
Lawrence Berkeley National Laboratory
Recent Work

Title
EVIDENCE FOR D-ORBITAL DIRECTED X-RAY PHOTOEMISSION

Permalink
https://escholarship.org/uc/item/4p86v927

Author
Wehner, P.S.

Publication Date
1976-11-01

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

https://escholarship.org/uc/item/4p86v927
https://escholarship.org
http://www.cdlib.org/


• 

I • > .J 
t ... ... 

Submitted to Physical Review Letters LBL-5713 
Preprint c.\ 

EVIDENCE FOR D-ORBITAL DIRECTED X-RAY PHOTOEMISSION 

P. S. Wehner, J. Stohr, G. Apai, F. R. McFeely, and 
D. A. Shirley 

November 1976 

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 

~ ll J / 

~~. ' ~' 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain coiTect 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 waiTanty, 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. 



0 0 6 0 7 

LBL-5713 

-iii-

EVIDENCE FOR D-ORBITAL DIRECTED X-RAY PHOTOEMISSION* 

P. s. Wehner, J. Stohr, G. Apai, 
F. R. McFeely,t and D. A. Shirley 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 

University of California 
Berkeley, California 94720 

November 1976 

ABSTRACT 

Transition matrix element effects are shown to predict the angular 

variations of the valence-band x-ray photoemission (XPS) spectra from 

copper and gold, while a recently-proposed direct-transition model does 

not. The angular dependence of XPS spectra is directly related to the 
• 

symmetry properties of the initial state wavefunctions. In particular, 

the t
2 

and e projections of metal d-bands can be obtained directly 
g g 

from angle resolved photoemission. 

*This work was done with support from the U.S. Energy Research and 
Development Administration. 
-~Present address: Department of Chemistry, Massachusetts Institute of 
•.rechnology, Cambridge, Massachusetts 02139. 
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Angle-resolved x-ray photoemission {ARXPS) has recently been 

1-3 
shown to yield strong directional variations in valence-band spectra 

with respect to the crystalline axes of single-crystal samples. A 

definitive explanation of this effect is highly desirable because of 

its diagnostic potential. Computational difficulties preclude a rigor-

ous solution of the problem {in contrast to angle-resolved ultraviolet 

photoemission
4

) but two approximate models have been proposed.
1

'
2 

In 

this letter we extend one of these models, compare both with the 

5,6 1,2 . 
existing data for copper and gold, and present evidence that 

indicates very good agreement of .the •imatrix-element" model with experi-

ment, but poor agreement of a "direct transition model" that neglects 

matrix-'-element effects. If this predictive capability of the matrix-

element model is sustained in future experiments, it leads to the impor-

tant conclusion that ARXPS is directly related to the symmetry properties 

of the initial state wavefunctions. 

The models to be tested are physically reasonable, and both involve 

substantial mathematical approximations. Neither is therefore to be 

preferred~ priori: any preference must be based on the relative predic-

tive abilities of the two models. We shall first state the assumptions 

inherent in each model, then c'ompare predicted spectra to experiment. 

Both models begin with the same expression for the photoemission 

energy distributions {PED's) which has been successfully used at UPS 

. 7 
energ1es 

{l) 
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-+ 
Here tfi (k) is a transition matrix element between an initial state of 

-+ ' -+ + 
wavevector k and energy Ei (k) and a final state of wavevector kf and 

-+ 
energy Ef(k). The a-functions represent the requirements of momentum 

. -+ 
and energy conservation in the excitation process; khv is the photon -· 

-+ 
wavevector and G is a reciprocal lattice vector. The two models differ 

in the relative importance they attribute to the various terms in equa-

tion (1). 

The model proposed by Baird et a1.
1 

is based on the following three 

' . l,S (1) f" 1 . 1 assumpt1ons: The 1na -state bands are adequate y described by 

a completely free-electron dispersion relation, i.e., the lattice poten-

tial is neglected and there is no coupling between plane waves; (2) The 

states within the first BZ which contribute to the photoemission spectrum 

are determined by momentum and energy conservation using a free-electron 

final-state band structure; (3) For any given direction, all states 

determined by the momentum and energy conservation selection rules con-

tribute equally to photoemission, i.e., all transition matrix elements 

are the same. 

Under these assumptions equation (1) is just the density of (initial) 

+ 
states evaluated over those k values and states in the first Brillouin 

zone (BZ) which satisfy the momentum and energy conservation selection 
~ 

+ . 
rules. The allowed k vectors in the first BZ are determined from the 

-+ 8 -+ 
final-state wavevectors kf by subtracting khv' which is determined by 

-+ 
the experimental geometry, and any reciprocal lattice vector G which 

-+ -+ 
takes the vector kf - khv back into the first BZ by an umklapp process. 

-+ 
The direction of kf is determined by the detector orientation relative 

to the crystalline axes and the detector solid angle of acceptance. 
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-+ 
The magnitude of kf is obtained from the free-e1ectron dispersion 

-+ 2 ~ -+ 
relation lkfl = (2mEf/h ) . At a given k point only those initial 

-+ 
states of energy E. (k) contribute which satisfy energy conservation 

1 

-+ -+ 
Ei (k) = Ef(k) - hw. In this model angular variations in the photo-

emission spectrum arise because different parts of the first BZ are 

sampled for different photoemission directions. 

2 
The second model, proposed by McFeely, et al., takes a completely 

2,6 
different approach and assumes: (1) The final-state band structure 

is Bloch-like, i.e., the plane-waves differing by sma11 ~G's are 

strongly mixed by the crystal potentiali (2) States throughout the 

first BZ contribute to photoemission; i.e., both momentum and energy 

conservation selection rules are satisfied for states distributed 

throughout the zone; (3) The transition matrix.elements can be calcu-

lated using plane-wave final-state wavefunctions. 

With these assumptions equation (1) reduces to the total densi~y 

-+ 
of (initial) states with the bands of each k point in the first BZ 

weighted by ltfil
2

. This matrix element is easily evaluated using a 

tight-binding Bloch function
9 

for the initial state and a plane-wave 

function for the final state. It should be noted that a plane-wave 

matrix element is the correct pseudopotential matrix element, because 

in angle resolved photoemission only the plane-wave component of the 

final Bloch state, which has the correct propagation direction into 

the analyzer, is important. It is found that the matrix element for 

a qcneral photoemission direction is a linear combination of the t
2

g 

and e projections, (Ot and a 
e g 2g 6 g 

functions, tight-binding Bloch 

, respectively) of the initial state 
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(2) 

The dependence of ltfil
2 

on the photoemission direction (described by 

-+ 
the wavevector q of the photoelectron) is contained in the functions 

d. =d. (8 ,~),which are the Fourier transforms of the angular d-orbitals 
J. J. q q 

10 
d. (8 ,~ ) • Here i = 1,2,3 corresponds to the t

2
g functions d , d , 

J. r r xy yz 

d and i = 4, 5 represents the e functions d 2 2, d 2 . '2 . Equation 
xz g x -y 3z -r 

(2) thus establishes a direct correspondence between the symmetry pro~ 

perties of the initial state wavefunction and the photoemission angular 

distribution. The angle-dependent photoemission spectrum (equation (1)) 

is seen to be a linear combination of the eg and t
2

g projections of the 

density of states. According to equation (2) photoemission along [001] 

or equivalent directions (d
1 

= d
2 

= d
3 

= 0) and along [111] type direc-

tions (d
4 

= d
5 

= 0) represent the two extreme cases corresponding to 

the eg and t
2

g projections of the density of states. 

Experimental and theoretical results for Au are compared in Fig. 1. 

Experimental spectra, taken from reference 1, are shown in the central 

column (b) of the figure. Independent measurements by our group confirm 

2 
these experimental results. The three spectra shown in Fig. lb repre-

sent the basic spectral changes observed in angle-resolved photoemission 

1 
from Au. We purposely did not include spectra taken at low angles of 

emission because in this case the analysis is complicated by refraction 

fh h 1 h 1 . f 11 o t e p otoe ectrons at t e crysta vacuum J.nter ace. Theoretical 

model calculations for Au are shown in Fig. la for the direct-transition 

model proposed by Baird, et a1.
1 

and in Fig. lc for the matrix-element 
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2 
model proposed by McFeely, et al. Both calculations were carried out 

• • hI 12 • • f 9 us1ng Smlt s parameter1zat1on o the Hodges, Ehrenreich, and Lang 

(HEL) tight binding interpolation scheme to obtain the initial state 

band structure. Therefore the calculated spectra for photoemission 

along the [001] and [lll] directions in Fig. la are somewhat different 

from those published by Baird, et a1.
1 

The calculated spectra were 

convoluted with a Gaussian whose FWHM corresponded to the respective 

experimental resolution (0.8 eV for the [101] and [111], and 1.2 eV for 

the [001} case). 

Comparison of the experimental spectra in Fig. lb with the matrix 

element model calculations (Fig. lc) reveals that all of the main direc-

tional variations observed experimentally are reproduced by this model: 

for example, the much lower intensity and height of the higher binding-

energy (BE) peak along [001], the essentially square-topped shape of 

the lower BE peak along [101], and the asymmetric peak shape along [111]. 

Bycontrast, the direct-transition model predictions (Fig. la) fail in all 

these and other important respects. In particular, too much structural 

variation is predicted. Another serious discrepancy is the d-bandwidth 

(FWHM) prediction, which is largest for the [001] direction, in contrast 
' 

to experiment and to the matrix-element model, which show the bandwidth 

to be narrowest in this direction. The error of the direct-transition 

model in this case is almost l eV. It should be noted that the particu-

lar direct-transition calculation shown in Fig. la actually agrees 

more favorably with experiment than the calculated curves published by 
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Baird, et a1.
1 

i Inclusion of matrix-element effects in the direct~transi-
; 

tion calculations was found to lessen the agreement, presumably because 

too little of the first BZ is sampled in the direct-transition model. 

We conclude that for gold the matrix-element model agrees better with 

experiment than the direct-transition model. 

A similar comparison of experimental spectra and those predicted 

by the two models is shown in Fig. 2 for the case of angle-resolved 

photoemission from Cu. The experimental spectra in Fig. 2b and the 

direct-transition model calculations in Fig. 2a are taken from reference 

5, except that the calculated [001] spectrum was convoluted with a. 

1. 2 eV FWHM rather than a 0. 8 eV FWHM Gaussian. The calculations ern-

. 13 
played B.urdick' s band structure. Spectra calculated with the matrix-

element model are shown in Fig. 2c. In this case the initial-state 

band structure was calculated using the HEL interpolation scheme where 

the parameters were obtained by fitting to Burdick's calculation.
12 

This ensures that the two calculations were carried out by employing 

very similar initial-state band structures. The calculated spectra were 

convoluted with 0.8 eV FWHM Gaussian except for the [001] spectrum. In 

this case a 1.2 eV FWHM Gaussian broadening was assumed, corresponding 

h . . . 1 . . 5,14 to t e exper1mental resolut1on for th1s crysta or1entat1on. As 

for the case of Au, the predicted spectral variations are too pronounced 

in the direct-transition calculation, and they do not follow the experi-

mental variations. Note in particular the poor prediction of the d-band 

width. In all five directions shown in Fig. 1, the matrix-element model 

~;hows cxcelle.nt agreement with theory. Again, direct comparison of 

experimental and predicted spectra for Cu strongly.supports the matrix-

-: 

J, 

v 
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element model. 

Finally, a comment should be made about the "s-band" intensities 

near the Fermi level. The direct-tr.ansition model includes s-bands by 

assuming all photoemission matrix elements to be equal. This gives pre-

dictions in conflict with experiment for both Cu and Au. The level of the 

"s-band" plateaus in Figs. lc and 2c are much lower because only the d-band 

intensity is explicity included in the d-band matrix-element model. To 

include s bands we need only take the relative s/d cross sections from 

. 15 b d . . polycrystall1.ne spectra and add constant s- an contr1.but1.ons. These 

are noted as dashed lines in Figs. lc and 2c. 

In summary, the present results indicate that angle-resolved x-ray 

photoemission spectra from Au and Cu single crystals are well described 

by a model which relates the angular anisotropies in the photoemission 

intensity to an angle-dependent transition matrix element. Such a model 

is found to predict the experimental PED's considerably better than the 

model previously proposed by Baird, et a1.
1 

We note that the matrix-

element model predicts the most pronounced differences to occur between 

spectra taken along the [001] and [lll] directions, in complete agree-

ment with the experimental observations. The present results in con

junction with the results obtained by Williams, et al.
3 

on Mos
2 

and 

GaSe appear to indicate that the matrix-element model discussed above 

may in general provide a useful approximation for the interpretation 

of angle resolved photoemission spectra in the x-ray range of photo-

emission. This would be of considerable importance for future applica-

Lion~>. 
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FIGURE CAPTIONS 

Fig. 1. Comparison of experimental and calculated angle-resolved x-ray 

photoemiss ion spectra of Au valence bands. The.· respective 

photoemission directions are indicated by the corresponding 

crystalline directions [hkl] as in reference 1. 

(a) Theoretical model calculations for the direct transition 

model as discussed irt the text. 

(b) Experimental spectra taken from Ref. 1. 

(c) .Theoretical model calculations for the matrix element 

model as discussed in the text. · 

Fig. 2. Comparison of experimental and calculated angle-resolved x-ray 

photoemission spectra of Cu valence bands. The respective 

photoemission directions are given in the·central column in 

terms of polar (8) and azimuthal (<jl) angles with respect to 

the cubic crystalline axes. The upper two spectra correspond. 

to¢= 0, the lower three correspond to¢= 45°. 

(a) Theoretical model calc~lation for the modified direct 

transition model (Ref. 5). 

·(b) Exp~rimerttal spectra taken from Ref. 5. 

'(c) Theoretical model calculation for the matrix-element model 

as discussed in the text. 
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