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Abstract:

Angle-resolved photoemission spectroscopy is a relatively new, powerful technique for studying the
electronic properties of solids. Measuring the direction as well as the energy of photoemitted electrons
provides both energy and wavevector information about the electronic states of the material. To
achieve this capability, a cylindrical mirror electron energy analyzer was modified to permit collection
of photoemission spectra with 4° angular resolution. Since the parallel component of the electron's
momentum(Formula not captured by OCR)is conserved upon leaving the sample, surface band
structure information was directly accessible. Observed bulk transitions were limited by the technique
to those which occur only along certain lines in (Formula not captured by OCR)-space. Three methods
of photoemission spectroscopy were employed; angle-resolved electron energy distribution curves
(EDO's), angle-resolved constant final energy spectra (CFS's), and angle-resolved constant initial
energy spectra (CIS's).

Angle-resolved photoemission from the (110) face ofGallium Arsenide was studied using synchrotron
radiation. The 4° resolution, in conjunction with the wide photon energy continuum of synchrotron
radiation (hv <30 eV), permitted the gathering of considerable dispersion information about the
electronic states of the material, both at the surface and in the bulk. Two occupied surface states were
identified and portions of their band structure mapped out. The observed states, centered at ~-1 eV and
a, ~-6 eV measured from the valence band maximum, have been predicted in several theoretical
calculations, but have not been observed previously in experiment due to their degeneracy with bulk
valence bands. Observations of bulk transitions concentrated on emission normal to the surface, for
which the transitions occur primarily along the ¢ symmetry line in the bulk Brillouin zone. Data was
collected for several different orientations of the electric polarization vector € relative to the crystal
symmetries. A simple, direct-transition model proved sufficient to explain much of the phenomena,
including the identification of several bulk energy band critical points.
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ABSTRACT

Angle~resolved photoemission spectroscopy is a relatively
new, powerful technigque for studying the electronic properties
of solids. Measuring the direction as well as the energy of
photoemitted electrons provides both energy and wavevector informa-
tion about the electronic states of the material. To achieve this
capabllity, a cylindrical mirror electron energy analyzer was
modified to permit collection of photoemission spectra with 4
angular resolution. Since the parallel component of the electron's
momentum14ﬁ§| is conserved upon leaving the sample, surface band
structure information was directly accessible. Observed bulk
transitions were limited by the technigue to those which occur
only along certain lines in E—space. Three methods of photoemission
spectroscopy were employed; angle-resolved electron energy distribu-
tion curves (EDG'S), angle-resolved constant final energy spectra
(CFS's), and angle-resolved constant initial energy spectra (CIS's).

Angle-~resolved photoemission from the (110) face of Gallium
Arsenide was studied using synchrotron radiation. The 4° resolu-
tion, in conjunction with the wide photon energy continuum of
synchrotron radiation (hv < 30 eV), permitted the gathering of
considerable dispersion information about the electronic states
of the material, both at the surface and in the bulk. Two occupied
surface states were identified and portions of their band structure
mapped out. The observed states, centered at v -1 eV and ~ -6 eV
measured from the valence band maximum, have been predicted in
several theoretical calculations, but have not been observed pre-
viously in experiment due to their degeneracy with bulk valence
bands. Observations of bulk transitions concentrated on emission
normal to the surface, for which the transitions occur primarily
along the I symmetry line in the bulk Brillouin zone. Data was
collected for several different orientations of the electric polar-
ization vector € relative to the crystal symmetries. A simple,
direct-transition model proved sufficient to explain much of the
phenomena, including the identification of several bulk energy
band critical points.




{5 p— Ll

I. INTRODUCTION

Most of the observed properties of solids are determined

by the electronic structure of the valence, or outer shell elec-

trons. Elucidation of this structure is therefore a primary
concern of those interested in understanding and predicting the
behavior of solid materials under various conditions. There have
been many theoretical aﬁd expérimental efforts applied to this

end over the years.1 The development of large-capacity, high-

- speed computers has facilitated the development of several approaches

to calculating the electronic structure (band structuie) of metals,

insulators, and semiconductors. These technigues are all based

on the -one-electron approximation, which has proved its value in

comparison to experiment. Experimental methods for determining
the energy and wavefunctions of the electrons in solids have -centered

on exciting those electrons to higher energy states with either

.phdtons or other electrons. Informatibn about the transitions is

then derived from measureﬁents of the ?ate of excitation, such as
an optical absorption spectrum, or from measurements of electrons
which are ejected from the material after excitation. Conventional
angle-integrated ultraviolet photoemission spectroscop& (UPs) is

of the latter type of measurement. Electrons which are excited

to sufficient energy by the incident ultraviolet light may be

VL
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emitted from the solid and detectéd. The number of these photo-
electrons as a functioﬁ of kinetic energy provides much useful
information about the strengfh and energies of’the optical trans-
itions. However, since the detection includes all or most of the
emission hemisphere, any information which may be contained in
the directionai dependence of the emission is lost. None of the
conventional experimental technigques, including UPS, provide much
informafion abdut the wavevectors of the electron wavefunctions,
in general measuring all transitions regardless of origin in
reciprocal iattice space;

In 1964, Gobeli, Alién, and Ka.ne2 demonstrated that a sub-
stantial portion of photoemitted electrons escape the sample without
losing momentum to phonons or imperfections in the bulk or at the
surface. For these electrons, the componeﬁt of wavévector parallel
to the surface is conserved, while the perpendicular component
is modified in the process of escape. This demonstration of
wavevector conservation implied that, subject to certain limitationms,
both the energy and the wavevector of the valence eléc£rons might
be measured by defermining the eﬁergy and direction of photoemitted
electrons. Mahan caiculated in 1970 tha£ the photoemission from -

a free-electron-like metal (sodium) should have a highly aniso-
trdpic,angular distribution,3 Tentative experimental work proceeded

at several laboratories, concentrating on the variation of emission

| LT (A T
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with polar angle 6r on emission from several crystal faces.8
The first study of both polar and azimuthal dependence of photo-
emission was done, coincidentally enough, on the (110) face of
Gads at a photon energy of 10.2 eV by Smith and Traum in 1973.9
Interpretation of these spectra was inhibited by the lack of
conservation of the perpendicular component of momentum.9’10
Further-experiments by Smith and his co-workers on two-dimensiénal

11,12
2

systems, such as the layered compound TaS and surface states

on Si(iii),iB’iu provided for the first time tangible success in
actually mapping out energy bands with eipériment. Angle-resolved
photoemission-spectroscopy was beginning to show substantial promise.
Goﬁcurrently with the early}development of angle-resolved
photoemission spectroscopy, the use of synchrotrons and storage
rings as a source of radiation beéan to receive‘evef increasing
attention,i5 In accelerators or storage rings, electrons radiate
as they are accelerated by bending magnets. In thelr frame of
reference, the electrons radiate in a Larmor radiation pattern,
“but in the laboratory frame, with a velocity approaching that of
light, they radiate strongly in the forwaxrd direction. This
synchrotron radiation, as it is called, is a highly collimated{
intense, continuous spectrum, which includes many photon energies

not available from other sources. The use of a monochromator with the

radiation provides a continuously tunable source that in the last
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ten years has been used in a wide variefy‘df experimen£al appiica-
tions. Facilities to provide this radiation to research groups
have been built around the world, including three in the U.S. One
is the synchrotron radiation facility at SFEAR, the electron-
positron ring in California. Another is SURF-II; a stﬁrage ring
at the National Bureau of Standards in Washington, D.C., The third
is Tantalus I, a 240 MeV s{orage ring at the University of Wisconsin,
which provides synchrotron radiation for groups from around the
country. Tantalus I was the first facility dedicated completely
to providing synchrotron radiation for research. Tbe.Montana
Stéte University photoemnission group hgs been using the Wiéconsin
facility since 1971 for photoemissioﬁ studies. |

The use of"s&néhrotron radiation as an excitation source for
doing angle-resolved photoemission spectroscopy is a natural
development that greatly enhances an already promising technique,
The wide continuum of photon energy permits the study of a large
region of momentum and energy space., Furthermore, the radiation
is strongly polarized in the plane of the electron's orbit, adding
still another factor in the optical transition which can be inves=—
tigated. |

A primary purpose of this research project has been to develop
equipmeﬁt and téchniques, compatible with existing equipment, with

which angle-resolved photoemission spectroscopy could be performed
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on single crystals using synchrotron radiation. This goal was
attained. Preliminary studies of TaSz, done in collaboration with
N.V. Smith and M.M. Traum of Bell Laboratories usi'ng. the equipment
to be described hefein,’are believed to be the first studies of
this kind on single crystals using synchrotron radiation.16’17

Aﬁother goal of the research project has been to demonstrate
the usefulness of the technique by a careful sfudy of a material
which is interesting from both theoretical and application stand-
points. GaAs was chosen as the subject of the study for several
reasons. First, clean (110) surfaces could be prepared in situ
by cleaving, simplifying sample preparation. Second, several
theoretical calculations of bands exist with which the data could
be compared, both in the bulk18_20 and at the surfgce.21_25 Lastly,

GalAs is an important semiconductor in terms of its present and

. potehtiai applicafion to solid-state devices.

The study was successful in identifying surface states at

"1 eV and v 6 eV below the Fermi level., These states had been

22-25

predicted by the theoretical calculations, but not previously

observed in experiment,26 Bulk energy band positions were identified

that are difficult to discern in conventional photoemission,
min '
1 3

isolated, fixing the energy position of these levels more positively

Emission from initial states located at %, , Xy, and Ly was -

than has been previously possible. Several. conduction band energj

Ll
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levels were identified, many of which have been inaccessible with
other techniques. The bulk emission featgres, as alwhole, corre-
lated very well with existing band,calculations, providing coniidence
in the one-electron approximation and demonstrating a valuable
technique fpr checking and refining future band calculations.

The diséussion of the project will begin with a short review
of the band theory of solids and the optical transition which -is
the source of photoemitted electrons. The.three modes of collecting
photoemission spectfa.are presented, wilth particular emphasis
given to methods of data analysis unigque to angle-resolved photo-
emission spectroscopy. The experimental detalls are ihen discussed
in Chapter iII, including a description of the angle-resoiving
moqification of the electron eneréy analyzer; Sample preparation
and orientation is detailed. Chapter iV:compiles the ekperimental
results. Emission ffom the two occupied surface states 1s described,
along with tests of ifs,surface character. Observations of an
unoccupled surface state are presented and compared fo results
from other experiments. Finally, emission due to bulk transitions
is defailed, with demonstrations of bulk band critical point
identifications. The laét chapter summarigzes the experiment and

its results.
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II., THE PHYSICS OF PHOTOEMISSION SPERCTROSCOFPY

A, Energy Bands of Solids

1. Band Theory. The one-electron apprdximatibq is the basis
of the bahd theory of'solids,1 The electron is assumed to beﬁave
as an isolated entity immersed in a potential due to'the periodic
array of atomic cores plus an overall potential due to the other
valence electrons. All wave functions are then singlé-electron

wéve functioné. The solutions of the Schrodinger equation

(I3 v@wem )

for a periodic crystal potential V(;) are Bloch functioné
el > 'I_;_* |
T(k,r) = Uk(r) et (2)

where Uk(;) is a function with the periodicity of the. lattice.
The simplest solution to Eq. (1) is for the case V(;) = 0,
the "free electron" solution, The wave functions are fhen plane

waves and the energy of an electron is given by
B =4 ¥/ 2n . ’ (3)

The energy vs. wavevector relation in Eq. (3) embodies'the electron
ehergy bands for the free electron. Energy here is a ‘simple para-

bolic function of ﬂ; If we include the lattice per;odiéity, leaving

L
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the potential arbitrarily weak, we can write
8- (L) %487 )
TN 2m

where a'is a reciprocal lattice vector. The bands can then be
represented in the reduced zone scheme. Figure la shows the

free electron bands plotted along the (110) direction in the reduced
zone. As the potential V(;) is "turned on" partially, degeneracies
* are lifted and band crossings eliminated, resulting in the "nearly
free" electron energy bands of.Fig. ib. The energy bands for

the complete potential for GaAszo are shown in Fig. ic, with the
bands labelled accofdiné to the symmetry points and the Fermi '

enexgy B indicated. The crystal field has produced an energy gap

¥
of 1.4 eV between the bands below the Fermi energy and those above.
Those states rgpresented by the bands below EF are normally occupied
-at room temperature and are called the valence bands (VB'S) while
the states which lie above EF are unoccupied and called conductioﬁ
bands (GB'S). The location of EF in the band gap is of course
determined by the impurity doping of the material, but this study
concentrated on p-type Gads, putting EF at the bottom of the gap.
The spin-orbit interaction, when included, will split even more
degeneracies, but this effect is smaller than our experimental

19

resolution 7 and will be neglected in the interpretation of the

results,

(A I O T |
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2. _Repeated Zone Scheme., The concept of a repeated zone

scheme should be expanded upon, since its use is central to the

data interpretation. TIf we encounter a Bloch wavefunction written
5> 3 .

as in Eq. (2) with k lying outside the first zone, we can always

A - .
find a reciprocal lattice vector G such that

- -> >
k' =k -G (5)
1iés inside the first zone. We then rewrite Eq. (2) as.

67 7y kT
(e U (x)) e
>

2> > 'Eﬂ e
W(ELD) = U, () T

.

Il

~ ik
iker
Uk(r) e

Y&, ) - (6)

Il

where

-

(7 5, @) (7)

I

0, @

is periodic in the lattice as required. It follows that energy Ek
outside the first zone is equal to an Ek' inéide the first zone,
Translating the bands back into the first zone is the basis of the
reduced zone scheme. Since the bands can be translated back into
the fifst zone with appropriafe reciprodal lattiée vectors, they

can also be translated to any other or every zone. Then the bands

become periodic in the reciprocal lattice:
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E =R . , (8)

This'procedure is called the repeated, or periodic zone scheme.

it is of use in the interpretation of thé data because the results
may be plotted in reciprocal lattice space directly, without adding
or subtracting’reciprocai lattice vectors to translate everything
back to the first zone. The repeated zone scheme may be thought
‘of as an unfolding of a wa?evéctor descripfion (reducgd zone
scheme) into a "momentum space". In this "momentgm sbéce", each
band has a different "momentum" weighting in each repeated zone.
The word "momentum" is used somewhat loosely here, since a wave-
vector E.is directiy proportional'to momentum only for a free

particle.
B. The Three Modes of Photoemission'Spectfoscopy

1., Photoemission. When light of sufficient energy shines

on a material, it may excite a transition between a filled valence
state and an empty conduction state.. If the final state has suffi-
cient energy, the electron may gséape the solid as a photoemitted
electron, either with or without undergoing a scatterihg event.

The Hamilténian}H including the electronfphotdn interéction, with

the charge of the electron as -e, is

il
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L 7,e7 2 = .

Hesr(p+tga ) +7(@) , (9)
- . ’

where A is the vector potential of the radiation field.27 Letting

VoA = 0 and dropping terms of order A2, Bq. (9) reduces to
122 > e |
H=zrp " +V(x) + = 4D . (10)

The first two terms are Just the unperturbed Hamiltonian HO° The

last we shall call the perturbing Hamiltonian Hif"

__1__—>2 > __e—>.—> ‘
Hy=2-0 " +V(r) , Hy =gc A (11)

Using Fermi's Golden Rule of time-dependent perturbation
27

theory, the transition rate Wi for excitation from an initial

T
density of states Ni at initial energy Ei =E ~-hv to a final

‘density of states N, at final energy B, = B is

Wop = Z{<sl (2 Kp) > 2w, (@ - w) K (8) . (12)

BEnergy conservation has been put into the formula explicitly,
using Ei = Ef - hv, The initial and final state wave functions
_are indicated as [i> and <f| respecljtivelyu The quantity which is
squared in Eq, (12) is called the matrix element andyis in general
not known, since we lack exact forms for the wave functions.
Substitution of Bloch wave functions into a more generai form of

Eq. (12) also leads to a selection rule between initial and final
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wavevectors.28 Without interacfion with lattice imperfections
or phonons, the transition is alléwed only between wavefunctions
with the same reduceq wavevector. Transitions fulfiliing this
requirement are termed direct transitions and will be discussed
in more detail later. |

Neglecting for the moment the directionality of the emission,
the number of electrons emitted with a particular final energy E
is then basically proportional to the initial density of states
(DOS) Which'are~exéitéd to that energy cOnvolutéd with the final
DOS at that energy. This simple convolution is modulated by the
matrix elements and added to or subtracted from by inelastic
scatteriﬁg. The emiséion intensity at all possible combinations
of initial and final DOS at all hv constitutés a three-dimensional
surface which we shall call the emission surface. The axes of
£his surface are photoemission intensity N(Ei,Ef, hv), photon
energy hv, and final energy Ef.. (Again, this‘discuésion neglects
the directionality of the emission; such an emission surface exists
for each direction of emission and also for the total, angle-
in£egrated emiséion.) In studying the photoemission from solids,
we have used‘three diffefent modes of photoemission spectroscopy
to analyze the emission surface in three different but complementary

ways. These three modes are Electron Energy Distribution Curves,

Constant Final Energy Spectra, and Constant Initial Energy Spectra.
{ . - .

L I T
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2. Wlectron Bnergy Distribution Curves. The first method

of photoemission spectroscopy is also the most established, the
Electron Energy Distribution Curve (EDG). In this mode the photon
energy hVv is fixed and the intensity of emission as a function |
of kinetic énergy in the vacuum is recorded. 'Figure 2 shows a
schematic of this process. Valence aﬁd conduction band DOS are
shown as cross-hatched areas on the left side, representing the
sample. The right side represents the vacuum, with the vacuum
level E; indicated. (The vertical axis in the figure is energy.)
Ev is the minimum final energy for Which an electfon maj escape
the solid; The fundamental threshold for emission of an electron
into the vacuum is Eth’ the difference betﬁeen Ev and the top of
the valence bands at Evbm‘ The work function ® is the difference.
between Ev and EF. For heavily doped p-type semiconductors, J
corresponds to Eth' The ﬁeasured kj.netic'energy-Ek of an unscattered

photoelectron is

B, =hV+E, -E, (13)

" where Ei is measured relative to the top of the valence bands_at
EF' Since hv and Eth are fixed, Eq. (13) shows that the EDC
measures a spectrum of initial energies, each excited to a different

final energy.

Two types of photoelectrons are shown in Fig, 2; a "primary"

bl
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FIG. 2. Schematic of the Electron Energy Distribution Curve

mode of photoemission spectroscopy.
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and an inelastically scattered "secondary" electron. Electron "a"
is a primary electron; it is excited to a (B state by the photon
energy hV and escapes without further change iﬁ'final energy.
Electron "b" is also excited to a CB state, but then inelastically
scatters with electron "c", giving up a portion of its energy
and escaping at reduced final energy as a scattered secéndary
electron.- Electron "c" is excited to a CB state by thé scattering
event, but may_still be below Ev and thus not escape the §olid.
The overall appearance of an EDC is a combination of unscattered

primaries and scattered secondaries at lower kinetic energies.

3e Gonstggt‘Final'Enérgv Spectra. The second mode of photo-

emission spectroscopy is an outgrowth of its appliéation‘to syn-
chrotron radiation.29 The continuous, smooth spectral dependence
of that light source permitted the acquisition of speqtr@ for which
photon energy was scanned, rather than held constant. In Constant
Final Energy Spectroscopy (CFS) the énalyzer energy window 1s

set at one fixed kinetic energy and the photon energy is then.
scanned, exciting in turn different initial states fo tﬁat fixed
final energy. Figure 3 diagrams'fhe process, Initial and final
DOS are as in Fig. 2, with eneréy le&els labelled as before., The
analyzer window is fixed at some value of Ek and hv is scanned,A

increasing from hvi-through hvz'and hv3. Blectrons excited to
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FIG. 3. Schematic of the Constant Final Energy Spectrum

mode of photoemission spectroscopy.
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the chosen final energy are shown for each of these three éhoton
energies. The resulting CFS represents the spectrum of initial
statés excited to that particular final state. Thus a CFS 1is similar
to an Eﬁc in that it measures a‘spectrum of initial states, but
different in that the convolution with final states has been femovéd,
showing the effects of only one final state enérgy. A CFS taken

at another final energy will show the same spectrum of initial

states but may have a different appearance due to differenées in

how the initial states couple into the new final states.

4, Constant Initial Energy Spectra. The third mode of photo-

emission spectroscopy again uses the synchrotron radiation continuum
in scanning photon energy.29 However, instead-of'fixing the final
energy, the.final energy is scanned synchronously with the photon
energy, which in the one-electron picture fixes the initial energy
of those electrons Whiéh are detected. Figure 4 diagrams this

mode, the Constant Initial Energy Spectroscopy (CIS). Energies

and VB DOS are the same as in the two previous figures. However,
two areas of high CB DOS are indicated by crdss-hatéhed sections.

As the photon energy is scanned, increasing through hv,, hvz,

and hv,_, the kinetic energy window of the analyzer is also increased

31
such that the initial energy Ei stays constant. Rewri£ing Eq. (13),

this can be expressed as

I |
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vacuum

FIG. 4. Schematic of the Constant Initial Energy Spectrum

mode of photoemission spectroscopy.
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(14)

Ei = constant = R

k

-hVTI‘E'th L

Since Eth is a constént, hv and Ek nust be increased at an equal
rate to hold Ei'fixed. The CIS obtained in this manher repfesents
the spectra of how states at that particular initial energy couple
to the final'sfates at a range of final eﬁex‘gj.es,o The figure shows
two péaks in the CIS corresponding té peaké in CB DOS. A CIS |
taken for a different value of Ei wlll show how a different. set

of initial sfates couple to final states in the same range“of'

final energies, and will in general be different in appearance

due to matrix element and other effects.
C. Angle-Resolved Photoemission.

‘It was poiﬁted out some years ago that meaéuring the direction
as well as the energy of the photoemitted electron should give
much more information about the optical excitatlion than measuring
energy a,Il.one,‘,z"3 In particﬁlar, it was hoped. that measuring Ek and
momentum ; of the electron in vacuum would enable one to deducé
Ei and the wavevector E'of the original transition in the solid,
thus permitting the "mapping" out of the band structure experimen-
tally. For this to'be possible, two conditions must be met.
First, the wa&evectbr must be conserved in the optical tﬁénsition.

Second, the wavevector information must not be destroyed during

L )
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transport across the surface into the wvacuum.

1. Direct vs, Indirect Transitions. Conservation of wave-

vector during the opticalltransition leads to the "direct transi-
tion" mod.el.28 Interaction of electrons in a perfect lattice

with an electromagnetic f£ield obey the fbllowing conservation law

> > > > . '
k, +G=k +g (15)

> -

where G is a reciprocal lattice vector and q is the photon wave-
) - ’ -+ '

vector, In the reduced zone G = 0, and since g is much smaller

than a reciprocal lattice vector, we have

Re=k . (16)
Transitions of this kind are termed direct tranéitions; The reduced
wavevéctors of the initial and final states afe identical.

If the lattice contains imperfections in the‘form of quantized
vibrations (phononS), a phonon of wavevector 5 can interact with
the eléctrons'and modify the ﬁavevectpr equality of Eq. (16). .In
this case the initial and final wavevectors are no ionger the
-same and the transition is tefmed indirect. Figure 5 diagrams a
hypothetical band structure with both a direct énd an indirect

transition indicated. An initial state of energy Ei and wavevector

- ) : :
ki is excited by a photon of énergy hvoa Transition A is direct,

“

o I N S |




22

le—Q >

electron energy

| |
kl kz
wavevector

FIG. 5. Schematic of two types of transitions:

A" - direct, "B" = indirect.
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going to a final state of energy Ef = Ei + hVo and. wavevector ki'
Transition B is indirect, going to another final state which also

.satisfies energy conservation E, = Ei + hvo, but of different

f
wavevector Eé, equal to Ei plus the phonon wavevector 5L

| As we shall show in the data; the direct transition is obvi-
ously an important mechanism in the actual transition. Indirect
transitions ma& participate in broadening the emission features
and may have some importance in accounting for background emission
at energieé and momenta where direct transitions are not allowed,
Another type of transition which should be considered might best
be termed a "cross transition", denoting a transition for which
conservation of E'is not an important selection rule. Measure-
ments of the escape depth of excited electrons by severa1 wquersBo’31
indicate that photoemission is surface sensitive (i.e. the emissioﬁ
originates in the fiﬁst several atomic'layers). Becauée of this
surface character,"cross" transitions need to be considered. The
bulk periodicity perpendicular to the surface is broken at the
surface, breaking fhe requirements for conéidering a band picture
of the electronic structure for states near the surface. Thus
for emission oriéinating near the surface, "cross" transitions

along ﬁ‘perpendicular to ithe surface may be‘important. These

cross transitions may account for background emission and broadening

of emission features due to direct transitions.
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2. Trangport and Escape, Once excited to a conduction band
state, the electron may escape from the sample and be detected
as a photoemitted electron. The details of this transport of the
electron from a Bloch stafe inside the crystal to a free-electron
wavefunction outside the crystal are not understood. However,
something is'uﬁderstood about fhe changes'in wavevector during
the escape. Kane has pointed out32 that the component of the
electron'é wévevector which is parallel to the sample surface is
conserved in the escape process, but that fhe perpendiculér compdnent
is not conserved.

The wavevector of the electron before and after escape from
the crystal is diagrammed in Fig. 6. The wavevector inside the
crystal is E}, with parallel component E“' and perpendicular
component kl' . The wavevector outside the crystal is E, wifh
components En and kl . During escape, thé perpendicular’ component
of the.wavevector kl' is not conserved and in general bears no
simple relation to kl°33‘ The surface may, in fact, mix the per-
pendicular components of the wavevectors oé several different
transitions in forming k,. However, the parallel component En'
is conserved, equalling E“.' This is éxtremely important, because
the experiment directly measures the Eﬂ of the‘electroﬁ in the

vacuum. Knowing the kinetic energy EK of the electron and the

'polar angle 6 of emission, one calculates

|
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solid

FIG, 6. Relationship between components of the electron wavevector

before and after emission from the solid.
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Ty '= gy = ( 2n By /%% )% gin 6 . (17)
>
‘The wavevector k“ is in the repeated zone space. The polar angle
© is the angle between the surface normal and the emission angle.

3, Measurement of Surface State Bands. The direct measure-

-
ment of QI has its most important application in the study of two-

dimensional systems, such as layered compounds, adsorbate layers, or
surface states., The last is of interest in this stuﬁj. By meas~
uring gl fo£ a sﬁrface state feature in the.emission and assumipg

a direct transition, one has identified the wavevector Ei of the
initial state, within a surface reciprocal lattice vector. Since
the bands are periodic in reciprocal lattice space, measuring Ei

vs. B, in one zone fixes it for all zones. The initial energy E,

is deduced from the kinetic energy EK’ photon energy hv , and

using Bq. (13) in the form

threshold energy Eth

B, =B - hv +E, . (18)

Appropriately adjusting the emission direction and photon energy

> .
adjusts the measured ﬁl to any desired part of the surface recip-

->
rocal lattice space. Recording Ei VS, hl then maps out the initial
band structure in the 2~dimensional reciprocal lattice. This

direct, experimental mapping of state band structure is not possible

LIy 1
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using any other present technique.

Angle-resolved photoemission spectroscopy not only permits
the mapping of the energy 5ands of surface states which are easily
identifiéd as such in the emission, but also aids‘in the sepaiation
and identification of - surface emission that is more difficult to
identify, due to it; degeﬁeracy with bulk valence band emlssion.
At some angles of emissilon the surface emission may be found to be
dominant in the spectra, due to a lack of strong bulk emission in
that direction at tﬁat energy. GCareful searching of the emission
hemisphere may thus permit the identification of photoelectrons
emitted from surface states which may not be apparent in conventional
énglé—integrated photoemission spectroscopy.

) - >
4, Tdentification of Bulk Transitions. Conservation of k“

permits the direqt measurement of B vs, E“ relationships for
surface states and other 2-~dimensional systems, but does not permit
such complete identification of the wavevector éf bulk transitions.
The wavevector g' of any bulk transition which has a possibility
~of escape from the crystal must have a nontriviél perpendicular
component k',  Since k, , measured outside the sample, bears no
simple relationship to kl',33 the wavevector of bulk transitions

cannot be directly measured using angle-resolved photoemission

spectfoscbpy. One can, however, réstrict the k, of the detected




10 R R Y T 1 | LU gt

28

>
electrons to certain lines in k-space, rather than a volume as in
angle-integrated meé.surementsn Since EH' is conserved, one can
obtain spectra such thatvﬁu ig fixed at some épprqpriate value,
The perpendiculér component k;“ is ndt fixed in such a Pbrocess, and
may origiﬁate from any value along a line invi—space corresponding
. to the fixed wvalue éfiE“' « This pfoCedure is particularly valuable
if the line in.ﬁ—space is chosen to correspond to a symmetfy line
in the bulk Brillouin zones. One such line may be the line for
which-al = 0, that is, the emission perpendicular to the surface.
Since energy bands are generally calculated only along,symmétry
lines in the Brillouin =zone, such a restriction enabies one to
compare theory to experiment much more easily. Transitions observed
‘in the data must havé originated somewhere on that symmetry line,
rathef'than at a general point inri—spéce. Although the wavevector
of bulk transitions cannot be measﬁred directly,. data taken at
fixed_i“ can be compared with energy band calculations and the

bulk transitions identified.

D. The Structure of Gads.

1, Bulk Lattice and Brillowin Zone. GaAs has the zinc-
blende crystal structure, which is common to several III-V and

II-VI compound semiconductors and is illustrated in Fig. ?.' The
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space lattice is face-centered éubic,.with four molecules per
cubic unit cell., A pfimitife bagsis of one molecule of Galds is
associated with each lattice point, a Ga ion at (0 0 0) and an .As
ion at (% +4). If both atoms were identical this would be the
diamond structure.

The.Brillouin zone (BZ) of the face-centered structure is
shown in Fig. 8. Poiﬁts and lines of high s&mmetry are labeled
with the accepted conventions. Of particular interest in this
study of the (110) face of GaAs is tﬁe % line from T to K. This
line continues albng the boundary of a repeated zone td X, then
repeats as X - T . The ' - X -X line iﬁ ﬁFsPace is of interest
because the normal emission is constituted of transitions origin-
ating on this line. By restricting the spectra to the normal
emission, E“ is fixed at 0, as discussed in section TIC, ahd the

data may be compared to bands calculated only along X .

2. (110) Surface and Surface Brillouin Zone. The (110)

surface of GaAs is shown in Fig. 9a, with both the first and second
layers of ions diagrammed. _Ga ions are shown as open circles and
As ions as filled circles. The unit cell, contairing one moiegule,
is indicated by a heavy-lined rectangle, with dimensions

5.654 X 3.998 2. The convention of azimuthal zero to be used

throughout this paper is along the (001) direction lying in the
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FIG. 7. GaAs space lattice.




31

FIG. 8. GaAs bulk Brillouin zone.
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surface, Which is the azimuth of the Ga "dangling bond". The
"dangling bonds" are those bonds broken by the presence of the
surface. The oﬁly non-trivial symmetry of the surface; a mirror
plane, also lies along the ¢ = 0°, 180° azimuths.

Most calculations concerning the (110) surface héve assumed
an ideal surface.22—24 That is, it has been thought that the
cleaved (110) face simfly terminates {he bulk structure, with all
ion positions and bonds Just as in the bulk. Recent calculations

of IEED intensity profiles by Duke and coworkers34

suggest that
this has been too simplistic. Their results indicate that the‘
surface relaxes, with the Ga atoms in the surface layer lower and
the As atoms raised in such a way as to preserve all bond lengths.,
A cross—séction of an ideal and a relaxed surface are shown in

Pig. 9b. The “dangling bonds" on each atom are shown as dashed
lines.‘ The symmetry of the suxrface and reciprocal lattice space
are waffected by the relaxation, but energy band calculations done

25

recently for a relaxed surface ~ are in much better agreement with

our data than earlier calculations on an ideal su:cface.zz’zLP
The reciprocal lattice for the (110) surface is shown in
Fig. 10, The first Brillouin zone is outlined in solid lines and

symmetry points labeled according to the notation of Jone335; r

is the center of'the zohe.
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(a) (110) surface lattice. (b) Side view; ideal and relaxed.
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1T Ll 11

III. EXPERIMENTAL EQUIPMENT AND PROCEDURES
A, Synchrotron Radiatibn Source.

Synchrotron radiation from the 240 MeV electron storage ring
at the University of Wisconsin's Synchrotron Radiation Center was
used as the source of high energy photons for the experiment. This
type of radiatién source has many inherent'advantages for use in
photoemission spec’qroscopy.15 First and most importanf, the
radiation consists of an intense continuuﬁ of pho%on energy which.
extends from the infra-red to softAX-.rays° The use of a monochroma-
tor providés a continuously tunable photon source of a brightness
and at energies'not available by any other means. Second, the
radiation is strongly. poiarized in the plane of the orbit of the
electrons, permitting invesﬁigations of polarization effects in
the photoexcitation process. Third, a good vacuum must be main-
tained in the storage ring, greatly facilitating the maintenance
of ultra high vacuum in the experimental chamber without intervening
windows. Last, by its nature the beam of radiation is very stable
in both position and intensity.

The radiation used for the experiment was passed through &
1-meter normal incidence monochromator owned by the Synchrotron

Radiation. Center. Figure 11 diagrams the storage ring layout with
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FIG. 11. Tantalus I storage ring with our monochromator and chamber.
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the beam line, monochromator, and chamber used in these experiments
-indicated. Radiation produced in the field of a bending magnet
passes out of the ring and down the beam line té a foéusing mirrér.
Thié mirror focuses the beam of radiation at the entrance slit
of the monochromator, Our equipment (shown) attaches to the exit
slit housing of the monochromator.

The’light curve, or spectral dependence of the intensity of
the light beam after passing through the monochromator, is plotted
in Fig. 12 as a function of photén energy hv , in eV. The greatest
intensity is near hv = 18 eV. The useful 1limit of photon energy,
as determined by intensity fall-off, was generally near hv = 30 eV.
The light curve, which is sensitive.to chamber alignment and which
changes slowly over a period of mépths as the reflecting surfaces
age, was obtained for each session of-experiments by depositing a
thin film of sodium salicylate on the vacuum side of a small Boro-
sylicate window in line with the photon beam. A photomultiplier
tube was then positioned behind the window fo detect the fluor-
esence of the synchrotron radiation striking the sodium salicylate.
The monochromator was scénned through the spectrum‘as the output
‘of the photomultiplier was monitored with a picoammeter. The
resulting ligh£ cu£v§ was used to normalize all spectra to a cbnstant
intensity level, greatly facilitating data interpretation.

The dispersion of the monochromator was 8.3 A/mm of slit width.

LI
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The slits were opened to 0.75 mm for all angle-resolved measurements,
resulting in a constant wavelength bandpass of A = 6.2 &. Sincé
all spectra are referenced to photon energy hv rather than wave-
length A, it is more useful to refer to an "energy bandpass". For
AN = 6.2 R, A(hv) is a variable function of the photon energy, .
. varying from A(hv) = .05 eV at hv =10 eV to A(hv) = .44 eV at

hv = 30 eV.
E. Experimental Chamber.

The photoemission measurementé were made in an all-metal, ultra-
high vacuum experimental chamber maintained by the MSU photoemission
group at the Synchrotron Radiation Center. The chamber, diagramméd
in Fig. 13, has been uged to study a wide variety of materials
by conventional photoemission spectroscopy. UV light from the
monochromator is focused by an elliptical mirror to a 1 mm séuare
spot at the source point of a double-pass cylindrical mirfor
analyzer (CMA)., The CMA is positioned such that the light beam
passes through par£ of the analyzer before reaching the source
point; holes are positioned in the side of the CMA and through
its hemispherical screens to accomodate the beam. The source
poiﬁt of tﬁe CMA is at the center of the chamber and is surrounded
by a variety of vacuum ports. The following were mounted in these

ports for a typical experimental session; (1) two samples, mounted

[ R
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on two different sample manipulators, (2) a cleaving blade at one
port and a cleaving anvil at an opposing port, each on.a linear
motion feedthrough, (3) leak valves for bleeding in countrolled
amounts of gases such as Oé and H,, (4) an electrical feedthrough
to an evaporating basket of Sn, (5) a crystal oscillator for
ﬁonitorihg evaporation rates, and (65 several viewing ports. The
use of each of these will become apparent in the description of
the experimental procedures. Vacuum inside the chamber, after
baking, was -maintained at a base pressure of 1 x 10_10 Torr. Surface

contamination rates at such pressures are very low, allowing the

examination of clean sample surfaces for extended periods of time.
C. Angle-Resolving Analyzer.

Energy and direction of the photoemitted electrons were detected

in the two-stage éylindrical mirror analyzer, which was modified

to permit the angle-resolving capability. In its normal mode of
operation, the CMA detects electrpns from a wide range of emission
direcfions,'forming a cone., The modification, within the inner
cylinder and éonsisting of an axiglly mounted, rotatable drum with

" two small apertures in its sidé, blocks all but a small segment

of this elect;on flux. The'bgam of electrons which passes through
the selected aperture and is subsequently detected corresponds to

a specified small range of emission angles. Rotational reposi-

(T S M
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tioning of the drum selects any part of the electron flux by
repositioning the apertﬁre. The.drum may also be translated along
the axis of the dMA, permitiing 1) the selection of the second
aperture of different angular width, or 2) the removal of the drum
from the electron flux altogether, restoring the analyzer to its
normal mode of operation. These motions are accomplished quickly
and easily by means of a rotary/linear feedthrough without breaking
vacuum. .

Figure 14 shows a schematic of the double pass two-stage CMA‘
in angle~integrated mode., The drum is shown in the retracted
position, where it does not affect the normal operation of the
analyzer. - The mounting and feedthrough for the drum are excluded
for clarity, and only one aperture is shown in the drum. For
photoemissién spectroscopy, electrons of the desired kinetic energy
are accelerated to a constant pass energy by two hemispherical
screens and pass into the fieldfree interior of the first stage
inner cylinder. The trajectory through the two cylindrical mirror
stages is indicated by dotted lines. The accepted electron flux
is determined by the slits through which the electrons pass into
and out of the inner cylinders. The accepted flux is in the shape
of a cone of half-angle 42.3° and 12° thickness. Two iris's, one
at the rear of'each stage, serve to define the energy andlspatial

resolution of the instrument. Electrons exiting the second stage
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are detected by an electron multiplier.

Figufe 15 shows the analyzer in the angle-resolving mode.
The hemispherical screens and first stage function jusf as before.
The drum is now positioned between the iris of the first stage and
the third sét of glits, within the second stagevinner cylinder.
The drum covers the slits, blocking all of the electron flux except
that passed by the selected aperture in the cylindrical su;face of
the drum. By rotating the drum, any segment of the electron cone
can be selected and passed through the second stage to be detected.

To achieve both rotational and linear movement the drﬁm "ridesg"
on an axle fixed at the axis of the CMA by a épindle mounted inside
the second-stége inner cylinder. Figure 16 shows the apparatus
in position. The spindle is machined to a close fit to the inside
diaméter of the inner cylinder and is held in place by set screws.
A stainless steel shaft with the drive gear fastened at the uppef
end pagsses through a vertical, off-axis hole in the spindle. This
shaft and gear transmit the linear and‘rotary motion to the drum.
The drum is in the form of a hollow cylinder, closed at the lqwer
end, with a hub extending downward at its center. Thé axle, as
shoﬁn in the figure, is fastened rigidly to tﬁe spindlg aﬁd passes
up through a hole in the hub, so0 that the drum moves freely on it.
At the upper end of the hub a second gear is staked to the base of

the drum, a gear which meshes with the drive gear. When the shaft


























































































































































































































































































































































