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Critical current densities as a function of

tained in this way are shown in Fig. 2.

There are two theories of the enhancement of
critical field by small dimensions. The original
London® theory suggests that this enhancement is

The dielectric fine structure of semiconductors
in the visible and ultraviolet is determined by di-
rect interband transitions.! Neglecting lifetime
broadening, the contribution of such transitions
to the imaginary part €, of the dielectric constant

1s

94

on the order of A,/R’, where X, is the penetration
depth, while the modification suggested by Pip-
pard’s® concept of a coherence length &, givesc> the
order of X,&,Y?/R'¥2. If ), is taken to be 430 A, &,
as 2000 &, and H.(2.1°K) =320 oersteds, then the
two estimates are ~4600 and ~40 000 oersteds, re-
spectively, for the London and Pippard limits.
While we could not go to high enough fields to drive
the filaments normal, the Pippard limit appears

to have more truth in it than the London limit.

The main conclusion of this note is that artificial
structures may be devised that simulate the known
high-field, high-current superconductors. In addi-
tion to their interest in clarifying the basis of these
phenomena, these techniques may be used to pre-
pare specimens for electron or nuclear resonance
experiments’ where the techniques of colloidal par-
ticles or thin films are difficult to employ.

We wish to acknowledge the suggestion of R. E.
Carter that we use Vycor. In addition, we wish
to thank J. W. Borough for carrying out the im-
pregnation of the samples.
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€,W) = T f&,n)ow -E7),
k,n

where n labels a pair of bands, one valence and
one conduction. Here f is the oscillator strength;
calculations discussed below show that f is approx-
imately proportional to C(z)/E?, so that

ez(V) =Enpn(hV)C(n)/vz, (2)

where p,(E) is the joint density of states for en-
ergy E=E; =E€ -EV,
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It is known? that structure in the reflectance is
similar in shape to structure in €,; from (2) this
is determined by structure in p,,. According to
the critical point theory®* corners in p,(E) occur
whenever

v (E-C-EY)=0. 3)
kT k k

At symmetry points to which previous analysis
was confined skEC =0 and VkE” =0 separately;
at more general points of the Brillouin zone one
may have VREC = VpE? so that (3) may still hold.

The corners that occur in [ (E) are of two kinds:
minima (M,) and maxima (M,), or saddle points
(M, and M,). The latter tend to occur near peaks
in p,, whereas the former occur when p,, is small.
Because of lifetime broadening in room tempera-
ture reflectivity data® only saddle-point corners
have been identified with confidence.

Here we analyze reflectivity data® taken at 25°K
on Ge and 80°K on GaAs.® These data enable us
to resolve M, corners as well as new saddle-point
corners. These corners are predicted by calcula-
tions we have carried out using the pseudopoten-
tial” parameters for Ge of Bassani and Celli.® The
calculations used a basis set of about 50 plane
waves. They were carried out at about 50000
points in the Brillouin zone in order to obtain
good statistics for a histogram (energy interval
0.1 eV) approximation to p,(E). The pseudopo-
tential values for the squared interband momen-
tum matrix elements [denoted by C(n)] are found
to be approximately E-independent.

The theoretical calculation of €, from (2) is
shown in Fig. 1, which also gives the experimen-
tal curve? for €,. It is found that most of the re-
solved structure comes from (4 - 5) and (4 » 6)
transitions. The energies associated with the
corners in Fig. 1 are tabulated and compared
with experiment in Table I, which gives a de-
scription of the critical points involved. The var-

Table I.
tive list will be given elsewhere.
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FIG. 1. The joint density of states dN/dE for inter-

band transitions, weighted by oscillator strength f, is
compared with the experimental €, for Ge. The normal-
ization of the theoretical curve has been adjusted to agree
with the experimental curve near 2 eV,

ious interband transitions are shown in Fig. 2.
Several features of these results deserve spe-
cial comment. The large M, edges® at 2.26 + 0.02
eV and 2.44 eV in Ge, previously attributed to Ly
+ Ly, are now assigned to A;» A, while Ly > L,
is assigned to the M, thresholds at 2.02+0.04 eV
and 2.18+ 0.03 eV. According to Roth,® the longi-
tudinal g shift for conduction electrons at L, is
m A
SO

IR |
E_ -E
m, (L1 L3,>

g =" (4)

Important critical points in interband transitions below 6 eV are tabulated and classified. An exhaus-

Theo. Exper.
Type Location Bands Symbol Energy Energy
M, (0,0,0) 4—5 Togr = Ty 0.6 0.8
M, (0.5,0.5,0.5) 4—5 Ly—L,y 1.8 2.1
M, (0.17,0.,17,0.17) 4—5 Ag— Ay 2,0 2,3
11/11 (1.0,0,0) 4—5 X4_’X1 3.6 4.3
M, (0.61,0.61,0) 4—5 Ty Iy 3.8 4.4
M, (0,0,0) 4—6 1‘25, I'ys 3.6 3.2
M, (0.56,0.56,0.39) 4—6 5.3 5.6
M, (0.5,0.5,0.5) 4—6 L3’—‘L3 5.4 5.7
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FIG. 2. Pseudopotential energy bands along the (100),
(111), and (110) axes for Ge, Important critical points
in the interband transitions are indicated.

Taking A= 0.18 eV, agreement with experiment,
égu =-1.13, is materially improved by using for

the average (Ep -Ey ) =2.1 eV instead of 2.35 eV.

According to Ge-Si alloy data'® A, -A,=3.6 eV
in Si. Because (A, - A;) - (L, - Ly) =0.25 eV in Ge,
the threshold at 3.25 eV in Si may reasonably be
assigned to Ly » L,.

Our theoretical calculations also explain the
line shape of the largest peak near 4 eV. It re-
sults from the near degeneracy (separation 0.1
eV) of an M, saddle point at k= (0.6, 0.6,0.0) with
an M, saddle point at X =(100).

The results shown in Figs. 1 and 2 do not include
spin-orbit effects. In the case of twofold degen-
eracies or quasi-degeneracies if Agy is smaller
than the difference between critical point ener-
gies, a doubling of the structure results from in-
clusion of spin-orbit interaction (e.g., Ly + L, and
A, » A, in Ge). Threefold degeneracies are split
into J=$ and J = { levels which generally result
in a sharpening of the structure (e.g., I',y¥* - T '/
and I, %?).

Novel changes in the joint density of states can
be obtained by reversal of the order of critical
points when Ag is larger than the difference be-
tween orbital critical point energies. These
changes may explain pseudo-exciton structure’:*
in CdTe near the A, ~ A, edge.

Because of lifetime broadening the M, thresh-
olds near 2 eV in Ge are barely resolved although
they are well resolved in GaAs.® These thresh-
olds appear to be broadened by % /7 ~0.15 eV at
room temperature and 0.05 eV at 25°K, as expect-
ed from Debye (6 =300°K) phonon emission and
absorption broadening. At room temperature 7
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~4x107% sec, and with v =10° cm/sec, [=40 A,
in good agreement with “hot carrier” estimates'?
for electron mean free paths between phonon emis-
sion or absorption.

From Fig. 1 it appears that the lifetime broad-
ening of the L, level is much greater, say #/7~1
eV. This level is about 4.5 eV above the bottom
of the conduction band. Presumably the greater
broadening is not due to decay by pair produc-
tion,'? but to stronger phonon emission and ab-
sorption.

The most serious shortcoming of the pseudopo-
tential calculation is the location of the big X, -
X,, Z,~Z, peak near 3.8 eV instead of 4.4 eV.
Here it overlaps the smaller I',, » I',; transitions,
which are calculated to be at 3.6 eV instead of 3.2
eV. Although the peaks are well resolved experi-
mentally, this overlap prevents their being re-
solved in the total theoretical fp(E). For this
reason we have calculated each term in (2) sep-
arately. The big peak then occurs in the 4 »5
transitions and the smaller one in 4 + 6 transi-
tions.

Aside from these shortcomings at I' and X the
pseudopotential method interpolates between T,
X, and L with an accuracy of 0.1 eV. We feel
that this is most remarkable for the complicated
band structure shown in Fig. 2. Accuracy of this
sort requires that the model wave function ¢ con-
tain about 50 plane waves, thereby giving a very
accurate treatment of the covalent bond. From
an operational viewpoint the positions of three
levels within 1 eV above I',o/ has been used to
predict the entire band structure for

-3.6 eV<E<+4.0 eV, (5)

i.e., a range of nearly 8 eV.
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FUNDAMENTAL REFLECTIVITY OF GaAs AT LOW TEMPERATURE
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Recent work! has shown that the main ultra-
violet reflectivity peak in C, Si, and Ge is due
to transitions at or near the X point of the Bril-
louin zone (zone edge, '(100) direction). The
double degeneracy of the conduction band at X
is removed for crystals without inversion sym-
metry and thus this peak should split for group
III-V semiconductors. Using low-temperature
(80°K) reflectivity measurements on etched
single crystals, we have observed this splitting
in GaAs, GaSb, InAs, and InSb. No splitting is
observed in either Si or Ge. These results con-
firm the assignment of the main reflectivity peak
in zincblende semiconductors to X transitions.
The use of low temperatures, in addition to
sharpening the main reflectivity peaks consider-
ably, has revealed weak structure in all the
materials studied. The general systematics of
the band structure of diamond and zincblende
crystals’™ make it possible to give reasonable
assignments to nearly all of the new experi-
mental peaks. The experimental curve for GaAs
is shown in Fig. 1, and the results for the four
materials are summarized in Table 1.

Phillips, Ehrenreich, and Philipp' have given
a tentative value of 0.9 eV for the X, -X, gap in
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FIG. 1. Reflectivity of etched GaAs at 80°K.

GaAs. However Paul has shown® that this split-
ting should be small (<0.3 eV). The value of

0.43 eV from Fig. 1 is in better agreement with
this estimate. Also, the splitting for ZnSe should
be double this value, and Aven, Marple, and
Segall® have obtained a room-temperature re-
flectivity curve for ZnSe which clearly shows a
splitting of 0.9 eV. The 8.5-eV peak in ZnSe

Table I. Experimental reflectivity peaks in GaAs, GaSb, InAs, and InSb at 80°K between 1.2 and 6.0 eV.

Ly-I, Ty'-Tys X5-X, Xg-X3 X -X4 Other peaks
GaAs 2.99 4.2? 1.4,1.75=(Ty' - T,)
5.12 5.5 . 1 5"t
3.23 4.52 5 0.43 2.3,2.6=(Ly -L,)?
GaSh 2.08 5.7=(Ly -L,)
3.74 4,33 4.70 .37 . 373
2.55 0.3 1.4,1.9=(Ly -L,)?
InAs 2.57 =(L, - ?
4.63 4.83 5.30 0.47 2.2,2.45=(Ly -1y
2.85
InSh 1,87 2.8? 5.4=(Ly -Ly)
o 45 3 45 4.20 4.70 0.50
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