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couple nonlinearly to the oscillation. The mech-
anism may be visualized as a modulation of de-
polarization factors due to changes in shape of
the highly conducting droplet. The resulting term
in the Hamiltonian is proportional to BE %, where
B is the amplitude of the oscillation and E, is
the external field, We expect to observe resonant
absorption, or (in the presence of a static applied
electric field in addition to the rf field) resonant
second-harmonic generation, both at an applied
frequency of w/2. Estimates-of the amplitudes of
these processes indicate that they could be ob-
servable. If so, the frequency of the resonance
would provide information about y via Eq. (8),
and the width could, assuming small damping,
reflect the size distribution of the electron-hole
droplets, !¢
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Spin-Orbit Effect in the Si Valence Band*
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We report experimental evidence for a strong spin-orbit effect on the Si valence band.
A theoretical evaluation of this effect on the hole mobility in the range of temperatures
between 12 and 200°K is consistent with band-structure calculations, cyclotron-reso-
nance measurements, and transport properties.

The small value of the spin-orbit energy in Si
(A=0.044 eV?) introduces a strong nonparabolici-
ty of the two degenerate valence bands in a re-
gion near 3A. This effect, theoretically predict-
ed by Dresselhaus, Kip, and Kittel? and by Kane,?
has not yet received full experimental evidence,*
mainly because of the great difficulties met in in-
vestigating regions of k space away from critical
points.

The aim of this paper is to present new experi-
mental data whose theoretical interpretation, in
the light of the existing theories, seems to give
unambigously evidence for the nonparabolicity of
the Si valence band. This evidence arises from
an anomalous behavior which has been experimen-
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tally found here in the temperature dependence
of the hole mobility u between 20 and 30K (see
Figs. 1 and 2). At these temperatures, provided
the crystal is so perfect that only acoustic scat-
tering is effective in determining the low-field
transport properties, theory predicts a T "3/2
temperature dependence for u in spherical and
parabolic bands. On the contrary, we have ob-
served a strong deviation from this slope in the
above temperature range, as is shown in Fig. 2.
In Fig. 2(b) we have reported the behavior of
d(Inu)/d(InT) as a function of 7. Its peak can be
correlated in detail to a band-structure effect
which is expected to occur in the Si valence band
because of its small spin-orbit energy. In fact a
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FIG. 1. Experimental field dependence of the drift
velocity v, at different temperatures for holes in Si.
Closed circles, 12°K; open circles, 20°K; crosses,
30°K; open triangles, 38°K; closed triangles, 45°K;
open squares, 60°K.

strong nonparabolicity of the upper valence band
produces a sudden enhancement of the hole effec-
tive mass and, in turn, of the scattering rate.
As a consequence, the hole mobility is expected
to exhibit a slope steeper than T “3/2 in the tran-
sient region.

The experimental apparatus was based on the
time-of-flight technique coupled with the Univer-
sitd di Modena electron gun.® Measurements of
the drift velocity v, of holes in Si have been per-
formed in the range of temperatures between 12
and 200°K for different values of the applied elec-
tric field. The bath temperature was rigorously
controlled within 0.5°K by a Ge resistance,® while
Joule heating was avoided by applying the elec-
tric field for short pulses lasting about 10 7% sec.
The measurements were performed on different
samples of hyperpure Si” (room-temperature re-
sistivity about 10° © cm) along different crystallo-
graphic directions. The uncertainty of the mea-
sure is within 5%. Results are reported in Fig.

1 where v, is given as a function of the applied
electric field E for some temperatures of inter-
est. The mobility as a function of temperature
was obtained here by the ratio v,/E at fixed val-
ues of v,;. Accordingly, curve 1 in Fig. 2(a) re-
fers tov,=1x10° cm/sec, and curves 2, 3, and
4 refer to 2, 3, and 4x10° cm/sec, respectively.
Such a procedure was followed because v, is not
perfectly Ohmic at the lowest temperatures and
fields attainable. As a consequence, our u is
field dependent even at the lowest v, (curve 1).

It is so understood that the family of curves re-
ported in Fig. 2(a) running from 4 to 1 exhibit as
a limit the behavior of the perfect Ohmic mobil-
ity, and that the effect here claimed is the more
pronounced the more the mobility approaches the
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FIG. 2. (a) Experimental temperature dependence of
the hole mobility u in Si. Curves 1 to 4 refer to fixed
values of the drift velocities ranging from 1 to 4 x10°
cm/sec, respectively. (b) Temperature dependence of
d(Iny)/d(InT). Experimental points are deduced from
curve 1 of (a). Curves] and I are the theoretical re-
sults according to choices I and II for the energy spec-
trum (see Fig. 3).

Ohmic limit.

To obtain a quantitative evaluation of this effect
we have theoretically calculated the acoustic mo-
bility of holes in Si making use of a band-struc-
ture model which accounts for the valence-band
nonparabolicity. The energy spectrum of holes
in Si for the (100), (110), and (111) crystallo-
graphic directions was evaluated by solving Eq.
(30) of Ref. 3. For the inverse-mass band param-
eters A, B, and C we have used the values re-
ported by Balslev and Lawaetz,® which are the
most up to date and generally accepted. The dis-
persion spectrum so obtained was here made iso-
tropic by means of a weighted average of the
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above solutions over the three directions.®

The
results are reported in Fig. 3 by the shaded re-
gion for the heavy mass band E,, and dashed L
curve for the light mass band E,.'° The shaded
region is due to the uncertainty in the values of
B and C, where the latter brings the stronger
contribution (see Table I). The band model has

20 Aucust 1973
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=h*k?/2m , for E,<E, <o,
E o =F%k?/2m ,;

aE[(Elmu/mw)llz_Eol/z]z, \
El _Eo
E =E,— (E,/a)' .

(2)
The values of m ,, and m , reported in Table I are
those generally accepted at k=0, while the choice

Energy in %K

400 -
of the parameters m,,, E,, and E, will fix the
shape of the band model for F, away from k=0.
We have tested our model with two sets of values

for E, and E, (choices I and II in Table I) and ob-
tained the results shown by curves I and I7 in
Fig. 3.
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FIG. 3. Valence-band energy spectrum in Si, Shaded
region and dashed curve represent results from Eo‘f)
calculations for the heavy-hole mass band E,; and light-
hole mass band E,,, respectively. Solid curves, pres-
ent valence model, Curves and II refer to choices I
and II for E, and E,, respectively (see Table I).
Assuming that acoustic scattering mechanism
is only effective in the range of temperatures

here considered, and by using the deformation potential approach, we have evaluated the acoustic-

scattering relaxation time for the case of the dispersion spectrum defined in Eq. (1).'* We have here

taken into account intraband as well as interband scattering considering the characteristic p-like sym-

metry of the valence-band wave functions.'? In the relaxation-time approximation we have so obtained
U= ET =3/2

H(1+K,'?) /(1 +K*?) +H, +H,/K + H,(1 +K,**) /(1 + K,*?)

H,

m Al + 21 2K 372[[ + 2(akyT)? L]+ K371 .}
fooexp(—x)xdx, Ilzfowexp(—x)x”zdx,

3

®3)

Hz:fx:’exp(—x)x“z[xl”+2(K1akBT)3’2(x—xa)2]"dx, IZ—fx exp(—x)(x —x,)%dx,

1
Hy= fx:l exp(—x)(x —x)% 2 [x%2 + 2(K,aksT) 32 Y dx, I,= f: exp(-x)x12dx,
H,= fx:o exp(-x)x dx,

TABLE I. Constants used for calculations: m,, free~electron mass; pw, present work
A my  my my Eo/kg E/kg
A - B N? (eV) my my my  (°K) (°K)
-4,27 -=0,63+0,08 -=8.,75+0.25 0,044 0.55 2.0 0.2 70> 130P
100¢ 360°
Reference 8 8 8 1 pPW pw  pw pw pWw
aC?=(N?-9B%) /3. bChoice I. Choice II.
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where = is a constant proportional to the coupling
of acoustic modes, K, =m,,/m,, K,=m, /m, K
=m,, /M, Xi=E;/ksT ((=0,1,a), and kg is the
Boltzmann constant.!3

While the absolute value of u depends on the
value of =, the effect of nonparabolicity can be
correlated to the temperature dependence of
d(lny)/d(InT), the latter being independent from
=, It has been calculated by Tiersten'* that the
inclusion of warping introduces a temperature-in-
dependent multiplicative factor in the acoustic
mobility for a parabolic valence band. Accord-
ingly the study of d(Inu)/d(InT) entitles us, in a
first-order approximation, to neglect this effect.
The study of this derivative permits us to over-
come the systematic error due to the slight field
dependence of the experimental mobility . aris-
ing below 100°K. Theoretical results are com-
pared with the experimental ones in Fig. 2(b),
and the parameters used for calculations are re-
ported in Table I. Curves I and II refer to choic-
es I and II, respectively. We have found that,
while I better approximates the band shape, it is
II that better agrees with the experimental values
of d(Inpu)/d(InT). The better agreement between
the experimental and theoretical amplitudes of
the peak may be explained by taking into account
explicitly the warping of the valence band. The
broadening of the peak in the theoretical results
with respect to experimental data has to be main-
ly ascribed to the slight field dependence of the
experimental u below 100°K. The tendency of u
to exhibit a steeper slope in the range of temper-
atures between 100 and 30°K is, in fact, masked
by a carrier-heating effect which compelled the
mobility to follow a nearly constant T ~3/2 slope.

In summarizing our finds we wish to point out
that (1) the transport approach, in the limit of the
present model, is treated rigorously. (2) Re-
sults in their essence are practically independent
from the choice of the parameters which describe
the band, provided the band model is consistent
with the original k- P one. Consequently it is our
belief that the theoretical picture unambiguously
points out the effect of the spin-orbit interaction
on the Si valence band.

As a final note supporting the present physical
interpretation, an independent experimental in-
vestigation was performed, under identical con-
ditions, on hyperpure Ge and has given no evi-
dence of such an effect.’® This is in accord with

the larger value of the spin-orbit energy in Ge,!
which should introduce nonparabolic effects at
energies above 1000°K, well beyond:the experi-
mental reach.

In conclusion, we have for the first time found
experimental evidence for the strong spin-orbit
effect on the upper valence band of Si. Our theo-
ry has obtained the goal of gathering in a consis-
tent manner (i) band-structure calculations,

(ii) cyclotron-resonance data, and (iii) transport
properties. A full comparison between experi-
ment and theory in a larger range of tempera-
tures, with the aim to improve the present under-
standing of the Si valence band away from E=O,

is in progress.
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