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ABSTRACT 
The application of Angle-Resolved Photoelectron Spectroscopy (ARPES) 

to crystalline solids and the utilization of such studies to illuminate 
several questions concerning the detailed electronic structure of such 
materials, are discussed. Specifically, by construction of a Direct 
Transition (DT) model and the utilization of energy-dependent angle-
resolved normal photoemission in the photon energy range 32 eV =s hv < 
200 eV, the bulk band structure of copper is experimentally mapped out 
along three different directions in the Brillouin ;one; r to K, r to L, 
and r to X. In addition, various effects which influence the obtainable 
resolution in K-space, namely, thermal disorder, momentum broadening, 
and band mixing, are discussed and are shown to place severe limitations 
on the applicability of the DT model. Finally, a model for Angle-Resolved 
X-ray Photoelecfon Spectroscopy (ARXPS) based on the symmetry of the 
initial-state wave-functions is presented and compared to experimental 
results.obtained from copper single crystals. 



I. INTRODUCTION 

Knowledge of the electronic structure of materials is of fundamental 
importance if a detailed understanding 
properties is to be obtained. This dissertation will be concerned with 
a technique, Photoelectron Spectroscopy (PES), which during the past few 
years has proven to be of considerable value in the determination of 
such information. In particular, this Ithesis will deal with the 
application of Angle-Resolved Photoeleqtron Spectroscopy (ARPES) to 
crystalline metals, and discuss exactly how the results of such studies 
can be used to illuminate several important questions concerning the 
detailed electronic structure of such materials. 

The important experimental features of ARPES, as applied to crys
talline solids, are summarized in Fig. 1. The angle-resolved photoemis-
sion (ARP) experiment essentially consists of irradiating the sample 
under investigation with nearly monoenergetic photons of energy hv, 
causing electrons which have binding energies less than hv to be ejected. 
Outside the solid, the electrons are then characterized in terms of 
their kinetic energy and the propagation angles 9 and $. In this way 
information on both the electron's energy, and its 5-vector (the latter 
being related to the propagation direction) is obtained. 

The apparatuses used f ]. rform these experiments will be described 
in Chapter II. Briefly, four areas of experimental detail may be noted. 
First, the detection of the photoemitted electron requires high vacuum, 
and sample cleanliness further necessitates ultra-high vacuum conditions; 
the latter are achieved by use of a stainless steel bakeable bell jar 



and suitable vacuum pumps. The excitation source, our second subsystem, 
may be either a discrete line source (e.g., a characteristic x-ray) or a 
continuous photon energy source (i.e., synchrotron radiation). A 
device for energy analysis of the photoelectrons and the associated 
electronics to collect and store the data form the third component of 
the spectrometer. As both the mass and charge of the electron are 
known, we may determine its energy either b> momentum analysis, i.e., 
using time-of-flight or magnetic mass spectrometric techniques, or more 
directly by electrostatic energy analysis. Finally, the sample for the 
experiments must be microscopically clean and single crystalline in 
form. These requirements are achieved by a combination of pre-analysis 
preparation and in situ cleaning. 

In Chapter III experimental results obtained for photoemission from 
the valence bands of the three low-Miller-index crystal f=ces of copper 
as a function of the incident photon energy (32 eV < hy *S 200 eV) will 
be presented. In addition, it will be demonstrated how the kinetic 
energy and wavevector of the electron outside the crystal can be 
related to its initial state energy and wavevector inside the crystal. 
The theoretical framework for these studies is based on Koopman's 
Theorem (1) and a one-electron picture of PES. Essentially, the semi-
classical three-step model of PES is employed (2). The first step 
involves excitation of an electron from its initial state to a conduc
tion band in the solid; one generally assumes here both dipole tran
sitions and an absence of readjustment in the electron density. The 
second and third steps are, respectively, transport of the excited 
electron to the surface, and escape into vacuum. These last steps are 



usually either neglected entirely or treated in some ad hoc phenomenolo-
gical way. Within such a framework, i£ will be shown how the experi
mental results may be understood by the construction of a "Direct 
Transition" (EfT) model. 

The fourth Chapter of this thesis;will deal with three effects 
which influence the resolution in k-space and therefore have a severe 
impact on the simple model developed ift Chapter III. The first effect 
we shall discuss is that resulting from the finite mean-free-path of an 
electron in ? solid. Shortening of the mean-free-path results in an 
uncertainty or "smearing" in the value of the component of k* perpendicu
lar to the surface of the sample C3); while this does not lead to a 
complete breakdown of the DT model, it nevertheless implies a lessening 
of the ^-resolution obtainable. Secondly, the effect of thermal dis
order (4) on the ARP spectrum will be discussed, and be shown to result 
in a complete breakdown of the DT model at temperatures large compared 
to the Debye temperature of the solid. Finally, for photoemission at 
high photon energies, i.e., Ail Ki (1486.6 eV), mixing of the bands in 
tiie final state will be shown to be important and again lead to a break
down of the DT model. 

In the final Chapter of this thesis, a model for Angle-Resolved 
,\'-Ray Photoelectron Spectroscopy (ARXPS) based on the symmetry proper
ties of the initial state wavefunctions will be presented. In particu
lar, with the assumption of a plane wave fi lal state and a tight-binding 
initial state, an analytical expression will be derived which demon
strates that, in general, an angle-resolved x-ray photoemission spectrum 
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obtained from a d-band metal which crystallizes in a face-centered-cubic 

structure represents a linear combination of the t , and e projections 

of the in i t ia l density of states. 
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II. EXPERIMENTAL APPARATUS AND TECHNIQUES 
A. Spectrometers 

There are several excellent reviews in the literature concerning 
the design principles of photoelectron spectrometers (1-4); therefore, 
only those aspects as are immediately pertinent to our discussion will 
be mentioned. The photoemission experiments reported in this thesis 
have been performed on two different instruments. An HP 5950A ESCA 
spectrometer, modified for ultra-high vacuum capabilities, vias eitployed 
for the experiments reported in Chapter V and the latter part of Chapter 
IV. This spectrometer has been described in full detail previously (5) 
and the reader is referred to that work for a complete description of 
the machine. Briefly, the instrument makes use of M. Ka x-rays (liv = 
1486.6 eV) and a dispersion compensation scheme to achieve monochromati-
zation. It is pumped by a combination of three noble ion pumps (30 
Vsec, 110 i/sec, and 220 It/sec) and a 350 8,/sec titanium sublimation 
pump, and is capable of achieving and maintaining a base pressure of 
5 x 10 torr. A hemispherical electrostatic analyzer (15.5 cm central 
radius) is used for energy analysis of the photoejected electrons, and 
the data are collected and stored in a multichannel analyzer. 

For the experiments conducted at the Stanford Synchrotron Radiation 
Laboratory (SSRL), reported in Chapters III and IV, a second, portable 
photoelectron spectrometer was constructed and used. This spectrometer 
is shown in Figs. 1 and 2, and consists essentially of three major com
ponents; an ultra-high vacuum (UHV) chamber, an electron energy analyzer 
capable of both angle-integrated and angle-resolved modes of operation, 
and a data acquisition and storage system. The UHV chamber is a 
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stainless steel bell jar with a variety of ports on it to allow for the 

installation of the electron energy analyzer, the sample manipulator, 

the ion pump, and other fixtures. It is pumped by a combination of a 

"00 2/sec titanium sublijnation pump (TSP) and a 220 J/sec noble iun 

pump, and is capable of obtaining a base pressure of %3.0 x 10 torr. 

To reach this pressure it is necessary to "bake" the system, which is 

accomplished by wrapping the chamber and pumps with electrical heating 

tapes and aluminum foil. Typically, the system is baked at 200° C into 

an external 500 2/sec noble ion pump for "̂ 24 hours, while its pumps are 

off. After this stage, the ion pump and TSP are flashed on and off 

severs; times and all the filaments in the system are turned on to 

expel residual adsorbed gases. The system is then sealed off onto it;" 

own pumps and allowed to bake for another day. Finally, the system is 

allowed to cool (pumps first), with the TSP operating at a duty cycle 

of ',15',. 

The eiectron energy analyzer, the second major component of our 

system, is a double-pass cylindrical mirror analyzer (Q-W) with a 

hemispherical retarding grid (Physical Electronics Model PHI 15-255G). 

Thii analyzer is operated in the retarding (constant resolution) mode 

for photoelectron measurements; this type of scheme is shown in Fig. 3. 

In the retarding mode the energy of the photoejected electrons is first 

reduced with the retarding field analyzer and then measured accurately 

i-.ith the double-pass OLA. In this way, the energy resolution (iE'. is 

significantly enhanced and constant throughout the spectrum; the energy 

resolution in this mode of operation is determined by the pass energy 

(E ) employed and is given by the relation £E = .016 x E . Because the 
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signal levels are usually very low when performing high resolution 

energy analysis, the preferred detection system is one in which pulse 

counting is employed rather than detecting the analog signal. This is 

discussed in greater detail later. 

The analyzer also possesses a co-axial, internal electron gun which 

can be used both as an excitation 'source for Auger electron analysis 

and to align the sample (the sample position is very critical for obtain

ing the maximum count rate and resolution). For Auger analysis the PHI 

analyzer is normally operated in the non-retarding mode, i.e., the 

hemispherical grid is held at ground potential, and a smaller aperture 

is placed between the two CWA's, resulting in an energy resolution which 

is dependent on the kinetic energy (E,,) of the detected electrons; this 

is given by the relation AE = .006 x E„. Since the Auger spectrum is 

much more pronounced if the derivative of the energy distribution is 

recorded rather than the energy distribution itself, a small a.c. 

component (frequency of n,10 kHz and amplitude of 0-10 volts peak-to-

peak) is added to the voltage of the outer cylinder, and a lock-in 

amplifier is used in the detection circuit. This is illustrated in 

Fig. 4 where a block diagram for this mode of operation is shown. 

The PHI analyzer was adapted for angle-resolved measurements by 

placing a stainless-steel shield with an eleven degree slit aperture on 

the front of the analyzer; the geometrical arrangement of the slit is 

shown in Fig. S. The modified analyzer has an angular acceptance of 

approximately ±5"; the angular acceptance in the horizontal plane, ±6°, 

is defined by the inherent acceptance of _i.o PHI (6J, while that in the 

vertical plane, ±4°, is defined by slit aperture. It was found that the 
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shield decreases the collecting efficiency of the PHI by approximately 

a factor of 360/11, as expected on purely geometrical grounds. As an 

added bonus, however, it was found that the aperture improves the energ)' 

resolution of the PHI analyzer by a factor of '^2. This is illustrated 

in Fig. 6 where spectra taken with and without the shield of the spin-

orbit split 4d-doublet in indium are shown for different electron pass 

energies. 

A diagram of the spectrometer detection and data-handling systems 

for operation in the pulse counting mode is shown in Fig. 7. The elec

tron current passing through the final aperture of the C'lA is first 

amplified by an electron multiplier (Galileo spiraltron electron multi

plier Model *4719); the resulting cascade (gain %10') impinges on a 

Faraday cup, causing a momentary charge build-up. The resulting voltage 

spike (typically 30-40 ns in duration and 16 mV in amplitude) then 

passes through an a.c. decoupling box into a preamp/discrirainator; the 

latter is composed of three main components and is shown in Fig. 8 in 

block form. (The 120-ohm cable used to interconnect the Faraday cup 

and the decoupling box should be kept as short as possible. The per

formance of the preamp depends critically on the capacitance of the 

system.) The voltage pulse first enters a fast video amplifier which 

performs two functions; 1) it amplifies the signal by a factor of ten 

and, 2) it is a narrow band filter in the megahertz range (1-100 MHz) 

and therefore eliminates all 60-cycle noise. Then, if the signal 

exceeds a certain discriminator level (which is adjusted to be above 

dark noise), it is "shaped'' into a standard counting pulse (width and 

amplitude) by a voltage comparator, and is further amplified by a line 
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driver. The resulting five volt pulse can then be fed into a frequency 
counter or directly into the memory of an MCA. (For work requiring an 
analog signal, e.g., Auger analysis, the preamp/discriminator is re
placed by an operational amplifier [see Fig. 4] which acts as a current 
to voltage transducer.) 

The main component of the data-handling sys em is a digital addres
ser which was designed and built at LBL by Mr. Joseph Katz. The unit 
provides: 1) a digital voltage ramp with eight different step sizes 
(17.4 mV/step to 2.22 V/step, in multiples of 2); 2) five different data 
collection times (.24, .47, .94, 1.9, and 3.9 sec/point), and; 3) the 
necessary control signals so that electron counts can be accumulated in 
256, 512, 1024, 2048, or 4096 channels of an MCA, or, as in the case of 
Auger analysis, displayed directly on an X - Y recorder. The option of 
scanning the same energy region repetitively is also provided; we have 
taken spectra continuously for as long as eight hours, which corresponds 
to several hundred scans. Finally, the data stored in the MCA can be 
transferred to an X - Y point plot, a magnetic tape, or paper tape. 

B. The Photon Source 

A number of electron storage rings that can provide synchrotron 

i-adiation for photoemission studies are now available or under construc

tion throughout the world (71. .Among these, a smaller group of inter

mediate- and high-energy machines affords the possibility of bridging 

the entire gap between ultraviolet and x-ray energies available from 

laboratory sources. SSRL (8) has the capability of doing ultra-high 

vacuum photoemission studies up to and somewhat beyond the carbon K-edge 
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of 280 eV. No facility has the capability at present to do photoemis
sion at higher energies; i.e., all the way up to x-ray energies. The 
work reported in Chapters III and IV was carried out in the 32-250 eV 
range using the 4° port of Beam Line I at SSRL. 

The grazing incidence monochromator ("grasshopper") installed on 
the 4° port (9) is equipped with a-600 A/mm grating, yielding high 
intensity radiation with sufficient resolution (<1 eV) for photoemission 
studies between 32 and about 280 eV. Above 280 eV the intensity de
creases dramatically due to carbon contamination on the reflecting 
suifacej. Fig. 9 shows the transmission of the grasshopper monochromator 
measured as the photocurrent of an Al.,0, photodiode (10) as a function 
of photon energy. To obtain the absolute flux ou: -:f the monochromator, 
the curve shown in Fig. 9 must be corrected by the photoyield of Al-O, 
which, unfortunately, is known only for hv « 160 eV (11). Fig. 10 shows 
the quantum efficiency of our detector in the range 10 eV s; hv < 160 eV 
(11). Since the quantum efficiency varies by less than ±205 between 40 
and 160 eV, Fig. 9 should describe the energy variation of the photon 
flux fairly accurately. Table I lists the photon flux (photons sec 
mA mrad "\l emerging from the monochromator in the energy range 32-290 
cV ("), calculated from the cathode current of the photodiode utilizing 
the A1,0. quantum efficiency values (also in Table I). 

In order to compare the photon flux eir.itted by the storage ring 
Si'L-'iK to that emerging from the monochromator, the resolution of the 
nonochronator must be considered. The monochromator bandwidth 4E (in 
eVi is theoretically given by the relation (13) 

I?. = S • ID" 6 E 2 , (1) 
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where F. is the photon energy in eV. Values for AE in the range 32-290 
eV are listed in Table I. Integrating the respective AE/E values to 
yield a 10% bandwidth (AE/E = 0.1) re obtain the photon flux values 
listed in the last column of Table I. These values can now be directly 
compared to the flux emitted by SPEAR which is shown in Fig. 11 as a 

function of beam energy. During the course of our experiments SPEAR 
12 -1 operated at 3.3 GeV producing a photon flux of 2-5 x 10 photons sec 

mrad mA" (10$ bandwidth)" (see Fig. 11) in the energy range 30-300 
i:V. Thus, for i:!a::3mum monochromator transmission (hv = 150 eV) the 
efficiency of the optical system (consisting of 4 mirror reflections 

and the diffraction grating) is about 0.15%. This is actually an upper 

limit since contributions from higher order harmonics and scattered 
light to the transmitted radiation have been ignored. Also we have 
assumed that the bandwidth of the monochromator is given by Eq. (.1), 

which is the optimum value obtainable. 

C. Sample Preparation Techniques 

The need to prepare atomically clean, well characterized specimens 

makes sample preparation one of the most important experimental aspects 

of PES studies of soiids; atomically clean surfaces are necessitated by 

the sampling depth in PES which, as can be seen from Fig. 12 (14), is 

on the order of a few lattice spacings. Methods for preparing sucli 

samples have been discussed in full detail by S. P. Kowalczyk (5), and 

the reader is referred to that work for a complete discussion; we shall 

restrict our attention only to those techniques pertinent to the work 

reported here. 
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The samples employed in these investigations reported here were in 

the form of single crystals, and were spark-cut from single-crystalline 

rods v:hich had been zone-refined to yield low levels of impurities. The 

orientation of the crystals was determined by the Laue back-reflection 

x-ray technique, and was within ±1.0° of the reported orientation. 

Prior to insertion into the UHV spectrometer, the samples were mechani

cally polished to 1 um smoothness and etched, see Table II for the 

various etching agents and periods necessary to remove the damage layer 

formed by the polishing. A mild Ar bombardment in situ, followed by 

annealing at ca. 600t,was found to be sufficient to clean both Cu and 

Au crystals. Platinum crystals, however, were found to be more diffi

cult to clean, and required oxidation treatments (*^S x 10 torr of 

oxygen and sample temperatures of ca. 800° C) to remove residual carbon 

contamination. The resulting oxide layer formed by this treatment 

could easily be removed by raising the temperature of the sample very 

briefly (less than 1 minute] to 1000° C. Finally, the techniques of 

Auger electron spectroscopy and x-ray photoelectron spectroscopy were 

used to monitor sample cleanliness. 



16 

REFERENCES 
B. Wannberg, U. Gelius, and K. Siegbahn, J. Phys. E ]_, 149 (1974). 
K. D. Sevier, Low Energy Electron Spectroscopy (Wiley-Intersciences, 
New York, 1972). 

M. S. Mladjenovie, Adv. Elect. Phys. 30, 43 (1971). 
E. M. Purcell, Phys. Rev. 54, 818 (1958). 
S. P. Kowalczyk, Ph.D. Thesis, LBL-4319 (1976). 
P. IV. Palmberg, J. Electron Spectrosc. 5_, 691 (1974). 
The value Aa • 6° for the acceptance of the PHI analyzer quoted in 
this reference is incorrect and should read fia = 12° or a = 
(42.3 + 6)°. It should also be noted that the PHI used in our 
studies (Model PHI 15-2556) does not accept electrons equally 
into its 360° acceptance cone. There are posts in four (1.5, 4.5, 
7.5, and 10.5 o'clock) positions inside the analyzer whici: block 
electrons along the respective trajectories. This fact has to be 
considered when rotating the slit for angle resolved studies. For 
the measurements reported here thp slit-aperture was iixed in the 
3 o'clock position and therefore the posts had no effect on the 
measurements. 

M. L. Perlman, E. M. Roi e, R. E. Watson, Physics Today, July 1974, 
p. 30. 

H. IVinick in Vacuum Ultraviolet Radiation Physics, (ed. E. E. Koch, 
R. Haensel, and C. Kunz) Perganon Vieweg 1974, p. 776. 
F. C. Brown, R. Z. Bachrach, S. B. M. Hagstrom, N. Lien, and C. H. 
Pruett, in Ref. 8, p. 785. 



17 

E. B. Saloman, D. L. Ederer, Applied Optics 14, 1029 (1975). 
National Bureau of Standards (NBS) Report of Calibration for our 
diode in the range 10 eV < hv < 66 eV (unpublished). Above 66 eV 
the values of W. Gudat, G. Kunz, and W. Lsnth, in Ref. 8, p. 725, 
which were normalized to the NBS calibration values at 50 and 60 eV 
were used. 

During the course of the measurements of the photon flux SPEAR 
operated at 3.3 GeV and ^30 ma. In addition, the grasshopper 
monochromator utilizes about 2 mrad of radiation; therefore, the 
actual flux (photons/sec) was about a factor of 60 higher than 
the values listed in column 3 of Table I. 

Hern a constant bandpass of 0.1A has been assumed (see Ref. 9). 
The relation ZU/A = AE/E then yields Eq. (1) directly. 
I. Lindau and K. E. Spicer, J. Electron Spectrosc. 3, 409 (1974); 
C. R. Bundle, Surf. Sci. 48, 99 (1975); I. Lindau, P. Pianetta, 
K. V. Lu, and IV. E. Spicer, J. Electron Spectrosc. 8, 487 (1976). 



Table I. Photon Flux and Energy Resolution for SOT 4° Line t'onochromator 

Photon energy Quantum efficiency 
of de tec tor 

photons 0 , , n 7 . 
sec-mA-mrad *• ; 

Monochroinator 
bandwidth 

AE (eV) 
photons ' . , , . 9 . 

(eV) 
Quantum efficiency 

of de tec tor 
photons 0 , , n 7 . 

sec-mA-mrad *• ; 

Monochroinator 
bandwidth 

AE (eV) secmA'mrad.lOS bandwidth l ' 

32 0.112" 0.5 o.nos 2.0 
50 0.079" 1.6 0.02 3.9 
70 0.062" 2.7 0.04 4 .8 
90 0.060" 4.0 0.07 5.6 

110 0.070" 5.7 0.10 6.5 
130 0.067° 7.6 0.14 7 .3 
150 o.ooo" 9.0 0.18 7.5 
170 0.05° . 8.6 0.23 6 .3 
190 0.O5 6 6.4 0.29 4 .2 
211) 0 . 0 5 b 5.7 0.35 3.4 
230 0 . 0 5 6 4.9 0.42 2.6 
250 
270 

0 . 0 5 b 

o.os 6 

4.4 
' 3.5 

0.50 
076U 

2.2 
i.iT 

250 0 . 0 5 b O.S 0.70 0.3 

&) See r e Terence 11 . 
faj In lack of measured values for the quantum eff ic iency above 155 eV a constant value of 0.05 has been assumed. 
cj Sec reference 12-
d] Calculated according to Equation (1). 
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Elements ' Etching Agent Period of Etch 

Cu H N 0 3
a •*. 30 sec. 

Au Cold aqua regia -v. 30 min. 

Pt Hot aqua regia ^ 30 min. 

a.) A solution composed of equal parts by volume of NH.OH; H,0; 
H 20 2(3%) has recently been four.;1, to yield smoother surfaces 
for copper than HN'O,. 
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FIGURE CAPTION'S 

Fig. 1 Overall view of the portable photoemission chamber. 

1) Cryopumps; 
i 

! 2) External) 500 J./sec noble ion pump; 

: 3) Cylindrical mirror analyzer (Physical Electronics Model PH7 

15-25SG)j 

4) Sample manipulator (Physical Electronics Model PHI 10-503); 
l 

5) 220 H/sec noble ion pump; 
6) 700 I/sec titanium sublimation pump. 

Fig. 2: Close-up view of a sample in position for 
'• measurements. 

Fig. 3 Block diagram for operation of the CMA in 
resolution) mode. 

Fig. 4 Block diagram for operation of the CMA in 
; mode. ! 

Fig. 5 The geometrical arrangement of the slit aperture (shield) on 
modified analyzer has an angular resolution of 
shield is held in position on the inner mu-metal 
clamps. 

Fig. 6 a) Experimental spectra obtained as a function of the analyzer 
pass energy (IL) of the spin-orbit split Id-doublet in indium, 
without the slit aperture on the CMA. 
b) Experimental spectra obtained as a function of the analyzer 
pass energy of the In 4d-doublet, with the 

, the CMA. The 

.era. ±5°. The 

;shield by two 

photoemission 

retarding (constant 

derivative (Auger) 

slit aperture in 

position. The energy of the incident radiation was 70 eV. 
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Fig. 7 Block diagram of the portable spectrometer's detection and 

data handling systems for operation in the pulse-counting mode. 
Fig. 8 Block diagram of the preamp/discriminator circuit. 
Fig. 9 Transmission.function of the monochromator located on the 4° 

port on Beam Line 1 at SSRL measured as the photocurrent from 
an NBS-A£,03 photodiode. To obtain the absolute flux out of 
the monochromator, the curve must be corrected by the quantum 
efficiency of klfi-, in this photon energy range. 

Fig. 10 Quantum efficiency of AJ^O, in the photon energy range 10-160 
eV (cf. Ref. 11). 

Fig. 11 Spectral distribution of synchrotron radiation emitted from 
the storage ring SPEAR as a function of the electron beam 
energy. 

Fig. 12 Values for the mean-free-path of an electron in various solids 
as a function of the electron's kinetic energy (Ref. 14). 
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III. ANGLE-RESOLVED PHOTOEMISSION FROM Cu SINGLE CRYSTALS IN THE PHOTON 

ENERGY RANGE 32 to 200 eV 
A. Introduction 

Angle-resolved photoemission (ARP) from single crystals has pre
viously been reported in the ultraviolet [UPS, hv < 40 eV] (1) and x-ray 
[XPS, hv > IOCS eV] (2,3) photoemission regions. In these two regimes, 
significantly different information is contained in the experimentally 
observed photoelectron energy distribution (PED's). For UPS energies 
the PED's obtained by exciting valence electrons display structure char
acteristic of the energy distribution of the joint (initial and final) 
density of states; here, the three step model of photoemission (4), 
including strict energy and wavevector conservation during the excita
tion process, has been able to describe the experimental situation quite 
well. On the other hand, angle-resolved PED's observed at XPS energies 
basically depend on the symmetry properties of the initial states (1,2, 
and Chapter V|. In this case, final-state band structure effects are 
weak, and the experimental spectra are well described by the initial 
density of states, modulated by an angle-dependent matrix element. 

As of this writing, few ARP studies (5,6) have been performed in 
the transition region between UPS and XPS, namely the spectral range 
40 to 1000 eV, due to a deficiency of suitable photon sources. The 
advent Of electron storage rings, coupled with the development of new 
monochromators (7) is, however, rapidly making this region of the 
spectrum available for use. In this chapter, ARP studies of Cu single 
crystals in the photon energy range 32-200 eV are reported; these 
studies represent the first such investigations to be performed in this 
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energy range, and were conducted at SSRL (8), which is located on the 
electron storage ring SPE^R. In section B, we shall discuss angle-
resolved normal-photoemission results obtained from the three low-
Miller- index crystal faces of copper, i.e., the (001), (110), and (111) 
faces. Normal emission represents a particularly simple case theoreti
cally, because the detailed relationship between q, the wavevector of 
the electron inside the crystal, and p, the wavevector outside the 
crystal, need not be considered explicitly; this results since for 
normal emission electron refraction at the surface is zero, and the 
propagation direction of the electron inside the crystal is therefore 
the same as that outside. Utilizing this simple observation, it will 
be demonstrated how the various peak positions in the spectra reported 
in this chapter can be related to the initial-state bulk band structure 
of copper using a direct transition model for the photoemission process. 

Ke shall in section C shift our attention from normal emission and 
treat the problem of non-normal emission with particular emphasis on 
the matching conditions at the surface. IVe will show that simple free-
electron matching conditions, as proposed by Mahan in 1970 (9), serve 
a? an adequate first approximation for the calculation of electron 
refraction angles. 

B. Normal Emission 

B. 1 Experimental 

The experimental geometry used in these studies is shown in Fig. 1. 

The monochromatic photon beam was incident on a Cu single crystal which 

was positioned at the focal point of a PHI analyzer modified foT ARP 



36 

studies as discussed in Chapter II. The electric field vector, E, of 
the incident radiation lay in the plane defined by the photon bean and 
the propagation direction of the electron accepted by the analyzer. 
Its orientation with respect to the crystalline axes of the various 
samples employed is shown in Figs. 2 and 3. The fourfold cubic axes 
[100], [010J, and [001] have been chosen as the frame of reference 
(x,y,z), and the orientation of the £ vector and the detector is 
described in terms of the polar (6) and azimuthal (<t>) angles; this is 
summarized in Table I. The position of the x-ray beam and the detector 
were fixed relative to each other with the x-ray Poynting vector, E 
vector, and the detector acceptance axis lying in the horizontal plane. 
The Cu crystals were prepared and cleaned as described in Chapter II. 
The energy resolution of the electron energy analyzer was less than 0.2 
eV, and the monochromator resolution varied from 0.01 e" (hv = 32 eV) 
to --0.50 eV I'm = 250 eV). 

B.2 Experimental Results 

Cu(UO) 
Valence jand spectra obtained in normal emission from Cu(110), as 

a function of the incident photon energy, are shown in Fig. 4. The 
most striking feature in these spectra is the intense peak in the "s -
p" band region between the Fermi energy (Ep) and ca. 2 eV binding energy 
(Eg), which appears for 45 eV < hv <S 52 eV. In contrast to previously 
published Cu spectra (5) this peak is completely new and initially 
quite surprising. The intensity of this peak is comparable to that of 
the "d" band between 2 eV and 5.5 eV binding energy. In addition, it 



shows strong dispersion, varying from E„ - u.4 eV at hv = 43 to E„ = 

1.7 eV at hv = 52 eV. The "s - p" band intensity vanisj.es in the energy 

range 70 eV < hv < 120 eV and shows another maximum near hv = 140 eV; 

at hv = 160 eV, it again diminishes in intensity. The "d" band region 

of the spectrum also exhibits strong changes in both peak positions and 

intensities. The width of the d-band narrows from ^2.5 eV full-width-

half-maximum (FNHM) at low photon energies to M . 5 eV FITOI in the range 

70 eV < hv < 120 eV, then broadens to -v2.5 eV FITOI at the highest photon 

energies utilised. 

Cu(001) 

Experimental PED's observed in normal photo?mission from the 

valence band of Cu(OOl), as a function of the excitation energy, are 

shown in Fig. 5. The most interesting changes in these spectra occur 

in the photon energy range 70 to 160 eY. At hv = 70 eV, a new peak, at 

C.J. 5 eV Ep, appears in the Cu spectrum; this peak grows in intensity 

and shifts in binding energy by "»0.3 eY as the photon energy is raised 

to 11" eV, and then diminishes in intensity as the photon energy is 

increased further, until it vanishes at hv = 160 eV. The "s - p" band 

lvachc. maximum intensity in this photon energy region as well; it is 

very weak at low photon energies, showing maximum intensity at hv •v 

SO eV, and then decreasing in strength again at higher photon energies. 

Cu'lll 

Fie. 6 shows the valence band spectra acquired in normal emission 

from Cin'lll) as a function of the energy of the incident radiation. In 

this case, the most distinct variations in the ARP spectra occur between 

hv = 50 eV and hv = 100 eV. A feature at a . 5 eY binding energy shows 

http://vanisj.es
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a broad resonance in this photon energy range, reaching a maximum in 

intensity at hv = 85 eV. The "s - p" band, which is very weak at 

hv = 45 eV, attains its maximum intensity in this energy range as veil. 

Finally, it should be noted that distinct differences exist between 
spectra taken at the same photon energy but along different directions, 
as is evidenced by comparing Figs. 4-6; note in particular the opposing 
changes in the width of the d-band for the three directions as the 
photon energy is swept from 32 to 160 eV. 

B.3 Discussion 

The theoretical aspects of photoemission fron a solid have been 
treated by a number of authors (9-13), and several excellent review 
papers exist (1,4,14). Briefly, in the independent-particle approxima
tion adopted here, the photocurrent emanating from a sample, as a result 
of the interaction with light of frequency v, is given by: 

N'n, h.) - J d-5k,.23:(*ff?)IA-pki(?)>,2',^(--k:-k, -S) x 
B : H.f f l h J 

X 6(E f(K £) - E.(Ej) - hv) d,E - Ejff.)) . (1) 

Here iVr) and if> (r) are electron wa defunct ions of an initial state of 
wavevector I. and energy E. and a final state of wavevector k, and 
energy n„, respectively. The £-functions represent the requirements of 
energy and wavevector (momentum) conservation in the excitation process, 
witn the latter arising from a sum over reciprocal lattice vector, G. 
k\ is the photon wavevector which for radiation in the energy range of 
interest here, namely i2 to 250 eV, is very small (k. < Q.07 in units 
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of — , where a is the lattice constant of copper] and therefore will be 
neglected hereafter.. In the reduced zone scheme, electronic transitions 
in this model are vertical Csee Fig. 7), and hence this picture of 
photoemission is referred to as the Direct Transition Model. 

In order to evaluate £q. (1), i.e., generate theoretical PED's, 
detailed knowledge of both the initial and final state band structures 
and wavefunctions is required. While such information is available for 
the initial state, in the form of theoretical band structure calcula
tions (IS), the description of the final state represents a major 
problem, because such calculations are in general unavailable. For 
this reason, two assumptions concerning the nature of the final state 
have been made. First, it has been assumed that the free-electron 
dispersion relationship (16), 

Ef(1c)-= (h2/2m)|S + 8| 2 * 3 , (2) 

where 1: is the momentum of the electron in the reduced zone scheme and 
£ is a constant used to adjust the zero of the free-electron bands to 
coincide with the bottom of the 4s-band in Cu, adequately describes the 
final-state band structure in the region of interest;'this relationship 
is shown in Fig. 8. Secondly, since the main concern here is with peak 
positions and not intensities, secondary Mahan cones (9) will be neglected, 
i.e., the final state is taken to be composed of a single plane wave. 

This latter point deserves a little more discussion. In general, 
in a bulk interband optical transition an electron is excited into a 
state whose wavefunction 

0 f(r) = £ ag exp[i(ic + G)-r] (5) 
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has plane wave components going in many different directions. The 
intensity in each of these directions is determined by the respective 
coefficients ag in equation (3). If the pseudopotential is relatively 
weak, as is the case for most transition metals, one term in this sum 
should dominate for low energy electrons (17), the term corresponding 
most nearly to that of the free-electron dispersion relationship [Eq. 
(2) and Fig. 8]. Therefore, roost emission should occur in the associ
ated direction (the Primary Mahan cone) and only weak emission will be 
observed in the other directions (Secondary Mahan cones) (9). It must 
be pointed out, however, that although it has been assumed that one 
pltne wave component dominates the final state as far as the direction 
of propagation is concerned, the matrix element in Eq. (1) still depends 
on the entire sum in Eq. (3); this results because, even though the 
coefficient multiplying the other plane wave terms in Eq. (3) is small, 
the overlap integral between the initial state and these other compo
nents can he substantial. We shall, therefore, confine our attention 
to peak positions and shall make only general remarks concerning peak 
intensities. 

Kith the above description of the final state, the constraints of 
energy and momentum conservation in u.v. photoemission greatly restrict 
the portion of the initial states in the Brillouin Zone (BZ) sampled in 
ARP. For example, consider emission in the [001] direction from a 
single crystal, as shown schematically in Fig. 9. Here an angular 
resolution of ±5° and the direct transition model discussed above have 
been assumed. The constraints of momentum conservation and the direc
tionality of the photoelectron momentum vector (q must point toward the 
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detector) severely limit the amount of the BZ (to a section of a 
spherical surface) which can contribute to the photoenission spectrum. 
As the photon energy is changed the area in the first BZ which may give 
rise to emission (energy conservation must still be satisfied) also 
varies as illustrated in Fig. 9. Thus, variations in the ARP spectrum 
with energy or angle arise in this model because different parts of the 
first BZ are being sampled. 

Calculations using Eq. (1), where the sum over k",- has been re
stricted to iust those ]L-values which can be observed and where 
constant matrix elements are assumed, have been performed bv U'agncr, 
et al. (18) for emission in the [001] and [111) directions and by 
IVehner and co-workers (19) for emission in the [110] Jirection. In both 
sets of calculations there is excellent agreement with all the major 
changes in structure occurring as functions of photon energy. The 
positions and overall widths of most of the peaks were reproduced well 
in the calculations, indicating that the assumption of constant matrix 
elements, at least for Cu, is a reasonarle annroximation at these low 
photon energies. (Janak, et a-'., Ref. 2d, arrived at the same conclu
sion, i.e., that the transition matrix elements for Cu can be assumed 
to be constant, in calculations of polvcrvstalline Cu photoemission 
spectra in the energy range 8 eV < hv < 26 eV.) An example of the tvpe 
of agreement obtained is shown in Fis. 10, where the results of a calcu
lation for photoemission in the [110] direction at a photon energy of 
4.i eV are presented. As seen in the figure, the overall concurrence 
in peak positions and widths is very good; note, in particular, that 
the pronounced "s - p" resonance observed experimentally is predicted 
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by the calculations. 
A more instructive way of viewing the results, however, is shown 

in Fig. 11. Here the experimental peak positions E (£) are compared 
with Burdick's (21) band structure of Cu. The locations of the experi
mental points in the figure were derived as follows. From the measured 
peak position, relative to E.-, the final state energy E, = E (k) * hv 
was calculated. The magnitude of the fin.'!] state uavevector was then 
determined from the free-electron dispersion relationship j q J = 
i^mi^/lO ;, where the zero of the free-electron scale was taken to be 
the bottom ot the free-electron-like bands in Eurdick's band structure. 
The relation q - I- *• C; then yields k in the first BZ. Here we have made 
use of the fact that fV.r norr,al cr.ission the propagation direction of 
the electr >n tn::ije tnc crystal is tlie same as that outside the solid, 
i.e., t'.'.n. i'̂  no surface refraction of the electron. The correspond
ing values ol u fk) are plotted as bars in the figure. The horizontal 
sca'.e at the b'tnri cf each panel establishes a correspondence between 
the phctor. cni'rjiv cttiplc.-ed and the part of the BZ sampled, assuming an 
initial state <•••' :>.5 eV fridule of the d-banJ). 

Coraparisii c" the experimental peak positions with Burdick's band 
structure in Pig. 11 reveals generally good agreement. In particular, 
the pronounced "s - p" band resonance for photoemission in the [110] 
direction at hv = 45 eV is full;/ explained in terms of bulk transitions 
arising from a well-defined part of the BZ [points near k = — (-0.5, 
-0.5, 0.)]. The appearance of an s - p band at only certain photon 
energies is explained as well. Only when photoemission occurs in a 
part of the zone where a band exists near IL. is an s - p tend observed, 
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e.g., for photoemission in the [111] direction at hv = 70 eV, states 
near 1. are sampled (see Fig. 6 and lie). Finally, the variation in the 
ividth of the d-band is also easily understood in terms of the dispersion 
of the bands across the zone. 

To illustrate further the direct relationship between photoemission 
spectra and the band structure for copper in this energy range, it is 
instructive to compare Fig. 5 and Fig. 11a. Both pertain to the [001] 
direction. Varying the photon energy from 32 eV up to 160 eV yields 
first a narrow peak, evolving"into two widely-spaced peaks, then back 
into a relatively narrow peak (Fig. 5). *̂ ut this is exactly as expected 
in going from r in the second cone through X to F in the third cone 
(Fig. 11a). The deviations in Fig. 11a between the experimental peak 
positions and the theoretical band structure are due almost entirely to 
the finite E-resolution. Calculated PED's, where the finite angular 
resolution of the measurements is included (18), do not show such large 
•iiscrepancics between calculated and observed peak positions. 

At this point a comment on a recent paper by Heimann, Xeddermeyer, 
aV. Roloff (22) is in order. These authors have reported angle-resolved 
ncraai photoemission spectra from Cu(110) at Ne I (16.88 eV) and He I 

21.2 eV) energies, and have explained their results in terms of a one-
lUncr.sional density-of-states along the 7-K-X direction. The apparent 
lack of conservation of the crystal momentum component perpendicular to 
the surface was attributed to surface photoemission from bulk-like 
initial states (which extend to the surface) to free-electron-like 
final states in the vacuum. This interpretation is, however, very 
puccling in light of the preceding discussion, where direct transitions, 
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i.e., k-conserving transitions, from bulk bands were found to account 
for all the observed structure in the PES spectra obtained from Cu(llO) 
in the energy range 32 eV < hv <S 160 eV. The proposed explanation is 
even more perplexing when the mean-free-path (A) of a 20 eV electron in 
ccpper (\ i-12A, Ref. 23) is considered; approximately ten atomic layers 
contribute to the PES spectra obtained from a Cu(llO crystal at the 
photon energies employed by Hermann, and one would therefore expect bulk 
photoemission, characterized by strict k-conservation, to make the 
dominant contribution to the spectra. For this reason, an attempt at 
reinterpreting the data of Heinann and co-workers utilizing the direct 
trans;tion model described above has been made. 

The results of these calculations are summarized in Fig. 12, where 
a comparison of the experimental peak positions observed by Heirann, et 
dl. with Burdick's band structure of copper is shown. Because the final 
states at 16.88 eV and 21.2 eV lie almost symmetrically arOLTid X and 
the bands are flat in this area, the same peak positions are predicted. 
In the figure the same labels as >ised in Ref. 22 for the data points 
are employed. Excellent agreement is found between peaks f, d, a, and 
g and the band structure. Only peak b, the weakest experimental struc
ture observed, does not coincide with a band around X. The direct-
transition model used here predicts the observed peak positions better 
than the one-dimensional density of states (ODDS) calculation of 
Hermann, et al. In particular, no shift in Burdick's bands is needed 
in order to match experimental and •heoretically-predicted peak posi
tions, while T C.3 eV shift l.ad to be assumed by Heimann and co-workers. 
Other discrepancies between the theoretical ODDS calculations of Ref. 
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22 and experiment lie in the prediction of a shoulder on peak a and 
especially of the width of peak d. Experimentally, and according to 
Fig. 12, peak d is confined to Eg < 2.5 eV, while the ODDS predicts 
that it extends to Eg ^3.0 eV, merging into another peak (c) at E„ = 
3.2 eV; this shift is not observed experimentally. It should be noted 
that weak structures similar to peak b may arise from electrons origin
ating at s-points where the bands are flat (e.g., k = k = -0.4 in Fig. 
12) which reach the detector via scattering at surface irregularities 
(24) or surface umklapp processes. 

In their direct-transition calculation Heimann and co-workers used 
the model proposed earlier by Chri.tensen and Feuerbacher (25). In 
this model all final states with reduced wavevectors k along the !"-K-X 
direction are allowed, while in the model described above an additional 
condition has to be satisfied, namely, that q = k + * poin*v into the 
analyser. The fact that the calculations performed using this latter 
model agree with experiment thus indicates that the final state Bloch-
functions in Cu consists of one strong plane wave component (i.e., one 
G-vector dominates) at these low energies. 

To close this subsection a brief conment on photoemission cross 
sections and the reason why certain bands, in particular the band be
tween 6 and 9 eV binding energy which exists in all three directions 
studied fsee Fig. 11), do not give rise to peaks in the photoemission 
spectrum is appropriate. From atomic data at u.v. (26) and x-ray (27) 
energies, we can estimate that the photoemission cross section of 4s 
ele trons is almost an order of magnitude smaller than that for 3d 
electrons in the photon energy range utilised here. It follows 



therefore, that ojily bands which have a significant admixture of d-

character will give rise to peaks in the photoemission spectrum. Hence, 

the:band described above, which a tight-binding calculation (19J shows 

to be predominantly "s" in character, is not expected to be observed 

observed do indeed cor-and in fact is not. Conversely, all the peaks 
respond to bands having substantial d-character 

C. Non-Normal Emission 
;For non-normal emission the relation between q and p must be con

sidered explicitly, as due to the presence of a 
the propagation directions of the electron inside and outside the 
crystal need not be the same. With a simple free-electron description 
of the final state and the assumption of specular boundary conditions, 
the following relationships between q and p obtain (9): 

. 2,„_*,, _ ,2 (h2/2m*)| q± H = (^/2m)| P l | 2 + V. W 

Here p and q are the components of p and q perpendicular to the sur-
face, while p and q are the parallel components. V„ denotes the inner 
potential, the energy difference between the zero of energy in the crys
tal and the vacuum level (13.S eV for Cu). The effective mass of the 
electron inside the crystal is represented by m*| whereas the mass of 
the electron outside the crystal is given by m (the free-electron value). 
Solving these equations foT 6, the angle between Ithe emerging electron's 
propagation direction and the surface normal fi, wp obtain: 

6 = arcsint(m*(E + Vo)/mErsine' ] (5) 
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where 8' is the angle between the photoelectron's propagation direction 
and n inside the crystal, and E is the measured kinetic energy of the 
detected electron. The validity of Eq. (5) in photoemission has been 
assumed in the past for ra* = m, but has never been tested. 

To determine the accuracy of expression (5) for describing non-
ideal systems, ARP experiments have been performed on (001), (110), and 
(111) Cu single crystals, in all cases at a photon energy of 45 eV and 
in a (110) emission direction (for (001) and (111) crystal faces, the 
1110] directions fall at 45° and 35° away from the normal, respec
tively) . These particular experiments were chosen due to the presence 
of an extremely sharp resonance in the s - p band of Cu at this energy 
(see Fig. 4), which is very sensitive to the exact portion of the B3 
being sampled. This peak (which shall hereafter be referred to as the 
band-six resonance) arises only through transitions from the 6 valence 
band, which goes steeply through E p between r and K as shown in Fig. 
lib. 

Jn Fig. 13 the results of this study are presented. Here the rela
tive a 'c-£ under the band-six resonance is plotted as a function of the 
emission angle (•?), measured from the sample normal. Results obtained 
from (110) crystals, Figs. 13b and 15d, show that the maximum in inten
sity of the band-six peak occurs for normal emission, i.e., along the 
11101 direction. The difference in the detailed shapes of the two 
curves arises from the fact that the azir.uthal orientation of the two 
crystals relative to the E vector of the incident radiation differs by 
90° (sec insets in figure and Ref. 2S). Inspection of Figs. 13a and 
13c shows that the maximum in intensity is shifted from the bulk (110) 
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crystalline direction for emission from (001) and (111) single crystals, 
indicating refraction of the photoemitted electron at the crystal-vacuum 
interface. The resulting refraction angles are M 5 ° and V12° for emis
sion in the [110] direction from a (001) and (111) crystal, respectively. 

Comparison of these refraction angles with those calculated using 
Eq. (5), which yields values for (6-6') of 10° and 7° for emission in 
the [110] direction from (001) and (111) single crystals (here m* = m 
has been assumed), respectively, shows that fair agreement is obtained. 
There is, however, a discrepancy of -\.5°, the calculated values being 
larger than those observed experimentally, and this discrepancy is con
siderably larger than the estimated 2° uncertainty associated with the 
measurements. Several possible explanations for this disagreement can 
be suggested. First, the magnitude of the inner potential used in the 
calculations may have been wrong. If the assumption that m* = m is 
made and the measured values of 6 are used to determine V„ from Eq. 
(5), one finds that V„ would have to be on the order of ld-20 volts to 
account for the large refraction angles. This is unrealistic, however, 
because the inner potential for excited electrons should be Jess than 
that for valence electrons, due to the decreased magnitude of the 
exchange-correlation potential with increasing electron energy (29). 
To ascertain whether the calculated refraction angles are sensitive to 
the form of V„, as suggested by Gartland and Slagsvold (30) for 5 eV 
photoelectrons, the step potential was replaced by a softer potential 
of the form V(:) = a/(c + z), where a and c are constants and : > 0 
measures the distance of the photoelectron from the surface; in this 
way, we may roughly account for the image charge induced in the metal 
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(31, 32) by the ejected electron. The calculated refraction angles as 

a function of a and c revealed, however, that for 40 eV electrons, there 

is no significant difference in refraction angles caused by the two 

potentials. 

If the position is taken that V 0 is fixed at 13.8 eV for copper 

(which is certainly an upper limit for hot electrons), two possible 

reasons remain for the unexpectedly large refraction angles. Since 
2 2 li p /2m is effectively a measured quantity, and Y„ is taken as fixed, 

the data can be fit by Eq. (5) only if m* is different than the free-
electron value. An effective mass of m* = 1.15m yields e = 45.5° and 
61.7° for the (111) and (001) faces, respectively. That m* may assume 
a value other than m for the final state photoelectron is plausible, 
since the nominally observed final state for q = —(-C.5,-0.5,0) and 

''TT 
G = :j-(2,2,0) is degenerate with another band of the same symmetry 
arising from 3 = —(0,0,2). The perturbation should be small (the two 

** ''TT hands mix through the Fourier potential component for G = ^-(2,2,2)); 
however, the interaction may be large enough to affect the group 
velocity of the hot electron, i.e., induce an effective mass different. 

from the free-electron value. Furthermore, Moru:;i and co-workers (33) 
find that a value of m* = 1.08m for hot electrons t20 eV above E_ allows 

a good fit of their calculated Cu band structure to photoemissiop data. 

It thus seem? plausible tnat an increased effective mas? is responsible 

for the large refraction angles. 
Finally, the other possible cause for large refraction angles is 

surface roughness. In these experiments it ^as not possible to measure 

surface roughness on the (nearly! atomic scale that would be relevant 
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to this problem. It is not clear, however, exactly how surface rough
ness would affect the observed values of 9. In fact the effects on 6 
for all the geometries studied in the present work are expected to be 
model-dependent and quite small for plausible models (31). It seems 
very unlikely that an increase in 8 by as much as 5° could arise from 
surface roughness. A more probable result of surface roughness is a 
spread in 6 and in this connection, it should be noted that the band-
six resonance persists over a larger range of angles for the off-normal 
geometries than would be expected from the normal-geometry photoemis-
sion experiments on the (110) face. 

In summary, it has been shown for the first time that refraction 
of the photoelectrons at the solid-vacuum interface does occur and thai 
the refraction angle is somewhat larger than that experted in a simple 
free-electron picture. This latter result can not be uniquely explained; 
however, from the data it appears plausible that an increased effective 
mass of the hot electron is responsible for the unexpectedly large 
refraction angles. 
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Table I. Experimental geometry for photoemission from single 
crystals of Cu. 

Cu[om] 6 CuflllJ 6 

~* a ii vector 
0 = 27.5° 

0 = 45° 

G = 27.5° 

* = 45° 

Detector 
0 = n" 

(along z axi^) 

'i = 54. S" 

$ - 45" 

( ::u[no] 
0 = 62.5° 

* = 45° 

= so" 

« = 45° 

a] All values have been rounded to the nearest n.5°. 
b) Mectron« were taken off normal to the (flf'l I, nil!, and 

flln1 crvstal faces, respectively. 
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FIGURE CAPTIONS 

f ig . 1 Experimental geometn' for angle-resolved photoeraission s tudies 

of Cu s ingle c r y s t a l s . A cy l indr ica l -mir ror analyser modified 

for angle-resolved measurements as described in Chapter II was 

employed. The angular resolu t ion was ^6" in the horizontal 

plane and ±4 3 in the v e r t i c a l plane. 

r i g . 2 Experimental o r i en t a t ion of the x-ray beam, E vector , and detec

t s r e l a t i v e to the fourfold cubic c r y s t a l l i n e axes x,y, and z 

for the f i l l ) and foni) Cu c r y s t a l s . Tile polar fe) and n ; i -

rauthal ft J angles define the o r ien ta t ion of the E vector in the 

co r r J ina t e system x,y, and z. The cr>'sral could be rota ted 

about a v e r t i c a l a x i s . 'Die x-ray bean, T vector , and de tec tor 

pos i t i ons were fixed in the laboratory frame of reference and 

lay in the hor izonta l p lane . 

Pig. 3 Experimental o r i en t a t ion of the x-ray bean, E vec tor , and detec-

t - r r e l a t i v e to the fourfold cubic c r y s t a l l i n e ixes x,y, and z 

for the f l lu) Cu c r y s t a l . The notation is the same as that 

useJ in Fig. 2. 

! :g . •! Photocr.ission energy d i s t r i b u t i o n s obtained from a CufllO) 

s ingle c rys ta l in the photon energv range 32 < hv < 160 e\'. 
r->nly e lec t rons emitted noj-;:.al to the surface uere analyzed. 

: ig. 5 Photocrission energv d i s t r i b u t i o n s obtained from a CufOOIi 

s ing le c rys ta l in the photon energy range 52 <s h. <s 200 cV. 

Only e lec t rons emitted neural t'" the surface were analyzed. 



Photoc-mission energy d i s t r i b u t i o n s obtained fro.- a Cuf111j 

s ingle cr>-stal in the photon energy range ~.2 < h„ c 200 eV. 

Only e lec t rons emitted normal to the surface were- analyzed, 

aj Interband t r a n s i t i o n pictured in the reduced :onc scheme 

assuming the d i rec t t r a n s i t i o n model di--.cus.sed in t e x t , and 

neg lec t IM; the wave-vector of the incident r ad i a t ion . In th i s 

frainev.orl the e l ec t ron ic t r a n s i t i o n is v e r t i c a l . 

hi Interband t r a n s i t i o n pictured in the extended .-.one scheme 

shoeing involvement of a reciprocal l a t t i c e vector , ~<. N'nte 

that the t r a n s i t i o n is now diagonal. 

ijurg'.- hands along high ^\-mnetry :i i iv^:ion fn; a free-elec* r ).\ 

III '.h'- r oppei l . i U i e e i\n. fee i . u t l C C . 

a , i i ' h j project ion of the three-dime:.s :unal h i i l l ou in Zone 

(B: if . ' .ppcr. 

hi Ph'itncuMssion at h = >> eY along trv ;'' ' 'dj d i rec t ion assum-

.r r ..n i:\*ular resolut ion of -'. ' and fret f.iectron final s t a t e s . 

..T.].- ,i ^ : a l ! fraction of zhi f i r s t i-.I a section of a spherical 

sur*";.ce Ci i eive .-"i-i. t r ;r.f toe- iss ior . icl vectors) into the 

c . u a o i due to aois i t i ' r cor.>crvatior,. 

c) Photrenission at h. = 90 cV along the [001j d i r ec t ion . 

d! •'I.otpemis.sion .at :. = _" 0 eV alon.; tile ["('] j d i r ec t i on . 

Note that as h-. is increased di f ferent por t ions of the f i r s t 

PI are sampled. 

http://di--.cus.sed
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Fig. 10 Comparison of a calculation (dashed c u m , for photoemission 
^n the [110] direction at a photon energy of 45 eV and an 
angular resolution of ?S° to the experimentally observed spec-
trur, (solid linej. The calculation was convoluted with a 0.5 
eV FV.HM Gaussiaji function to sinulate experimental resolution. 

Fig. 11 Co-parison of experimental peak positions with Burdick's hand 
structure of Cu [21] for the three directions investigated. 
The inset at the top of each panel shows the propagation direc
tion of the photoelectron in the extended cone scheme. The 
hotton inset establishes a correspondence between photon energy 
an.! the part of the Brillouin Zone sampled; a) Cu|001]; '•>] 
!\;|liri); ci Cullll]. Xote the different scales. 

fi.*. 1J .'turdick's band structure for copper [2]] along the U-X-U 

direction (solid lines). The filled triangles are Heimann's 
1--, experimental peak positions. 

' .,-. !." !•• :,'itive area un.'.er the band-six resonance peak compared to the 
: t; ! Cu valence nund area (as a function of the emission angle 

, r.'.asurud fron, the sanple nonx.1) for hv = 45 c-Y. The a;i-
r.i.ti.al orientation of the crystalline axes defining the detec
tion plane for the data presented in Fig. 14a and 14c were 
equivalent to Fig. 14b and 14J •insets., respectively. The 
a;: .ilar acceptance wa.- .-5° and the energv resolution 0.2 e\'. 



I ^CMA symmetry axis 

Sample (001), (HO),or(i:!) face 

Acceptance 
area of 
analyzer 

XBL 763 2 J 4 3 ^ 

Figure 1 



(a) (001) face 

X-ray beam 

62.7° 
rwr 

[001] 
Detector 

E vector [in] 

(b) (HI) face 

[ i l l ] E vector [QQ]] 

Detector 

XBL 763-2526 
Fipjjre 2 



OioJ 

X-ray Beam i 

62.7 

* , 

E vector 

Detector 
- XBL 7E4-8199 

Figure 3 



61 

Binding energy (eV) 

Fipure 4 



62 

Binding energy (eV) 

f-igure a 
XBL 784-7994 



In tens i ty ( a r b i t r a r y un i t s ) 

CD 

B" 
5" 

iQ 
CD 

CD 

< 



XBL 784-7995 
Figure 



65 

r L w x 
Wavevector 

figure 



66 

lb) lit--32eV h¥-l 

\ 
\ / \ 

\ / G-I004J \ / 
;'• T 

__——q—7~~~~~ - — ' • • \ 

* 
' 1 

J 

Figure 9 
XBL 7611-4576 



67 

w 
c 
a> 

Cu (110) 
h J/=45 eV 

ii\rJ 
( * 

/ . 
\ 
i \ l i A 

I \ 

±1 i 
E F I 2 3 4 5 6 7 

Binding energy (eV) 
XBL 777-1374 

Figure 10 



68 

30 50 10 100 130 IEC 
Correspond-^ photon energy (eV) 

30 55 53 iDO IJT T60 
Corresponding photon energy (eV) 

30 5: 7: 10! :30 '6C 23;-
Corresccnc "c photon erergy .e\.) 

Figure 11 



69 

C O 

XBL 784-7988 

Figure 1-



70 

HO 
1 1 

" Cu (100) ô -
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IV. BREAKDOWN' OF THE DIRECT TRANSITION' MODEL 
A. Introduction 

In the preceding chapter of this thesis it was demonstrated how a 
very sinple nodel of photoemission, the Direct Transition (DTJ model, 
can be used to interpret angle-resolved photoemission CARP) spectra. 
Indeed, us inc. this model and energy-dependent angle-resolved normal 
photoemission the bulk band structure of copper was mapped out along 
three different directions in the Prillouin Zcr.e (RZ); ' to K, f to L, 
and r to \ fsee Fig. 11 in Chapter III). Unfortunately, as with any 
other sinple model, there arc severe problems with this description of 
photoemis-:ion, and the applicarility of the model depends critically on 
.'t .arcfjl chni.'- of experimrnta] parameters. In ; irticular, '*'e shall in 
thi1- chaptir : lentifv and discuss three effects which have a significant 
.;.: La:, •'.• '•'.. :he- resolution in K-space and, ti.crcfoie, a severe impact 

';"T :'.:-; >Tcct we shall consider is that tesulting from the 

f : .;•- :;-•. if.-• nth of a:, electron in a solid (for typical values of 

- .11, • fri i -; ::•:. for electrons in solids see fig. 9 and Ref. 14 in 
";.t tt. :: . -i.'.rtening of the r.ear.-free-path results in an uncert i.nty 
-ir "i roadening" in the value of the component of K perpendicular to the 
•uirfa •( r>: :].>• v.-irple fl); while even in the most surface sensitive 
re.•:'."•.» •'•.; •: •- not lead to :. corr'.ete "ircaj.doun in the DT model, it 
:• . rth 1c-- r-' lies a lessenir.; in the k-resolution obtainable. In 

J;:^I, !V.'' ar..1. IV.P we ..ill .iiscuss two additional esfects, thermal 
.!'..-..-tier an.: u:ui.:-nixing, both of which lead to a complete breakdown >-f 
tin. HI nodel; thermal disorder ..ill -e shown to cause a breakdc i in the 
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I/T model at temperatures high in comparison to the sample Debye tempera
ture, and band-mixing will be shown to result in a breakdown of the 1.1 
modf at high photon energies, i.e., Ai Ka (I486.6 eVJ. 

B. Momentum Broadening 

In contrast to the situation that prevails in ultraviolet photo-

emissicn fh'. < '10 eV), where the mean-free-path (> ) of an electron in 

a solid is typically on the order of tens of angstroms (see Fig. 12 in 

Chapter IIj, the photoelectron mean-free-path in the electron kinetic 

energy .egion around 100 cV is quite short. For electron energies near 

!00 eV, •. hecomes comparable with the interatomic distance between 

layers in a solid (see Fig. 12 in Chapter II), and as a result the 

clastic photocurrcnt emanating irom a sar.iple in this energy range arises 

largely from the outermost 1-3 atomic IJ'.TS of the sample. As dis

cussed by riehclman and Eastman (1] and more recently by Feuerbacher and 

IVillis (Ij such inelastic damping, which restricts the source region of 

the yhotocuTent near the surface, results in an uncertainty or "broad

ening" in ;i.c competent of the final-state momentum normal to the 

surface 'k,}. To estimate the ragnitude of the uncertainty in k for 

the case of copper and the photon energies employed in the studies 

reported in Chapter III, the uncertainty principle flkix = y has been 

invoked; the values for Lx. were those deter- \;ied for the mean free-path 

of an electron in copper a.; a function of the kinetic energy of the 

electron isec Fig. 11. The maximum amount of smearing (broadening) 

calculated in this fashion corresponds to only ca. 10', of the width of 

the first B2, and therefore uoes not lead to a complete breakdown of the 
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DT model; however, this amount of broadening can have a significant 
effect on the photoemission spectrum. To illustrate this, let us con
sider photoemission in the [110] direction from copper. 

Fig. 2a shows the band structure for copper along the r to K direc
tion (3J in the extended zone scheme. Superimposed on the valence band 
structure are the nominally free-electron final-state bands (shifted 
down by the appropriate photon energy) that are sampled at 45 and 140 
cV photon energy, respectively. Assuming no broadening in the final-
state momentum and the UT model described in Chapter III, one would 
expect to observe a peak in the photoemission spectrum wherever the 
final-state hand intersects an initial state band, i <= , one would 
expect peaks at M).7 eV, '-2.8 eV, ^4.0 eV, and M . 7 eV binding energy 
in the pliotoeniission spectrum at both 45 eV and 140 eV photon energy. 
Insptctio:, of the spectra obtained at these photon energies, which are 
shown i.\ Pig. j, shows that for the hv = 45 eV spectrum the expected 
"tru-tur;- L. indeed observed, though the peak at vl.7 eV binding energy 
i'. r«tin..- weak and not clearly resolved. At hv = 140 eV, the expected 
structure for binding energy greater than 2.0 eV is again observed; 
i.'ihever, ti.e intense peak in the s - p band observed at hv = 45 eV is 
not present. 

'."ic reason for tlie absence of this feature in the spectrum at hv = 
;J-' i'. i- readily understood when momentum broadening in the final state 
i- eonsideu-d. Due to the finite path length of the final state, where 
:::it i;tl ly :i discrete set of allowed final states existed, there is now 
a semi-continuum of available final states into whicn an electron can 
be excited; this is shown in Fig. 2b f41. As seen in Fig. 2b, the 
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broadening is fairly small for electron energies near 43 eV (only ca. 

3* of — , where a is the lattice constant of copper J and therefore does 
not have a larj-e effect on the features in the photoerr.ission spectrum; 
however, for faction energies in the range 130-140 eV the broadening 
amounts to almost Kit of the kidth of the ! I, which is sufficient to 
smear out any shar; peak in the s - ..• band due to the steepness of the 
band gh'i't rise fo this feature. Indeed, momenta'; broadening in the 
final state r*oses a ^eriou- nrobleu. in the use of photon energy depen
dent ART' studies to map out the details of the bulk band structure of 
materials, and is an effect ul.ici. must be considered when such studies 
are carried out. 

C. Thermal Disorder 
The temperature and energy dependence of the intensity of elasti-

call> scattered radiation (e.g., x-rays, neutrons,; or electrons) by a 
crystal lattice is governed by the lebye-IValler factor 

f = cxp -{'Si-Li-)2) . (lj 

Here q = IL - k*. is the difference between the incident (initial) and 

scattered (finalJ waveve^tor of the radiation and ̂ r * s the instantane

ous thermal displacement of an atom from its equilibrium lattice posi

tion. Angle-resolved photoemission nav also be viewed as a scattering 
I 

process: in a simple one-electron picture t!' initial state involw a 
photon with wavevector k . and a bound (e.g., valence) electron with 

wavevector R (k". » k , + k* ) , wsiil* the final statfe is characterized 

by the pliotoelectron with wavevector k f. The diffraction law k, - %. = 



, where 0 is a rec iproca l l a t t i c e vector , describing the e l a s t i c scat-

t---ririj; of rad ia t ion by a crys ta l l a t t i c e , a lso describes the d i rec t 

Transit ion requirement in A!!P fsee Chapter I I ! i. It follows therefore 

":.at the u.tensity of a d i r e c t - t r a n s i t i o n peak in ALP should exhibit a 

temperature and energy dependence governed by f. Furthermore, the 

indirect ^piK..'K;.i-assistod^) t r a n s i t i o n channel in photoemission can be 

.•.own to cnrrv-pnnd closely to the thermal diffuse sca t t e r ing process 

.n ---r.'n" d i f f rac t ion '5 ; t h i s correspondence between x-ray d i f f rac t ion 

ai. i .VM' 1̂  i-.'ii.ifested in the pLotoexeitat ion matrix element (6,7") 

' : : >': A-i' r 1 ?:•> - r.'Vf,;i-fi * - -ii.-ii -r";jf . 2} 

. -' '•••a' i'Ti'.-ed assumiii" an i.CAO t ight -b inding i n i t i a l s t a t e and 

: , o -.-.;.••.>• f.iiai -itate wavefunctions. Here, •-. fk r , is an atomic tvpe 
' i f 

lai'.r.' ''.ener •. The importance of the direct (i.e., c| = Gl relative to 

"•• ind.n- ' Iran-, it ion terr' in I.q. (2) depends on both temperature and 

;:.'.' >:i rnciyv. Mthough the photon energy does not enter explicitly in 

J , :* . - rontained i:, Z since with increasing photon energy the 

'.f-"l(\' r»n wrr. erector Oind hence qj increases. 

'.<> !'l i-tnic the influence of temperature on ART spectra let us 

.••'•:• ider angle-resolved normal photoemission from a Cu(llO) single 

..••••ta! :'~: ii = Li eY. At roon temperature the spectrum obtained from 

.. 11''. at i.. = '.̂  e\' is dominated by direct transitions as liscusscd 

.:. .'La; ter ill and Section p. a hove 'see figs. 2a and 5). The spectrum 

:- charactericed by the presence of a very pronounced peak in the s - p 

•M.-.J portion of the spectrum at ra. 0,5 cV binding energy (see Fig. 3), 

t-.i.ich is an extrerelv sensitive indicator of the diivct transition 



'.i.ai.u'-I li'.-.."i!i e ii <<i u'iiiate- only from transit ion:- iu a vor/ v . a . j 

!'•;;-% of the hZ. A- T Jic- t enpeiat jre of the -ur^l*- i- raj-.e! ;:.,r":--; (-

t;iiJ, *o >A'A'A .:.(•'• •;;-. 4j the in tens i ty of '.:.;• p-.-a.- iec/ea.-e ::a:\-]-

t . - . i i , AS,. In .! i / . ,, th'- 'enp'.-rature leper* XTLCV of t.ni peai- . 

^or:i:>areJ .wth t;.at o: * i it- Ltebve-ual ier factor f ... = I ,- , . 7 -! , '•••':.L-;(- the 
n 

ill'!'-.': ;, -ioriot'-' <U\\>-r<-ul caj ulat io; is assicrAm:/ a ::.ea;-. -.<.;;;are ' i .vA'ice-

r;:cnt oi .'. : me- 11 • o,,lr valu'-; t . v uuH value o: ^ ; r A uere t;.ren 

: re jr. ter.pei.itme •: i: : fi <• '-.cat re; m • du*u "J,, iv^aus'- near> M;ur;:-* 

'',L-.\ la. '•:>•;.' • :iorr..'i* f- the ..ii:!,i". are larger f''.r th'- .urface I,'i.'<r 

t h a n t ' . : A'.' ' - i . f ' ] , , photo.-; i •• ir:,t due t o i t - :. . .-:. . : ; r f ace -•.;. . -

t i v i : , . '••;.<•'tc<: *' a ;ret '•'••! wit.', n • i , ,v <r < r v A 'A*,'- A -i -1 f •; 

dct vo,r •• .;. tin1 in tens i ty of tno peak :n the - ; ban : Aetv.eei. ' ''! 

a/ui S« • •" .onpar'-d T<> f r e s u l t - : ror. a temperature dependence of the 
rai 10 of ' r ~, . to ( i s "), , , ; the l a t t e r ouant i tv increase-- with x sur iace x bull 

in^rta* ;:.'/ temperature ( I I ) . 

J:.•[:., *••• it. the d- and por t ion of the ^pectrinti as a function of 

ter; ,-r'.:;;, • are evident a:, well in t v y. - 4. •">* hiv.!. tenperature> the d-

!>aiK'( 'VL' :','.' • a^v-'TL'lric, u i th mo:e in tens i ty at thi. top of the barki.s, 

un t i l *' -''"rL, th< v e r t rum resc:'iMe:> that of polycrys ta l l inc copper 

for hv = 5f' eV (12) [compare Kigs. 4 and 6 ] . For copper, a s ingle 

clcctron-piionon in te rac t ion can change the e lec t ron wavevector Arom 

the '. point to anywhere within the IC with nc nore than a 30 meY ''13) 

change m tiie e lect ron energy, thus allowing rcore of the k s t a t e s in 

the hZ to hn sampled without g rea t ly d is rupt ing t h e i r energy d i s t r i bu 

t i o n . 

It follows therefore that the d i r e c t - t r a n s i t i o n model e s c r i b e s 



':* :31 r.'i\'K. u-t energies on]v if tix- temperature is 1cm 

• ::::•(-• s phonon-a^ i^ ted indirect V.a::- it w:v-. Thermal ne;in-

. ; 1:: • • ents of a tons JII c r . s t a l s approach the i r i imtmi. ; : e ro-

.:•. .-jii 1-^ for temperatures some'^hat S. ]n, the .'Vive temperature 

it'. r : ' i l in quest ion. Thus, a general r a l e for obtaining a 

i: ;:.' :" th-.r^ii r.\mer;nr. • roademni' . - t, col lect ART spectra 

:.:* .:• • vi 1 : ••>/>•. ::.•. -.;: face I'ehve term <. r a t u r e . 

.;. •• t i •:. • , v.'.t-; t h c n v l . i i e - .k - r i-' :aken jnt" 

' • • • • ' . -•>•• \;-<j.\ -.:.' I ('.•:;:-<: or, cr!--'- - • < • : ' i rvi ] - ; ; . ; i v e n a s t h e 

• - •'• , i >-.<•>:::'•:-,•:;)•* d i r e c t - t r a n s ; t ; o n ten ' and an a to^ .c 

• " : .:.. '• c>:.rr; ;>ut ; r!i, f ro- the t\%o terns ;n the photoemission 

.'• ;"..•: : •' the >.-' .'--i'.'.il le r factor 'see \.q. (2) in Section 

-: ' . ' '•'• r '.••.- h- •' i' ' e'.'i anJ room temperature, f is less 

- :> ' "'-.•' i\ ' •: ;is. ;, t.v.-refc,re, the phonon-assisted channel 

.:*.»:• . hence, at ;--rav energies and room temperature, 

. ' : • it .-. ::/. an •;«.-: e>r.iyt.'J photocmission spectrum of a 

•'• * :'. • . i j n f ' . ec t a n i s o t r o p i c ::: the atomic cross-.'-ection 

1.:, *•.••:•• :>re , ; rovide information concerning the o rb i t a l com-

: *:..• i-.iti-.i s ta te- ' ; ^e .-hall d i s c u s t h i s point more fully 

: '.. ;• :!.;« . e c t i : r . . ;.e i l l be concerned with arother e f f ec t , 

r .*;:i: -̂  ,!e' '•:..:•.r^ e "•:" t's^- ar.ttlc-resolved .\-ray photoemission 

y, ;. 'J 'S S spectrum, '..';.;ci. i? equally i n t e r e s t i ng and which 

;nformation on the nature cf tlic final s t a t e s sampled at x-ray 
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* . , ' • - - • • : ; : • \ T •••;••:,•• v - :*" •<.• ' . ' i t i v c f- i . 

•* i. :• * r ." . :. •-:" *;;<• . 'ir ' .vt * rar.> i t -nn model. 

*. • : ; . an: - .•• '̂.,- That no chan"es are observed in 

' . • *•.*• ••'•: .*;:!• : the ex;--, nincntal loi%-

• *• • " . . . : . ; * ' . " ir.i '- arc i den t i ca l , within the 

• * » : . - • • , .*,:. ':.(.- r-"-c-terrperaturc r e s u l t s , and 

.r ..*• . :. .; •rer-.cnt v.jtr. the predicted curves . 

. . ' •. :• . ' , *:.•-• e / j '^ : ' i ' enta'. result-; in Pii;. 9 lead to 

i . ' . * <. .^riviii-icn, alt:.':;:.*;; Mveral experimental parameters 

: v ;:,*<. . . : •-. :\ :jt fro-, the ^r I i ca^e. In p a r t i c u l a r , the Debye-Kaller 

i"t : : ...: L: fcr ?t tnan for \u :>t u o th roo::. and lower temperatures, 

r. add it :-•:;„ --oca ;sc- the l a t t i c e constant is d i f f e r e n t , according to 

•\L <:i"c^t t r a n s i t i o n model a d i f ferent part of the BI would be sampled 
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. . ! ' • : : - : : i?i-m [ i roce^es i. i ] hi. found at x-ra-* energ ies . There 

!'•!-• ' j • • .:; : • ; :. het'-'""i. .ii._;t - re-ol w.! u l t r av io l e t :• , .ot"er : - - 1 ' - : 

a:, i \iv'(I)S, however, in which ^ l r e c : t r ans i t ion;, are re>:orcd a> f is 

increased; c o r r e l a t i o n of tin encr.-e ran..e and the form of th i s tran

s i t i o n Mth tlie complexity of the final s t a t e would help answer one cf 

the renaming uucstion^ about high-energy photoe.-iission fror. c ry s t a l 

l i ne s o l i d s . 
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•• •. ..ire i ;;•.•;•'_•.: r>,rrv.a; "o the ,'llf'i face with an 

. .: .: :• oU: .'•.-, nf -5° . 

".-•-. ra t .ire dependence of the anj le-resolved normal photoemis-

.: •:. - ec t r i r . fro-> a f j ' i r ' i c rys ta l a t hj = 45 eV. Die angu-

. u r- - liition uas -5'" and the energy reso lu t ion was •! 0.2 eV. 
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V. ANGLE-RESOLVED X-RAY PHOTOEMISSION' FROM SINGLE CRYSTALS 

A. Introduction 

The Direct Trans i t ion theory of photoeraission developed in Chapter 

I I I of t h i s t h e s i s has had considerable success in explaining var ia t ions 

in angle-resolved u l t r a v i o l e t photoemission data (hv •( 250 eV) obtained 

from s ingle c r y s t a l s , both as a function 'if the e lect ron emission angle 

(I j and of the incident photon energy (2) , in terms of sampling d i f f e r 

ent port ions of the f i r s t E i i l lou in Zone -TC). As discussed in the 

preceding chapter , however thermal d isorder and the complexity of the 

f jn . i i - s ta t f a t hi;:h energies lead to the expectation that the mode] 

•..•iJ. not describe- angle-resolved x-ray ''::,• > 10t*0 eY) photoemission 

'.Vy.; -I da ta . Indeed at such energies the requirements of momentum and 

•.?ii :'••;.' conservation .should be ea s i l v s a t i s f i e d throughout the f i r s t BZ, 

an,! va r i a t ions . a th angle in the ARXPS spect r in of a s i n . l c c v s t a l 

>i.,„jjd re f l ec t an iso t rop ics hi the atomic cross-sec t ion and should, 

the re fore , provide valuable information ronccrr.mg tiie o r h i t a ] composi-

• or ,'f tin i n i t i a l s ta te . - . In th i s c h a r t e r , an elementarv model wi l l 

!".• (:e.-er,;.'C. Na^ed or. a siriple plane wave f inal s t a t e and a t igh t -

. -adint. i i . i ' i a l s t a t e , i t allows for the in te rp re ta t ion of ARXTS 

spectra in tonus of the syi.raetry proper t ies of the i n i t i a l s t a t e u-ave-

functions. In aud i t ion , ca lcu la t ions using ".his irodcl will be shown 

'.- he in exec 1.er.t agreement with txpe r i - cn ta i r e s u l t s for ARXTS from 

'.:,•• valence hands of copper s ingle c r y s t a l s . 

; xper i ren ta l Detai ls and Results 

Two single c r y s t a l s of copper with. (001) and ;]111 surface 
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orientation, respectii'ely, were prepared as described in Section C of 
Chapter II of this thesis. The crystals were then mounted in a Hewlett-
Packard 5950A ESCA spectrometer where they were further cleaned by 
argon ion bombardment and annealed by heating with an electron gun to 
remove surface damage caused by the bombardment. Cleanliness of the 
surfaces was checked by monitoring the carbon and oxygen Is core lines, 
both of which were undetectable during the course of the measurements. 
Spectra were recorded for electrons propagating along the [001] direc
tion of the CU1) crystal and along the [111] direction of the (001) 
crystal; the detailed experimental geometry is summarized in Fig. 1. 
In both cases the nominal electron take-off angle, measured from the 
sample surface, was 35.5°. The experimental angular resolution was 
+4°, while the energy resolution was constant at 0.8 eV. 

Spectra acquired from the valence band region of copper using A£ 
K-i radiation (hv = 1486.6 eV) are shown in Fig. 2a. The first spectrum 
was obtained previously from an evaporated polycrystalline copper film, 
while the other two spectra were recorded using the single crystal 
samples. It should be mentioned that all the spectra shown in Fig. 2a 
represent raw data, without any smoothing, deconvolut'.on, or background 
subtraction. In Fig. 2b the detailed shapes of the Cu[lll] and Cu[0011 
spectra are compared; it is apparent that a distinct change in the 
spectral shape exists between the two angle-resolved photoenission 
spectra. 

C. Matrix-Element Model 
IVithin the one-electron model of photoemissicn, the photoelectron 
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energy distribution (PED) is given by t.ie following expression (3): 

E, hv) "• jd 3 k 2_Jt £ Jp) | 2 6(k f -N(E, hv) •*. J dJk ^ I t f j I W r S f t f " k " k hv " G ) X 

BZ j , f 

6 [E f (k) - EjOO - hv]6[E(k") - E ^ k ) ] . .(1) 

Here t,. 00 is a transition matrix element between an initial state of 
wavevector k and energy E.(k) and a final state of wavevector k. and 
energy E,.(k). The two Kronecker delta functions represent the require
ments of wavevector (momentum) and energy conservation in the excitation 
process, with that for momentum resulting from a sum over lattice sites. 
k, is the waveveclor of the incident radiation, and G is a reciprocal 
ia*tice vector. 

As discussed in Chapter III of this thesis, at ultraviolet energies 
'..o., hv < 250 eV), the delta function corresponding to momentum con-
-L-rvntion and to a lesser extent that representing energy conservation 
u"̂  responsible for most of the variations observed in angle-resolved 
• Vtoemission spectra both as a function of the propagation direction 
•̂" the electron and the energy of the incident photon beam; the matrix-
element for ;r,ost purposes may be assumed to bo constant. At x-ray 
energies (hv > 1000 eV), however, the situation is quite different, as 
•-.•as briefly discussed in Sections TVC and I\T>. The delta function 
representing momentum conservation i? relatively easilv satisfied for 
-t.ites throughout the first BZ for any arbitrary angle of emission at 
x-ray energies, due to the corplexity of the final-state sampled at 
high energies (s«-e Fig. .0 in Chapter IV) and the finite angular 
resolution of the measurements. (.Another reason for the lack of a 
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strong dependence on the selection rule for momentum at x-ray energies, 

and perhaps equally important, was discussed in Section IVC, namely, 

thermal disorder.) In addition, as discussed by McFeely and co-workers 

(4), due to the large number of final states available at x-ray energies 

(see Fig. 10 in Chapter IV) and the mixing of these states by the 

crystal potential (5), the delta function in Eq. (1) representing 

energy conservation in the excitation process should also be easily 

fulfilled for states throughout the EZ for any arbitrary angle of 

electron emission at high energies. Hence, in contrast to the situa

tion at u.v. energies where the delta functions play such a dominant 

role and serve to restrict the portion of the BZ which can contribute 

to an angle-resolved photoemission spectrum [see Chapter III), at x-ray 

energies the delta functions are rather unimportant; that is, they are 

easily satisfied, and states throughout the entire BZ contribute to an 

ARXTS spectrum. 

With the above result, angle-dependent PED's observed at x-ray 

energies are given by the initial density of states where the various 

bands at each k-point within the first BZ are weighted by an angle-

dependent 'transition matrix-element (4). As was shown in Ref. 4, this 

transition matrix element may convtniently be calculated by writing 

the initial state wavefunction in the tight-binding form (6) and assum

ing a plant-".«'axre final state. Neglecting the s-part of the initial 

state wavefunctions, which only contributes a small and isotropic 

matrix element, the following angle-dependent matrix element is 

obtained: 



Thus, the intensity distribution 

^•^iZfevvv | 2 • (.2) 

of photoeraitted electrons ;nay be dis

cussed in terms of the Fourier transformed d-orbitals d (8 ,<j> ) listed 
U^ q' q 

in Table I, Here q is the wavevector of the photoexcited electron 

inside the crystal and the coefficients S? (k) are obtained from a band-

structure calculation (6-8}. Because the whole BZ is sampled, Eq. (2) 

may be further simplified by grouping the matrix elements of all 

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

ent points are obtained by transforming the d-orbitals under the 

respective point-group operations! (9). In this way it is seen that 

the various cross-terms which occur in Eq. (2) cancel and one obtains 

the following analytical expression for the matrix element (compare 

Appendix A) 

ctf.j.q) •». 2(|6J| 2 + *M + I6 3
3i 2)(di + 4 + 4) 

• 3 ( 3 i ' 2 + i-ii 
Equation (5) demonstrates that the angle dependent matrix element 

is in general a linear combination of the t , and e projections of the 

init ial state tight-binding function: 

^ (k,j) -v [ s j : 2 + si 2

 + [si•'" (4) 

and 



Because in the derivation of Fq. (5) the wavefun 
points in the first BZ iiere transformed into one 

the BZ:, Eq. (3) may be used as a weighting factor for a density of 

states, calculation in 1/48 of the BZ. The angle 
spectrum in the XPS limit is then given by the following expression 

ff\ N(E,q) '•• j d3k^%(k*,j,q; 
1/48 
BZ 

q) iff. - ¥..(k)) 
0 

It should be noted that according to Eq. (3), p'idtoernission along the 

[0011 diiaction {-..e., 6 = 4 
• ' q 'q 

along the [111] direction (i.e., 8 = 34.7° 

dj = d, = 0) represent the two extreme cases corresponding to the e, 

and t-,' projections of the density of states (10) 

100 

C5) 

tions at all equivalent 

irreducible wed-je of 

resolved photoemission 

0° and therefore} d. = d, = d, = 0) and 

45° and therefore 

), respectively. 
[ 

At this point a comment in previous calculations of the XPS 
photoemission spectra of polycryitalline d-band materials by 
Nemoshkalenko and co-workers (11) is in order. 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 part of the discrepancy between the experimental spectra 
and the calculated density of states. In particular they concluded 
thatvthe.electron excitation probability from e states is higher than 
from t,! states. The calculations renorted here,1 which employed the 

"S [ 
same description of initial and final states, is in disagreement 
with their result, since for polycrystalline materials, i.e., 
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angle-integrated matrix elements, the e and t, states contribute 
g. 2g 

equally to the photoemission spectrum. Equations (11 and (2) show that 
for this case the cross section (which is proportional to the transition 
probability) is given by 

a(k,j,q) ^ X ) l B m 0 0 | 2 • V) 
m 

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

sum of the e and t, projections (12). Only in the case of an sIe 

resolved photoemission from an oriented single crystal face can the 

cross sections for photoemission from e and t, states be different. 

Finally, throughout the above discussion it nas been assumed that 

the phototlectron angular distribution is the same inside and outside 

'•!•<:• crytal, i.e., refraction of the photoelectron at the crystal-

vacuum interface has been neglected. This may be justified by noting 

that if the final Bloch state contains the reciprocal lattice vector 

•". :i phoT-electron with wavevector k, + k + G = q is produced inside 

';,v crvstu.. The electron is then transmitted through the surface 

-to a direction p outside the crystal, where |pi is related to the 

'•.-.netic energy E, . of the photoelectron according to 

E^in = h 2 :p| 2/2m . (8) 

'.:' , is th:- angle of incidence between q and the surface normal and 

:.•- the angle of refraction between p and the crystal normal, the 

boundary conditions are p = q and sin£/sinu = !q'/[p1f!3j. The 

ratio 'qj/p: which at XPS energies is essentially unity for free 



e lec t ion fvial s t a t e s may deviate from 1 for Blocb-type final s t a tes 

becau.c . . lates throughout the f i r s t BZ are satipied, causing q to 

devia te from the free electron value. Since at XPS energies '•', " ',: 

the ra t ju i, / t p is s t i l l approximately T : : / , however, a.nd tb-ivfo.'c , 

re f rac t ion at the solid-vacu^mi in ter face may be neglected, except at 

low take-off angles. 

D. Discussion of Results 

Ir : .1;. 2c the r e s u l t s of a theore t i ca l model ca lcula t ion e::i] los

ing hq. it 1 for photoemission from the valence bands of copper ^iry.'le 

c r y s t a l s 11.to the [ ] ] ] ) and [001] d i rec t ions are shown. As discussed 

e a r l i e r ::••• e cases correspond to the t~ and e nroicct ions of The 
-g g ' 

valence bam! density of states. Comparison uf l-'igs. 2b and 2c reveals 

tt'r! .1: [-.•e,,n,:it between '!i< experimental and t heni'-t ii_r. Pi i1' The 

naiti characteristic differences between the experiment a i spec :a taker, 

alone 'h-' two symmetry directions are predicted well try the calculatien. 

It >r.oaid '.'>'• noted that plane wave final state cross section calcula

tions should he ncre reliable for Cu than for the previously investi

gated noble metals Ag and Au (4); this is suggested by the sraailcr 

electron scattering phase shifts for Cu as opposed to Ag and Au C14). 

Mso, the spin-orbit coupling which reduces the e,-t, nvistropv by 

[fixing the wavefunctions is small for Cu; this might explain wliy the 

"xpeilmentai aj.d theoretical differences hetween the two directions 

arc quite pronounced for Cu. It is interesting to note that the 

theoretical model predicts that the largest changes will occur between 

the PED's taken along the [001] and [111] directions; this is in 
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conipleti. agreement with the experimental findings of Baird and co

workers for Au U 5 ) . More evidence for the importance of matrix ele-

::/.':.t effects in x-ray photoemission from d-bancs, as opposed to the 

a.ns-n;,t matrix element model proposed by baird et .;;. fl5), was 

recently presented by Williams and co-workers (161. These authors 

found rood agreement between the experimental angular variation of 

v;-.ience band peak intensities of MoS ? and that predicted by a tight-

t hiding d-initial and plane-wave final state matrix clement model. 

.'lit- prtsi-nt results in conjunction with the results obtained previously 

for A.; and Ail (4J indicate that the model presented above for explain-

inr the angular dependence of photoemission from d-bands may in general 

piovkl. 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 SYI-MF.TRY 

Let 'l>fr) be a t i g h t binding Bloch function 

,jP(r) = N 5 > e '• * (T - R ) fAlJ 

where / . f r - K.) i s a l i n e a r combination of atomic o r i u t a l s (LCAOJ 

xAr) =J^B J(5) * AT) r) fA2i 
v~ 

Let l> be an opera tor , corresponding to one of the operat ions of the 

cubic group, (9) i . e . , an operator which transforms a point k from one 

i r reducib le *one of the f i r s t BZ into an equivalent point in a di f ferent 

i r reduc ib le zone. Thp", the transformation of the corresponding Bloch 

function under P i s given by (9) 

ik"-R 
.. . . P"'rj - .v"V. ' 
k k 

e n,(V-lT-V.n) vJly) = -*fj (P - 1 TTJ = \ ' / . e " y.fP ' r - R ) (A3) 

hhcre 

XjCP"1?) - E s j (E) i fP"1?) 

Thus the transformation of the t i g h t binding function î -1 (?) is accoir-

k 
plished by simply transforming the atomic functions 4 (?) under the 

inverse operation P . Furthermore, * (?) may be separated into a 

radial part R(r) and an angular part d (3 ,6 ). In the case of a 

simple fee lattice the operations of the cubic group only affect the 

angular part, i.e., the d-orbitals d (S ,i ). Thus 
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X jCP _ 1?) = R(r) J 2 B^k) P _ 1d u(9 r )i T) . (A5) 

Knowing how the wave function V (r) transforms under P we can now 
k* 

transform i t s matrix element with a plane-wave given by Eq. (2 ) . Since 

t h i s matrix element i s the Fourier transform of the function 

5J £ J fk) d (6 ,<. ) , we obtain 
;. \i u r r 

| J^&hh P _ 1 d f6 ,< J I" (A6) 
u 

for t'ne transformed matrix element. Hence i t i s only necessary to work 

out the transformations of the five d - o r b i t a l s under the 48 symmetry 

opera t ions of the cubic group. This i s eas i ly done ny wri t ing the 

I transform in to each other ( e . g . , P d-j = -d~) while the e o r b i t a l s 

e i t he r transform in to themselves ( i . e . , P" d, = d. or -d. and P" d- = 

:i-i or into a l i nea r combination of d. and d-, i . e . , 

' ' • i , = - : . d. : /5 /2 d 5 J and P _ 1 d . = t SS/1 d 4 - ', d 5 . The sum of 

;i! I ih c ross - sec t ions given by Fq. (A6), corresponding to the 48 

'. . .nvaient k po in t s in the f i r s t BZ then y ie lds Eq. (6) . 
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Table I . Angular d-Orbi ta ls 

Label Function 

xy 

yz 

d 7 , 
x"-v" 

(15/4T;) ! isln 2esin<,cosp 

(15/4iO' J sin3cos6sin<p 

(15/4-) ' 2 sinScosBcos* 

U 2 klli/Ar) • sin Scos2c 

L2g 

d , ., 
S z ' - r ' 

( 1 5 / 4 T ) 'Ocos-O - 1) 
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FIGURE CAPTIONS 

Fig. 1 Experimental geometry for angle resolved 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 photoeirission spectra from valence bands of 
Cu using AlKa radiation. The first spectrum was obtained with 
a polycrystalline (evaporated) Cu sample. The second spectrum 
was measured --.long the [111] direction, and the third spectrum 
along the [001] direction of a single crystal. 

(b) Comparison of the Cuflll] and Cu[001] spectra of Fig. la. 

(c) Calculated t, and e 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 FKHM =0.8 eV. 
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