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fraction, can give nontrivial geometric informa. -
tion. Examples are the (known) relaxation of the
GaAs(110) surface, and a detailed geometry of
2x 1 H on Ni(110). Further tests of the potential,
of soft-wall effects, and of other effects in dif-
fraction are necessary to move towards more
quantitative accuracy.
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Electroreflectance measurements have been performed on the GaAs-Ga& „AI„As
superlattice, and the observed structure has been related to interband transitions at
different points of the Brillouin zone. For increasing x the energies of these transitions
shift progressively to higher values with respect to those of bulk GaAs, indicating the
effect of the superlattice potential on the band structure beyond the zone center. In con-
trast, similar shifts observed in In& „Ga„As-GaSb~ ~As~ only occur for x,y & 0.2, an
anomaly arising from its unusual periodic potential.

PACS numbers: 71.25.Tn, 78.20.Jq

Recently, semiconductor superlattices of both
GaAs-Ga, „Al„As and In, „Ga„As-GaSb, yAsy
have been extensively studied. The formation of
quantum states or subbands and their influence on
electronic properties have been explored success-
fully by a variety of experiments. ' ' These in-
vestigations, however, were confined to the sub-
band structure in the vicinity of the fundamental
gaps (I'»„-I'„)of the host semiconductors. The
basic question as to the general effect of the peri-

odic potential on the band structure remains un-

answeredd.

In this Letter we report electrolyte electrore-
flectance (EEH) measurements on GaAs-
Ga., „Al„As (type-I) superlattices' that provide
the first observation of the superlattice eff ect on
the band structure away from the Brillouin zone
center. Of special significance is the observa-
tion of transitions associated with both F. , and E,
+ b. , (L,„-L„), and E, and E, + b, , (the lowest
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direct gap and its spin-orbit-split component at
I'), which can be explained on the basis of a one-
dimensional Kronig-Penney model treating the
conduction and valence bands independently. In
addition, we present similar EER measurements
on In, „Ga„As-GaSb, „As, (type-II) superlattices, '
involving the E, and E,+ b, , transitions. The re-
sults also show the effect of the superlattice po-
tential, but their quantitative interpretation re-
quires considerations beyond the one-dimensional
model.

The three superlattice configurations used for
the present experiments are 110 periods of 77-
A(GaAs)-66-A(Ga, ,Al, ,As) (sample A); 110
periods of 50-A(GaAs)-50-A(Ga, ,Al, ,As) (sam-
ple 8); and 103 periods of 50-A(GaAs)-50-
A(AlAs) (sample C), all prepared on (100) GaAs
substrates. The electron concentration in all
these samples, including a reference GaAs sam-
pl.e, is in the low 10" cm ' range. The EER
measurements were carried out at room tempera-
ture in the energy range of 1.35-5.5 eV, with use
of a technique described extensively in the litera-
ture ' '"

Shown in Fig. 1 is the EER spectrum of sam-
ple C in the energy range 1.35-2.1 eV. The
structures below about 1.55 eV, where the super-
lattice is transparent, are attributed to Franz-

Keldysh oscillations of the E, gap of the GaAs
substrate. Above 1.55 eV, two features labeled
E, and E,+ 6, are observed here, and similarly
in samples A and B. The transition energies,
as listed in Table I, are obtained from the three-
point method. "'" We associate the E, transition
with that between the ground states of heavy holes
and electrons of the superlattice, and E,+ 6,, with
that originating from the subbands of the spin-
orbit-split potential.

We have calculated the energies of the ground
states from the Kronig-Penney model, taking
1.43 eV and 1.43+ 1.52m eV as the lowest direct
gaps of GaAs and Ga, „Al„As and 0.067m, and
0 45wp as the effective masses for electrons and

heavy holes. We have calculated similarly the
spin-orbit-split heavy-hole ground states using
4, = 0.34 eV for GaAs and 0.34 —0.06x eV for
Ga, „Al„As."" The effective mass of the spin-
orbit-split valence band, 0 155'pBpp was used. "
Results thus obtained for the various superlattice
configurations are listed in parentheses in Table
I. They are seen to compare very favorably with
the experimental values of both E, and E,+5,„
demonstrating the superlattice effect on the band
structure at the I" point. Unlike previous investi-
gations, our results were obtained at 300 K over
the entire composition range, even where
Ga, ,Al„As becomes an indirect semiconductor.

In Fig. 2 we show the EER spectra in the range
2.5-5.5 eV for samples A. , 8, and C, as well as
the reference GaAs. The E, and Ey+ Ay struc-
tures in GBAs are due to transitions along the A

directions of the Brillouin zone. Samples', 8,
and C exhibit corresponding features (E„X,+ Z, )
at energies that shif t monotonically to higher
values as the Al composition is increased.
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TABLE I. Energies (in eV) of the various transitions
in the GaAs and superlattice samples. Calculated
values, as explained in the text, appear in parentheses.

Sample Transition

l.5
I

l.7
ENERGY (eV)

I

1.9
I

2. l

FIG. l. Electrolyte electroreflectance spectrum of
superlattice sample & (GaAs-AlAs) at room tempera-
ture in the vicinity of the fun.damental gap and its spin-
orbit-split component. Shown in the inset is the po-
tential energy profile of this region for the GaAs-

Ga~ „Al„As superlattice system.
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FIG. 2. Electroreflectance spectrum in the range
2.5-5.5 eV for superlattice samples A, B, and C,
as weQ as the GaAs reference material.

We interpret this shift in terms of the formation
of subbands from the E, and E, + b, potential en-
ergy profiles in a manner analogous to that of the
fundamental (E,) gap region. We assume that
along A the valence band of Ga, „Al„As is shifted
rigidly with respect to that of GaAs; e.g. , for
AlAs the displacement is 0.23 eV. Hence, from
a knowledge of the I'-L conduction band separa-
tion of GaAs (0.29 eV)," as well as the K, and Z,
gaps of GaAs and Ga, ,Al„As,"the potential
profile can be determined. Values for the L-
point conduction and valence masses of GaAs
along (100) are 0.11m, and 0.29m» respectively,
as deduced from the expression 1/m», =—,'m, +-', m, ,
where m, and m, are the longitudinal and trans-
verse mass at the L point. " Based on these con-
siderations, the energies of the subband ground
states, corresponding to E, transitions, were
calculated with use of the Kronig-Penney model,
and are shown in parentheses in Table I. The
good agreement between experimental and cal-
culated values indicates the validity of the one-
dimensional potential at both the I' and the L
points of the Brillouin zone. It also suggests
that the effect of the superlattice potential on the
band structure is manifested through the com-
ponent of the effective mass tensor along the

superlattice direction.
Around 5 eV we observe the E, structure in

GaAs and a feature labeled E, in the superlattice
samples. This EER peak shifts to somewhat
higher energies with increasing x. An analysis
similar to that performed for the F-, structure is
difficult because of the more complex nature of
Z, ." We also observe EER signals between 3.3
and 4.5 eV; e.g. , sample B has structure at 3.4
and 3.6 eV. These features can be associated
with the E, and E,+6, transitions of the
Ga, „Al„As bulk material" but the origin of any
observed shift is more ambiguous, as it can be
due to small variations of x. Around 4.5 eV, the
peaks can be associated with Eo and Ep +40'
transitions. Since their energy positions are al-
most independent of x, it is difficult to ascertain
their origins.

We have made similar investigations in
In, „Ga„As-GaSb, „As, superlattices (x=y)
having a typical layer thickness of 50 A, with
emphasis on the E, and Ey+ &y traxlsl. tlons The
results are drastically different from those just
described for the type-I superlattice. For x & 0.2
sets of Ey and Ey+ Ly EER features are seen
whose energies are in excellent agreement with
those of the two host semiconductors. However,
at x &0.2 these energies rise abruptly above those
corresponding to the hosts. For values of x (or
y) approaching unity this shift decreases and
eventually becomes zero for x =y =1 (GaAs). This
situation is shown in Fig. 3, where we depict the
E ] and E y

+ 6 y tx ansition energies of the host
materials In, „Ga„As and GaSb, ,A.s, and the
transition energies of the superlattices with
similar alloy compositions.

In an attempt to explain these results, a similar
Kronig-Penney model was used. Even though this
model is not adequate for type-II superlattices
at the I point, where a strong band interaction
occurs, it is not unreasonable to use it at the L
point, where the bands are far apart. The value
for K, in InAs-GaSb superlattices was calculated
with use of a potential profile based on recent
values of the energy separation between the L-
and I'-point conduction band minima"" in con-
junction with the measured F., and E, + b, for bulk
GaSb and InAs. The calculated upshift of the F.,
transition with respect to the homologous one in
GaSb would be - 0.09 eV for 50-A(InAs)-50-
A(GaSb) and -0.14 eV for 33-A(InAs)-33-A(GaSb),
which was also studied experimentally. Further-
more, if we assume a monotonic variation of the
L-point valence and conduction bands with an in-
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superlattice potential away from the center of the
Brillouin zone. The simple one-dimensional
model, which has been successful in explaining
almost all the observations reported, including
our results for GaAs-Ga, „Al„As superlattices,
is unable to account for the band structure of

In, „Ga„As-GaSb, ,As, superlattices. lt is hoped
that this work will help to motivate fundamental
considerations of the superlattice band structure
beyond its current scope.

This work was supported by the U. S. Army Re-
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FIG. 3. Variation of the E& and E& +~ transitions
with composition for In& „Ga„As-GaSb& y Asy super-
lattices (closed circles) and for the In& „Ga„As (con-
tinuous line) and GaSb& „As„(discontinuous line) sys-
tems. The dots connecting the circles were drawn
based on the line shapes of the observed spectra.

crease in' and y, then such a shift would de-
crease accordingly in a similar fashion. None of
these predictions are consistent with experimental
observations.

The observed different behavior of the F., and

E,+ 6, structure in In, „Ga„As-GaSb, ,As, for
values of x below or above 0.2 is of significance
for the following reason. In superlattices having
small x and y, the bottom of the conduction band
of In, „Ga„As is located very close to or even
below (x =y( 0.3) the top of the valence band of
GaSby y As y, giving ris e to a strong inter acti on
between the two bands. Apparently the crossover
of these two bands with increasing x and y affects
dramatically the entire band structure of the
superlattice.

The results presented in this work have demon-
strated, in both the GaAs-Ga, „Al„As and the
In, „Ga„As-GaSb, , systems, the effect of the
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The anisotropy in the static susceptibility of (TMTSF)~-PF6 has been investigated above
and below the metal-insulator transition for a range of fields between 4 and 25 kOe. The
results are consistent with the occurrence of an Overhauser antiferromagnetic transition
to a spin-density-wave state with an easiest axis perpendicular to the stacks. Below the
transition, evidence for a spin-flop transition is seen. Above the transition, evidence for
a crossover, possibly from n = 3 to n = 1 spin behavior, is seen.

PACS numbers: 75.30.Gw, 71.30.+h, 75.30.Cr, 75.50.Ee

Recently, the new class of organic conductors
(TMTSF),-X has generated extensive interest by
exhibiting a number of physical properties dif-
ferent from those observed in chemically related
compounds. In particular, (TMTSF),-PF„which
is the first organic compound exhibiting super-
conductivity, ' has been studied in detail. The
superconducting state occurs under hydrostatic
pressure above 6.5 kbar at temperatures near 1.2
K. At ambient pressure, ' (TMTSF),-PF, has been
observed to undergo a metal-to-insulator (MI)
transition in the temperature range 15-19 K,
which is remarkably low compared with most
other conducting organic charge-transfer salts.
More recently, it has been suggested' that there
is also a magnetic transition at 11.5 K. In our
samples, we see only one transition, at 11.5 K,
in both the magnetic and transport properties.
This transition is the subject of this paper.

Despite considerable experimental work, the
nature of the MI transition in (TMTSF),-PF, and
its relationship to the superconducting state re-
main a puzzle. Although the MI transitions oc-
curring in the other known organic metals are
believed to be associated with Peierls distortions,
no indication of this type of distortion has been
seen for (TMTSF),-PF, in diffuse x-ray scatter-
ing experiments' down to 4 K. The magnetic and
transport properties for 7' & T, have also proved

anomalous. At the transition temperature, Pe-
dersen, Scott, and Bechgaard' observed a signi-
ficant reduction of the spin susceptibility, as
measured by spin resonance in single crystals,
whereas only minor effects were detected in the
static susceptibility measured on a powdered
sample. " This is not what is expected from the
opening of a Peierls gap. Additional experiments
have shown'" that both the dc conductivity and

spin paramagnetism are drastically affected by
small electric fields (- 10 mV/cm) at tempera. -
tures below T, . These observations led to the
speculation' ' that a spin-density wave might be
responsible for the MI transition.

To see if the MI transition is also a magnetic
phase transition, we have studied the static mag-
netic susceptibility in detail, both parallel and
perpendicular to the molecular stacking axis (a
axis). The results presented in this paper pro-
vide the first direct evidence that antiferromag-
netic ordering takes place in the MI transition.
%e observe an anisotropic susceptibility at small
fields (-4 kOe) for T &T, , an apparent spin-flop
transition in somewhat larger fields transverse
to a, and the disappearance of anisotropy effects
with increasing fields. That the transition is
magnetic is in accord with the argument of Scott,
Pedersen, and Bechgaard that if there is only one
transition, it is magnetic.
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