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~e present the first pseudopotential calculation of the fundamentaI band gaps for heter-
ostructures consisting of alternating monolayers of GaAs and Ga, „Al„As (0 ~ x ~ ].) .
Significant differences are found between the GaAs-AlAs gaps and those of the Gao 5A10 5As
random alloy. The imaginary part of the dielectric function has been calculated for GaAs-
AlAs and appears consistent with the experimentally reported optical absorption edge.

With molecular beam epitaxial techniques
(MBE) it is possible to grow repeated heterostruc-
tures made up of very thin layers of semiconduct-
ing materials. " One of the most interesting fea-
tures of these materials is that they add a period-
ic potential along the heterostructure axis to the
usual lattice periodic potential. By changing the
layers' composition and thickness basically new

devices are produced with energy bands and elec-
tronic properties artificially varied over wider
limits than exist in naturally occurring materi-
als." Recently Gossard and co-workers have re-
ported producing the GBAs-AlAs mono'layer heter-
ostructure. ' This requires depositing alternate
single monolayers of Ga, As, Al, and As on the
(001) GaAss substrate. In this'Letter we report
the first theoretical study of the energy spectrum
of the monolayer material. using the semi-empiri-
cal pseudopotential method. The motivation for
this study is twofold. First, unlike heterostruc-
tures whose layers are between a few tens and a
few hundreds of angstroms thick and whose poten-
tial in the z direction can be represented by a
series of rectangular wel. ls capable of trapping
carriers in two-dimensional quantum states, the
properties of much thinner heterostructures can-
not be calculated from the effective-mass approx-
imation in the Kronig-Penney model. As the lay-
ers become thinner the quantum states extend
through the barriers and couple, 4 eventually los-
ing all two-dimensional character. Thus in the
monolayer case, a three-dimensional band struc-
ture calculation is needed; a pseudopotential.
method is capable of serving this purpose wel. l.
Second, because self-diffusion constants usually
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FIG. 1. (a) Tetragonal unit cell of GaAs-AlAs mono-
layer. (b) Brillouin zone of the monolayer structures.

quoted for high quality III-V crystals are from
10 " to 10 '4 cmm/sec, ' it might be expected that
such thin layers would completely bl.end together
producing a Ga, „Al„As, random all.oy. However,
Dingle has inferred D & 10 22 cm' jsec for multi-
layer heterostructures grown at 600 C.' But this
implies similarly small diffusion in the monolay-
er structure only if the small D results from the
MBE method and not from the multilayer struc-
ture itself. This prompted us to calculate the
composition dependence of the band structures of
both the repeated monolayer material and the
usual random alloy. We have also calculated e,
for GaAs-AlAs in order to provide a basis for
comparison with optical experiments. Ful.l ener-
gy bands and details of the calculation will appear
in a later paper.
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The GaAs-AlAs monolayer structure shown in Fig. 1(a) has a tetragonal. unit cell. It contains four
basis atoms and has D,„space group symmetry. The Brillouin zone (BZ) shown in Fig. 1(b) is one-
half the size of the zinc-blende BZ.

We express the GaAs-Ga, „AI.„As crystal pseudopotential in terms of atomic form factors Vo, (G),
VAg(G), and VA, (G):

V(r) =Qp exp(- iG r)/VG, (G)+[(I -x)V&, (C)+ xVAq(G)]exp(- iG v, )

+ VA, (G)[exp(—iG r„) +exp(- iG +v,)] ],
where T, = (O, a/2, a/2), ~, =(a/4, a/4, a/4), ~,
= (a/4, 3a/4, 3a/4), the G's are the reciprocal lat-
tice vectors, and a =5.64 A, the Gahs lattice con-
stant. A detailed comparison of the atomic form
factors to previous zinc-blende semiconductor
pseudopotentials will be published later. For the
moment it is sufficient to say that they reproduce
the fundamental band gap of GaAs (I —I'»" =1.54
eV') and of A1As (X,' —I'»" = 2.238') to better
than 0.03 eV, and the next few higher gaps to bet-
ter than 0.1 eV. They also give the GBAs L,' lev-
el below the X,' level, in agreement with recent
experiment. ' The pseudo wave functions at 60
points, k, in the BZ have been expanded in all
plane waves of momentum, K, =k+ G, , such that
I K; I ~27(2s/a) (about 190 K's at a, general point
in the BZ), Lowdin's perturbation procedure was
used to reduce the order of the secular equation
to 100'or less.

The calculated composition dependence of the
GaAs-Ga, „Al.„As band edges is shown in Fig.
2(a). For comparison we show in Fig. 2(b) the
composition dependence of the band edges of the
zinc-blende alloy, Ga, „Al„As, calculated using
the same form factors. The dashed lines in Fig.

2(a) reproduce the 0&x& —, part of Fig. 2(b) and
l

represent the Ga, „Al„As, alloy, 0 ~x ~1.
The changed ordering of the I', and l 4 levels

with changing x parallels the changed ordering of
l, and X, in going from GaAs to AlAs. There is
a Z„conduction band minimum degenerate with
I 4 at x = 0, since both derive from the zinc-blende
X point. As x increases this level stays always
above F4 and we include only a tick mark in Fig.
2(a) to show its position atm =1. Because the
ordering of the Z, and I'4 minima is determined
by potential, not symmetry, an accurate deter-
mination of whether the lowest band gap is direct
or indirect depends on an accurate potential. Our
pseudopotential reproduces GaAs and AlAs band-
gaps accurately enough for us to be confident that
the lowest GaAs-Ga, „Al„As gap will always be
nearly direct. At x =1, the conduction band mini-
mum actually lies at (0, 0, -', )2s/a and is 0.04 eV
below 14'. This difference, however, is very
close to the numerical uncertainty of + 0.02 eV
which is present in the computation due to the
perturbation procedure.

Figure 2(a) shows an important difference be-
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FIG. 2. (a) The compositional dependence of energy
levels near the band gap for the GaAs-Ga, „Al„As mono-
layer structure. (Dashed curves are the Ga, „AI„As,
alloys. ) (b) The compositional dependence of energy
levels near the band gap for the Ga, „Al„As alloy.
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FIG. 3. Optical spectra e2 ~' {solid line) and e2 ~'
(broken line) of (GaAs)

&
(AlAs) &. Inset at upper left-

hand corner is the enlarged picture of e2 ~ near the
absorption edge.
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tween the GaAs-AlAs monolayer heterostructure
(x =1, solid lines) and the Ga,Al~, As alloy (x =1,
dashed lines). The gap for GaAs-AlAs is nearly
direct and is 1.58 eV whereas the minimum band

gap for the alloy is indirect and is 2.02 eV. (The
calculated alloy gap is in agreement with optical
ref lectivity measurements. )" This large differ-
ence can serve to distinguish the true monolayer
structure from the alloy. The latter might also
arise from the monolayer structure if there were
significant interdiffusion of Ga and Al after the
monolayer structure was grown.

Unlike the zinc-blende alloy, the (001) and (100)
directions in the monolayer structure given in
Fig. 1(b) are not equivalent. This inequivalence
is introduced by the spatial segregation of Ga an
and Al atoms onto alternating planes perpendicu-
lar to the (001) direction. Our calculated result
for GaAs-AIAs places the conduction band mini-
mum at 2, (0, 0, 1)m/a, 0.76 eV below the mini-
mum at the point (1,0, 0)w/a.

In order to provide the basis for a comparison
with optical absorption experiments, we extended
the calculation over the entire Brillouin zone in
sufficient detail to obtain the optical spectrum in
the range 0-9 eV. The eigenvalues and oscilla-
tor strengths were calculated on a fine mesh in
-', of the BZ given in Fig. 1(b). 12000 random
points were then generated by the Monte Carlo
method. Eigenvalues and oscil.lator strengths at
the random points were obtained by a three-di-
mensional linear interpolation scheme. " The
imaginary part e,(~) of the dielectric function so
obtained is displayed in Fig. 3. There are strong
polarization effects accompanied by alternation
of intensities in the ~, +' and ~2 w spectra
throughout the energy range. The inset shows de-
tails of the e, ~' spectrum near the absorption
edge. There are direct transitions below 2 eV
in only a small portion of the BZ. The I","-I"4'
gap of 1.58 eV is not observable at all since both
levels are predominantly p-like and the optical
transition matrix element is very small. The
edge near 1.87 eV for light polarized perpendicu-
lar to the z axis comes from I",'-I'y transitions.
(The corresponding transition for the alloy case
occurs at 2.14 eV. ) The 2.08-eV edge for paral-
lel polarized light comes from I'4"-I',' transi-
tions. (I'," lies 0.22 eV below 1,".)

Comparison with experiment is difficult since
few samples of QaAs-AlAs monolayer hetero-
structures have been made, and there was evi-
dence that the one sample reported contained dis-
ordered regions along with ordered monolayer

domains. ' However, the weakness of e, below 2
eV appears consistent with an optical absorption
edge of about 2 eV reported for (GaAs)„(A1As)„,
m a n =1. Our present calculation shows, how-
ever, that this experiment has not measured the
lowest band gap, but, rather, higher transitions.
Resonant Raman scattering might better reveal
the small gaps.

There have been more experimental observa-
tions for multilayer structures than for monolay-
er structures. Comparisons with multilayer ob-
servations are necessarily approximate. But
they do indicate that heterostructures made up of
thinner and thinner GaAs and Ga, „Al„As layers
seem to approach the electronic structures we
have calculated. For example, a crude linear ex-
trapolation to the monolayer case from the reso-
nant Haman scattering (HHS) measurements on
samples with x = 0.25 and various layer thick-
nesses" would predict that the first two optical
transition thresholds would be about 1.53 and
1.85 eV. Our calculated I',"-I'y a11d lg I'y for
the x =0.25 case are 1.65 and 1.86 eV, respec-
tively. As mentioned before, the I',"-I'~' transi-
tion has small oscillator strength and may be
seen through strong enhancement of RRS or a
two-photon absorption spectrum.

In summary, we have made the first thorough
theoretical investigation of the electronic struc-
ture of MBE-fabricated monolayer materials.
The electronic'structures for the monolayer ma-
terials are quite different from those of the ran-
dom alloy systems. This can serve to distinguish
these two materials and perhaps can be used in
conjunction with detailed experimental optical
spectra to determine the Ga, Al diffusion coef-
ficient in the monolayer material. BRS measure-
ments are suggested to locate the fundamental
band gap of (GaAs), (A1As), .
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Observations by radiative detection of pulse magnetic resonance of oriented Co nuclei
in iron are reported. Multiple-pulse techniques are used to observe free-induction de-
cays and spin echoes.

Radiative detection of the magnetic resonance
of oriented radioactive nuclei by the observation
of the effects of a resonant rf field upon the aniso-
tropic distribution of the y radiation was suggest-
ed by Bloembergen and Temmer. ' The main ad-
vantage of radiative detection is that far less nu-
clei are required as compared with conventional
NMR techniques in which the emf induced in the
rf coil by the precessing nuclei is detected. Also
Shirley' pointed out that the effects of resonant
fields on the emission of radiation by nuclei are
of fundamental interest. Using a model in which
the spins of the resonated nuclei are assumed to
be evenly distributed around the well-known' pre-
cessional cone in the Larmor frame, Shirley
showed that the dependence of the resonant change
in y-radiation anisotropy upon rf frequency should
exhibit structure associated with the various mul-
tipole terms in the angular distribution of the
emitted radiation.

The first observation of NMR by radiative de-
tection was by Matthias and Holliday4 using 6 Co
nuclei oriented by magnetic hyperfine interaction
in iron at a low temperature (-0.03 K). At the
resonant frequency of 165.5 MHz only a small
(- 1%) change in the y-radiation anisotropy was
observed and this was later shown by Templeton
and Shirley' to be due to the spread (-0.1 T) in
the hyperfine fields associated with inhomogene-
ous line broadening. With a single rf frequency
&, only nuclei in the frequency range ~ ~ yH, will

be significantly affected by the rf field, where H,
is the amplitude of the circularly polarized rf
field at the nuclei. With the largest cw rf fields
which may be used without intolerable heating of
the metallic samples this frequency range is
much smaller than the inhomogeneous linewidth.
Templeton and Shirley showed that large changes
(- 60'%%uo) in the anisotropy may be obtained by em-
ploying frequency-modulated rf fields using mod-
ulation parameters chosen so that most of the nu-
clei are resonated at intervals which are short in
comparison with the nuclear spin-lattice relaxa-
tion time T,. With use of this technique, accurate
measurements of magnetic hyperfine interactions
and T, values for a wide variety of dilute ferro-
magnetic alloys have been reported and have re-
cently been reviewed by Stone. In such experi-
ments, each nucleus experiences a series of
many fast passages and the effects of coherent
spin motion in the rf field are not observable. '
We recently reported' the application of radiative
detection to Single-pulse experiments using short
(-2-10 psec) pulses of high (-1 kW) rf power
Values of w, =yH, which were comparable with
the inhomogeneous vridth were applied without
detectable off-resonant heating. Large signals
were observed indicating the feasibility of using
fixed-frequency rf pulses. We report here im-
proved results obtained with faster pulse rise
times which permit, for the first time, the radia-
tive detection of coherent spin rotations in the
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