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Self-consistent calculations allowing electron redistribution in a wide region around a
Ge-GaAs(110) interface reveal six types of interface states, The charge densities and
local density of states at the interface indicate Ge-Ga bonding states in the gap (but be-
low the valence-band maximum) and a variety of other states at lower energy. Some es-
timates based on these pseudopotential results give information on band-edge disconti-
nuities and the character of bonds across a nonpolar interface.

The microscopic theory of semiconducting
heterojunctions was recently approached by
Frensley and Kroemer' with a simple potential-
matching model which allows predictions of the
discontinuity of the energy gap at the interface
(IF). Harrison® has since proposed a tight-bind-
ing theory which has more microscopic justifica-

- tion for its predictions but does not account fully
for self-consistent rearrangement of the elec-
tronic density at the IF. Baraff, Appelbaum,
and Hamann® have reported results of a calcula-
tion on the Ge-GaAs [Ga(100)] IF which allows
electronic rearrangement in a (~ 3 layer) region
at the IF. These authors concentrate on gap
statés and the character of covalent bonds at an
idealized (unfaceted) polar IF. In this Letter we
present the results of a self-consistent calcula-
tion for a periodic “supercell” containing 9 Ge
and 9 GaAs layers. Achievement of electronic
self-consistency in a wide region allows a de-
tailed study of the energy dispersion and spatial
distribution of IF states as well as band-edge dis-
continuities and the character of bonds at a non-
polar interface. For the Ge-GaAs(110) IF we find
find rich electronic structure which includes six
types of IF states. We discuss the characteris-
tics of these states and their relevance to exper-
imentally measurable quantities.

The Ge-GaAs IF is an interesting system to
study for the following reasons. Since Ga and As
bracket Ge in the periodic table, the variation in
atomic size and ion-core potential will be small
and systematic. A direct consequence is that the
lattice mismatch (5 0.1%) is small and atomic dis-
order at the interface (misfit dislocations), which
would be an added complication, is considered to
be relatively small in this system. In addition
many experimental results* are available for
comparison.

The method of calculation employed in the pres-
ent study has been described in detail elsewhere.®
The ions are described by pseudopotentials which
give good bulk band structures; for Ga and As
the potential of Chelikowsky and Cohen® (CC) was
used, while for Ge the potential can be character-
ized (in the notation of CC) by the constants a,
=-0.9555 a.u., 2,=0.8032 a.u., a;=-0.3121 a.u.,
a,=-0.01852 a.u. Periodicity is artificially re-
tained in the direction perpendicular to the IF by
introducing an IF after every N (110) layers of
Ge and GaAs. We have found that N=9, corre-
sponding to eighteen layers (36 atoms) in the unit
cell, will give an accurate representation of the
IF electronic structure (see below).

Using four 2 points in the irreducible part of
the two-dimensional Brillouin zone, iteration®
was continued until both the potential and the
eigenvalues were stable to ~0.03 eV. The cal-
culated results verify that the (110) IF remains
semiconducting as expected, since for this non-
polar IF all bonds remain saturated (at least on
average) and there is no energy gain to first or-
der in any distortion. To relate the energies of
IF states to the band structures of the bulk mate-
rials, the projected band structures of Ge and
GaAs, calculated self-consistently from the same
potentials used in the IF calculation, are present-
ed in Fig. 1. The method used for the relative
alignment of the projected band structures is pre-
sented below.

A full discussion of the IF states will be rele-
gated to a longer paper, but the main character-
istics can be seen in the projected band structure
(Fig. 1). IF states can exist in the fundamental
gap, below the valence band (<—11 eV), in the
“stomach” gap (~2 to -6 eV), and in the “lower”
gap (-7 to — 10 eV). The states labeled S, and S,
in Fig. 1 are s-like IF states derived from the As
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FIG. 1. The IF states of Ge-GaAs(110) relative to
the projected band structures of bulk Ge and GaAs from
self-consistent calculations. The dispersion of the IF
states is denoted by heavy solid lines; heavy dashed
lines indicate IF states which have a long decay length
into the bulk. Symmetry points are T =(0,0), X =(3,0),
M=@G,%), and X’ =(0,3). The IF unit cell is chosen
such that a; =a ,/V2, a,=a,, where q, is the bulk cubic
lattic constant. The IF states, the “stomach”’ gap (-2
to — 6 eV) and the “lower” gap (— 7 to — 10 eV) are de-
scribed in the text.

and Ga atoms, respectively, at the IF. Their
charge densities are shown in Fig. 2. The S,
state is not centered on the Ga atom but is dis-
placed ~0.7 A parallel to the IF, toward the mid-
point of a line joining the two As neighbors.
States B, and B, are, respectively, Ge-As and
Ge-Ga p-like bonding states directed across the
IF, as is evident from the charge-denisty plots
of Fig. 2. The Ge-Ga states lie in the region
near the bottom of the fundamental gap and are
similar to the gap states found in Ref. 3. We can-
not compare directly with the results of Ref. 3,
however, because of the different crystallograph-
ic IF considered. Although these are IF states
in the fundamental gap, they lie below the va-
lence-band maximum, as is clear from Fig. 1.
Hence these states are not expected to show up
experimentally in transport properties which
sample only the band edges. The states P, and
P, exist only near the symmetry point X’ and are
derived both from Ge-Ge and Ga-As bonds ad-
jacent to and parallel to the IF. The lower ener-
gy state of the pair (P,) is primarily Ga-As while
the higher energy state (P,) is mostly Ge-Ge.
The charge densities of these states are much
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FIG. 2. Contour plots, perpendicular to the IF, of
the charge densities of the IF states S;, S,, B, and B,.
Each charge density is normalized to unity over the
unit cell and successive contours are separated by 2.0
units, Straight lines denote bond directions. The IF
states derived from the As (respectiveity, Ga) atom
are plotted in the plane containing an As (respectively,
Ga) atom adjacent to the IF. In each case the charge
density in the plane which is not shown is < 5% of that in
the plane shown.

like those of bulk states at the same energy and
are not shown.

The S,, S, and B,, B, states can be understood
in straightforward physical terms. The ionic po-
tential in the bonding region between the Ge and
As atoms at the IF is stronger than that in bulk
Ge or GaAs. The As-related states S; and B, re-
spond to this and drop in energy below their bulk
counterparts. Conversely the Ga-related states
S, and B, are pushed higher in energy by the rel-
atively weaker ionic potential in the Ge-Ga bond-
ing region.

The local density of states for the Ge atomic
layer at the IF is shown in Fig. 3. The high-en-
ergy part (-4 eV<E <0 eV) is very much like
bulk GaAs whereas the low-energy (- 12 eV<E
<-4 eV) features more strongly resemble bulk
Ge. To separate the density of states localized
at the IF we have compared the local density of
states of Fig. 3 with those of bulk Ge and bulk
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FIG. 3. The local density of states for the Ge atomic
layer at the Ge-GaAs(110) interface. The “excess” de-
notes the density of states localized at the IF as de-
scribed in the text.

GaAs. The density of states denoted as “excess”
in Fig. 3 gives the energy region and amount by
which the IF density of states exceeds that of
either bulk. The excess features at ~-4 and
~—1 eV can be identified with the states B, and
B,, respectively, which bond across the IF layer.
The states S; and S,, do not lie primarily in this
layer and hence do not show up in Fig. 3. There
are, however, states localized at the IF in the
lower gap. These are not due to true IF states
but to “resonances” associated with Ge. These
states surround the gap in the projected band
structure (see Fig. 1) in this energy region which
contains no true IF states.

We now turn to the topic of band-edge discon-
tinuities and how the difference in energy gaps
AE,=0.75 eV is distributed between the valence-
and conduction-band edges. This information can
be obtained most accurately by first referencing
the valence-band maximum to the average poten-
tial (usually fixed at zero in pseudopotential cal-
culations) for each bulk semiconductor. Then
from the IF calculation the average potential V¢
in Ge and V°24% in GaAs can be obtained by aver-
aging over the respective atomic layer farthest
from the IF. Our calculation gives V¢ — 7C2As
=0.25 eV, of which < 0.05 eV is due to an electro-
static dipole. Raising the bulk energy bands of
Ge by this amount results in a valence-band dis-
continuity AE,=E ,°¢~E,©2¢=0.35 eV, which puts

a similar discontinuity AE ,=0.40 eV in the con-
duction band. We estimate our overall error to
be ~0.1 eV. The projected band structures of Fig.
1 have been aligned in this manner, using va-
lence-band edges and experimental gap values;
the calculated gaps and conduction-band edges
are not as accurate.

Experimental measurements,*® however, in-
dicate values for AE closer to 0.2 eV. If all re-
cent measurements are given weight a value of
0.2+ 0.15 eV is obtained. The estimates of Frens-
ley and Kroemer® and of Shay, Wagner, and Phil-
lips” from non-self-consistent considerations
agree rather well with the experimental values,
while the estimate of Harrison® is similar to our
result. In the only previous self-consistent cal-
culation, that of Baraff, Appelbaum, and Hamann®
who use a method similar to that used here, it
was found that AE =~ —0.1 eV (for their proposed
relaxation).

Simple chemical arguments (which ignore self-
consistency) would indicate that the Ge-As bond
across the IF involves 9/4 electrons, 1 electron/
bond from Ge and 5/4 electron/bond from As.
Likewise the Ge-Ga bond would include 7/4 elec-
trons. Such nonideal bonds as these would be
weaker than Ge-Ge or Ga-As bonds, resulting in
a separation of the (110) planes at the IF. This
relaxation is in the direction to bring the band
edges into better agreement with experiment,
since for infinite separation AE, is equal to the
difference in electron affinities (0.06 eV).® When
self-consistency is achieved, however, we find
that charge transfer has occurred and that the
total bond charge in the Ge-As and Ge-Ga bonds
is 2.11 and 1.89 electrons, respectively. Thus
the strength of the bonds at the IF, measured by
the number of electrons that are bound, is sig-
nificantly more uniform and more nearly ideal
than could initially be anticipated. Study of pos-
sible relaxations at the IF is continuing. For ex-
ample, the increased strength (weakening) of the
Ge-As (Ge-Ga) bond could cause a tilting of the
plane of the Ga-As bond.
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The charge ratios of muons produced by the interaction of 400-GeV protons with thick
copper targets were measured and the +/— ratios were found to be much larger than sim-
ilar ratios for muons in the secondary cosmic rays. The difference between these charge
ratios is taken to indicate that the neutron/proton ratio in the primary cosmic rays is

quite large: i.e., of the order of 25:75.

It should be possible to derive the characteris-
tics of secondary cosmic-ray fluxes on knowing
the composition of the primary flux and the de-
tails of the hadron-hadron interactions. Con-
versely, the composition of the primary flux
might be determined through such calculations
and the results of measurements of the secondary
fluxes. In this spirit, a large number of calcula-
tions have been conducted in an attempt to deter-
mine the quantitative relation between the second-
ary cosmic-ray muon charge ratio and the pri-
mary cosmic-ray neutron-proton ratio using in-
formation derived from high-energy accelerator
experiments to describe the character of the had-
ron shower.

Although the calculations of the relation between
the muon charge ratios and the primary composi-
tion are reasonably straightforward, some ques-
tions concerning nuclear effects and the treat-
ment of cascades remain, and different authors
have reached different conclusions.'™ It then
seemed essential to investigate the problem ex-
perimentally by observing the charge ratios of
muons produced by the interaction of high-ene:-gy
nucleons with a thick target simulating the inter-
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action of the primary cosmic-ray nucleons with
the thick atmosphere. We describe here such a
set of measurements, conducted at Fermilab ,
where we determined the charge ratio of muons
of various energies produced in a thick target by
the interaction of 400-GeV protons.

Secondary cosmic-ray muons are derived from
the decay of mesons from hadron showers. At en-
ergies such that the probability of meson decay is
smaller than the interaction probability, the char-
acter of the hadron shower would not change ap-
preciably if the atmosphere were made uniformly
denser, but the probability of meson decay would
be reduced by the ratio of densities: The muon
intensity would be reduced but the charge ratio
would be unchanged. If the real atmosphere, with
a density which varies exponentially with altitude,
were replaced by an atmosphere of constant den-
sity, the relative importance of primary to sec-
ondary hadron interactions would be somewhat re-
duced and slightly smaller charge ratios would be
observed as the charge asymmetry derived from
the secondary interactions must be smaller than
from primary interactions, inasmuch as charge-
exchange processes act to equalize initial charge



