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An anisotropic direct-transition model for single-crystal semiconductors is shown to
predict the direct-transition features seen in experimental photoemission spectra for
Ge(111) for v $20 eV. By comparing theory with experiment, all the conduction and
valence bands at L and X within 1 Ry of the gap are determined, Comparison of experi-
ment with current band models suggests that an ~10% self-energy correction may be
needed to describe high-energy optical transitions,

Germanium is a prototype semiconductor for
band-structure studies, and a variety of experi-
mental techniques have been applied to the deter-
mination of selected aspects of its band struc-

ture. These have included optical measurements!:?

(which determine energy-band separations), pho-
toemission measurements interpreted using sym-
metry line analyses,®'* and photoemission val-
ence-band overviews® (which give overall band-
widths).

In spite of the large amount of information rep-
resented by the above studies, many significant
features of the valence and conduction bands of
Ge have remained undetermined. In the present
paper, we obtain from photoemission and optical
data all the energy-band eigenvalues for Ge at L
and at X within ~1 Ry of the gap using an analy-
sis which contains two fundamental new results.
There is, first, a demonstration that the anisot-
ropy in photoexcited electron transport to and
escape through a (111) cleaved surface is vital
for obtaining calculated spectra which replicate
experimental spectra for Ay <15 eV. Second, ex-

perimental band positions are determined by com-

paring data with features in theoretical spectra
which include those which arise from transitions
at geneval poinits® in the Brillouin zone (BZ).
Besides our determination of Ge band positions
over a wide range of conduction- and valence-
band energies, there are three other implica-
tions of this work. These are the demonstration
that final-state crystal-momentum information
is preserved in the transport and escape steps of
the photoemission process for cleaved semicon-
ductor surfaces; the observation that direct-
transition features are seen in spectra for all Av
< 20-25 eV; and the realization that a “self-en-
ergy” term, e.g., one linear in energy, appears
to be needed in the Hamiltonian to produce the
proper high-lying conduction-band structure.
Our anisotropic model starts with the energy
bands E,,(E) determined by the /=2 nonlocal pseu-
dopotential described by Phillips and Pandey.”
This potential has been shown’ to provide a good
description of valence bandwidths and low-lying
optical transitions in Ge. Photoemission spectra
D(E;, hv) for primary (unscattered) electrons,
from states of initial energy F;, are then calculat-
ed using an anisotropic, direct-transition model®:

PE, ) =K T [ a%{8(E,[&) - ENO(E, () - E, = )|, @) 21D, RV T, (K). (1)

n,n
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Here —IS,,,,:(E) is the optical matrix element be-
tween initial and final bands of band index » and
n’, respectively. D,.is an effective escape depth
and T, a transmission probability, both referred
to a (111) surface. The constant K is used to nor-
malize to the quantum yield. P(E,, hv) represents
collection of all emitted electrons (angle-inte-
grated photoemission spectroscopy).

The effective escape depth for the final-state
electron is represented by®

D,(K) «8,,, Vi E,(R)T(E,) =S,,,- UE, (&), (2)

where §1u is a unit vector normal to the (111)
surface, 1 is the mean-free-path vector for the
final-state electron, and 7 is the inelastic scat-
tering time. To obtain the probability of trans-
mission of the final-state Bloch wave through the
(111) surface, we sum the probability of trans-
mission of the individual plane-wave components
IE+§) of the pseudo wave function®:

T (&) =2zCs, (B ?
X 0(E, (k) - 72(k + G),2/2m - E ). (3)

The C; ,» are the plane-wave expansion coeffi-
cients, and 0 is the usual unit step function. Al-
S0, Gisa reciprocal lattice vector, and E,. is
the vacuum level. Equation (3) represents a low-
energy electron-diffraction matching condition
for a specular surface, with k+G parallel to the
surface being conserved. At a given photon ener-
gy, the primary electron spectrum calculated us-
ing Egs. (1)-(3) was added to a secondary (inelas-
tically scattered) electron spectrum calculated in
the usual way.10712

Experimental photoemission spectra for cleaved
Ge(111), obtained using synchrotron radiation®:8
for 6.5 <hv <23 eV, were compared with theoreti-
cal spectra obtained from our anisotropic model.
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FIG. 1. Comparison of spectra at v =10 and 12 eV,
In the 12-eV experimental spectrum, surface-state
emission has been subtracted to show the shape of the
bulk component alone,

For hv <15 €V, the results for this model were
in markedly better agreement with experiment
than the results of the usual'°**'* isotropic “three-
step model.” Figure 1 compares experiment with
both models at =10 and 12 eV, and illustrates
that the positions and intensities of peaks in the
experiment and anisotropic theory agree well.

In contrast, the isotropic model incorrectly pro-
duces too many peaks, which occur with rather
different relative amplitudes from what are seen
in the experiment,

Anisotropic-model spectra are compared with
experiment in Fig. 2 for the entire 6.5-23-eV
photon-energy range. Prominent peaks in both
cases show the changing initial energy versus
photon energy characteristic of direct-transition
features. Such changing peak positions are indi-
cated using dashed lines and demonstrate the
similarity between experiment and theory.?'3
This similarity will now be utilized to identify
the BZ transitions contributing to various exper-
imental peaks.

We start with the eigenvalue ladder at X in the
BZ. The most persistent prominent peak in Fig.
2(b) is one which first appears at E;~—0.8 eV
for hv=8.5 eV, then proceeds to lower values of
E; as hv increases to 17 eV, and for larger hv
returns to higher-lying initial energies. At sy
=17 eV, this peak has reached its maximum ex-
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FIG. 2. Emission intensity (arbitrarily scaled) ver-
sus E; for 6.5<xv=< 23 eV, for (a) the anisotropic di-
rect-transition model and (b) experiment.
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TABLE I. Energy-band positions (in eV) for Ge, with E,=TI';» =0. Error estimate is in

parentheses.
b
Z,y mina LZ’va lea LS'vb Licc LScb Ly,
—4.5(0.2) —10.6(0.5) -17.7(0.2) —1.5(0.15) 0.84 4,25(0.2) 7.8(0.6)
Lcupper X4vb Xicc Xcupper rlva I, ,cd I 5cd
12.8(0.6) —3.2(0.2) 1.3(0.2) 13.8(0.6) ~12.6(0.3) 1.00 3.25
aRef. 5. ¢Present analysis and optical data (Refs.

bpresent analysis.

cursion below E,, the valence-band edge. At this
point it lies at E; =~ 3.2 eV and, as shown by our
theoretical analysis, originates from transitions
at X. Thus, the experimental value of — 3.2+0.2
eV for X,, is determined, while the final-state
band at X lies at E; +hv =13.8+0.6 eV =X "PP,
which is the center of gravity of a set of closely
spaced bands (see Fig. 3). We then determine
X, from X,, and optical data (see Table I).

The eigenvalue ladder at L is next determined
by first utilizing the values L,,,=-10.6+0.5 eV,
L,,=="1.7+0.3 eV previously determined from
photoemission spectra.® The peak at E;=- 1.7
eV corresponding to emission from states near
L,, is seen experimentally to increase rapidly in
intensity first between #v =15 and 16 eV, and then
between 20 and 21 eV, establishing L,,.=7.8+0.6
eV and L, "PP'=12.8+0.6 eV. Here L 'PP' is again
defined as the center of the set of closely spaced
bands at L shown in Fig. 3.
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FIG. 3. Theoretical energy bands (Ref. 7 potential)
for Ge along k-space symmetry lines. Table I experi-
mental band positions at X, L, and I are indicated by
arrows.
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2,7.
doptical data (Refs. 2,7).

Finally, L,,, and L,, are determined by com-
paring our calculation with optical data, photo-
emission conduction-band state-density over-
views,'* and cesiated-Ge photoemission datal®
near hv =5.8 eV. We arrive at'® L,,,=~1.5+0.15
eV, L,,=4.25+0.2 eV. We then obtain L,,=0.8
eV from our value for L,,, in conjunction with
optical data (see Table I).

The energy-band positions at L and X are listed
in Table I and shown in Fig. 3. (Z, ;;, and also
eigenvalues at I have been determined previous-
ly from photoemission® and optical data.?'”) Fig-
ure 3 presents a graphic demonstration of our
overall determination of the total band structure
for Ge. This figure shows that the theoretical
bands near L,"P™" and X,"P™' lie ~10% too low.
This disagreement cannot be corrected by adjust-
ing the pseudopotential, but only by adding a term
linear in energy to the Hamiltonian, such as that
due to self-energy effects.’® Finally, we note
that the /=2 nonlocal term in the pseudopotential
was required to give the proper high-lying con-
duction-band topology, for it is this term that
brings L, close to the experimental position.®

We are grateful to John Freeouf and M. Erbu-
dak who assisted in obtaining the data, and to
J. Shaw for programming assistance.
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It is shown that a simple random-walk formalism is not sufficient to derive ac conduc-
tivities when the influence of the first—waiting-time distribution is considered.

The continuous-time random walk of Montroll
and Weiss! has been employed by Sher and Lax?®
and subsequently by Moore? to derive ac conduc-
tivity in situations where the conduction is pri-
marily by hopping. The treatment ostensibly has
applications to amorphous materials where at
moderate frequencies the conductivity is frequent-
ly proportional to w”, where w is the angular fre-
quency and v is a constant of the order of unity.
Sher and Lax are able to fit theoretical curves to
experimental data quite successfully through a
frequency-dependent term of the form

iwh(w)[1=9(w)]™Y, ¢y

where ¥(w) is the Fourier transform of the prob-
ability density of the waiting time between hops
in a random walk.

Firstly I shall derive a formula for the ac con-

ductivity in a much simpler fashion than Sher and
Lax and secondly show that expression (1) is in-
correct.

Suppose a potential gradient is suddenly applied
to a material in which the carriers perform a
Montroll-Weiss type of random walk. In this
walk, independent electrons (say) are trapped at
sites which may be distributed at random. Hop-
ping takes place between sites; the transitions
themselves are virtually instantaneous with a
waiting time between hops with probability densi-
ty f(¢). The potential gradient naturally causes
the probability of a hop in the forward direction
to be greater than that in the reverse direction
so that a steady component of current is produced.

With the use of a type of argument employed by
Feller,* the probability that a transition takes
place in interval dt¢ at time ¢ after application of
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