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Experimental and theoretical graphite valence-band photoelectron angular distributions are presented
and compared. We observe a zone-selection effect, wherein interference between photoelectron ampli-
tudes from the two atoms in each graphene unit cell cause both o and  states to appear with different
intensity in otherwise equivalent Brillouin zones. To simulate the experimental graphite valence-band
photoelectron angular distributions, our simple model includes effects of (1) valence-band wave functions
and (2) the relative emission path-length difference, from the atoms in each unit cell to one’s detector

(which is determined by the experimental geometry).

I. INTRODUCTION

Since the earliest studies of solids by angle-resolved,
photoelectron spectroscopy (ARPES),! graphite has
served as a useful material in demonstrating the efficacy
of this technique.?”® In principle, photoelectron spec-
troscopy enables one to probe the wave functions and en-
ergies of occupied electron states in a material. Electrons
originating from near a surface are observed with the
greatest intensity, because of the finite mean free paths of
photoelectrons in solids. If one has a periodic, single-
crystal sample, with a high-quality, simple surface ter-
mination, the energy-dependent, photoelectron angular
distribution (PAD) may be used to map the valence-band
structure.® %

Photons typically have momenta small compared with
Brillouin-zone dimensions. Thus, a photoelectron’s vacu-
um momentum may be related directly to the momentum
of the particle’s initial state. The momentum of an elec-
tron parallel to the surface is preserved during photo-
emission, modulo surface reciprocal-lattice vectors, due
to translational periodicity parallel to the surface. Be-
cause of the solid’s surface termination, meanwhile, the
electron’s momentum perpendicular to the surface can-
not be a good quantum number. Nonetheless, due to the
nearly-free-electron-like dispersion of moderately ener-
getic photoelectrons—say, those excited by photons with
energy hv>50 eV—a photoelectron’s momentum per-
pendicular to the surface is often restricted to a narrow
range of values.

Certain issues concerning an electron’s momentum are
simplified in graphite, due to the layered structure of this
material. In many instances, including the present work,
graphite may be treated as an essentially two-dimensional
solid. In graphite, the interactions between the graphene
sheets of carbon atoms are fairly weak. Consequently, in-
terlayer banding effects lead to band dispersion, in the
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direction perpendicular to the sheets, on the order of only
a few percent of the occupied, valence bandwidth.®!°
Analyzing a PAD is usually somewhat complicated, for
the problem of isoenergetic photoelectrons leaving a solid
in various directions, because all three components of the
initial-state momentum vary with the direction of exit.
Meanwhile, the (practically) two-dimensional quality of
the graphite valence bands minimizes the need to identify
the initial-state momentum perpendicular to the layers. '
(The sheets lie parallel to the surface in the graphite we
discuss.)

In this work, we present numerically simulated and ex-
perimentally determined PAD’s for a single-crystal sam-
ple of kish graphite provided by Takahashi. This was,
however, a multiple-domain sample, but with domain-
size smaller than the synchrotron-radiation beam diame-
ter. Therefore, it was effectively a single-crystal, single-
domain sample. This is discussed further by Santoni
et al.,® by whom the experimental data, of which some
have already been reported in that work, were collected
using a display-type electron analyzer with an 84°-full-
cone angle of acceptance for photoelectrons. Because
data were gathered using monochromatic, incident syn-
chrotron radiation, while collecting electrons at one ener-
gy, measured PAD’s displayed constant-energy contours
in the graphite band structure.

To simulate the PAD’s, the theoretical model we use
includes effects of both band structure and photoexcita-
tion matrix elements. Band structure affects PAD’s sim-
ply because energy and momentum need to be conserved
during photoemission. In general, matrix-element effects
involve both the initial- and final-state wave functions.
For the graphite valence bands studied here, most of the
matrix-element effects are governed by the form of the
initial-state wave function. A single-plane-wave descrip-
tion of the final state is sufficient to model the salient
features present in the PAD’s. We do not include effects
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which are realized only in a more complete treatment of
the final state, such as photoelectron diffraction. Com-
pared to band structure and the simplest matrix-element
effects, phenomena like photoelectron diffraction would
lead to a relatively smoother and weaker modulation of
intensities found in the range of energies sampled by our
PAD’s. !

In reciprocal space, the band structure of a crystal is
periodic, and it is also highly symmetrical about high-
symmetry points in the Brillouin zone. This is demon-
strated pictorially in the periodic-zone scheme. !> There-
fore, one might look for concomitant periodicity and/or
symmetry in PAD’s. It is the main goal of this work to
explain the conspicuous lack of such periodicity and/or
symmetry in contributions, from both the shallowest 7
and o states, to measured PAD’s.® In particular, states
observed on one side of a zone boundary, such as in the
first Brillouin zone, would be absent, or much weaker, in
the next-higher zone, '3 and vice versa.

One might refer to the above symmetry breaking as a
zone-selection rule. As we discuss below, this effect has
been noted before. It is desirable to identify the mecha-
nism leading to such an alleged selection rule. In particu-
lar, we want to establish which of two scenarios is true.
In the first scenario, a zone-selection effect follows from a
strict selection rule, based on rigorous arguments regard-
ing the impact of symmetry on a photoexcitation matrix
element. In the second scenario, a zone-selection effect
follows merely from a matrix-element effect, not based on
rigorous arguments of symmetry. The second scenario
may arise when, due to achieving different final states,
concomitant variations in a photoexcitation matrix ele-
ment can lower the symmetry of a PAD from that of the
periodic-zone-scheme band structure. In the case of
LiF,” " for instance, there were strong variations in pho-
toexcitation matrix elements, particularly between oppo-
site sides of zone boundaries, leading to broken sym-
metries in PAD’s. Nonetheless, the relevant, photoexci-
tation transition matrix-elements never went completely
to zero for reasons of symmetry.

We examine closely the two following, observed zone-
selection effects in PAD’s from graphite. First, only part
of the constant-energy contours of the 7 bands are seen
near the zone corners. Second, the shallowest o states,
which occur at the zone center, are not seen in the first
Brillouin zone, but they are seen in higher Brillouin
zones. One can explain both of these effects by straight-
forward application of Fermi’s golden rule.'* We indi-
cate whether the effects are strict selection rules, or only
matrix-element effects. Others have noticed the selection
effect for the 7 states in the past.!>> Some have indicated
that this effect might arise from the discontinuous varia-
tion in the 7 band group velocity near the zone corners. !>
Williams? suggested that it might arise from the behavior
of the initial-states’ momentum distributions. The latter
explanation is more precise, although the behavior of the
relevant momentum distributions and the group-
velocities” behavior are both related to the peculiar
dispersion of the graphite 7 states near zone corners. We
have not found the zone-selection effect involving o
states reported elsewhere.
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In our experiments, the ability to measure valence-
band PAD’s as a series of constant-energy contours in re-
ciprocal space revealed the zone-selection effects in
graphite most efficaciously. However, this was not the
sole motivation for this work. Similar zone-selection
effects, found in valence-band PAD’s from other materi-
als (e.g., LiF), have also needed to be addressed. It was
important in this work, however, that the PAD’s were
obtained using an 84°-full-cone detector and display-type
analyzer,'® and presented in a fashion exploiting the
method of data collection, to pictorially demonstrate the
zone-selection effects most plainly.® In particular, this
method of data presentation helped to reveal the o-states’
zone-selection effect.

We refer the reader to the earlier report by Santoni
et al.® for details of the experiments, whereas this work
emphasizes the theoretical explanation of the observed
zone-selection effects. First, we discuss relevant aspects
of the crystal and electronic structure of graphite.
Second, we analyze the photoexcitation matrix elements
between the valence, initial states and plane-wave, final
states. This involves both the atomic characters of the
initial states and the crystal structure. Third, we discuss
the zone-selection effects seen for the 7 states, and we
compare theoretical and experimental PAD’s as a func-
tion of photon and electron energies, presenting the k-
space intensities in the form of gray-scale images.
Fourth, we similarly discuss the zone-selection effects
seen for the o states. Finally, we close with a summary
and outlook.

II. CRYSTAL AND ELECTRONIC STRUCTURE
OF GRAPHITE

A. Crystal structure

Before discussing the electron states of graphite, we
need to discuss the atomic coordinates. We suggest that
the zone-selection effects discussed in this work would
arise even for a single sheet of graphite (viz. graphene). It
is desirable that a description based on a single sheet
would be adequate. A physical model would not be as
robust, otherwise, if it depended on the multiple-layer as-
pects of graphite (e.g., the stacking sequence). On the
other hand, the model presented here does depend on the
orientation of the graphene layers (the orientation with
respect to the ¢ axis, and the angle of rotation about that
axis). This is only because the direction of an electron’s
momentum, with respect to a graphene-sheet’s angle of
rotation, needs to be ascertained. We conduct our discus-
sion almost entirely within a simple, “graphene-sheet pic-
ture,” although the numerical results presented are based
on a single-crystal sample of hexagonal graphite. The nu-
merical results are affected only minimally by interlayer
dispersion effects, and we indicate when such effects are
important in this work.

Consider a graphene sheet oriented as in Fig. 1(a).
There are two carbon atoms per unit cell, labeled “1”’ and
“2”. Periodicity of the sheet is indicated by the designat-
ed primitive, Bravais-lattice vectors, a; and a,. By com-
bining integer multiples of a, and a,, one forms a gra-
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phene sheet’s entire set of (two-dimensional) Bravais-
lattice vectors {R}. The atoms “1” and “2” are at rela-
tive positions, within a unit cell, indicated by basis vec-
tors 7, and 7,. We note the following facts about the
direct-space lattoice, expressed in terms of the bond
length, b=~1.42 A:

V3o e
a]=w23 bx+ by,
V3o e
a2=~——53—bx+%by R (1)
—_ —_ 1 — 1
T, T T1T T 3317 33 -

The reciprocal-space lattice is depicted in Fig. 1(b).
(The zone boundaries are shown.) The primitive
reciprocal-lattice vectors are given as follows:

FIG. 1. (a) Unit cell, atomic positions, and primitive lattice
vectors for graphene. (b) Reciprocal-space lattice for graphene.
Zone boundaries, primitive reciprocal-lattice vectors, and high-
symmetry points. The origin is at the center of the panel. (c)
Six points on a constant-energy contour around a zone corner,
in the 7 bands. The origin is at the center of the panel.
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b= ‘v—a”%y ’

(2)
0= | T AR

Meanwhile, we can specify the crystal momentum k of an
electron through the notation

k=8,b,+B,b, . 3)

We note the following: at I', B;=83,=0; at one of the
many, equivalent points labeled M, B,=1, B,=1; at one

of the many, equivalent points labeled K, B,=%, 8,=1.

B. Valence electronic structure

In systems with planar, threefold coordinated carbon
such as graphite, the carbon-2s- and carbon-2p-derived,
occupied, valence states are commonly categorized as o
or m states. The o states are derived from the 2s and the
in-plane 2p orbitals (the 2p, and 2p, in this work).
Analogously, the 7 states are derived from the out-of-
plane 2p orbitals (the 2p, here). The unoccupied band
states derived from the respective carbon, atomic orbitals
are correspondingly referred to as o* and 7*. The dis-
tinctions between o and o* or between 7 and 7* are am-
biguous in a solid, as compared to in, say acetylene. In
the solid, the distinctions should be considered as a dis-
tinction between occupied and unoccupied states, though
unoccupied states possess a relatively stronger “antibond-
ing”” character.

The lowest-energy valence states are the o states, while
the 7 states overlap the o ones, and the highest 7 states
lie just below Fermi energy Ep. A large part of o- and
m-state energies are explained partly by the relative
strengths of o and 7 bonds. Energetically, the lowest 7*
states lie just above Ep, and the lowest o* states lie
slightly higher. The distinction between o (o*) and 7
(7*) is valid only for truly planar systems. In graphite,
interlayer dispersion effects break the mirror symmetry,
of the k-p Hamiltonian, necessary for such a distinction.
This leads to the admixture of o and 7 character in the
graphite band states. Stronger o-7 hybridization occurs
in fullerene cages!” and tubules, !*!° due to the curvatures
of the graphene networks present in these systems. We
may neglect o -7 hybridization effects in this work.

A reasonable band structure for graphite may be
parametrized within an orthogonal, tight-binding frame-
work. We do this using the Slater-Koster method.?°
Different tight-binding parameters are used for the o and
7 states. The parameters in the tight-binding Hamiltoni-
an are adjusted to obtain agreement with proper, quasi-
particle results for graphite. These results were provided
by Zhu and Louie,” who found a total, occupied valence
bandwidth of 21.5 eV, with the o states as high as 3.9 eV
below E, and the occupied, 7 band being 7.4 eV wide.
Our tight-binding band structure is given in Fig. 2, for a
graphene sheet. The graphite band structure is similar to
the graphene band structure, except for a doubling in
number, and slight splitting, of the bands. Further de-
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FIG. 2. Band structure for graphene. Band energies mea-
sured with respect to the Fermi energy, indicated with a hor-
izontal, dashed line. Energies associated with photoelectron an-
gular distributions in Figs. 4—6 are indicated by labeling of
panels displaying experimental data.

tails regarding the tight-binding Hamiltonian are avail-
able upon request.

We indicate the eight-electron orbitals in the graphene
unit cell-i.e., one “s” and three “p” orbitals, on each of
two carbon atoms—by an index, u: e.g., we specify the
“p,” orbital on atom “2” with u=p,:2. In a cell at lat-
tice site R, the uth orbital has the form

¢ r—7,—R),

7, being the coordinated of the atom hosting orbital u.
Atomic orbitals are approximated by a separation of vari-
ables:

$(x)=f,(|xNY,R), @

specifying radial and angular dependences of the atomic
orbital. The Y functions are (=0 or 1) angular harmon-
ics. A state in the nth band with crystal momentum k
has energy €"¥, and is given as

VHD= o SRS Ol g, R . ()
R 7

There is a normalization factor, due to there being N unit
cells in the crystal; we work in the N — oo limit.

In this work, we discuss two kinds of states. We de-
scribe these states now, but why these particular states
are of interest will be illustrated later. To enhance our
discussion, the orbitals are depicted in Fig. 3. The first
states are the highest o states, which are located at zone
center. These states are doubly degenerate, and these
states can be given by

C;f:l = ;:;zzl/‘/i )

or
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4T — _ 4T — >
Cl=—C=1/V2,

with the remaining C’s being zero.

The 7 states near the zone corners are more interesting
and slightly more complicated than the above o states.
The unusual behavior of these 7 bands near the zone
corners leads to (1) the semimetallic properties of graph-
ite (whose Fermi surface would have precisely zero area,
were it not for interlayer, banding effects); ! (2) the rapid
variations in the band group velocities near the zone
corners; (3) a symmetry-breaking effect in scanning-
tunneling-microscopy images of high-quality, single-

FIG. 3. Regions of high probability density for the highest o
states (a) and (b), and for the 7 states, in graphene (c) and (d).
Regions drawn as solid volumes within which probability densi-
ty exceeds a certain value. Bonds between carbon atoms, and a
bounding box to guide the eye, in gray. Unit-cell boundaries are
indicated in black. In parts (a) and (b), probability densities are
shown only beneath the sheet, for the sake of presentation; the
sign of the wave function is indicated. Parts a and b each corre-
spond to a o state. In parts (c) and (d), the 7 orbitals on each of
two atoms are indicated. Linear combination of these, using
complex coefficients, form the 7 states.
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crystal graphite (which depends on interlayer banding
effects); *? and (4) some of the zone-selection effects which
we are discussing.

Although our tight-binding Hamiltonian includes
banding effects beyond nearest-neighbor interactions, the
results we obtain for 7 states near the zone corners can be
illustrated within a nearest-neighbor-only, tight-binding
picture. We, therefore, conduct our discussion regarding
the 7 states within this simpler framework. The system
of m and 7* states may be thought of as a set of two-level
systems, with a different two-level Hamiltonian to be
solved at each value of k. The 7 and #* states are de-
scribed at each k by the following secular equations:

H, 1, ((KICY +H, 1, o(K)CY, =€ Yy

(6)

k kK — nkonk

sz:Z,pzzl(k)C:z:l +sz:2,pz:2(k)cn €" C;Z:Z
All other C’s are zero. We leave the index n unspecified,
because the 7 and 7* bands cross o and o* bands, in ad-
dition to other bands, as one goes through the Brillouin
zone. In the nearest-neighbor-only, tight-binding picture,
we have H, .\, = H, 5, »= =€, a term energy. There is
also a - transfer amplitude r. We note that ¢ is nega-
tive. For the off-diagonal parts of the Hamiltonian, we
have

szrl,pZ:Z(k):Hp‘;:Z,pZ:l (k)
=t[1+exp(2mipB;)+exp(27if3,)] , (N

where B, and B, are specified by k. The #* and 7 ener-
gies are given as €2ialz:1,pz:2(k)|~ The moduli of the
two relevant C’s are both 1/V2, and the relative phase
between the two C’s for the 7 state is given as follows:

C 3 1,p,2(K) ®
C;zlfz I p,zl,pz:Z(k)' .

We note that the two-level Hamiltonian in Eq. (6)
would be degenerate without the off-diagonal parts, and
these off-diagonal parts are zero at the zone corners. By
following a path around any zone corner, one would ob-
serve that the off-diagonal parts exhibit all complex
phases. Therefore, the relative phase between C ”kl and

CI;“."2 —the only two nonzero C coefﬁcients—varles cor-
z

respondingly as one moves around the zone corners [see
Fig. 1(0)].

III. PHOTOEXCITATION,
PLANE-WAVE MATRIX ELEMENTS

One may write a dipole-approximation expression for a
photoexcitation matrix element,

M [ dire =% (p- A)U"K(x) . )

The matrix element is given above as a function of the to-
tal k of the assumed, plane-wave, final state. We, there-
fore, specify the initial state k in a periodic-zone scheme,
exploiting the periodicity of the band states and band en-
ergies in reciprocal space.
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Within the tight-binding framework used in this work,
one may rewrite Eq. (9) more explicitly:

o (k-R) 3 Crke N THE (KDY, (K) (10)
In

In this relation, there is a missing proportionality con-
stant, which is however independent of the initial state.
On the right-hand side, the first factor acts to select the
direction of outgoing photoelectrons, based on the polar-
ization vector of the incident radiation A. This leads to
angular anisotropy (i.e., absence of the crystal-surface
symmetry) in PAD’s. Next, the summation over atomic
orbitals can lead to interesting interference effects for two
reasons. First, it follows because of variation in the rela-
tive phases of the C’s in the electron initial-state wave
function. Second, there generally are different path
lengths from the various atoms in each unit cell to one’s
detector, which leads to the 7,-dependent structure fac-
tors. In this work, the two-dimensional character of
graphite implies that these structure factors will affect
the PAD’s chiefly due to the momentum parallel to the
graphene sheets. The f functions are appropriate Fourier
transforms of the f functions. We have evaluated them
using results of self-consistent-field, Hartree-Fock atom
calculations.?> However, the f functions are unimpor-
tant in this work, since they only provide overall, angle-
independent prefactors to the PAD’s. On the other hand,
the Y functions influence the PAD’s in a very important
way, through angle-dependent factors.

In the theoretical PAD’s, we use the following expres-
sion for the electron flux for a momentum k:

I(k)=A27 3 8(e"™ +hv—#k2/2m)|[M™ 2 . (11)

A is an unspecified, but constant, prefactor. In our cal-
culations, the 6 function was Lorentz broadened to simu-
late an experimental measurement condition with an en-
ergy, band-pass filter having a 0.5-eV full width at half
maximum.

We remind the reader that we are not including
photoelectron-diffraction effects, since we do not consider
effects of atomic scattering centers on the outgoing,
plane-wave, final state. In another material, LiF, we have
found that PAD’s are affected more strongly by such
effects.!> We anticipate that photoelectron diffraction
does not strongly influence the zone-selection phenomena
found here. Instead, including photoelectron-diffraction
effects in our model would introduce a smooth and weak-
ly varied envelope modulating the theoretical PAD’s.

IV. ZONE-SELECTION EFFECTS

For all of the measurements, neither symmetrization
nor noise-filtering procedures have been applied to the
data presented. For clarity in presentation, however, the
data were clipped to suppress areas corresponding to ex-
perimentally inaccessible phase space and/or spurious
signal near the edges of the field of view. Further, con-
trast was uniformly adjusted so as to render background
noise essentially invisible. There is also nonideality of the
images, resulting from uncompensated angular distor-
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tions by the detector. Despite such perturbations from
ideality in the PAD’s, all relevant features in the experi-
mental data are plainly visible.

With the experimental constraint of a fixed 84°-full-
cone angular acceptance, photoelectrons of a given kinet-
ic energy can be probed from only a particular region of
reciprocal space. The best momentum resolution is
found at low kinetic energies, which follows from an
energy-independent angular resolution. Working at
higher kinetic energies (using higher-energy photons) per-
mits the study of larger regions of reciprocal space,
though at the cost of poorer momentum resolution.

We discuss two particular zone-selection effects in de-
tail. Several others are discussed only briefly, in passing.

A. 7 states

For electron states on a constant-energy contour near a
zone corner, contributions to the PAD’s from the 7
states will vary as a factor which changes smoothly, times
a factor of the form
2

|§(B1,/3’2)12:

L+ 2B B 14e g PP
€ —2mip, | —2miB,
I1+e +e |

This follows from Egs. (7), (8), and (10). All that
influences the above factor is the relative phase between
C[fz'fl and C,,"z k, and the relative path-length difference

from atoms “1” and “2” in each unit cell [cf. Fig. 1(a)] to
one’s detector. Variations in § are, therefore, due to sim-
ple interference between two photoelectron wave ampli-
tudes.

We note that { changes rapidly near a zone corner. In
Table I, we present results for the above expression at six
points near one of zone corners, i.e., the corner specified
by B,=2%, B,=1. These six points are illustrated in Fig.
1(c). Due to the variations in |£(8,,8,)|%, we find that
only part of the contours are visible in PAD’s. Experi-
mental results are shown adjacent to the theoretical re-
sults in Fig. 4. The photon energy used in the experi-
ments was ~50 eV. Each energy slice shown in Fig. 4
measures states at the indicated energy with respect to
Ep. Over all, we see that our model for zone selection in
m-state emission is substantiated by the experimental re-
sults shown in Fig. 4. The interference effects are in
agreement between theory and experiment.

We note that both the relative phase between the C
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coefficients and path-length effects [cf. Eq. (10)] are need-
ed to explain the data. Whereas the present, tight-
binding model finds zero intensity from the 7 states in the
second Brillouin zone (along the K-M-K line, going away
from the first Brillouin-zone’s center), these 7 states may
have nonzero (though small) intensity in experiment. The
intensity is at most very small, however, based on the ex-
perimental data. This intensity may be nonzero because
of trigonal distortions of the nominally p, orbitals in real
graphite. Such distortions (through admixture of
higher-angular-momentum orbitals into the nominally p,
orbitals) are not considered in the present, tight-binding
framework. .

The results of Figs. 4(j)—4(1) are perhaps the only re-
sults showing significant effects related to the third di-
mension. In theory [cf. Fig. 4(1)], a PAD could include
two sixfold symmetric, fluted contours and two nearly
circular contours in the first zone.?* [One of the fluted
contours lies right on top of a circular contour in Fig.
4(1)]. The fluted contours are due to o states, and these
are discussed in the next subsection. The circular con-
tours are due to 7 states. Only one circular contour is
seen in the theoretical PAD. Near the zone center, the
coefficients of all of the p, orbitals within each graphene
sheet have nearly the same phase. In AB-stacked, hexag-
onal graphite, however, there are two 7-bands split in en-
ergy (by up to about 1 eV), and there is a difference be-
tween the band states regarding the relative phases of the
above coefficients between sheets. Depending on the in-
terlayer spacing times photoelectron momentum perpen-
dicular to the sheets, destructive and constructive in-
terference will occur for emission from one of these 7
bands and the other, respectively. This is why only one
circular contour is visible in Fig. 4(k). The 7 bands are
extremal near the zone center, their energies varying in a
parabolic fashion with the distance of k from the center.
Meanwhile, the bands vary in value by around 1 eV in the
k, direction. Hence, even a small uncertainty in momen-
tum perpendicular to the layers—i.e., normal to the sur-
face, in this work—can lead to substantial smearing
effects in the k directions in isoenergy PAD’s. This is
perhaps why the experimental PAD [cf. Fig. 4(j)] in the
first zone appears as a solid disk instead of two rings.
This effect could suppress the ability to resolve the two 7
bands separately near the zone center, despite an experi-
mental energy pass set to 0.5 eV full width at half max-
imum.

We also measured the PAD’s from the o and 7 states

TABLE 1. Ratio C;z‘fz /CI;‘X"J, relative amplitude of transition matrix element, £(B,,,;), and relative
photoelectron intensities for the six points in the Brillouin zone indicated in Fig. 1(c).

Zone point Cp"z‘fz /C‘;‘z‘f1 £(By,B,) (arb.) |&(B1,B,)|? (arb.)
I exp(—2mi /3) 2 4
I exp(—i /3) V3 exp(i /6) 3
I —1 V'3exp(—i/6) 3
I —exp(—2mi/3) 0 0
Ir —exp(—mi/3) exp(—mi/3) 1
1Ir 1 exp(i/3) 1
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FIG. 4. (a) Experimental photoelectron angular distribution
as a function of initial-state momentum parallel to the surface,
for states at — 1.1 eV with respect to the Fermi energy. Areas
of higher flux are darker. The momentum/wave-number scale
is indicated. (b) Simulated photoelectron angular distribution
obtained using the model described in this paper, the same ener-
gy, and the same momentum scale. (c) Theoretical, constant-
energy contours in the band structure, the same energy, and the
same momentum scale. Panels (d)-(f), same as (a)—(c), but —2.1
eV with respect to Fermi energy. Panels (g)-(i), same as (a)-(c),
but —2.8 eV with respect to Fermi energy. Panels (j)—(1), same
as (a)—(c), but —7.7 eV with respect to Fermi energy. All
panels have a photon energy of =50 eV.

of graphite at higher kinetic energies, in order to access
the second and third Brillouin zones. In Fig. 5, we show
theoretical and experimental results for 7 states at higher
photon energies, approximately 150 and 250 eV. The
periodicity of electron band states in reciprocal space is
seen in the images, but the zone-selection effects just dis-
cussed imply that different points on a constant-energy
contour are seen with different intensities. This is very
clear in the theoretical images, though difficult to see
with the limited angular resolution in the experimental
images. This effect is also manifested, nonetheless,
through different apparent lengths of equal-length zone
boundaries. For instance, one may compare the distances
between spots near corners of the first Brillouin zone with
distances between spots near the ends of the K-M-K line
in the higher zone, going away from the first Brillouin-
zone center.

B. o states

We refer the reader now to the o states lying 3.7 eV
below E at the zone center (cf. Fig. 6). The photon ener-
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FIG. 5. (a) Experimental photoelectron angular distribution,
as a function of initial-state momentum parallel to the surface,
for occupied states near the Fermi energy. Zone corners near
the areas with higher flux are drawn darker. There is back-
ground noise towards the left side of the panel. Photon energy
~150 e¢V. The momentum/wave-number scale is indicated. (b)
Simulated photoelectron angular distribution obtained using the
model described in this paper, the same energy, and the same
momentum scale. Panels (c)-(d), same as (a)-(b), but with a
photon energy of =250 eV.

gy used in the experiments was =150 eV. We note that
the quasiparticle results by Zhu and Louie predicted this
3.7 eV very well. States at the top of the o band are not
seen in the first Brillouin zone (i.e., at normal emission).
However, these states are seen in the neighboring zones.
There are two mechanisms responsible for this effect.
Each mechanism would suppress normal emission from
these highest o states, and neither mechanism would
suppress their emission in other directions.
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FIG. 6. (a) Experimental photoelectron angular distribution
as a function of initial-state momentum parallel to the surface,
for states at —3.7 eV with respect to the Fermi energy. Areas
of higher flux are darker. The momentum/wave-number scale
is indicated. (b) Simulated photoelectron angular distribution
obtained using the model described in this paper, the same ener-
gy, and the same momentum scale. (c) Theoretical, constant-
energy contours in the band structure, the same energy, and the
same momentum scale. The points at the zone centers are not
part of the same constant-energy contour, but are drawn for
reference. The states seen near the higher zone centers lie
slightly lower in theory, but are visible due to the finite-energy-
resolution effects. Photon energy of =150 eV.
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(1) There is an angular factor, due to the symmetry of
the p, and p, orbitals, entering via the Y factors in the
photoexcitation matrix elements, cf. Eq. (10). This factor
goes precisely to zero at normal emission, for both of the
o states.

(2) Even without the above, Y-factor effect, the oppo-
site signs of the two nonzero C coefficients in these o
states imply an exact cancellation of the amplitudes, from
the two atoms in each unit cell, in detected photoelectron
waves at normal emission. Hence, what we are discuss-
ing now is a true selection-rule effect. At normal emis-
sion, there is no difference in the path lengths from each
of the atoms in each unit cell to one’s detector. In the
higher Brillouin zones, on the other hand, there is a
nonzero difference in these path lengths, so complete des-
tructive interference between waves from the two atoms
does not occur. Without taking this path-length
difference into account, one would still predict destruc-
tive interference in higher zones.

Meanwhile, in the results shown in Fig. 6, one can also
see 1 states. Unlike the o states, these 7 states are visible
near the center of the first Brillouin zone. For the =
states, the C coefficients of the two p, orbitals have the
same sign near the zone center, and the 7 states have a Y
factor favorable for normal emission. On the other hand,
the 7 states are seen more weakly in the second Brillouin
zone, but are seen strongly again even further from nor-
mal emission—all describable through modulation of a
path-length difference. Interference effects work oppo-
sitely for the o and 7 states. Finally, we note that there
is a signal from o bands seen in Fig. 4(j), in the higher
zones, whereas the o states are not seen at normal emis-
sion. This occurs for an analogous reason as in Fig. 6.

V. SUMMARY AND CONCLUSIONS

Historically, graphite has been particularly useful in
understanding the principles of ARPES, because of its
simple, layered structure. In this work, we have carried
out a study of the factors governing intensity variations
observed in valence-band photoelectron angular distribu-
tions (PAD’s) from graphite. We present both theoretical
and experimental PAD’s from single-crystal graphite.
Besides energy- and momentum-conservation constraints,
the PAD’s from graphite are strongly influenced by pho-
toexcitation matrix-element effects. These involve the
symmetries of the atomic orbitals constituting valence-
band states, the relative phases of the coefficients of like
atomic orbitals on different atoms in each crystal unit
cell, and the relative path lengths from various atoms in
each unit cell to one’s detector.

Brillouin-zone selection effects have been seen in two
ways: only some of the states near the top of the 7 band
were detected in PAD’s, and there was no signal from the
tops of the o bands in the first Brillouin zone (i.e., at nor-
mal emission). Both of these effects were explained by us-
ing Fermi’s Golden Rule within a simple tight-binding
approach. To demonstrate the model used to simulate
PAD'’s, we have presented gray-scale images of theoreti-
cal and experimental PAD’s. This was done in a fashion
appropriate for contemporary display-type analyzers.
The photoelectron intensity as a function of emission an-
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gle was the quantity represented in the images.

It is interesting to consider the interplay between
band-dispersion effects and the present treatment of
matrix-elements carried out to simulate the graphite
PAD’s, on the one hand, and photoelectron-diffraction
effects, which are neglected here, on the other hand. It
appears that all salient features of graphite PAD’s were
predicted within the present treatment. This was not
true in an analogous study of a more complex material,
where valence-band photoelectron-diffraction effects
proved to be more critical. !*

It is gratifying that such striking experimental effects
in the valence-band photoelectron angular distributions
have been explained using such simple theory. The ex-
perimental results constitute an elegant demonstration of
the workings of quantum mechanics. Collectively, the
Brillouin-zone effects discussed in this work constitute a
single, more general interference effect. For the
Brillouin-zone selection effects to be properly understood,
photoexcitation must be considered as a coherent pro-
cess, which simultaneously involves the initial- and final-
states wave functions on several different atoms. In terms
of the formulation set forth in this work, the integral over
space which involves these wave functions, used to obtain
a photoexcitation matrix element [Eq. (9)], must be car-
ried out prior to squaring the result to obtain a transition
rate—the classic “summing before squaring” argument
familiar in quantum mechanics.

The results of this work can encourage one to employ
suitably adapted theoretical tools to model the electronic
structure of other materials through analysis of their
valence-band photoelectron angular distributions. Fur-
thermore, similar analysis could be carried out for
inverse-photoemission  experiments. It might be
worthwhile, for instance, to examine inverse PAD’s for
7* states near the zone corners in graphite. We predict
that exactly the opposite zone-selection rule would be ob-
served from that seen in direct photoemission of graphite.
Analysis of inverse-photoemission spectra, collected for
electrons at normal incidence, may also provide valuable
information regarding the symmetry and ordering of con-
duction bands in graphite, higher than the first few which
are known.
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FIG. 4. (a) Experimental photoelectron angular distribution
as a function of initial-state momentum parallel to the surface,
for states at — 1.1 eV with respect to the Fermi energy. Areas
of higher flux are darker. The momentum/wave-number scale
is indicated. (b) Simulated photoelectron angular distribution
obtained using the model described in this paper, the same ener-
gy, and the same momentum scale. (c¢) Theoretical, constant-
energy contours in the band structure, the same energy, and the
same momentum scale. Panels (d)-(f), same as (a)-(c), but —2.1
eV with respect to Fermi energy. Panels (g)-(i), same as (a)-(c),
but —2.8 eV with respect to Fermi energy. Panels (j)-(1), same
as (a)-(c), but —7.7 eV with respect to Fermi energy. All
panels have a photon energy of =50 eV.
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FIG. 5. (a) Experimental photoelectron angular distribution,
as a function of initial-state momentum parallel to the surface,
for occupied states near the Fermi energy. Zone corners near
the areas with higher flux are drawn darker. There is back-
ground noise towards the left side of the panel. Photon energy
=~150 eV. The momentum/wave-number scale is indicated. (b)
Simulated photoelectron angular distribution obtained using the
model described in this paper, the same energy, and the same
momentum scale. Panels (c)-(d), same as (a)-(b), but with a
photon energy of =250 eV.
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FIG. 6. (a) Experimental photoelectron angular distribution
as a function of initial-state momentum parallel to the surface,
for states at —3.7 eV with respect to the Fermi energy. Areas
of higher flux are darker. The momentum/wave-number scale
is indicated. (b) Simulated photoelectron angular distribution
obtained using the model described in this paper, the same ener-
gy, and the same momentum scale. (c) Theoretical, constant-
energy contours in the band structure, the same energy, and the
same momentum scale. The points at the zone centers are not
part of the same constant-energy contour, but are drawn for
reference. The states seen near the higher zone centers lie
slightly lower in theory, but are visible due to the finite-energy-
resolution effects. Photon energy of ~150 eV.



