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ABSTR‘;ACI‘

The application of Angle-Resolveé:l 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 (BT) model and the w.ilization of energy-dependent angle-
resolved normal photoemission in the photon energy range 32 eV < hv <
200 eV, the bulk band structure of copper is experimentally mapped out
aiong three different directions in the Brillouin Zone; " to K, I to L,
and I to X. In addition, various effects which influence the obtzinable
resolution in i-space, namely, thermal disorder, momentum broadening,
and band mixing, are discussed and are shown to place severe limitations
on the anplicability of the DT model. Finally, a model for Angle-Resolved
X-ray Photoelectron Spectroscopy (ARYTS) based on the symmetry of the
initial-state wavefunctions is presented and compared to experimental

results ,obtained from copper single crystals.



I. INTRODUCTION .
¥nowledge of the electronic structure of materials is of fundamental

importance if a detailed understanding‘of their chemical and physical

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 !thesis will deal with the
application of Angle-Resolved Photoelectron 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 sumarized 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.
Cutside the solid, the electrons are then characterized in terms of
their kinetic energy and the propagation angles & and ¢. In this way
information on both the electron's energy, and its k-vector (the latter
being related to the propagation direction) is obtained.

The apparatuses used t- 1 rform these experiments will be described
in Chapter II. Briefly, four arcas of experimental detail may be noted.
First, the detection of the photoemitted electron requires h.gh vacuum,
and sample cleanliness further necessitates ultra-high vacuum conditions;

the latter are achievad by use of a stainless steel bakeable bell jar



I8

i
\
i

and suitable vacuum pumps. The excitation éource, 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 by momentum analysis, i.e.,
using time-of-flight or magnetic mass spectrometric techniques, or more
directly by electrostatic energy analysis. Finallv, 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 IIT experimental results obtained for photoemission from
the valence bands of the three low-hﬁller-index.crystal faces of copper
as a function of the incident photon energy (32 eV < hy < 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 wavevec:or 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
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usually either neglected entirely_or t%eated in some ad hoc phenomenolo-
gical way. Within such a framework, i% will be shown how the experi-
mental results may be understood by th% construction of a "Direct
Transition" (DT) model.

The fourth Chapter of this thesis%will deal with three effects
which influence the resolution in ?-spéce and therefore have a severe
impact on the simple model developed iﬁ Chapter III. The first effect
we shall discuss is that fésulting 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 (3)}; while this does not lead to a
complete breakdown of the DT model, it nevertheless implies a lessening
of the K-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., At Kx (1486.6 e\"), mixing of the bands in
the 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
X-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 planewave fiial state and a tight-binding
initial state, an analytical expression will be derived which demon-

strates that, in general, an dangle-resolved x-rav 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 tZg and eg projections

of the initial density of states.
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1I.  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 éxperiments reported in this thesis
have been performed on two different instruments. An HP 5950A ESCA
spectrometer, modified for ultra-high vacuum capabilities, was employed
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 AL Ka x-rays (hv =
1486.6 eV) and a dispersion compensation scheme to achieve monochromati-
zation. It is pumped by a combination of three noble ion pumps (30
t/sec, 110 2/sec, and 220 %/sec) and a 350 g&/sec titanium sublimation
pump, and is capable of achieving and maintaining a base pressure of
S x 10_11 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



stainless steel bell jar with a variety of ports on it to allow for the
installation of the electron ener;;y analvzer, the sample manipulator,
the ion purp, and other fixtures. It is pumped by a combination of a
706 %/sec titanium sublimation pump (TSP) and a 220 %/sec noble iun
pump, and is capable of obtaining a base pressure of 3.0 x ]0~11 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 £/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
severa. times and all the filaments in the system are turned on to
expel residual adsorbed gases. The system is then sealed off onto its
own pumps and allowed to bake for another day. Finally, the system is
allowed to cool (pumps first), with the TSP ope(rating at a duty cvcle
of ~.155%.

The electron energy analyzer, the second major component of our
svstem, is ¢ double-pass cylindrical mirror analyzer (QMA) with a
hemispherical retarding grid (Physical Electronics Model PHI 15-255G).
This 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
with the double-pass QMA. In this way, the energy resolution (LE. is
significantly enhanced and constant throughout the spectrum; the energy
resolution in this mode of operation is determined by the pass energy

(Ep) emploved and is given by the relation AE = .016 x Ep. Because the
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signal levels are usually very low wren performing high resolution
energy analysis, the preferred deiection 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
iz placed between the two MA'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 Ey- 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 ~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. 5. The modified analyzer has an angular acceptance of
approximately :5°; the angular acceptance in the horizontal plane, 26°,
is defined by the inherent acceptance of .i.c PHI (6), 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 oﬁ purely geometrical greunds. As an
added bonus, however, it was found that the aperture improves the energy
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 GMA is first
amplified by an electron multiplier {Galiieo spiraltron electron multi-
plier Model #4719); the resulting cascade (gain w107) 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 préamp/discriminator; the
latter is composed of three main components and is shown in Fig. 8 in
block form. {The 120-ochm cable used to interconnect the Faraday cup
and the decoupling box should be kept as short as possible. The per-
formanice 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 ‘Hz)
and therefcre eliminates all 60-cycle noise. Then, if the signal
exceeds a certain discriminator level (which is adjusted to be above
dark noise), it is ''shapecd™ into a standard counting pulse (width and

amplitude) by a voltage comparator, and is further amplified by a line
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diiver. The resulting five volt pulse can then be fed into a frequency
counter or dirertly into the memo;y 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-handiing sys em is a digital addres-
ser which was designed and built at LBL by Mr. Joseph Katz. The umnit
provides: 1) a digital voltage ramp with eight different step sizes
(17.4 mV/step fo 2.22 V/step, in wmultiples 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 chamnels 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 Fheton Source

A mumber of electron storage rings that can provide synchrotron
radiation for photoemission studies are now available or under construc-
t.on throughout the world (7). Among these, a smaller group of inter-
mediate- and high-energy machines affords the possibility of bridging
the entire gap between ultraviolet and x-rav 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., alf the way up to x-ray energies. The
vwork reported in Chapters III and I\ 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 £/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
surfaces. Fig. 9 shows the transmission of the grasshopper monochromator
measured as the photocurrent of an A1203 photodiode (10) as a function
of photon energy. To obtain the absolute flux oul <f the monochromator,
the curve shown in Fig. 9 must be corrected by the photoyield of A1,04
which, unfortunately, is known only for hv € 160 eV (11). Fig. 10 shows
the quantum efficiency of our detector in the range 10 eV < hv < 160 eV
(11). Since the quantum efficiency varies by less than 220% between 40

N

ané 160 eV, Fig. 9 should describe the energy variation of the photon
flux fairly accurately. Table 1 lists the photon fiux (photons sec”!
ms Tmrag ™) emerging from the monochromator in the energy range 32-290
eV (7), calculated from the cathode current of the photodiode utilizing
the .«'\]:,O3 quantum efficiency values (also in Table I).

In order to compare the photon flux emitted by the storage ring
SPiAR to that emerging from the monochromator, the resolution of the
rionochromator must be considered. The monochromator bandwidth AF (in
eVy is theoretically given by the relation (13)

- el
Ees o100 1))
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where E is the photon energy in eV. Values for AE in the range 32-290
eV are listed in Table I. Integra.ting the respective AE/E values to
yield a 10% bandwidth (AE/E = 0.1) we obtain the photon flux values
listed in the last column of Table I. These values can now be directly
compared to the flux emitted %y SPEAR which is shown in Fig. 11 as a
function of beam energy. During the course of our experiments SPEAR
operated at 3.3 GeV producing a photon flux of 2-5 x 1012 photons se,c‘1
mrad lma™1 (104 bandwidth)':l (see Fig. 11) in the energy range 30-300
‘;:\’. Thus, for. maxaunum 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 hammonics 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),

vhich 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 solids; 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 such
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 which 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 reperted 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. 600, 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 (v5 x 1075 torr of
oxygen and sample temperatures of ca. 800° C) to remove residual carbon
contamination. The resulting oxide layer formed by this treatment
céuld 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.
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Table 1. Dhoton Flux and Encrgy Resolution for SSRP 4° Line Pomochromator -

e
Photon energy Quantun efficiency _mtonsc (107 mg:;:}ui?:rlktjl:or photons® . 9
(eV) of detector sec-mA-mad ) AE (eV) sec-ATrad- 108 bandwidss (107
32 0.112" 0.5 0.008 2.0
50 0.070% 1.6 0.02 3.9
70 a.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 n.14 7.3
150 0.060% 9.0 0.18 7.5
170 0.0 . 8.6 0.23 6.3
190 0.05° 6.4 0.29 4.2
210 0.0 5.7 0.35 3.4
230 0.05% 4.9 0.42 2.6
250 0.0 4.4 0.50 2.2 o
270 0.08° © 3.5 oE TTTTe
200 0.05° 0.8 0.70 0.3

See reference 11.

In lack of measured values for the quantum efficiency above 155 eV a constant value of 0.05 has heen assumed.
Sec reference 12. .
Calculited according to Equation (1).

5T



Table, II. Etching Agents

Elements ) Etching Agent Period of Etch
Cu . HNOsa v 30 sec.
Au Cold aqua regia ~ 30 min.
Pt Hot aqua regia ~ 30 min,

a) A solution composed of equal parts by volume of NH40H; HZO;
HZOZ(S%) has recently been fourI:‘. to yield smoother surfaces

for copper than H.'\‘OS.

18
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FIGURE CAPTIONS

1) Cryopmnds;
[
2) Externali 500 &/sec noble ion pump;

20

of the portable photoemission chamber.

3) Cylindri:éi mirror analyzer (Physical Electronics Model PHT

|
15-255G);

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

5} 220 2/se¢ noble ion pump;

6) 700 l/se(% titanium sublimation pump.

Close-up view of a sample in position for photoemission

Block diagram for operation of the QMA in retarding (constant

resolution) nbde.

Block diagram: for operation of the (MA in derivative (Auger)

The geometrical arrangement of the slit aperture (shield) on
| :

. the CMA. 'I‘hei'modified analyzer has an angular resolution of

;ca. £5°, The} shield is held in position on the inner mu-metal

'shield by two ’ clamps.
' |

‘a) Experimental spectra obtained as a fu.\Jl;ction of the analyzer

lpass energy (l\f.p) of the spin-orbit split t}“d-doublet in indium,

‘without the slit aperture on the CMA.

b} Experimenthl spectra obtained as a function of the analyzer

pass energy of the In 4d-doublet, with the

slit aperture in

position. The energy of the incident radiation was 70 eV.




Fig. 7

Fig. 8
Fig. 9

Fig. 10

Fig. 11

Fig. 12

Block diagram of the portable spectrometer's detection and
data handling systems for operation in the pulse-counting mode.
Block diagram of the preamp/discriminator circuit.
Transmission function of the monochromator located on the 4°
port on Beam Line 1 at SSRL measured as the photocurrent from
an NBS-All.203 photodiode. To obtain the absolute flux out of
the monochromator, the curve must be corrected by the quantum
efficiency of A2203 in this photon energy range.

Quantum efficiency of A2203 in the photon energy range 10-160
eV (cf. Ref. 11).

Spectral distribution of synchrotron radiatiun emitted from
the storage ring SPEAR as a function of the electron beam
energy. -

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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I11. 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 = 1002 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, thc 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 magrix 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) js, 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
eiectron storage ring SPEAR. In section B, we shall discuss angle-
resolved normal-phoéoemission 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 g, the wavevector of
the electron inside the crystal, and ﬁ, 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.

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

refraction angles.

X. Normal 'mission
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 for ARP
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studies as discussed in Chapter II. The electric field vector, E, of
the incident radiation lay in the plane defined by the photon beam and
the propagation diréction 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], [010}, and [001] have been chosen as the frame of reference
(x,y,2)}, and the orientation of the E vector and the detector is
described in terms of the polar (8) and azimuthal (4) angles; this is
summarized in Table I. The position of the x-ray beam and the detector
were fixed velative to each other with the x-ray Poynting vector, E
vector, and the detector acceptance axis lying in the horizontal nlane.
The Cu crystals were prepared and cleaned as described in Chapter 11.
The energy resclution of the electron energy analyzer was less than 0.2
eV, and the monochromator resolution varied from 0.01 € (hv = 32 eV)

to 0,50 eV {hw = 250 eV).

B.2 Experimental Results

Cu(110)

Valence sand spectra obtained in normal emission.from Cu(110), as
a function of the incident photon energy, are shown in Fig. 4. The
most striking featurc in these spectra is the intense peak in the ''s -
p* band region between the Fermi energy (Ep) and ca. 2 eV binding energy
(EB), which appears for 43 eV < hv € 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 EB = (.4 eV at hv = 43 to EB =

1.7 eV at hv = 52 eV. The s - p" band intensity vanisles in the energy
range 70 eV < hv € iZO eV and shows another maximua near hv = 140 cV;

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 €V full-width-
half-maximum (FWHM) at low photon energies to ~1.5 eV FWHM in the range
70 eV < hv < 120 eV, then broadens to ~2.5 eV FWHM at the highest photon
energies utilized.

Cu(001)

Experimental PED's observed in noymal photosmission from the
valence band of Cu(001), as a function of the excitation energy, are
shown in Fig. 3. The most interesting changes in these spectra occur
in the photon energy range 70 to 160 eV. At hv = 70 e\, a new peak, at
cu. 5 eV Fg, anppears in the Cu spectrum; this peak grows in intensity
and shifts in binding energy by ~0.3 eV as the photon energy is raised
to 11 ¢V, and then diminishcs in intensity as the photon energy is
increased further, until it vanishes at hv = 160 e\'. The "s - p" band
reache. maximunm intensity in this photon cnergy regioﬁ as well; it is
very weak at iow photon energies, showing maximum intensity at hv ~
S0 eV, and then decreasing in strength again at higher photon energies.

Cu'lll

Fig. € shows the valence band spectra acquired in normal emission
from Cu{ill) 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 ca. 5 ¢V binding energy shows
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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 maximm intensity in this energy range as well.
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 from @ so0lid have been
treated by o number of authors {9-13j, and several excellent review
papers exist (1,4,14), Briefly, in the independent-particle approxima-
tion adoptcd here, the photocurrent emanating froma sample, as a result

of the interaction with light of frequency v, is given by:

VT h) w fa3ki2{5<¢f(?);i-5|:i(?)>"Zx(§f-ii-ihv-a) X
B i,

XE Ry - BB - ) B ERD) L ()

Here ¢1(?) and ¢f(?) are electron wavefunctions of an initial state of
wavevector Ki and energy E; and a final state of wavevector Kf and
energy Ef, 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

hv
interest here, namely 32 to 250 eV, is very small (kh" < 0.07 in wmits
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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 (see Fig. 7), and hence this picture of
photoemission is referred to as the Direct Transition Model.

In order to evaluate Eq. (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 (15), the description of the final state repx:esents 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),

k)= mdamik + 67 v 8, (2)
where X 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 corposed 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

0c(@) = 5 ag expli(k + §)-7] ©)
g
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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). 1If 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, most emission should occur in the associ-
ated directivn (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
plene wave component dominates the {inal 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 overldr integral between the initial state and these other compo-
nents cail be <ubstantial., We shall, therefore, confine our attention
to peak positions and shall make only general remarks concerning peak
intensities. )

With the above description of the final state, the constraints of
cnergy 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 (E must point toward the



detector) severely limit the amoumt of the BZ (to a section of a
spherical surface) yh1ch can contribute to the nhotoenission spectrum,
As the photon energy is changed the area in the first BIZ 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 Ff has been re-
stricted to iust those ff-values which can be observed and where
constant matrix elements are assuwned, have been performed bv Wagner,
et al. (18) for emission in the [001] and [111] directions and by
Wehner 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 fumctions of photon energy. The
positions and overall widths of most of the peaks were reproduced well
in the calculations, indicating that the assumstion of constant matrix
clements, at least for Cu, is a reasonatle anproximation at these low
photon cnergies. (Janak, et al., Ref. 20, arrived at the same conclu-
sion, 1.e., that the transition matrix elements for Cu can be assumed
to be constant, in calculations of pelvcrvstalline Cu photoemission
spectra in the energy range 8 e\" € hv € 26 ¢V.) An example of the tvpe
of acrecment obtained is shown in Fig. 10, where the results of a calcu-
tation for photoemission in the [110] direction at a photon energy of
45 €V 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



by the calculations.

A more instructive way of viewing the results, however, is shown
in Fig. 11. Here the experimental peak positions ECX(}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 EF’ the final state energy Ef = ECX(K) + hy
was calculated, The magnitude of the final state wavevector was then
determined from the free-electron dispersion relationship ! E] =
flmii{/hzjl", where the zcro of the {ree-electron scale was taken to be
the bottom ot the free-electron-like bands in Burdick's band structurc.
The relation § = F + G then yields ¥ in the first BZ. llere we have made
use of the fact that for nomal erission the rropagation direction of
the electrm wside the crystal 1s the same as that outside the solid,
t.e., there 1s no surface refraction of the electron. The correspond-
ny values ot ;;“‘\(}'\') are rlotted as bars in the figure. The horizontal
sca.e at the b rton of cach panel establishes a correspondence between
the pheten energy enpleved and the part of the BZ sampled, assuming an
initial state 7 3.5 eV friddle of the d-band).

Comparistn o the experimental peak positions with Burdick's band
structure in Fig. 11 reveals generally good agreement. In particular,
the pronouaced s - p' band resonance for photoemission in the [110]
direction at hv = 45 eV is fully explained in terms of bulk transitions
arising from a well-defined part of the BI [points near k= Zf:- (-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 Ep is an s - p band observed,
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e.g., for photoemission in the [111] direztion at hv = 70 eV, states
near L are sampled (see Fig. 6 and 1ic). Finally, the variation in the
width 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. 1lla. 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 T in the second zone through X to I' in the third zone
(Fig. 11a). The deviations in Fig. lla between the experimental peak
positions and the theoretical band structure are due almost entirely to
the finite K-resolution. Calculated PED's, where the finite angular
resolution of the measurements is included (18), do not show such large
Jdiscrepancics between calculated and observed peak positions.

At this point a comment on a recent paper by Heimann, Neddermever,
ant Rolaff (22) is in order. These authors have reported angle-resolved
nommil photoemission spectra from Cu(110) at Ne I (16.88 eV) and He 1
721.2 eV} energies, and have explained their results in terms of a one-
Jdimensional density-of-states along the ©-K-X direction. The appareni
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

puczling in light of the preceding discussion, where direct tramsitions,



44

i.e., i-conserving transitions, from bulk bands were found to account
for all the observed structure in the PES spectra obta;ned from Cu(110)
in the energy range 32 eV < hv < 160 €V, The proposed explanation is
even nore perplexing when the mean-free-path (i) of a 20 eV electron in
copper (X n12A, Ref. 23) is considered; approximately ten atomic layers
contribute to the PES spectra obtained from a Cu(1iC) crystal at the
photon energies employed by Heimann, 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 Heimann 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
al. with Burdick's band structure of copper is shown. Because the final
states at 16.88 eV and 21.2 eV lie almost symmetrically arownd X and
the bands are flat in this area, the same peak positions are predicted.
In the figure the same labels as nused in Ref, 22 for the data points
arc emploved. 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
Heimann, et al. In particular, no shift in Burdick's bands is needed
in order to match experimental and -heoretically-predicted peak posi-
tions, while 2 C.3 eV shift lad to be assumed by Heimann and co-workers.

Other discrepancies between the theorrtical ODDS calculations of Ref.
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22 and experirient lie in the prediction of a shoulder on peak a and
especially of the width of peak d. Experimentally, ané according to
Fig. 12, peak d is confined to EB < 2,5 &V, while the ODDS predicts
that it extends to E; +3.0 eV, merging into another peak (c) at Ep =
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 “-points where the bands are flat (e.g., kx = ky = -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 I-K-X
direction are allowed, while in the model described above an additional
condition has to be satisfied, namely, that a =‘i + B poin“: into the
analyzer. The fact that the calculations performed using this latter
rmodel agree with experiment thus indicates that the final state Bloch-
functions in Cu consists of one strong plane wave component (i.e., one
(-vector dominates) at these low energies.

To close this subsection a brief comment 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 (see 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)
cnergies, we can estimate that the photoemission cross section of 4s
cle trons is almost an order of magnitude smaller than that for 3d

electrons in the photon energy range utilized here. Tt follows
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thei‘efore, that oflly bands which have a signi%icant admixture of d-
character will gi\‘re rise to peaks in the photc%emission spectrum. Hence,
theiband describeci above, which a tight-binding calculation (19) shows
to be predom.mantly "s™ in character, is not expected to be observed
and in fact is not Conversely, all the peaks| observed do indeed cor-

i

l
respond to bands havmg substantial d- characte“r

C. i\lon-Nomal Emi“ssion
“;For non-normai emission the relation betwe‘en a and Emust be con-
s‘uyred explicitly, as due to the presence of a potentlal at the surface,

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):

ng -+ ‘\

Pp=a s : ;

02w o 1= 6Y2mlp, 12 e ‘\ @
Here 151 and q, are the components of 3 and § per!pendicular to the sur-
face, Mhilé 'p’" and 5'1 are the parallel conponentL. V, denotes the inner
potent“‘ial, the energy difference between the zer“o of energy in the crys-
tal and the vacuum level (13.8 eV" for Cu). The éffective mass of the
electron inside the crystal is represented by m*‘ vhereas the mass of
‘the electron outside the crystal is given by m (the free-electron value),
’1v1ng these equations for g, the angle between ‘the emerging electron's
prOpagatmn direction and the surface nommal fi, 1\"e obtain:

] J arcsin {(m*(E + Vo )/mE)ismF‘ ), (5)
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where 68' is the angle between the photoelectron’s propagation direction
and fi 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 m* = 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
{110} directions fall at 45° and 35° away from the normal, Trespec-
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 B
being sampled. This peak (which shall hereafter be referred to as the

6th valence

band-six resonance) arises only through transitions from the
band, which goes steeply through Ep between T and K as shown in Fig.
11b.

In Fig. 13 the results of this study are presented. Here the rela-
tive a-ce under the band-six resonance is plotted as a function of the
enission angle (2), mcasured from the sample normal. Results obtained
from (110) crvstals, Figs. 13b and 13d, show that the maximum in inten-
<ityv of the band-six peak occurs for normal emission, i.e., along the
1110} direction. The difference in the detailed shapes of the two
curves arises from the fact that the azimuthal orientation of the two
crvatals relative to the E vector of the incident radiation differs by
90" (scc insets in figure and Ref., 28). 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 V15° and ~12° 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 (8 - ©') of 10° and 7° for emission in
the [110] direction from (001) and (111) single crystals (here m* = n
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 imner potential used in the
calculations may have been wrong. If the assumption that m* = m is
madc and the measured values of 2 are used to determine V. from Eq.
{5), one finds that V, would have to be on the order of 18-20 volts to
account for the large refraction angles. This is wunrealistic, however,
because the inner potential for excited electrons should be less 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(z) = 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 Toughly account for the image charge induced in the metal



49

(31, 32) by the ejected electron. The calculated refraction angles as
a function of a and ¢ 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, is fixed at 13.8 eV for copper
(which is certainly an upper limit for hot eiectrons), two possible
reasons remain for the unexpectedly large refrartion angles. Since
thz/Zm is effectively a measured quantity, and V, 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 vields & = 45.5° and
61.7° for the (111) and (001) faces, respectively, That m* may a:sume
a value other than m for the final state photoelectron is plausible,
since the nominally observed final state for a = %}(-D.S,-O.S,O) and
G= %;(2,2,0) is degenerate with another band of the same symmetry
arising from G = %;{0,0,2). The perturbation should be small (the two
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 differem
from the free-electron value. Furthermore, Moruzzi and co-workers (33)
find that a value of m* = 1,08m for hot electrons ~20 €V above EF allows
a good {it of their calculated Cu band structure to photoemissior data.
It thus seems plausible that an increased effective mass is responsible
for the large refraction angles.

Finally, the other possihle cause for large refraction angles is
surface roughness. In these experiments it was 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 8. In fact the effects on 6
for all the geometries studied in the present work arc expected to be
model-dependent and quite small for plausible models (34). 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 € 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 that
the refraction angle is somewhat larger than that expected 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 clectron is responsible for the unexpectedly large

refraction angles.
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Table 1. Experimental geometry for nhotoemission from single
crystals of Cu.

cufoo1}? cuf111)® Cu[110)
" a 5= 27.5° G = 27.5° o= 62.5°
E vector
¢ = 45° ¢ = 45° o = 45°
a o= 0° ry = 54.5° o= gne
Detector
falong z axis) ¢ = 45° ¢ = 45°

al All values have heen rounded to the nearest 0.5°.

b) flectrons were taken of‘f~nonnul to the (061}, (1111, and
{110} crvstal faces, resnectivelv,
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FIGURE CAPTIONS
Experimental geometry for angle-resolved photoemission studics
of Cu single crystals. A\ cylindrical-mirror analy:zer modified
for angle-resolved measurements as described in Chapter [I was
employed. The angular resolution was :6° in the horizontal
plane and :4° in the vertical plane..
Experimental orientation of the x-rav heam, [ vector, and detec-
t.r relative to the fcurfold cubic cryvstalline axes x,y, and z
for the (111) and (N01) Cu crvstals. The polar (_€‘) and aci-
ruthal (<) angles define the orientation of the T vector in the
cocrdinate system x,v, and z. The crystal could be rotated
about a vertical axis. The x-ray bean, T vector, and detector
positions were fixed in the laborator: frame of reference and
lav in the horizontal plane.
Experimental orientation of the x-rav bean, E vector, and detec-
t~r relative to the fourfold cubic crystalline ixes x,y, and z
for the (110) Cu crystal. The notation is the same as that
used in Fig. 2.
Phntoerission encrzy distributions obtained from a Cu(110)
single crystal in the photon energv ranpge 32 € hu < 160 eV,
mnlv electrons emitted norial to the surface were analyzed.
Photoer.ission eneryv Jdistrihutijons obtained from a Cu(001i
single crystal in the photon encrgy range 32 < hy < 200 oV,

Ml clectrons emittcd normal t~ the surface were analvied.



Fig, 6

Fig.

Photocmission encrgy distributions obtained from a Cu{lllj
single cryvstal in the photon energy ranoe 52 ¢ h, « 200 &V,
miy clectrons ermitted normal to the ~urface were wnalyzed,
a) Interband transition pictured in the rcduced zone scheme
assuming the direct transition model discussed in text, and
nepicecting the wavevector of the incident radiatinn.  In this
{ramevork the electronic transition is vertical,

by Interband transition pictured in the extended zone schere
shewing anvolvement of a reciprocal lattice vector, o Note
that the transition 1s now Jiaconal.

tacrgy bands along high svimetry dnvection. S0 o Tree-clecero,
tr the vopper Jallice {an foo latttce

i 01y projection of the three-dimensional iillouin Zone

£ enper.

by Phatocemission st b = 31 ¢\ aleng thy 11} dircction assum-

and frec ejectron {inal states,

rrown oarcular resolution of
(uly o ~all fraction of the first BI a scction of a spherical
surfuoe chogive rioo te phetocaission (G vectors) into the
cotectot due to moment's conservation.

¢} Photeemission at h. = 9C ¢V along the [001} direction.

¢ thotoemission at L o= 270 eV oalong: the [o0]} direction.
Note that as hy i ancreased different portions of the first

BI arce sampled.
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Fig. 16
Fig., 11
Figse 12

Comparison of a calculation (dashed curve, for photoemission
in the [110] direction at a photon energy of 45 eV and an
angular resolution of z5° to the experimentally observed spec-
trun (solid linej. The calculation was convoluted with a 0,5
eV FWHJ Gaussian function to simulate experimental resolution.

Comparison of experimental peak positions with Burdick's band

structure of Cu {21]) for the threc directions investigated.

The 1nset at the top of each punel shows the propagation direc-

tion of the photoelectron in the extended zonc scheme. The

bottom inset establishes a correspondence between photon energy

ant the part of the Brillouin Zone swipled; aj Cu[0017; %)

Callln); ¢ Cu[lll]. Note the Jilferent :scales,

nrdich's band structure for copper [21] along the U-X-U

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

folative ares under the band-six resonance peak compared to the

¢ til Cu valence pang area {as a function of the emission angle
, reasured from the sample normal) for v = 45 eV, The azi-

nthal orientation of the crvstalline axes defining the detec-

tion plane for the data presented in Fig. 14a and 14c were

cenivalent to Fig. 13k and 13d .1insets., respectively, The

4

anoylar acceptance was s3¢ and the energy resolution 0.2 el
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(a) Top view
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TV,  BREAKDOWN OF THE DIRECT TRANSITION MODEL
A, Introduction

In the preceding chapter of this thesis it was demonstrated how a
very simple riodel of photoemission, the Direct Transition (DT) model,
can be used to interpret angle-resolved photoemission (ARP) spectra.
Indeed, using this model and encrgv-dependent angle-resolved normal
photoemission the bulk band structure of copper was mapped out along
three different directions in the Brillouin Zcne (BZ); 7 to K, T to L,
and T to X (sce Fig, 11 in Chapter IFT). Unfortunately, as with any
other sirple model, there are severe problems with this description of
rhotoemission, and the applicatility of the model depends critically on
a carcful chni. of experimental parameters. In :articular, we shall in
thic chapter tlentifv and discuss three effects which have a significant

srlacnce on the resolution in K-space and, tlercfuie, a severe impact

onothe T el
The Crer oeflect we shall consider is that resulting from the
Tt nedree-rath of an electrorn in a solid (for typical values of
o anfro for electrons in s0lids see Fig. 9 and Ref. 14 in
“ix teo Do chartening of the mean-free-path results in an uncert inty

or "rroadening” i the value of the component of k perpendicular to the
wurface of thee sarple (13; while even in the most surface sensitive
iens thy G - not lead to n complete dreaidown in the DT model, it
o .rth levs i lies a lessenin: in the k-vesolution obtaimable. In

V.0 we «i1l liscuss twe additional etfects, thermal

aiserler anl band-nmixing, both of which lead to a complete brealdown .f

=~¢ shown to causc a breakdc 1 in the

the U7 model; thermal disorder .
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DT 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 LT

mode at high photon energies, i.e., Ai Ku (1486.6 eV},

B. ‘“omentum Broadening

In contrast to the situation that prevails in ultraviolet photo-
emissica fhy « 40 eV}, wherc the mean-frec-path (»c) of an electron in
a solid is typically on the order of tens cf angstroms (sec Fig. 12 in
Chapter I1;, the photoclectron mean-free-path in the electron kinetic
energy .cgion around 100 oV is quite short. For clectron energies near
100 eV, ‘e hecomes comparahle with the interatomic distance between
layers in a solid (see Fig. 12 in Chapter I1), and as a result the
clastic photocurrent emanating {rom a sample in this energy range arises
largely from the outermost 1-3 atomic lar:rs of the sample. As dis-
cussed by 7iebelman and Eastman (I) and more recently » Feuerbacher and
Willis (1, such inelastic damping, which restricts the source region of
the vhotecurrent near the surface, results in an uncertaintv or "broad-
ening” in tic comporent of the final-state momentum normal to the
surtace 'kl). To estimate the magnitude of the uncertainty in kl for
the case of coprer and the photon energies emploved in the studies
reported in Chapter TI1I, the uncertainty principle (tkix = %) has been
invoked; the values for Lx were those deterr “ued for the mean free-path
of an electron in copper as a fimction of the kinctic energy of the
electron isec Fig. 1}, The maximum amount »f smearing (broadening)
calculated in this fashion corresponds to only ca. 10% of the width of

the first BZ, and therefore does not lead to a complete breakdown of the



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 T to K direc-
tion (3) in the extended zone scheme. Superimposed on the valence band
structure are the nominally free-electron final-state bands (shifted
down hy the appropriate photon energy) that are sampled at 45 and 140
o\’ photon energy, respectively. Assuming no broaaening in the final-
state momentum and the DT model described in Chapter III, one would
cxpect to observe a peak in the photoemission spectrum wherever the
final-state hand intersects an initial state band, i ¢ , one would
cxpect peaks at 0.7 eV, ~2,8 eV, 4.0 eV, and ~4.7 ¢V binding energy
in the phliotoemission spectrum at both 45 eV and 140 eV photon energy.
Inspection of the spectra obtained at these phoFon energies, which are
shown i Fig, 3, shows that for the hv = 45 eV spectrum the expected
srrusturs in indeed observed, though the peak at 4.7 eV binding energy
i~ rather veak and not clearly resolved. At hv = 140 eV, the expected
structure Yor binding energy greater than 2.0 e\’ is again observed;
trwever, the intense peak in the s - p band observed at hv = 45 e\ is
not present.

“ae reason for the ahsence of this feature in the spectrum at hv =
130 eV i~ readily understood when momentum broadening in the final state
v~ constdered., Due to the finite path length of the final state, where
initially a Jiscrete set of allowed final states existed, there is now
a semi-continuum of available final states into whica an electron can

be excited: this is shown in Fig. 2b (#). As scen in Fig. 2b, the
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broadening is fairly small for electron encrgies near 45 eV (only ca.
3% of 2—:—, vhere a 1s Lire lattice constant of copper) and therefore does
not have a larpe cffect on the features in the photoerm:ission spectrum;
however, for ¢ ~ctron energics in the range 136-140 ¢V the broadening
amounts to almest 10% of the width of the 1Z, which is sufficient to
smear out any shar; peak in the s - . Land due tg the steepness of the
band givi-, rise to this featurc. indecd, momentum broadening in the
{inal statc noses a seriouw problem in the use of photon energy depen-
dent AP studies to map out the details of the bulk band structure of
materials, and 1s an effect which must he considered when such studies

are carried out.

C. Thermal Disorder
The temperature and energy dependence of the intensity of elasti-
cally scattered radiation (e.g., x-rays, neutrons,% or electrons) by a
crystul lattice is governed by the Lebve-Waller factor
f=coxm G . ‘ e8]
Here q = Kf - r:‘ is the difference bstween the incident (initial) and
scattered ;finall wavevestor of the radiation and ﬁ is the instantane-
ous thermal dispiacement of an atom from its equilibrimn lattice posi-
tion. Angle-resolved photoemission nav a2lso be \'id“‘\«'cd as a scattering
process: in a simple one-electron picture th initi}al state involv. a
photon with wavevector Eph and a baund (e.g., valen}ce) electron with

wavevector §e (k; = kph + Ke), whils the final state is characterized
1

by the phiotoelectron with wavevector Kf. The diffraction law if - '}Ei =
|

| |
{ [
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", where G is @ reciprocal lattice vector, describing the elastic scat-
tering of radiation by a crystal lattice, also describes the direct
sransition roqairement in ARP fsce Chapter ITIr. Tt follows therefore
srat the gntensity of a direct-transition peak in ARP should exhibit a
temperature anld energy dependence governed by f,  Furthermore, the
mdirect ‘phenen-assisted) transition channel in photoemission can he
town to correspind closely to the thermal diffuse scattering process
cooserav diffraction 5., this correspondence between x-rav diffraction

ol N b nanadested in the piotoexcitation matrix element (6,7)

P O S BN S B T RIS 5
vy AR T i).f,.lfl i E j(}F. 2

o2 wae cberaved assumine an LCAQ tight-binding initial state and
paan =mvine funalostate wavefunctions, Here, a].’if, is an atomic tvpe
tatroy elemert. The importance of the direct fi.e., g = 61 relative to

dition term in Lq. (2) depends on both temperature and

eoanre toty

ot encrev, Althouph the photon energy does not enter explicitly in
. 2, :° .. oontained i <ince with increasing photon energy the
teelect o warvevector fand hience §) increases.
ioo MIstrate the influence of tom;-vcrature on ARP spectra let us
s vder angle-resolved normal photoemission from a Cu(110) single
creetal fer b= 45 eV At roon temperaturc the spectrum obtained from
WAl wt o = 35 eV is dominated by direct transitions as tiscussed

Jhay ter 130 and Section B oabove (see Pigs. 2a and 3). The spectrum

i~ characterized iy the presence of a very pronounced peak in the s - p
~add portion of the spectrur at -a. 0,5 e\ binding energy (see Fig. 3),

which is ar extrepely sensitive indicator of the dirvct transition



crateel be a0 Gravingtes only from transitions anoa very srill

pepang of the BI04 the temperatare of the

mtensity of thge

Cad e BT e

crature jepenence o7

compared wotho trat o0 the kbye-salier factoer £ = 1,00
n

indes 1 cdenotes difterent cal alatinns assueming o nean -gu

ment of Lo time- tie cu e vaaue; toee balb value ofooor 7,

rons e

Cralule i ©oneat ek 1 Y9G Because tlean

iy L rment toothe sarta v are larger for thee uarface laver

than tor i honae 1L, photoes ae e due to it

T Lot Cronorec et wIith e g, an ob e i Thee Tasten
decreas L the antensaty of the peat o the o - ohand hetweer

and S0 lortared T 0 oresults o a temperature dependence of the

- . ¢ latter voincreases wit
X eurrace the latter wuantity increase th

At of - .
T 10w Re )hu“ N

tu ([,T‘X
merescine temperature (11},

Gtaes o the d-owd portion of the spectnam as o function

are evedont anowell anoiag. 300 5T hagh temperatures

Lt cracasviretric, with more intensity at the ton of the banuas,

antil o ar 2, the spectrum resembics [>h;11 of polycrystalline copper
for hv = 53{v eV (12) {compare Figs. 4 and 6]. For copper, a single
clectron-phonon interaction can change the electron wavevector rom
the 0 point to anvwhere within the EZ with ne more than a 30 mev 713)
change 1 the clectvon cnergy, thus allowing more of the Kk states in
the &2 to be sampled without greatly disrupting their energy distrihu-
tion.

it follows thercfore that the direct-transition model coscribes



oot altraviclet energies only if the temperature 1w low
. roos phonon-assisted indirect transitiens,  Thermal nean-
! ents of crestals approach thelr Limiting fero-
. . s CTATUrYS sume Foloe the Debve temperature
Tooovaterialom gquestion,  Thus, a general rale for ohtaining a
RRT Z'ﬁmfniffﬂmﬂﬂifmﬂuﬂﬁ;A-i‘CU”OU AR spectra
s . Tooredon tie sartaoe Debve temporature,
1 oGrender 1Y otnken nt
N ™ es-celtion 1sogaven as the
: . ‘ Lot e cmercine direct-trans:tion terr and an ateom.c
' g " vrontributing, fram the two termy (o the photoemission
. i toe-tuller factor Cwsee Ig. (2) in Section
Cosrnocemercoes ho et eV and room temperature, s less
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V. ANGLE-RESOLVED X-RAY PHOTCEMISSION FROM SINGLE CRYSTALS
A. Introduction

The Direct Transition theory of photoemission developed in Chapter
ITI of this thesis has had considerable success in explaining variations
in angle-tesolved ultraviolet photoemission data (hv < 250 eV) obtained
from single crystals, both as a function ~f the electron emission angle
{1) and of the incident photon energy (2), in terms of sampling differ-
ent portions of the first Piillouin Zone 7BI}. As discussed in the
oreceding chapter, however thermal disorder and the complexity of the
firai-state at hizh energies lead to the expectation that the model
vil. not describe angle-reselved x-vay (. 2 1000 V) photoemission
"N~y dati. Indeed at such cnergies the reyuirements of momentum and

voconsurvation should bhe easily satisfied throurhout the first BZ,

and variaticas with angle in the ARXPS spectrin of a sin le coveral
shoaid reflect anisotropies in the atomic cross-section and should,

herefore, provide valuable intformation roncemning the orhital couposi-

or of the iplt.al states,  In this charter, an elementary model will
veopresentod, based on a sirpie plane wave finnl state and a tight-

Sding initial state, it allows for the interpretation of ARNPS
spectra in terms of the svimetry properties of the initial state wave-
functions,  In addition, calculations using this model will be shown

teohe inoexcel.ont agreement with experirental results for ARXPS from

tree valence bands of copper single crystals,

%, Pxrerirental Detalls and Results

Twe single crystals of copper with {001) and {1111 surface
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orientation, respectively, were prepared as described in Section C of

Chapter II of this thesis. The crystals were then mounted in a Hewlett-
Packard 59504 ESCA spectrometer where they were further cleaned by
argon ion bombardmerit 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 oxvgen 1s 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 (111} 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 Af
Kx 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, deconvolution, or background
subtraction. In Fig. 2b the detailed shapes of the Cu[111] and Cu{001}
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

(o

Within the one-electron model of photoemissicn, the photoelectron



cnergy distribution (PED) is given by tue following expression (3):

i 3, -+ 2 -+ - > .
NCE, hv) » | @k gl stke - k- K - Ox
BZ j,£ ‘

a[Ef(i?) - E & - hlsiE®) - E; ] . W

Here tfj(f) is a transition matrix element between an initial state of
wavevector k and energy Ej[f) and a final state of wavevector if and
encrgy Ef(i). 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,
ih; 15 the wavevector of the incident radiation, and 3 is a reciprocal
lartice vector.

As discussed in Chapter III of this thesis, at ultraviolet energies
“..e., hv € 250 eV}, the delta function corresponding to momentum con-
wwrvation and to a lesser extent that representing energy conservation
wr responsible for most of the variations cbserved in angle-resolved
“ietoemission spectra both as a function of the propagation direction
o7 the ciectron and the energy of the incident photon heam; the matrix-
clement for must purposes may be assumed to be constant. At X-ray
cnergies (hv > 1000 eV}, however, the situation is quite different, as
«as briefly discussed in Sections TVC and I\D. The delta function
representing momentum conservation is relatively casilv satisfied for
states throughout the first BI for any arbitrar angle of emission at
x-ray wmergies, due to the corplexity of the final-state sampled at
high cnergies (see Fig. .0 in Chapter IV and the finite angular

resolution of the measurenents. (Another reason for the lack of a
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strong dependence on the selectio# rule for momentum at x-ray energies,
and perhaps equally important, wa% discuséed in Section IVC, namely,
thermal disorder.) In addition, gs discussed by McFecly and co-workers
(4), due to the large number of final states available at x-ray energies
(see Fig. 10 in Chaptér IV) and the mixing of these states by the
crystal potential (5), the delta function in Eq. (1) representing
energy conservation in the excitaﬁion process should also be easily
fulfilled for states throughout the BZ for any arbitrarv angle of
electron emission at high energies. Hence, in contrast to the situa-
tion at u.v. energijes where the delta fumctions 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, thev 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
encrgies are given by the initial density of states where the various
bands at each i-point within the first B are weighted by an angle-
dependent 'transition matrix-element (4). As was shown in Ref. 4, this
transition matrix element may conveniently be calculated by writing
the initial state wavefunction in the tight-binding form (6) and assum-
ing a plane-wvave 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:
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otk 3,8) v | DL 8y 4,000,017 - @
W=l

Thus, the intensity distribution|of photoemitted electrons :nay be dis-

cussed in terms of the Fourier transformed d-orbitals du(eq,¢q) listed

in Tabie I, Here § is the wavevector of the photoexcited electron
| P
inside the crystal and the coefficients Bi(k) are obtained from a band-

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

msy be further simplified by gro&ping the matrix elements of all

equivalent points in the first Bg. The matrix elements of all equival-
ent points are obtained by trans%orming the d-orbitals under the
respective peint-group operation% (9). In this wav it is seen that

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

the following analytical expression for tie matrix element (compare

Appendix A)
* j 7.2 3 2 <
mméwﬁﬁﬁw%;w%3@+%+@

+3Gs;‘;2+ }?%IZ>(di+d§> ) )

Equation (3) demonstrates that the angle dependent matrix element
is in general a linear combination of the t7g and eg projections of the
initial state tight-binding function:

o, (%)~ (air” :

:j 2 jl
t, 7 + 0z + [53‘

Y
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Rccauﬁe in the derivétion of Fg. (3) the wavefunctions at all equivalent
points in the first BZ were transformed into one| irreducible wedse of
the BZ, Eq. (3) may be used as a weighting factor for a density of

|
states calculation iﬁ 1/48 of the BZ. The anglerresolved photoemission
spectrbm in the XPS iimit is then given by the following expression

- 3 5 - s
N(E v i 22 5(E - E, . &
N J/T & P ofk,5,8) 8 - 55k ®

‘ 1/48 IE
BZ

It should be noted that according to Eq. (3), pwotoemission along the
itection {. = = Q° £ =

[001] direction {.i.e., eq ¢q 0° and thereforg dl d2

along the [111] direction (i.e., 6 = 34.7°, ¢, 7 45° and therefore

= d3 = () and

d4 = ds

and tzé projections of the density of states (10)|, respectively.

= 0) represent the two extreme cases corvesponding to the e
8

Af this point alcomment nn previous calculatiions of the XPS
photooﬁission spectri of polycrystalline d-band materials by
Nemoshﬁalenko and co-workers (11} is in order. xlese authors claimed
that bf iﬁcluding angle averaged (integrated) maérix 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 particuhar they concluded

that«the. electron excitation probability from ey %tates is higher than

from t, states. The calculations reported hcre,;which employed the
o

same description of initial and final states, is Tn disagreenent

with théir result, since for polycrystalline mate#ials, i.e.,

|
\
i | . |



1n

angle-integrated matrix elements, the eg_and t.,Q states contribute
equally to the photoemission spectrum. Equations (1)} and (2) show that
for this case the cross section (which is proportional to the transition

;robability) is given by
otk,g,a) v Y 18d P M
: m

1his is exactly the total d-projection of the initial states, * e., the
sum of the eq and tZg projectians (12). Only in the case of ansie
resolved photoemission from an oriented single crystal face can the
cross sections for photoemission from e and t, states be different.
o “a
Finally, throughout the above discussion it nas been assumed that

the photoclectron angular distribution is the same inside and outside
the oryetal, i.e., refraction of the photoelectron at the crystal-
vicuun interface has been neglected. This may be justified by noting
that if the final Bloch state contains the reciprocal lattice vector

 phot-electron with wavevector Khv +k+G= 3 is produced inside
saeoervaiu., The electron is then transmitted through the surface

vto a divection p outside the crystal, where |p} is related to the

Lanetic energy Ekin of the photoelectron according to
20202
Epip = BB/ 0 L (8)

17 4 is th» angle of incidence between g and the surface normal and
iz the angle of refraction between 5 and the cryvstal normal, the

ey - - . . - -~ .
heundary conditions are o = q and sing/sina = la'/{p[(13). The

ratio ;ag/>ﬁ; which at XPS energies is essentially unity for rree



clectron final states may deviate from 1 for Eloch-type final states
. - < 3 it
hecause tates throughout the first BZ are samplied, causing g to

deviate from the {ree eleztron value. Since at YPS erergies 0 - X

the ratio G /. p is still approximately '+ it however, and the:

refraction at thc solid-vacum interface may he reglected, except at

low take-off angles.

D. Discussion of Results

Ir .. 2¢ the results of a theoretical model calculation em lo.-
ing, . 1t {or photoemission from the valence bands of copper <inclc
crysatals 1nto the [111] and [001] directions are shown. As discussed
carlivr i+ ¢ cases correspond to the tZg and e projections of the
valence hand density of states. Comparison of Fies. 2b and 2c reveal:
Conen arcreenent between the experimental and theoretico PR The

main characteristic differences between the experimental spec: :a taker

sivng the two syimmetry directions are predicted well by the calculation,
It snoald e noted that plane wave final state cross section calculn-
tions should he mere reliable for Cu than for the previously investi-
sated noble metals Ag and Au (4); this is supgested by the smaller
electren scattering phase shifts for Cu as opposed to Ag and Aa (14).
\lso, the spin-orbit coupling which reduces the e:~tZC anistropy by
mixing the wavefunctions is small for Cu; this might esplain why the
nxperimental ard theoretical differences bhetween t'.2 two directions
are quite pronowunced 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



complete agreement with the experimental find.ngs of Baird and cc-
workers for Au (15). More evidence for the importance of matrix ele-
ment effects in x-ray photoemission from d-bands, as opposed to the
censTant matrix element model proposed by Baird er zi. (15), was
recently presented by Williams and co-workers (161, These authors

vound good agreement between the experimental angular variation of

ience hand peak intensities of oS, and that predicted by a tight-

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

The prosent results in conjunction with the results obtained previously
for A; and Au (4) indicate that thc model presented above for explain-

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

provide a useful approximation in the x-ray range of photoemission.
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APPENDIX A: TRANSFORMATTON OF TIGHT BINDING
d-FUNCTIONS IN A FIELD OF CUBIC SYMMETRY

Let wé(?) be a tight binding Bloch function

[ el R
w%(r) = X Le.

A

KR,
Xj(T - Ri) (Al}

where xif? - ﬁi) is a linear combination of atomic oriitals (LCAD)
7 = Ity o (7 A
xj {r) ; Bu k) rP;)(r) (A2}

Let P be an operater, corresponding to one of the operations of the
cubic groun, (9) i.e., an operator which transforms a peint k from onc
irreducible -one of the first BZ into an equivalent point in a different
irreducible zone. The» the transformation of the corresponding Bloch

function under P is given by (9)

3 2

" N _ ik:R T
L I I B % (A3)
¥ K - 3
where
W = g sl (Ad)
J v U u

Thus the transformation of the tight binding functica wi(?) is accom-
k

plished by simply transforming the atomic fimctions ¢ (r) under the
inverse operation Phl. Furthermore, ¢u(?) may be separated inte a
radial part R(r) and an angular nart du(ar,gr). in the case of a
simple fcc lattice the operations of the cubic group only affect the

angular part, i.e., the d-orbitals dp(er’¢r)' Thus



-1 = jf-: -1 - -4
£ P = RO Ep: 8l %) P 0,0 - (AS)

< i
tnowing how the wave function *l:i (r) transforms under P we can now

transform its matrix element with a plane-wave given by Eq. (2). Since
this matrix element is the Fourier transform of the fimction

Z:ri&) du(er,c,r), we obtain
DILICLENORREE )

for the transformed matrix element. Hence it is only necessary to work
out the transformations of the five d-orbitals under the 48 symmetry
operations of the cubic group. This is easily done py writing tiac
d-orbitals in cartesian coordinates. All tZg orbitals (compare Table

i transform into each other fe.g., P-ld, = -ds) while the e  orbitals
- (=1

cither transform into themselves (i.e., P'ld4 = d, or -4, and P’lds =

4-1 o7 into a iinear combination of d,; and d:, i.e.,

R . ST -1 = - J/3/° -
i, = <_d.<v:./2d5) and P dS = Y3/2 d4 ‘;ds. The sum of

3 -

all 16 cross-sections given by Fq. (A6), corresponding to the 48

¢ wilvaient k points in the first BZ then yields Eq. (6).
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Table I, Angular d-Orbitals

Label Function
o, 2,
d1 dxy (15/41)*sin“2sin¢cose
1
d2 d)_2 (15/47)" sin5cosfsing
d3 dx" (15/4'.:],’ sinScosbcosd )
- o2
d. d, , 15(15/47)" sin“Ecosle
H AN .
1 - Ty 2.
2. d . . . (15/47) *(3c0s”6 - 1) J
3z7-r* 23
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FIGURE CAPTIONS
Experimental geometry for angle resolved photoemission studies
at 1486.6 eV. The angle betwscen 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.
(a) Experimental photoerission spectra from valence bands of
Cu using AlKe 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 Cu[111] and Cu[001] spectra of Fig. la.
(c) Calculated tZg and eg projections of the total Cu 3d
density of states using a tight binding interpolation scheme
as discussed in the text. The density of states histograms

were convoluted with a Gaussian of FWHM = 0.8 ev.
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