
VOLUME 17, NUMBER 12 PHYSICAL REVIEW LETTERS 19 SEPTEMBER 1966

N. E. Alekeevskii, N. B. Brandt, and T. I. Kostina,
Izvest. Akad. Nauk. SSSR, Ser. Fiz. 16, 233 (1952).

~~R. Hilsch, G. V. Minnigerode, and K. Schwidtal, in
Proceedings of the Eighth International Conference on
Low-Temperature Physics, London, 1962, edited by
R. O. Davies (Buttererorths Scientific Publications,
Ltd. , London, 1963), p. 155; G. Boata, G. Gallimaro,
and C. Rizzuto, Rev. Mod. Phys. 36, 162 {1964),

2B. W. Roberts, in Progress in Cryogenics, edited

by K. Mendelssohn (Academic Press, Inc. , New york,
1964), Vol. 4.

~3N. N. Zhuravlev, G. S. Zhdanov, and R. N. Kuzmin,
Kristallografiya 5, 563 (1960) Itranslation: Soviet
Phys. —Cryst. 5, 532 {1961)].

$4B. T. Matthias, in Progress in Low-Temperature
Physics, edited by C. J. Gorter {North-Holland Pub-
lishing Company, Amsterdam, 1957), Vol. II, p. 138.
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An infrared electroreflectance technique
fects associated with direct valence- to co
InSb.

Electroreflectance measurements in solids
using an electrolyte' have proven to be a con-
venient and sensitive method for obtaining re-
flectivity spectral structure in the energy range
1 to 6 eV. In this study we have been able to
extend the wavelength range of this technique
into the near infrared. We also have established
the usefulness of the electroreflectanee meth-
od for studying magneto-optical phenomena
and have found that in the configuration of par-
allel static electric and magnetic fields (F ~~ H),
where the effects of F and H are essentially
independent, '&' the electric field modulation
enhances the normal magnetoref lection spec-
tra. Results are presented here of magneto-
electroreflectanee in Ge, GaSb, and InSb as-
sociated with direct valence- to conduction-band
transitions at k=0. We have been able to find
either new or more accurate experimental val-
ues at room temperature for the spin-orbit
splitting in InSb, the effective mass of the split-
off band in Ge, and the direct energy gap in
GaSb. Similar results for Ge have been obtained
recently by a piezoreflectance method. ~ '

The electrolyte technique has been described
in Ref. 1 for use to wavelengths of about 1 g,
where the absorption bands in alcohol and wa-
ter cut off the light transmission. We have

has been used to observe magneto-optical ef-
nduction-band transitions in Qe, GaSb, and

been able to use these electrolytes (e.g. , a
dilute solution of HCl in methyl alcohol) to about
3 p. by reducing the light path through the elec-
trolyte to a few tenths of a millimeter. The
experimental arrangement is shown in Fig. 1.
The cell was located in the bore of a solenoi-
dal magnet with the electric field F produced
at the electrolyte-semiconductor interface par-
allel to the dc magnetic field. Tungsten and

globar sources and a PbS detector gave ade-
quate sensitivity. Direct recording of the dif-
ferential ref lectivity, bR/8, was accomplished
by chopping the light at 1000 Hz and modulat-
ing the electric field at 35 or 160 Hz. The
1000-Hz signal was then phase detected and

used to operate a servo system which controlled
the output of the PbS detector amplifier. A

cell window in the form of a wedge was used
to prevent reflections from its front surface
reaching the detector and causing an error in
the measurement of hR/R.

Figures 1 and 2 show the results of magneto-
electroreflectance for Ge. Points 4 and B in
Fig. 1 show the onset of direct valence- to con-
duction-band transitions and spin-orbit split-
off valence-band (split-off band) to conduction-
band transitions at A = 0, respectively. The
spectrum for Jl =0 is similar to that obtained
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pio. ].. gnterband electroreflectance in Ge for 0= 0 (dashed line) and &=92.4 ko (solid line) in the parallel elec-
tric and magnetic field configuration, at T —300 K. Theoretical energies and relative strengths are shown for al-
lowed light-hole (&) and heavy-hole (0) to conduction-band transitions up to 1.03 eV. Above this energy the posi-
tions of the principal;-alence- to conduction-band transitions are indicated by small arrows. The relative strengths
and positions of all the allowed split-off-band to conduction-band transitions are shown by heavy arrows. A sche-
matic diagram of the experimental arrangement is shown (inset).

by Seraphin and Bess' using the transparent
electrode technique. With an applied magnet-
ic field, a differential spectrum characteris-
tic of interband transitions between Landau
levels (or to their associated exciton states)
is observed. In order to determine the posi-
tion of the resonances in the spectra, we have
compared our lower magnetic field data with
the room-temperature magnetoabsorption spec-
tra of Zwerdling, Both, and Lax' (where the
line shapes are better understood). The best
agreement is found by taking the resonance
positions at the minima of the differential spec-
tra. A plot of the photon energies of the mag-
netoelectroreflectance minima versus H togeth-
er with the resonance positions for H =35.7
kG from Ref. 8 is shown in Fig. 2. Vrehen's
magnetoabsorption resonance positions mea-
sured at 7"t'K and 96.4 kG (reduced by 0.082
eV to account for the temperature change of
the gap) are plotted for comparison with the
high-field data. The usefulness of the magneto-
electroreflectance for observing transitions
high into the bands is quite apparent. Transi-
tions between the light- and heavy-hole valence
bands and the conduction band merge with those
between the split-off valence and conduction
band at about 1.1 eV. From the experimental
points in Fig. 2 it is clear that we observe the
first four split-off valence- to conduction-band

tr ansitions.
The solid lines in Fig. 2 give the transition

energies calculated from effective mass theory. '
The modification of Pidgeon and Brown, ' which
includes the k p interaction between I', a,nd

I»~ bands exactly, has been used for this com-
putation. We have used the 77'K Ge band param-
eters'&' and then reduced the calculated ener-
gies by 0.082 eV to make the theoretical en-
ergy gap coincide with the energy of the H =0
transition at 0.801 eV. We wish to emphasize
that we have used this method to show the over-
all agreement between theory and experiment
for the two sets of transitions and to make an

assignment of transitions to the observed spec-
tral structure. We have not made a detailed
fitting to these room-temperature data, some-
thing which would require more attention to
the temperature dependence of the band param-
eters. Our treatment is a reasonable approxi-
mation if, as is likely, the parameters deter-
mined by k- p interactions between bands are
only weakly dependent on temperature. A fur-
ther complication is that the transitions prob-
ably involve creation of excitons associated
with Landau levels",' that the points for the
lowest transitions do not extrapolate linearly
to the position of the H =0 minimum may be
evidence of this. We have not plotted the theo-
retical curves at the hi. ghest energies because
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FIG. 2. Plot of the photon energy of magnetoelagne oe ectro-
ce man&ma as a function of magnet f' ld.

The circles show the experimental points. Ths. e crosses
gi e positions of magn. etoabsorption peaks (i.e,

for &=35
ransmission minima) of Zwerdlin Bothxng, ot, and I.ax
or &=35.7 ko, and the solid triangles tho f
en or B=96 kQ (8 indicates strong feature and W,

give e eoretical en-weak feature). The solid lines ive the th
ergies or the principal allowed valen —t dence- o conduction-
band transitions labeled 1 to 13 Th e split-off-band to
conduction-band transitions are labeled S1 to S4

the allowed transitions bunch together (cf. Fig. l,
and it is not possible to make a theoretical
assignment.

As seen in Figs. 1 and 2, the energies of the
hi hest four'g our minima correspond closely to those
predicted theoretically for the split-off valence-
t e spin split-o conduction-band transitions Th
ting of these transitions is shown theoretical-
y but not resolved in experiment; Point C is

structure which is not seen in magnetoabsorp-
ion and is at present unexplained.

The minima in the 0 = 0 spectrum occur at
0.801 eV foror the direct gap transitions and at
1.083 eV for the split-off valence- to conduc-
tion-band transitions. Seraphin and Bess' ob-
serve peaks at 0.798 and 1.09 eV and Zwerd-
ling, Both, and Lax find a direct gap of 0.803

eV. The difference in our JI =0

the room-
eV, which is an experimental 1 fva ue or

e room-temperature spin-orb't 1 tti spi ing at

We have calculated the room-temperature
conduction-band mass at k = 0 to b
+0.005 m b
hole

m0, by subtracting the computed hu e eavy-
e energies from the measured transition

ransitions numbered 2 and 4 (F' . 2 .ig. . The
reduced mass for the split-off valence- to con-
duction-band transitions t ka en rom the transi-
tion energy differences (Fi . 2 i
(m~ + ms0) = (0.028+ 0.0007)m0 W'th this and
the conduction-band mass, a mass for the s lit-

an error largely determined by the uncertain-
tv f ~. hese masses are in reasonablet ofm. T
agreement with theoretical estimates" and the
magnetopiezor ef lection data. '

In Fig. 3 are shown the electroreflectance
of undoped, P-type GaSb near the absorption
edge and of intrinsic InSb in the region of the
sp it-off v"lence- to conduction-band transi-

Structuretions, for zero field andII =92.4 kG
due to the onset of direct valence- to conduction-

an transitions is clearly seen in GaSb. A ain
takin th
we find a room-

'
g e minimum as the resonance o 't'e posi ion,

we in a room-temperature energy gap of 0.74
eV. The structure sharpens a dn increases in
strength with magnetic field, and a satellite

p
' bserved, presumably associated withpeak is observ i e' wi

interband Landau-level tr ansitions. The InSb

electroreflectance in the region f th'
n o e sp it-off

valence- to conduction-band separation shows
a broad negative peak. In contrast to Ge, this
is of opposite sign to the peak associated with

e ig. . If weransitions at the A, point (inset F' 3 .
take the minimum as the onset of split-off va-
lence- to conduction-band transitions, we find
a spin-orbit splitting of 0.79 eV, where the
room-temperature energy gap of 0.18 eV has'

been subtracted off the transition energy. Un-

fortunately, magneto-optical structure asso-
ciated with these transitions was not observed,
probably because of lifetime broadening. of the
submerged valence band " As seen in the fig-
ure there is magnetoref lection structure below
0.8 eV butut this appears to be associated with

tr
very high energy valence- to conduction-b dn- an
r ansitions. In conventional ma t bgne oa sorption

an au- evel struc-or reflection measurements L d -1
ture has only been observed up to about 0.6 eV,
even at liquid-He temperature.
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FIG. 3. Electroreflectanee in the region of the absorption edge in QaSb, and of the split-off-band to eonduetion-
band transitions in InSb, for &=0 and &=92.4 kQ. Inset is shown the relative magnitude of the electrorefleetance
associated with the split-off-band transition at k = 0, and the A.-point transition in InSb.
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