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Effects of Nonparabolicity on Non-Ohmic Transport in InSb and InAs
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Hot-electron distribution functions, occupation densities, and drift velocities are calculated for InAs and
InSb at room temperature, on the assumption that there are polar-optical-phonon interactions only. Exact
energy-momentum dispersion and wave functions are taken into account. The distribution function and
occupation density are compared with calculations based on an electron-temperature model in parabolic
bands. These calculations give essentially the same result for the average energy prior to collective break-
down, but a rather different shape for the distribution function. The drift velocity, as calculated here, re-
mains a linear function of the Geld up to fields well above avalanche breakdown. This behavior seems to be
confirmed by experiment.

I. INTRODUCTION
' 'N the last decade the behavior of hot electrons in
~ - narrow band-gap semiconductors, like that of some
of the III—V and II—VI compounds, has become of great
interest in connection with various plasma effects, and
related avalanche processes. Underlying these phe-
nomena is the electron-lattice interaction via polar
optical phonons, which frequently is the dominant
intrinsic scattering mechanism. Furthermore, these
materials are notorious for their nonparabolic energy
bands. Some attempts have been made within the last
two years to solve the appropriate Boltzmann equa-
tion, ' ' and thus obtain the carrier distribution function
at high electric field. However, no serious effort has
been made at comparing theory with experiments
throughout the whole range of electric 6elds for which
data exist. This is dificult in many of the experiments
reported because of the occurrence of several competing
phenomena, such as impact ionization and the resulting
phenomena of pinching and/or mixed scattering. "
Effects due to external magnetic 6elds represent further
complications (for example, the Suhl effect). A well-

known property of electron —optical-phonon interaction
in parabolic energy bands is hot-electron runaway, a
situation which is prevented in nonparabolic bands. "
A more detailed study of this interaction for hot elec-
trons thus appears worthwhile. The purpose of the

'I. M. Dykman and P. M. Tomchuk, Fiz. Tverd. Tela 8, 1343
(1966) )English transl. :Soviet Phys. —Solid State 8, 1075 (1966)g;
N. N. Grigor'ev, I. M. Dykman, and P. M. Tomchuck, Fiz. Tekh.
Poluprov. 1, 132 {1967).The author would like to thank Dr.
Dykman and Dr. Tomchuk for bringing their work to his
attention.

' D. Matz, Solid State Commun. 4, 491 (1966);J. Phys. Chem.
Solids 28, 373 (1967). This is referred to as I in the text.

3 J. Kolodziejczak, Phys. Status Solidi 19, 231 (1967); 19, 373
(1967).

4 G. Jones, G. Smith, and A. R. Beattie, Phys. Status Solidi
20, K135 (1967).

' M. Glicksman, in Seventh Internatt'onat Conference on the
Physics of Semiconductors (Dunod, Paris, 1965), p. 149.

' Betsy Ancker-Johnson, in Semiconductors and Semimetuls,
edited by R. K. Willards and A. C. Beer (Academic Press Inc. ,
New York, 1966), Vol. 1, p. 379.

' H. FrOhlich, Proc. Roy. Soc. (London) A160, 230 (1937).
s H. Frohlich and H. V. Paranjape, Proc. Phys. Soc. (London)

869, 866 (1956).' R. Stratton, Proc. Roy. Soc. (London) A246, 406 (1958).

168

present paper is to do this from two different points of
view.

The first approach consists in carrying out a model
calculation for InAs of the distribution function, occu-
pation density, and average energy, for the case of
nonparabolic bands. These results are compared with
calculations based on the assumptions of parabolic
bands and the existence of an electron temperature.
The latter assumptions appear to form the basis of a
successful model for a range of electric fields prior to
collective breakdown, or avalanching. For this model
to be theoretically meaningful, one requires an electron
concentration e in excess of some critical concentra-
tion. '9 As recently pointed out by Conwell, ' this
critical concentration can be rather large in the III—V
compounds. Similar considerations apply to nonpara-
bolic bands. Thus, in InSb and InAs, the two materials
to be studied here, e))2&10" cm ' and e))8&(10"
cm ', respectively, for electron energies of the order of
three optical-phonon energies, and room temperature.
These concentrations are much higher than those in
the samples on which experiments are usually done.

The second objective is to calculate the drift velocity
for hot electrons in nonparabolic bands for InAs and
InSb on the assumption that there is interaction with
polar optical modes only, and for a range of electric
fields well above the region of experimentally observed
breakdown. An attempt will be made at comparison
with experiment at room temperature. The experi-
mental data at higher temperature (T& 200'K) exhibit
linear current-voltage characteristics up to the break-
down field" and beyond. ""One may object that the
competing phenomena, as mentioned earlier, make this
comparison with experiment invalid. However, since
lattice scattering is a very fast process (&10 " sec),
current measurements with very short voltage pulses
ought to avoid most competing phenomena. This ap-
pears in fact to have been achieved in Ref. 13, where
currents were measured for voltages of 2 to 3)(10 ' -sec

~ E. M. Conwell and M. 0. Vassell, IREE Trans. Electron.
Devices ED-13, 22 (1966).

"H. Morisaki and Y. Inuishi, J. Phys. Soc. Japan 20, 1814
(1965).

' M. C. Steele and S.Tosima, Japan. J.Appl. Phys. 2, 381 (1963).
"A. C. Prior, J. Electron. Control 4, 165 (1958).
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duration. Some impact ionization may nevertheless
occur, as indicated by a recent experimental estimate
of the impact ionization cross section in InSb by
McGroddy and Nathan" (the ratio of impact to total
scattering cross sections is about one-twentieth). These
scattering events would remove very energetic electrons
from the tail of the distribution without, however,
affecting the mobility too much, at least for not too
high an electric field. With little impact ionization, one
need not consider pinchings ' (which for suitably high
drift velocities takes of the order 10 ' sec to occur),
and electron-hole scattering. "

There remain two phenomena which complicate the
solution of the Boltzmann equation: streaming (as
contrasted to diffusion), and the inelastic nature of the
electron-phonon scattering. Both can be avoided if one
restricts oneself to higher lattice temperature's (and/or
high electric field). It will be shown that, at room
temperature, streaming is unlikely in InSb and InAs.

The tacit assumption was also made that there is no
scattering to (possibly) higher valleys, although this
may not be justified. ""

In the next section the calculations are presented,
and in Sec. III the results and discussion of an applica-
tion to InSb (290'K) and InAs (300'K) are given.

expresses the relation between the Bloch wave vector
k and the energy E through the arbitrary function
p(E); rl„ is the effective mass at the band edge. The
momentum effective mass m~ and density of states
1V(E) are then given by

dv (2m„)'t' dy
m*=zzt„, A (E)=

dE 2A' dE
(2)

' J. C. McGroddy and M. I. Nathan, J. Phys. Soc. Japan
Suppl. 21, 437 (1966).

'5 By restricting oneself to higher lattice temperature, one can-
not justifiably attempt to analyze Glicksman's LM. Glicksman, in
Seoezzth Izzterzzcztiorzat Cozz/erezzce orz the Physics of Semi corzdlctors
(Dunod, Paris, 1965), p. 137$ interesting data on InSb at 77'K,
for example. An attempt was made here, nevertheless, in the
region of high electric field, but prior to pinching. The results
were negative: Not only could one not reproduce the form of the
drift-velocity dependence on the electric 6eld, but also much too
low a mobility was obtained, even for extreme values of m„and
Ji0 (see later). This clearly indicates that the diffusion approxima-
tion used here does not apply at lower temperature in InSb.

'6 J. |A', Allen, M. Shyam, and G. I.. Pearson, Appl. Phys.
Letters 9, 39 (1966).' A. S. Filipchenko, I. P. Molodian, D. N. Nasledov, V. G.
Sidorov, and O. V. Emelyanenko, Phys. Status Solidi 14, K195
(1966}.
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It is the purpose here to calculate the equilibrium
distribution function for nonparabolic, but spherical,
energy bands. To that end, the same approximations
as in I will be used: energy transport by diffusion, and
elastic scattering. The same notation will also be
adopted. Thus

a and e referring to absorption and emission, respec-
tively, X to the phonon occupation number, and 0" to
the optical-phonon Debye temperature. Writing 8 as
B(k,k', y), where y equals the cosine of the scattering
angle, one has for arbitrary energy bands and corre-
sponding wave functions (compare Ehrenreich, Refs.
18 and 19)

2 ez'rkO 1 1
8 (k,k', y) = ——b (k,k',y),

y~ k—Q'~s

where ~„and e, are the high-frequency and static di-
electric constants, respectively, V is the volume, and

B(k,k', y) = l Z 4,'*( )4. ( )d'
PzP

(5)

The functions i'„k are the cell periodic parts of Bloch
functions, and tz, tz' are spin labels (of two types). The
integration is over a unit cell. For the purpose here,
Kane's results of the band calculations for InSb, with
the neglect of higher bands, are used."Thus the p„k's
for the conduction band are given in Ref. 20, Kq. (14).
The energy-momentum relation in the form of Eq. (1)
is obtained from Ref. 20, Eq. (10), neglecting terms of
order A'k'/2zzt (zzt= free-electron mass), and is

E(E+G)(E+G+6) (G+ ss6)

G(G+6) (E+G+ ,'6)-
where 6 is the energy gap and 6 is the spin-orbit
splitting of the valence bands.

The evaluation of Eq. (5) is straightforward, the
result being

g(k, k', y) = ztk'ttk '+2ztkttk (bkbk +ckck )y
+(b b .+c ck.)'y'+( ', b 'b '+ ', (b-c +c b -.)'

—(1/V2)bkbk (bkck +ckbk ) ) (1—yz), (7)

where ul„bh„cl, are wave-function normalization co-
efficients given in Ref. 20, Eq. (15). It should be
emphasized that Eq. (7) was calculated by taking the
initial direction of k along a principal axis of the crystal.
Following Ehrenreich, " it was then assumed that Eq.
(7) is valid for k along all other initial directions.
This assumption is equivalent to neglecting the ani-
sotropy in the scattering introduced by the p-function

' H. Ehrenreich, J. Phys. Chem. Solids 2, 131 (1957).
19 H. Ehrenreich, J. Phys. Chem. Solids 9, 129 (1959).
ze E. O. Kane, I. Phys, Chem. Solids I, 249 (1957).

The first task now is to obtain the scattering proba-
bility which is needed in the collision integral of the
Boltzmann equation. Its general form is

g 2zr atbPE(k') —E(k)—kO'j
w, , =—a(1,1')

(~+1)5/E (k') —E(k)+k 0']
(3)
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where the energy has been expressed in units of G,
x= E/G. The other parameters are

y'= dy/dE, n= G/kO~ (Ot+-', ), X=8/P„
F being the electric field;

ekOm. 1 1)
p„

Q(X) is a normalization constant. The functions go and

gi are

go(x) = ~~'+ o (1—na')'+ p (~&baca —
o 4')',

g&(x) = ln(4yG/&OS') —1+ay'+ (v2bi, cg —-'bg')'

Here the ar„b&, c&, p, and p' have been properly ex-
pressed in terms of the dimensionless energy parameter
x. gi and. Bp arise from Eq. (7), occurring in the colli-
sion integral and the relaxation time, respectively. The
latter is given by

1/r(x) = eFo(2Z+ 1)y'(2m„Gy) 'i'gp(x) (9)

At this point it is convenient to study the asymptotic
behavior, for large energy, of the various quantities just
discussed. This asymptotic region is reached when x))1
and x))A/G. Note, however, that in practice this
energy can be quite large, large enough to make invalid
the description of the band structure employed here.
One can readily verify the following:

25
p —&x'G 1

3G G
(10a.)

+a ~ g ) ~k~0)

g, —+ ln(2Gx/kO) —-', ,

g, ~-', (g,=1 at x=o),

(10b)

(10c)

(10d)

fp —+ exp (10e)
1+n'X'/Sgln (2Gx/k 0)——,

P ]
where S is some average energy.

admixture in the wave functions. The present calcula-
tions are therefore strictly applicable only to materials
where these anisotropies are small, like many of the
III—V and II—VI compounds.

The next steps in the derivation of the distribution
function consist in substituting Eqs. (4) and (7) into
the collision integral and the relaxation time, replacing
k and k' everywhere by p(E) and y(E'), respectively,
and performing relevant expansions and integrations
(compare I). Some of the details of the calculation are
given in the Appendix. The result is the following iso-
tropic distribution function:

(v')'a. S d
fo(x) =a(Z) exp —n

l( ~v)'+ b')'o. o—

where np is the carrier density and

(v')'S S d
dx.

l( ~v)'+(~')'se—
K(Z) = y'~'y' exp —n

(12)
Quantities like the carrier occupation density, drift

velocity, and average energy can readily be obtained

by use of Eqs. (8), (9), (11), and (12). Note that all

integrations above were started at x= 0. This represents
no serious error in the calculation of most quantities,
since in the approximation of high temperature and/or
high fields used here, the energy region near x=0 is
little occupied. The only dif6culty encountered is in
the integration of the function in the exponential of fp'.

It contains a singularity (near x—0.02, depending
slightly on G/kO), due to the log term in gi, which
has the shape of the derivative of a 6 function. This
double spike, which is very narrow in extent, was
avoided in the numerical integration; the integrand was
interpolated monotonically to 1 as x goes to zero.

III. APPLICATIONS TO InSb AND InAs

The preceding theory will now be applied to InSb
(290'K) and InAs (300'K). First, a comparison will be
made with the electron-temperature model for parabolic

From these equations one concludes the following:
The largest nonparabolicity achieved, for the E(k) de-

pendence assumed here, is at best a linear dependence
of B on k. The nonparabolicity is thus underestimated
at higher energies; the k. p method which includes

interactions with higher bands" wouM be more realistic
in that region. Equations (10b)—(10d) show the im-

portance of using the correct wave functions, i.e., not
just plane waves. Thus, for example, the scattering
rate is decreased by a factor of 3. This can affect the
distribution function markedly because of its exponen-
tial form. The admixture of p functions to the total
wave functions therefore counteracts the large effects
of the energy-momentum nonparabolicity. Finally, note
that the distribution function becomes a Maxwellian
function at high energy. Electron runaway is therefore
prevented by optical-phonon scattering alone. How-

ever, at larger electric fields, fp(E) can have a rather
extended tail. A more nonparabolic E(k) would, of
course, reduce these tails. It is therefore clear that the
prevention of electron rurjaway depends critically on the
asymptotic behavior of E on k. Thus, if, asymptotically,

E—+ k&, p&1

runaway is prevented. This is evidently the case here,
but just barely, since p, =1.

These remarks therefore justify the normalization
constant QP ). It is

2m'A'np

n(x) = K(x),
(2m„G)P~'
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tribution functions for various X(=t/Po' as a
function of g(=E/G) for InAs at 300'K.
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"O. Madelung, Physics of III VComo-
Sons, Inc. , New York, 1964).
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FIG. 3. Average energy as a function of
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Fio. 4. Drift velocity as a function of X: (1) InSb at 290'K,
present calculation; (2) InAs at 300'K, present calculation; (3)
InSb at 290'K, electron temperature, parabolic band; (4) InAs
at 300'K, electron temperature, parabolic band.

model, whereas in the present work x is always mono-
tonically increasing with X.

The results of the last three figures then suggest the
following conclusion: In the region prior to collective
breakdown, the electron-temperature model in parabolic
bands works fairly well, because the assumed hot-carrier
containment by electron-electron collisions is effectively
replaced by electron-phonon collisions alone in non-
parabolic bands. '4

The other quantity of interest here is the drift
velocity as a function of field. This has been calculated
for both InSb (290'K) and InAs (300'K). For InSb the
following parameters were used"': G=0.18 eV; 6
=0.81 eV; m„=0.014m 0= 264'K; e,= 18.7, e„=15.7;
0/X=1.08&(10 "ir Fs=600 V/cm' E() =0)=12.8.
The results are shown in Fig. 4. Curve 1 is for InSb and
curve 2 for InAs. Curves 3 and 4 are the corresponding
ones for the parabolic-band case. Note the diGerence,
both in magnitude and in curvatures, in the two sets of
curves. It is remarkable that the drift velocity remains
approximately linear with electric Geld (i.e., the mo-
bility is independent of field) up to X—0.9 (F=540
V/cm) for InSb and X—0.9 (F—1800 V/cm) for InAs.
These values of ) correspond to average energies (E)
=0.66 G for InAs (Fig. 3) and (E)=0.63 G for InSb.
The mobilities are 20 000 cm'/V sec and 53 000 cm'/V
sec for InAs and InSb, respectively. They agree fairly
well with mobilities reported in other calculations" ""
(for the same Fs) and measurements. Experimental
evidence in support of the constant mobilities with field
is indicated by the papers of Steele and Tosima, "and
of Prior. "Steele and Tosima's data suggest a constant
mobility in InAs at 300'K up to F—1000 V/cm (X—0.5),
which extends above the avalanche threshold 6eld
(F= 750 V/crn) and above which electron-hole scatter-
ing occurs. The ohmic mobility measured by these

"It should be remembered that the shape of fo is not very
important for a quantity like the average energy. It is important,
however, for phenomena like impact ionization, and the transfer
of electrons to upper valleys in the Gunn efI'ect (see Ref. 25)."E.M. Conwell and M. O. Vassell, Phys. Letters 25A, 302
(1967).

authors, however, is only 13 000 cm'/V sec, which is
low and suggests complications due to impurity banding
effects." Prior reports a constant mobility in InSb at
290'K up to 800 V/cm (X—1.3) and the low-Geld

mobility of one of his samples (42000 cm'/V sec)
agrees fairly well with the ohmic mobility used here.
His data are probably not reliable at higher Gelds (nor
is the present calculation; see below), because impact
ionization appears to set in, as stated in the Introduction.

Physically, the constant mobility can be understood
in terms of the nonparabolic band. It is a result of
canceling effects of increasing mass and decreasing
scattering rate (although not as much as for parabolic
bands) with energy. The correct wave functions play
an important role in the scattering rate and the dis-
tribution function.

It is noteworthy that beyond 540 V/cm in InSb and
1800 V/cm in InAs the drift velocity starts deviating
from linearity. "In terms of the physical picture, this
occurs at the point at which the increasing mass be-
comes the dominant inhuence. Beyond P =1.2 in InAs
and X= 1.6 in InSb, the drift velocity actually decreases
with field, because of the increasingly heavy mass.
However, this result is not completely trustworthy,
since at X=1.2, (E)—1.5 G for InAs, and at X=1.6,
(E)=1.8 G for InSb. Many carriers are therefore at
energies much greater than (E). At these energies, the

p used here is most likely becoming invalid. The eBect
of higher bands must be considered in the k y method.
Furthermore, other energy-loss mechanisms, such as
acoustic modes, intervalley scattering, or impact ioniza-

tion, may become effective. Most lik.ely, however, the
inclusion of higher bands and/or other energy-loss
mechanisms'7 would give rise to a negative differential
drift velocity at higher fields. This would manifest
itself in an instability in the current-voltage char-
acteristic. It could perhaps be observed by the applica-
tion of short voltage pulses, of the order of 10 ' sec or
less. Note that this instability is similar in nature, but
not quite the same as the one proposed in I. That
instability would arise because of a double-valued rela-
tion between (E) and F over a certain range of F (an
unstable region energetically), which does not occur in

InSb or InAs (Fig. 3).It is expected that this instability
might occur in some of the wider band-gap material's

like GaAs, InP, CdTe, etc.
It is unlikely that, at the temperature for which the

present calculations have been done, any streaming
occurs; most electrons are already at an energy greater
than kO' at zero field, a situation which should be en-

hanced at higher fields by the nature of the polar-
phonon interaction. If one plots the ratio of the drift
to root-mean-square velocities (assuming m*=0.03m

"A decrease in mobility has also been reported at much lower
6elds in a calculation by Dykman and Tomchu)r (Ref. 1) for InSb,
using ~=8+E'/G, and plane waves for the wave functions.

"C. Hilsum and J. Welborn, J. Phys. Soc. Japan Supp&. 2&,
532 (1967).
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40
eFp ~- 1

+ —{y'(E—k8)g(q; E; E—kO)
(2m„)"' q

50

where

XL(&+1)fo(E)—&fo(E—kO")3)de (Ai)

K(g
20

1.2

g 1kO~yi/yl/2 I/' (4p) 1/2+ g I/' —(4y) 1/2

g(q; E; E+kO') has been obtained from Eq. (7) by
relating k to y(E), k' to p(E+kO'), and y to /t by the
relation (compare I)

v(E)+v(E+ke) —2'(E)y(E+kO) J"y=g' (A2)

I I I I I I I I I I

0 .2 .4 .6 .8 1.0 1.2 1.4

Fro. 5. (1) Ratio of Hall to drift mobilities at low magnetic
Selds as a function of X (right scale); (2) Z(X) as a function of X
for InSb at 290'K; (3) E(X) as function of X for InAs at 300'K.

for InSb and m~=0.05 for InAs as average eBective
masses in the nonparabolic bands), one obtains maxi-
mum values of 0.25 and 0.3i at ) =0.9 and A=0.7 for
InSb and InAs, respectively. These values were ob-
tained by using theoretical drift velocities, which are
higher than the reported experimental ones.

Finally, the ratio of the Hall to drift mobility has
been calculated numerically for vanishing magnetic
field. The result is shown for InSb at 290'K in Fig. 5.
The relative insensitivity to the electric field, the ratio
remaining almost 1, is not very surprising. It is con-
sistent with the constant mobility, a manifestation of a
weakly dispersive scattering mechanism.

On the same figure (Fig. 5), the normalization con-
stants E for InSb (290'K) and for InAs (300'K) are
plotted. They are of interest because their existence
comes about only because of no electron runaway.

The problem now is to expand Eq. (Ai) in the ratio of
kO~/E to second order, and thus obtain a readily inte-
grable differential equation of the second order for fp.
A complication arises, however, from the dependence
of g on E+kO~. This may be overcome if it is realized
that g can be written in the form

g(q; E; E+k0) =P P.(E)Q.(E+k0)R„(q), (A3)

where the function P„,Q„, R„can readily be obtained

by comparison with Eqs. (7) and (A2). Their detailed
form is not important here and therefore wil1. not be
given.

Substitution of (A3) into (Ai) puts the collision

integral into a form suitable for expansion in a manner
similar to that given by Stratton. "After the expansion
is carried out for each term in g, one has

1 pP„ dIofo(E) =
(2r//„y)"'y' ~Q„dE
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X (7'Q )'G t fo+r/ fp, (A4)—

dE

APPENDIX

The derivation of Eq. (8) of the text will be presented
here in greater detail. To this end, the same notation as
in I is used. Equation (21) of I,. giving the collision
integral, will be the starting point. Using Eq. (2) for
E(E), and Eq. (4) for B(k,k', y), one has for the collision
integral

eFp ~+ 1
-{y'(E+kO)S(&;E'E+ke)

(2m„)'/' „ I7

XLSIfp(E) —fo(E+k 0)(at+1)j)dg

(4v) ~/p g (g)
Gnt= &Fok0~ dq, q=k0™(x+-',) . (A5)

If P„=Q„ for all /s, Eq. (A4) would simplify greatly.
However, inspection of Eq. (7), together with Eq.
(A2), reveals that this is not so: For eight terms,
P„WQ„. One avoids this difficulty as follows. The drift
term in the Boltzmann equation is

"R.Stratton, Proc. Roy. Soc. (London) A242, 355 (195/).
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2 eI' d—~f.(~)
3 y'(2m„y)'ts dF.

2 e'F' d py df, i—
I

—(2m„y)' '-, I, (A6)
3 m„y'(2m„y)'i' dF ky' dFf

where v is the relaxation time. Equating (A6) to (A4)
and integrating both sides, Eq. (A4), by parts, yields

2 e Fs y dfs f dfsi
—,(2 .~)'" = (v')'I fo+~ I(Z P.Q.G. )

3 m„y' dF. i dg) n

tr dfp dQ dP„
+ b')'I fo+n, I & P-—,—Q

dQ') s dF' dF,' j
(A7)

One can now show that the sum over e in the integral
term of Eq. (A7) equals zero. The sum over the eight

terms for which P„&Q„gives zero, and for the remainder
of the terms, P„=Q„.One' has furthermore

(4+)1/2 y

Q P„Q„G„r——eFske +(q; Z; Z)dg
e g

= eFehO~br,

where &1 is given in the text.
The relaxation time is also readily obtained (com-

pare I), and is given by Eq. (9) of the text; gv, which

is also given there, is

Putting all these equations together, one readily inte-

grates Eq. (A7) to obtain Eq. (8) of the text.
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de Haas-van Alyhen Effect and Fermi Surface of White Tin*
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We report here the results of an extensive investigation of the de Haas —van Alphen effect in white tin.
These results agree qualitatively with the predictions of Weisz's pseudopotential model for the tin Fermi
surface; for every case in which Weisz's model differs qualitatively from the single-orthogonalized-plane-
wave model, our data agree with the former. Quantitative agreement, however, has not been obtained. The
experimentally determined cross-sectional areas of the Fermi surface typically differ by about 30% from
those calculated by Weisz. Area branches are also reported that are due to coupled orbits generated by
magnetic breakdown of the spin-orbit-coupling-induced energy gap between the third and fourth bands
g.ear the XL and XP zone lines.

I. INTRODUCTIOH

'HE electronic properties of metallic ("white") tin
have been studied in considerable detail over the

past few years. One of the primary reasons for this is
the relatively long electron mean free path that can be
obtained in pure tin crystals at temperatures of about
1'K. These experimental studies have fallen into two
basic categories; those which have used the electronic
properties relevant to the Fermi surface to study the
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(Durham), the National Science Foundation, and the Advanced
Research Projects Agency.

t Advanced Research Projects Agency Research Assistant.
f. Alfred P. Sloan Research Fellow.' A. V. Gold and M. G. Priestley, Phil. Mag. 5, 1089 (1960).
2 M. D. StaQeu and A. R. De Vroomen, Phys. Letters 23, 179

(1966); M. D. Stafieu and A. R. De Vroomen, Phys. Status
Solidi 23, 675 (1967).

¹ E.Alekseevskii, Yu. P. Gaidukov, I. M. Lifshitz, and V. G.
Peshanskii, Zh. Eksperim. i Teor. Fiz. 39, 1201 (1960) LEnglish
transl. : Soviet Phys. —JETP 12, 837 (1961)g.

¹ E. Aledseevskii and Yu. P. Gaidukov, Zh. Eksperim. i
Teor. Fiz. 41, 1079 (1961) )English transl. :Soviet Phys. —JETP
12, 770 (1962)g.

Fermi surface itself, ' ' and those which have studied
the purely dynamical aspects of the electronic prop-

M. S. Khaikin, Zh. Eksperim. i Teor. Fiz. 43, 59 (1962)
/English transl. : Soviet Phys. —JETP 16, 42 (1963)j.

e V. F. Gantmakher, Zh. Eksperim. i Teor. Fiz. 44, 811 (1963)
t English transl. : Soviet Phys. —JETP 17, 549 (1963)g.' V. F. Gantmakher and E. A. Kaner, Zh. Eksperim. i Teor.
Fiz. 45, 1430 (1963) LEnglish transl. : Soviet Phys. —JETP 18,
988 (1964)$.

s V. F. Gantmakher, Zh. Eksperim. i Tear. Fiz. 45, 2028 (1964)
t English transL: Soviet Phys. —JETP 19, 1366 (1964)g.

M. S. Khaikin, Zh. Eksperim. i Teor. Fiz. 42, 27 (1962)
LEnglish transl. : Soviet Phys. —JETP 15, 18 (1963)g.

M. S. Khaikin, Zh. Eksperim. i Teor. Fiz. 43, 59 (1962}
LEnglish transL: Soviet Phys. —JETP 16, 42 (1963)j."J.F. Koch and A. F. Kip, Phys. Rev. Letters 8, 473 (1962).

"M. S. Khaikin, Zh. Eksperim. i Teor. Fiz. 39, 513 (1960)
LEnglish transl. : Soviet Phys. —JETP 12, 359 (1961)g."A. A. Galkin, E. A. Kaner, and A. P. Korlyuk, Zh. Eksperim.
i Teor. Fiz. 39 1517 (1960) /English transl. : Soviet Phys. —JETP
12, 1055 (1961)g.

'4 T. Olsen, J. Phys. Chem. Solids 24, 649 (1963).
"R.J. Kearney, A. R. Mackintosh, and R. C. Young, Phys.

Rev. 140, A1671 (1965)."B.I. Miller, Phys. Rev. 151, 519 {1966)."E.Fawcett, Proc. Roy. Soc. (London) A232, 519 (1955)."R. G. Chambers, Can. J.Phys. 34, 1395 (1956).


