw = 1486.6 eV along the [001] direction assuming an angular 

resolution of ±4° and free electron final states. Only a small 

fraction of initial states in the first BZ (a cone of k vectors 

in three dimensions) can give rise to photoemission (q vectors) 

into the detector acceptance cone because of momentum conservation 

as discussed in the text. In the present example only final 
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states which contain the reciprocal lattice vector G = [0,0,12] 

contribute to photoemission. {c} Photoemission at hw = 1486.6 eV 

along the [001] direction assuming an angular resolution of ±4° 

and Bloch-like final states. Because of mixing of the free electron 

final states by the crystalline potential initial states almost 

throughout the entire first BZ {dashed area} may contribute to 

photoemission to final Bloch states containing G = [0,0,12] 

components. The whole first BZ may contribute if the photon 

wavevector is taken into account as discussed in the text. 
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