PHYSICAL REVIEW

VOLUME 137,

NUMBER 3A 1 FEBRUARY 1965
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The effect of other bands on the structure of the conduction band of bismuth is examined by means of
perturbation theory. The unperturbed Hamiltonian is that of the Cohen-Blount two-band model as used
by Lax and Mavroides and investigated more fully by Wolff. The new terms appearing in the effective-mass
Hamiltonian are those already studied by Cohen in the absence of a magnetic field plus those which arise in
the presence of a field because the various components of the quasimomentum do not commute. Formulas
are presented for the Landau levels at p,=0 which can be compared with the expressions of Cohen and

Blount and of Smith, Baraff, and Rowell.

I. INTRODUCTION

HE electronic structure of the conduction band

of bismuth is both understandable and interest-

ing. For this reason, the material has been the object of
much experimental and theoretical study. The adjective
“understandable” applies because a simple model of the
band structure seems to describe the gross electronic
properties very closely, and the adjective ‘“‘interesting”
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Fic. 1. Comparison between the magnetic energies as predicted
by the two-band nonparabolic model and the sort of magnetic
energies actually observed.

applies because the electrons populating the conduction
band have such low masses and are so few in number
that a variety of quantum effects can be observed under
conditions of moderately strong fields and moderately
low temperatures.!

The simple model which has been successful in de-
scribing the conduction band is the so-called two-band
model, in which the properties of the conduction band
are determined by the presence of a valence band
separated from it by a very small energy gap. As was
first shown by Cohen and Blount,? this situation leads
to a spin mass which is equal to the cyclotron mass.
Thus, the energy levels, labeled by orbital quantum
number #=0, 1, 2, --- and spin quantum number
s==1 have the characteristic degeneracy

E(n+1,s=—1)=E(n,s=-+1). (1.1)

The observed levels in bismuth are approximately de-
generate as given by (1.1), with fractional deviations 6(n)

E(n+1,s=—1)—E(n, s=+1)
—E(n—i—l, s=—1)—E(n,s=—1)

8(n) (1.2)

ranging from about 10 to 309, depending on the direc-
tion of the magnetic field.> Figure 1 represents sche-
matically the levels in one of the conduction-band
minima for a fixed magnetic field.

It is clear that the nonzero values of § arise from the
presence of bands other than the two considered in the
two-band model. Our purpose in this paper is to calcu-
late the effect of these other bands on the energy levels
E(n,s) by using a perturbation theory in which the two-
band model plays the role of the unperturbed Hamil-
tonian. We shall find reasonably simple forms for the
dependence of E(%,s) on the strength and orientation of
the magnetic field. These forms contain parameters
which will have to be evaluated experimentally, but at
least the forms given provide the framework by which
future experiments may be interpreted.

tL. C. Hebel, Symposium on Plasma Effects in Solids, Inter-
national Conference on the Physics of Semiconductors, Paris,
1964 (unpublished).

2 M. H. Cohen and E. I. Blount, Phil. Mag. 5, 115 (1960).

3 G. E. Smith, G. A. Baraff and J. M. Rowell, Phys. Rev. 135,
A1118 (1964).
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In Sec. II, we use standard Luttinger-Kohn* tech-
niques to obtain an effective two-band Hamiltonian
which includes the effects of other bands to lowest order.
The same program has been carried out by Cohen®in the
absence of a magnetic field. Although Cohen was able
to solve his equations exactly so as to obtain an analytic
E(p) energy momentum relationship, his E(p) is not the
proper starting point for studying the magnetic energy
levels because his treatment discards the antisymmetric
part of the effective mass tensor which gives rise to the
spin energy.®

Our effective two-band Hamiltonian may be expressed
as a sum of two parts. One part is the two-band Hamil-
tonian proposed by Lax and Mavroides” and studied in
greater detail by Wolff.® The other part includes the
effect of the other bands. The successes of the Lax and
Mavroides form of the two-band model in fitting
magnetoreflection experiments®!? suggests that the
“other band” part of our Hamiltonian will be small, at
least in the light-mass directions. It is then natural to
use perturbation theory with Wolff’s eigenfunctions as
the unperturbed states. This we do, relegating the
details to the three appendices A, B, C and stating the
results in Sec. IIT. Section TV describes the energy-level
structure resulting and discusses what should be seen
experimentally. In that section, we compare the formulas
to those of Cohen and Blount. Finally, Appendix D
makes contact between our results and those formulas
used by Smith, Baraff, and Rowell® (SBR) in the inter-
pretation of the magnetoresistance measurements.

This first-order perturbation approach probably loses
its validity in the heavy mass direction. First of all, the
heavy mass itself cannot be understood within the con-
text of a pure two-band model.2:5 Secondly, the param-
eter §(n) becomes almost £ in this direction,?® indicating
large deviations from the two-band model, i.e., indi-
cating a perturbation which is no longer small.

The principal conclusions of this work are twofold;
first that the motion of the two #=0, s= —1 levels with
magnetic field is, for a fixed field direction, either linear
or hyperbolic, as shown in Fig. 2. If the levels approach
and repel each other, as in the lower figure, then the
optical activity as seen in cyclotron resonance experi-
ments, etc., will transfer from one level to the other at
the field of closest approach. The second conclusion is
that the motion of the other levels is given by formulas
similar to that used by SBR, but modified by allowing

4J. M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955).

5 M. H. Cohen, Phys. Rev. 121, 387 (1961).

6 J. M. Luttinger, Phys. Rev. 102, 1030 (1956).

7 B. Lax, Bull Am. Phys. Soc. 5, 167 (1960); and B. Lax and
J. G. Mavroides, in Advances in Solid Siate Physics, edited by
F‘}. lSeitlz and D. Turnbull (Academic Press Inc., New York, 1960),

ol. 11.

8 P. A. Wolff, Phys. Chem. Solids (to be published).

¢ R. N. Brown, J. G. Mavroides, and B. Lax, Phys. Rev. 129,
2055 (1963).

WI. C. Hebel and P. A. Wolff, Phys. Rev. Letters 11, 368
(1963).
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the orbital inverse mass tensor and spin inverse mass

tensor to be linear functions of energy.

II. THE EFFECTIVE HAMILTONIAN

The method we shall use to study the magnetic spec-
trum of the conduction band is similar to the standard
one for studying cyclotron resonance in semiconductors
at a point of degeneracy. The difference is that in
bismuth, the conduction-band minimum (which is two-
fold degenerate because of spin) has an energy only
slightly greater than the valence band (also doubly
degenerate) lying just beneath it. The energy gap Eq
between the conduction-band minimum and the valence-
band maximum is smaller than the magnetic energies
and thus must be treated as though valence and con-
duction bands were degenerate. The situation is similar
to that in InSb where the energy gap is comparable to
the kinetic energies of interest. Kane’s!! treatment of
the InSb band structure provides the generalization of
the field-free Kohn—Luttinger method to the situation
of near degeneracy, and the Bowers and Yafet!? treat-
ment of the magnetic susceptibility of InSb provides the
generalization of the Kohn-Luttinger method to the
case of small gap and large magnetic field. We must
apply this method to the conduction band of bismuth
by specifying the parameters to be used in the equations.
More to the point, we must specify the relations defween
these parameters which exist because of the symmetry
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Fic. 2. Energy of the two 0~ Landau levels as a function of
magnetic field. The levels may either approach each other and
repel or else may repel each other initially, depending on the
direction of the magnetic field.

1 E. O. Kane, Phys. Chem. Solids 1, 249 (1957).
2 R. Bowers and Y. Yafet, Phys. Rev. 115, 1165 (1959).
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of the bismuth crystal. Some of the work has already
been done for us by Cohen and Blount? and by Cohen.?
'All that remains is for us to study the form of the
‘“other band” contributions to the effective Hamil-
tonian. Our notations will follow that of Ref. 2 where
possible; but before starting, let us review briefly the
ideas on which the calculation rests.

Suppose that one has a Hamiltonian H and a
Schrodinger equation

H=H+V, (2.1a)
Hy=FEy, (2.1b)

for which the eigenstates and energies of the un-
perturbed Hamiltonian H, are known:

(2.2)

Among the energies ¢, are some which are very close to
E. These will be called the degenerate energies and will
be labeled by a subscript ¢ or j=1, 2, - - -, 7. The other
energies far from E will be labeled by a subscript
p=r+1, r+2, ---. To solve (2.1), one expands ¢ in
eigenstates of Ho, =72 A.¢n, and arrives in the usual
way!® at

HOﬁonzenﬁon-

Vip ij

ﬁ (615i1+ Vie %

=1 p=r+1

)A,-:EA,. (2.3)
€p
as the equation determining the energy and that portion
of the wave function within the degeneracy set. The zero
of energy has been taken at the average energy of the
degeneracy set.

The motion of the electron in a perfect crystal under
the influence of a magnetic field is assumed to be
governed by the Pauli Hamiltonian,

H=(p—eA/c)*/2m~+U(r)
+ (h/Am*c*) (p—eA/c)- e xVvU(r), (2.4)

where U(r) is the periodic crystal potential, p is the
actual momentum, A(r) is the vector potential giving
rise to the magnetic field 3=V x A, and ¢ are the three
Pauli matrices, the last term representing the spin-orbit
coupling. Luttinger and Kohn* introduced a useful set
of states ¢n(k,r) for expanding the wave function. If
their expansion is written as

YD)=5 / dkA (K)o (K, 1) (2.5)

then their equation analogous to (2.3) is

1
Z {(Ej—l‘—‘n' 1!) 51']'—"— Vij*w
j 2m
T VipVpi* .
. [ICEZRONED
» €
BL. D. Landau and E. M. Lifshitz, Quantum Mechanics

(Addison Wesley Publishing Company, Reading, Massachusetts,
1958), p. 137.
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where v;; are matrix elements of the velocity operator
evaluated at a fixed ko, the ¢; are band energies at %
and the = are differential operators

= h(k—ko) —AG(9/0K)). @2.7)
[

Equation (2.6) is general and must be specialized to
describe bismuth by assigning the energies €, and the
matrix elements v;; in accord with what is known about
the bismuth band structure and symmetry. Time re-
versal and a center of inversion in the bismuth crystal
results in a degeneracy such that there are two states
oo1(ko,) and pea(ko,7) with the same energy € at ko the
minimum of the conduction band. These two states are
time-reversal conjugates of each other, that is,

gaoz(ko,f) = [7(p01(k0,1’) , (28&)
U=(is,)CI, (2.8b)
Ur=—1. (2.8¢)

I denotes spatial inversion and C denotes complex con-
jugation. The operator io,C is the time-reversal operator
in the presence of spin. The operator U plays an im-
portant role in restricting the form of the velocity
matrix elements.

There are also two states ¢ai(ko,) and @ae(ko,r)
= Upa(ko,r) with the same energy e, at the top of the
valence band. These four states and these two energies
will be our degeneracy set j to be used in Eq. (2.6). This
split into a degeneracy set and other states far removed
is a basic assumption of the model. The evidence for the
remoteness of the other states is again the validity of the
simple two-band model in which the other states are, in
effect, infinitely removed in energy.

Since energies are to be measured from the average
energy of the degeneracy set,

The operator U which causes the degeneracy also leads
to the relations between the velocity matrix elements?

(01| v]al)=t=(a2|v|02),

(2.9)
(01| v|a2)=u=—(al|v|02).

If at this point we were to ignore the second and
fourth terms on the left of (2.6), we would have exactly
the equations of the two-band model as studied by
Wolff.8 Our main interest, however, is in just those two
terms in Eq. (2.6) which augment the standard two-
band model.

The last term on the left of (2.6) may be regarded as
composed of the matrix elements of the tensor operator

Sa5= VaPHo—1V5,

where P is the projection operator out of the degeneracy
set, i.e., it acts to restrict the sum over intermediate
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states to states p outside the degeneracy set. From the
definition, Hermiticity, and the fact that velocity but
not energy changes sign under time reversal, it follows
that Ses'=Sga, USsU1=S4s. These relations and the
time-reversal conjugacy relations between the two states
in each band lead to the following restrictions on the
matrix elements of S:

Vag W ag
(O'ISaﬂIO’):( A > (2.10a)
Wea*=—Was* Vpga=Vas*
Xeop Vg
(a-|saﬂ1a-)=< ) (2.10b)
Vooa*=—Vag* Xgoa=Xas*
1 1
e+1r~(-——+V)-1r *~W-r
2m

1
—m-W¥*.r e-I—7r'<———+V*)'7r
2m
r*em —u-m
w*em tw

It is convenient to regard this operator as a 2)X2 matrix,
each of whose elements is, in turn, a 2X2 matrix,

€+H u H 1
- ).
H 11‘ - 6+H 1
The entries in (2.12) are conveniently regarded as linear
combinations of the four Pauli matrices, with vector or

tensor coefficients, dotted into the = operators. For
example,

(2.12)

1
—+V w
2m
H,=m=- ) -m

2m

(2.13a)

3
=x-[ D0)+: > D@()o,]-=, (2.13b)
r=1
with .
D(0)=—I1+ReV,
2m

D(1)=ImW, (2.13c)
D(2)=ReW,
D(3)=ImV.

# A L. Jain and S. H. Koenig, Phys. Rev. 127, 442 (1962);
S. Mase, J. Phys. Soc. Japan 13, 434 (1958); 14, 584 (1958);

1
—e+1r-(——+X>~7r
2m
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There is some evidence that the electrons occupy three
rather than six ellipsoids.!* In this event, the vector &,
must be at a point of high symmetry in the Brillouin
zone such that the states have definite parity, with both
states of a given band having the same parity. The
strong curvature of the conduction band means that it
interacts strongly via the velocity operator (odd parity)
with the valence band. Hence, conduction band and
valence band are of opposite parity. It follows that the
operator S (even parity) cannot connect valence and
conduction states, and therefore that all elements of v
and S other than those given in (2.9) and (2.10) vanish.
This establishes that the effective Hamiltonian, the
operator on the left of (2.6), is a 4X 4 matrix of the form

N

temw u-T
—u*.r ¥
(2.11)
YT

—r-V*r

1
_e+,,.(__+X*).,r
2m

/

The Pauli matrices in (2.13) have nothing to do with
the spin of the electron; they are introduced only to
facilitate the considerable amount of manipulation yet
to come.

A comparison of (2.13c) and (2.10) reveals that D(0)
is a symmetric tensor while the other three are anti-
symmetric. Therefore in the product =- D(0)- =, only
the symmetrized product of == will appear:

e D(0) - ==3_ 7aDap(0)s=>" Das(0)Ass, (2.142)

Awg=3%(romstmera). (2.14b)
Similarly, in the product =+ D(7)- = only the antisym-
metric product of == will appear. This antisymmetrized
product is evaluated using the definition of 7 in Eq. (2.7)
in the well-known way:

ieh

(o) as=3(mamg—msme) = "2—— 2 €apydCy, (2.15)
c

where eqp, is the completely antisymmetric tensor!s and
where 3C is the magnetic field arising from the vector
potential A. Thus

m D(7) - == (ieh/2¢)_ Das(7)€apy3Cy.

M. H. Cohen, L. M. Falicov and S. Golin, IBM J. Res. Develop.
8, 215 (1964).

15 A useful form of the definition of eqg, is that AXB=Cis, in
component form, Cq= €sp,4 gBy.
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We may define a symmetric real tensor 3* and three
real axial vectors L*(r) by

Bag*=2mDep(0),
Ly (r)=m3 Dop(r) €afy,
af

so that the operator H, in Eq. (2.13) takes the simple
form

1 1en
H,=—3“:A——> 3-L*(+)o.. (2.16)
2m 2me r
By the same steps, we also find
Hy=(1/2m)B": A—3%(eh/mc)y., 5-Li(r)o,. (2.17)
Finally, comparison of (2.11) and (2.12) gives
t u
Hl=< )-'x (2.18a)
—u* t*
=[WO)+i X W(r)o, ] =, (2.18b)
where
W(0)=Ret,
W(1)=TImu,
2.18
W(2)=Reu, (2.18¢)
W(3)=Imt.

Equation (2.18) is of a form used by Wolff to study the
two-band model. He showed that linear combinations
of the two conduction states and linear combinations
of the two valence states can be found which will cause
all three components of W(0) to vanish. A study of his
proof reveals that the time-reversal conjugacy is main-
tained and therefore that S retains the form (2.10) even
after W(0) is eliminated. Hence, H* and H; retain the
forms (2.16) and (2.17) while H, and H,' become

Hi=i3 W@)o, ==—H,. (2.19)

II. MATRIX ELEMENTS OF THE PERTURBATION

We now wish to regard the effective Hamiltonian H
of (2.12) as an unperturbed part H, which is large and
exactly solvable and a perturbation U which is small.
We take for H, the Hamiltonian of the usual two-band
model.

H=H 0+ U )

€ H 1 II u
el ") o
I] 1T € 0
Wolff has studied the solutions to the unperturbed
Schriodinger equation

(3.1a)

}(I)) . (3.1p)

HOX:EOX

by considering the four-component function x to be

G. A. BARAFF

written as a two-component ¢, and a two-component ¢;:

Pu
X= .
(4
Written in this partitioned form (3.1b) and (3.2), the
matrix elements of U take the form

IUX)=(eu Hu| o)+ (et Hil 1), (3.3)

where the round bras and kets are matrix elements taken
with respect to the two-component functions.

Much algebra is required for the general evaluation of
these two component matrix elements. The amount of
work may be reduced materially by restricting attention
to those states for which there is zero momentum in the
direction of the field. Fortunately, the level structure at
P.=0 where the density of states becomes infinite is the
determining factor in interpreting both the Lincoln
Laboratory data? and that of SBR.? The bare minimum -
of work required to evaluate those terms necessary for
the P,=0 lowest order calculation will be found in
appendices A, B, and C. It turns out that only the
excitation values of U are needed. If the states x are
labeled by # and s, the orbital and spin quantum num-
bers of ¢, then the results of these appendices may be
summarized in the form

(ns|U|ns)y=%(14¢/Eo)(ns| Hy|ns)
+1(1—¢/Eo)(nts, —s|Hi|n+s, —s)

if E¢y#—e,

if Eo=—c¢,

(3.2)

=(0, —1[H,]0, = 1) (34)

where
Eo= [+ 2e(n+1+3s5)ehsc/m*c ]2

and where

(ns| H;|ns)= (n+3)(m*/m)®- B A3
Fs(m*/m)d-F;- A3,

3.5)

(3.6a)
(3.6b)
(3.6¢)

The first term on the right of (3.6a) amounts to a change
in the cyclotron mass and the second term on the right
of (3.6a) amounts to a change in the g factor, or in the
spin mass. E, is the unperturbed energy of the two-band
model and m* is the cyclotron mass of the two-band
model,? namely,

(m/m*)=[det(e)dh-a1-A]V/2.

i=u or [,

s==1.

3.7

The unit vectors A are in the direction of the magnetic
field. The real, symmetric tensors ¢, ® and & have the
same form, each being determined by the symmetry of
the bismuth structure. The tensor e is the inverse effec--
tive mass tensor which would be found in the absence
of “other band” contributions, and the other four
tensors (®,,®;,F.,F;) are complicated combinations of
components of « and matrix elements arising from other
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bands. Each of the tensors has four independent com-
ponents so there are 16 new parameters in all which are
brought in by the other bands. The reader is referred to
the appendices for further detail.

IV. LANDAU LEVELS AT P.=0

The simple two-band model predicts that the two
levels Eo(n,s) and Eo(n-+s, —s) will be degenerate. The
experiments indicate that the degeneracy between these
states is lifted slightly, their separation being of the
order 7 to } the spacing between the degenerate pair
and the next degenerate pair.® To solve for the wave
functions and energies of H (3.1a) using an expansion in
terms of the eigenfunctions x of H, (3.1b), we write

(HO"I‘ U)\b = E‘P )
V=3 AR,

Hox(n',s")=Eo(n',s")x(n',s").

Then, choosing the two states X;=X(»,+) and
Xo=X(n+1, —) as the degeneracy set leads to an equa-
tion analogous to (2.3), namely,

o SR G
7=1,2 N ? EQ(P)—EQ - vee .

where =1, 2 and where p runs over all »’ and s’ other
than those in the degeneracy set. The energy E is thus
given by solving a 2)X2 secular determinant. Note that
each of the terms on the left of (4.1) is proportional to
the strength of the magnetic field and therefore the level
shift (E—E,) is linear in 3¢, while the coefficients 4;
are JC independent.

For the =0, s=—1 level (which is not degenerate)
it would be natural to take the level shift equal to the
expectation value of the perturbation in that state, as
conventional first-order perturbation theory prescribes.
There is some evidence that the =0, s= —1 state of
positive energy e (the lowest conduction-band Landau
level) drops in energy as the magnetic field is increased,
at least for some orientations of the field. If the =0,
s=—1state of negative energy — e (the highest valence
band Landau level) rises in energy, then there is the
possibility that these two states will approach each
other, giving rise to a new degeneracy. To treat this
possibility, we set up the 2)X2 determinant between the
two n=0, s= —1 states of energy +e.

Now, we let X; be the state of energy e and X, be the
state of energy —e. The equations analogous to (2.3) are

UlpUpl)A .
E(p)

+<Um—z v

(6+ Un—2
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Usz,,1>
Ay
E(p)

(s

UspU pe

H{=ervas )

>A2=EA2, (4.2)

and again, the energy is determined by annulling a 22
secular determinant.

We will not have to carry out in detail the program
just outlined for reasons which will soon be evident, but
it is useful nevertheless to consider the sort of results
which might emerge if we did. In particular, we want to
think about the energies of the two =0, s=—1 levels
as the field magnitude is changed without altering its
direction. We find, in the notation of (B1),'¢ that

55 7) o)

where #, is the =0 harmonic oscillator wave function
and £(—1) is the s=—1 two-component spin function.
Hence, the perturbation U has elements

U11=(’%A'—B)JC, U12=0,

U21=0, U22=(%C—D)3C7
where

A=(m*/m)n-Ge-%, C=(m*/m)% Bl

(4.3)
B=(m*/m)N-F*- &, D=(m*/m)\-F-A.

The 12 and 21 elements of U vanish, and hence, any off
diagonal elements in (4.2) arise from the UU/E terms.
These terms are smaller than the diagonal terms of (4.2)
by roughly the factor Ui/ fiw, which is about the amount
by which the degeneracy is lifted, and therefore, quite
small. Because of their smallness, there is no reason to
include the out-of-degeneracy set contributions to the
diagonal terms, and the secular equation takes the form

e+al—E
b*3e

b3

=0, (4.4)
—etci—E

where a= (34— B), and ¢= (3C— D), and b3C represents
the small UU/E terms. The energies resulting are
E=3%(a+tc)3t{[et+3(a—c)sc]2-+bb*5e2}/2, (4.5)
which, considering the smallness of 3, is approximately
Ei=et+(G3A—B)X=e+AE(+),

(4.6)
Ey=—e+(3C—D)ie=—e+AE(—).

The effect of & becomes important only if ¢ and ¢ are
such that the two energies E, and E, approach each
other. At that field 3¢ for which (4.6) indicates that the
two levels would cross, the term in & in (4.5) pushes the
levels apart. As the field is increased the levels repel

16 Appendix B, Eq. (B1).
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each other, E; becoming asymptotic to the linear de-
pendence established by E; at low fields, and vice versa.

If the motion, of say, level E; is being followed by
some optical transition technique such as cyclotron
resonance or interband transitions, then this repulsion
may not be observed. Instead, the optically active level
will appear to move (nearly) linearly with field, as given
by (4.6). This happens because the selection rules which
determine the optical activity are determined by the
wave functions X; and X,, of which state E; is a linear
combination. The state E; which, at low fields, was
predominantly X; becomes predominantly X, at high
fields, and thus, the optical activity switches gradually
from one state to the other if they approach and repel
each other. If the region of closest approach is not ob-
served, the optically active state will appear to have
moved linearly with field. If the region of closest
approach is observed, there will be deviations from
linearity, doubling (simultaneous activity of both levels)
and a change of intensity as the activity of one of the
levels is transferred to the other. If the levels approach,
then the transition region (range of field where this may
be seen) will be largest for those orientations of magnetic
field for which & is largest relative to @ and ¢, i.e., where
Ui/, is largest. This is where the lifting of the de-
generacy is most pronounced.

Now let us consider the lifting of the degeneracy of
the two levels Eo(n,s) and Eo(n+s, —s). A study of
Appendix B indicates that here too, the off-diagonal
elements of U vanish and that the out-of-degeneracy-set
contribution to the off-diagonal terms of the secular
equation may be neglected except if an apparent level
crossing is indicated. Thus, as in (4.6), the energy shift
is given by the expectation value of U in the state. From
(3.4) and (3.6), using the notation (4.3), we have

AE(n,s)=3(1+¢/Eo)[(n+$) A +sBJse
+3(1—¢/Eg)[(n+s+3)C—sDJse.

The splitting of the degeneracy is the energy difference
between the two formerly degenerate states:

(4.7)

A8 =E(n+1,s=—1)—E(n, s=+1)
=(1+¢/Eo) (34— B)se—(1—¢/Eo)(3C—D)3c, (4.8)

and is closely related to the energy shifts of the two
n=0, s=—1 Landau levels (4.6)
A8,=(1+¢/E)AE(+)—(1—¢/E)AE(—). (4.9)
It is interesting to see how our expression for the
energy levels is related to the formulas given by Cohen
and Blount. If we let the gap become large with respect
to the magnetic energy, then Ey=~e and the nonpara-
bolicity of the conduction band will not be important as
may be seen by expanding the square root in (3.5).
Combining this expression with (4.7) gives an expression
for the Landau levels of the conduction band similar in
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form to that of Cohen and Blount:

= e+ (n+3)hQc+357Q;. (4.10)

Cohen and Blount give explicit formulas for evaluating
what we have here called @, and Q,. If, in their formulas,
the contribution of valence band is treated as large
compared to the contribution of the other bands, then a
power series expansion of their results is possible. The
first two terms of that power series reproduce exactly
our Eq. (4.10) and those equations needed to relate 4
and B to the “other band” velocity matrix elements.

It is interesting to see how our expression for the
energy of the Landau levels compares with the empirical
form used by Smith, Baraff, and Rowell for the analysis
of the magnetoresistance data. The SBR expression
was essentially

8(n,s) = { &+ 2e[ hw,(n+31)+3shw, 1}172, (4.11a)
o= (eh3C/mc)[ (detao)d- a0 ]12 ) (4.11b)
fws=(eh3C/mc)[ (detas)h-a,~ -1 ]2, (4.11c)

where @, and «, were tensors whose components were
adjusted to fit the data. Although this does provide a
useful way of describing the magnetoresistance data, it
has no firm theoretical basis. 4-

In Appendix D, we show that for Ey?#¢?, the SBR
energies are the same as ours provided that the inverse
spin mass tensor and inverse orbital mass tensor are
regarded as being energy-dependent with the form

ao=a+ao(1)+ (Eo/f)ao(2) ’

(4.12)
as=ata,V+(E,/e)a,®.

This energy dependence is a new feature, not included

in (4.11) as used by SBR.

These remarks do not apply to the energy of the n=0,
s=—1 level. For this level, the SBR formula (4.11),
with its parabola-like field dependence, is just not right.
The motion of this level is, as we have seen, either linear
or hyperbola-like.

It may be easier to use (4.7) and (4.3) directly to
interpret experiments, rather than go to the inter-
mediary of an energy-dependent shift of a. In such case,
it is useful to know that an analysis of the transforma-
tion property of the wave functions leads to the result
that the real symmetric tensors ® and § have the forms

b1 0 0 141 0 0
0 b b4 and 0 82 84
0 by b 0 84 &3

for one of the three electron ellipsoids. The other two
ellipsoids may be obtained by rotation of the above
tensors by 4=120° about the 3 axis.
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APPENDIX A

In this Appendix, we wish to restate results first ob-
tained by Wolff and to establish the notation which we
shall need in the subsequent appendices. Consider the
unperturbed partitioned form (3.1) and (3.2) as a pair
of coupled equations:

eoutHipr=Eopu, (A1)
Hy'ou—eor=Eoqr. (A2)
From the second of these, one obtains
o1=(Eot+e ' Hi o, (A.3)
which, inserted into the first, gives
H,H,t Pu™ (Eo2— 62) Pu. (A~4)

Had we chosen to eliminate ¢,, the equation for ¢;
would have been
H{ H 1= (E*—€) ¢1. (A.5)

If ¢, is normalized to unity, then the normalized four-

component x is
Pu
=[3(14-¢E 1/2< ) . (A6)
X=L2 ¢/ 0)] (Eok- O Hy o (

The operator in (A.4) or (A.5) is readily evaluated using

(2.19) and the multiplication rule for the Pauli matrices

Ca0p=dapt1 Z‘Y €xfy0 v, (A7)

with the result

H1H1T=1:'EC(O)+1:Z C(r)"r:]'“) (Asa)
C(0)=2 Wip)Wi(p), (A.8b)
Cii(n) =2 Wip)Wi(Q)eper- (A.8¢c)

Again, the symmetry of C(0) and the antisymmetry
of C(r) may be used to set

H.H,* . 1 1en
o =H E-Z—’W:a:A—E;ZR.G(r)GT’ (A.9a)
a=(m/e) C(0), (A.9b)
Gi(r)=(m/2e)2i; Cij(r) eijp.. (A.9¢c)
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The operator H* is the effective mass Hamiltonian of
the two-band model, as studied by Cohen and Blount.
Its eigenfunctions are the well-known products of
harmonic oscillator states #, for the transverse motion,
plane waves for motion parallel to the field, and two
component spin functions £(s), s==1, which diago-
nalize the spin operator in (A.9a). The eigenvalues
E*(n,s) are degenerate, with

E*(n+s, —s)=E*(n,s). (A.10)
From this degeneracy, it follows that if :
Ou="1un&(s) (A.11a)

then
ﬁal:aung(s)‘}'ﬁuwi-sf(—s) ’ (A.11b)

where « and 8 must be chosen to satisfy (A.3). In writing
(A.10) and (A.11), the plane waves for the motion
parallel to the field have not been written, nor has the
dependence of E*, ¢, or ¢;on P (the momentum parallel
to the field) been shown. The dependence of E* on P,
however, is?

E*(n,s,P)=hw(n+3+3s)+P?/2m,, (A.12a)
fiw = e3Ch/m*c, (A.12b)
(m/m*)=[(dete)r- a1 Q]!/2, (A.12¢)
A=3c/3¢C, (A.12d)

M=t LA, (A.12¢)

APPENDIX B: MATRIX ELEMENTS OF
THE PERTURBATION

This Appendix contains the evaluation of those matrix
elements (3.3) which are actually needed for the lowest-
order P=0 calculation. From (A.3), (A.6), and (A.11),
we have

X(”,S)=%(1+6/E0)1/2( #n£(s)

aun£(5)+ﬂun+s£('—s)
and therefore, the matrix elements of U are

(ns|U|n's )y =[3(1+¢/E)(1+¢/Ed) '
X{(ns|Hy|#'s")+o*a (ns| Hi|n's")
+a*8 (ns| Hy|n's’, —5')
+B*e/ (n+s, —s|Hi|n's")
+B8*8'(n+s, —s|Hi|n'+s', —s)}. (B.2)

The round bras and kets on the right denote matrix

elements calculated with respect to the two component

functions #,£(s). To evaluate these, we must first evalu-
ate the matrix elements of the operators A;; and ¢, which

appear in (2.16), and the coefficients « and 3.

Consider first the spinor operator. It cannot change
the orbital quantum number, and we have

(nsl [ l n,S,) = 87‘”/(51’(3‘),0’7-2(5,))
= 6,,,,,(‘; ‘ o',.‘ ).

) (B.1)

(B.3)
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To evaluate the spin matrix element here, we use the
fact that the states £(s) diagonalize the spin operator
in (A.9a). By dividing that operator by the magnitude
of the eigenvalue we obtain

s Z ﬂrdr£(5)= ‘E(S) 3 (B-4a)

where

wr=3¢-G(r)/{ [3e-G(p)IP}2.  (B.4b)

Then using (B.4a) and the multiplication rule (A.7) to
evaluate the s'=s element gives

(Slffpls>=<sl"7p5 2 ueoal )=5upti 2 eparttals|on|s).

Since the expectation value of Hermitian operators must
be real, the sum which is pure imaginary must vanish,
leaving

(slopls)=sup. (B.5)

Note that from (A.9a), the eigenvalue of the spin part

of H* is
F3(et/me){2 [3C-G(r) I}

Setting this equal to F3}%w,, the known spin energy in
the two-band model gives, using (A.12)

{3 [3C-G(r) Py 2=5C(m/m*). (B.6)

Thus in terms of A, the unit vector parallel to the
magnetic field,

(s|opls)=s(m*/m)r-G(p) (B.7)

and the expectation value of the spin part of the
perturbation is

(s|}(et/me)Y_ 3¢-L(r)o,|s)
=—s3C(m*/m)N-F-®, (B.8a)

where

=—(eh/2mc)t >° [L(r)G(r)+G(r)L(r)]. (B.8b)

Now consider the orbital part of perturbation. Since
it cannot change the spin quantum number, we have

(ns| Ay l n's')= 683’(“71?,13@747;') . (B.9)

Let us recall, for a moment, one of the methods used
to obtain the eigenfunctions and eigenvalues of the
orbital operator in H*. The method involves finding a
coordinate transformation which reduces the inverse
mass tensor to the unit tensor by appropriate stretchings
of the coordinate axes, then rotating the transformed
coordinate system so that the transformed magnetic
field lies along the 3’ direction. When this is done, only
the primed momenta 7," and 5’ fail to commute. Linear
combinations @ and ¢ can be formed from =" and =,
such that

[a,a]=1 and [e,P]=0, (B.10)

where P is the notation for w3, the component of 7’
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parallel to the transformed field. The result of these
stretchings and rotations is that the operators m; can
be regarded as linear combinations of a, a' and P:

7r.~=S,‘a+S.-*aT+r,-P. (Bll)

These linear combinations will be such, that when
(B.11) is substituted into the orbital part of H*, the
result is

(1/2m)a: A=1/2m)7 a7
= hwo(ata+31)+ P2/ 2m,,

while when the commutator of the 7 is evaluated using
(B.10), the result is

[rami]= (ieh/c)2 €in3Cs.

It is clear from these equations, even without a detailed
calculation of the coefficients, that S; is proportional to
Jct/2) and that 7, is real and independent of the strength
of 3¢. It is also known that the functions #, which diago-
nalize (B.12) satisfy

(B.12)

(B.13)

atam,=nu,,
a‘un=(n+1)" 141, (B.14)
AU =1""1t_;.
Using (B.11), the operator A;; becomes
A=K aa+H.c.+NijPa+H.c.

+L;;P*+M(ata+3), (B.15a)

Ky=8:S;, My;=S:S*+S5;:5%,
T 1=345745; (B.15b)

Li=ry;, Niy=31@Si+7S:).

The most direct, but rather cumbersome way to
evaluate the quantities defined in (B.15b) is to study in
detail the stretchings and rotations which finally reduce
the orbital Hamiltonian to the form given in (B.12).
For our purposes here, however, only M ;; is needed and
this can be obtained quite simply as follows:

Inserting (B.11) into the left of (B.12) and comparing
the coefficients of (afa+%) on both sides of the resulting
equation shows that

(1/2m)% aisM 5=
or, using (A.12b),
Z aijM,']-= (28%5@/6) (m/m*) .

hwe,

This may be differentiated with respect to a,,
> M i(daii/ 3 ) = (2e%3C/¢) 3 (m/m™*)/ dey .
Using (A.12¢)

(m/m*)=[% 2 N\jaxiotmn€irmejtn ]/

(B.16)

we have

A(m/m*)/ datp= (m*/2m)D>" AN\j(Octk1/ Qi) tmn €ikmEitn «
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Inserting this into (B.16) gives

MI”’: (eh‘,}cm*/mc)z x’L’>\jam'nEiumfjvn ) (B.17)

a result which may be verified with considerable labor
by studying the transformations directly.
Using (B.14), (B.15), and (B.17), we have

1 1
(ns —Bu:A ns) =—(n—+%)2 s Be*M i
2m 2m
= (n+3)(m*/m)®-B*-A3c, (B.18a)
where
®i*=(eh/2mc)Y eixmejmoriBma®.  (B.18b)

Now, we must choose the coefficients « and 8 of (A.11)
so that (A.3) is satisfied. Using (2.19) for H,' gives

ot &(8)+BthngsE(—s)
=—i(Eote) 1Y W) mou.£(s). (B.19)
The effect of = on the orbital function follows from
(B.11) and (B.14) :
Tl'unzsml/?un—l_*_si*(n—}_ 1)1/2un+1+ripun7

while the effect of o on the spin function, using (B.5),
may be written

Ur£(+ 1) =er(+ 1)+or£('— 1) )

D=0 D =),
8,=(+]|o.| —). (B.21)

These results, used in (B.19) give
(B.22a)

a=—i(Lote)'sP 2 riWi@uq,

B=—i(Ect e [(n+ 12T SFWg)8,, if s=-+1,
= —i(Eete) 2 Y SFW(g)8,* , if s=—1. (B.22b)

Now observe that the normalization of ¢; implied by
(A.3) and (A.4), namely,

(o1, 00) = (E*— €)/ (Eot€)*=2eE*/ (Eote)?
requires, via (A.11b), that
(Eot€)*(aa*+58%) = 2eE*.
Inserting (B.22) here gives
2eE*= |2 SiW{g)8,*|?
X[(n+1) or n]+P2 . riW i(uql?.
Comparing this with (A.12a) indicates that

|2 SWiq)8.*|2=2¢hw.,

| 7 d(Qua| 2= ¢/ms, (B.23)
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and therefore, that

aa®*=(2eP?/2m,)/(Ey+€)?, (B.24a)

BB*= [Zehwc(”+%+%3)]/(E0+ €)? (B.24b)

=(Ey—¢)/(Eote).

Evidently, in the limit P — 0, aa* approaches zero
unless (Eo+¢)=0. For this special case,n=0and s=—1
so that 8is zero and aa*=2¢E*/(E+¢)?. Although this
diverges as P=0, the divergence is exactly canceled by
the coefficient in front of (B.2). Putting all of these
results together gives, for the expectation value of U
at P=0, the expressions

(ns|U|ns)y=3%(1+¢/Eo)(ns| Hu|ns)
+3(1—¢/Eo)(nts, —s| Hi|n+ts, —s)
if FEo%—e (B.25)

=(0, —1|H,]0, —1), if Ee=—e (B.26)

while, deleting the subscript or superscript # or [,

(ns| H|ns)= (n+3) (m*/m)¥- B- 03¢
+s(m*/m)r-F-23e.  (B.27)

APPENDIX C: LANDAU LEVELS AT P=0,
DEPENDENCE ON FIELD DIRECTION

We must consider how the four constants 4, B, C, D
of Eq. (4.3) depend on the direction of the magnetic
field. This means, in effect, a detailed study of the
tensors ® and & appearing in (4.3). The form of these
tensors is determined ultimately by the transformation
properties of the four states on which our effective
Hamiltonian (2.11) is based.

Our assumption of three electron ellipsoids means
that the conduction band minimum is at a point of
twofold rotational symmetry in the Brillouin zone.!?
The Bloch wave states in the presence of spin transform
according to the double group representation, for which
(Cy)?=—1, C2 being the symbol for the twofold rotation.
Hence, it is possible to choose a linear combination |01)
of the two states ¢o1(ko,7) and ¢ga(ko,7) such that

C,|01)=—4|01). (C.1)

If we apply the time reversal operator U to this equa-
tion, we obtain . .
C.U|01)=4U]01),

so that we are at liberty to take another linear combina-
tion |02) of the states oi1(ko,7) and goa(ko,r) such that

[02)=T101), (C.2)
C2|02)=+1]02). (C.3)
Similarly, the two valence band states can be combined

17 Reference 5, Table I.



A 852
such that
Czlal)=—ilal), (C4a)
Czla2)=+1i|a2), (C.4b)
|a2)=TUlal). (C.4c)

The time-reversal conjugacy (C.2) and (C.4c) guarantees
that all steps from (2.9) through (2.18) remain valid,
while the transformation properties (C.1), (C.3), and
(C.4) place additional restrictions on the elements of the
vectors and tensors t, u, V, etc., of Sec. I1. We take the
C. axis in the x direction: then

Cz‘l)aC{'l: (_1))‘7)01,

C5
CaSapCit=(—1)Sag, (€9

where X is the number of times y and z appear in the
subscripts on the left. Matrix elements of v and S be-
tween states (-p| and |-p) vanish for A odd, elements
between states (-1| and |-2) vanish for A even. Thus,
in the notation of (2.19) and (2.10), our operators have
the form

Ve O 0] ] 0 Wa Wil |t |0
0 Vi Vil Wee 0 0] |0 |ul, (CO)
0 V. Val [Wee 0 0] |0 |a

with X being similar in form to V and Y being similar
in form to W.

The only question which arises is whether the linear
combinations |#p) of states ¢,1 and ¢,2 which resulted
in these forms is compatible with the linear combination
Wolff would have had us take in order that t be purely
imaginary. The answer is clearly that they are com-
patible: by choosing states so that Cs|np)==i|np) as
we have done, the vector t is reduced to one nonzero
component whose phase (reality) can be adjusted by
adjusting the phase of the valence band function |a1).
This can be done without further linear combination,
and can give Ret=0. Thus, Eq. (2.19) is also valid, as
are all following equations. We may therefore thread
our way back through the string of equations defining
® and & in terms of the vectors W(7), (2.18) and tensors
D(r), (2.13), and obtain useful information about the
elements of ® and &.

From (C.6), (2.18), (2.13), and the equations just
preceding (2.16), we have

x 0 0
=10 » o,
0 w 2z
0 0 e
L)=|a|, L@Q)=|¢|, L@B)=0/, (C.7)
d 0
0 0 7
W(l): al, W(2)= Yl W(3)= 0 )
B ) 0
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the entries on the right being independent real
quantities. Using these in (A.8b, c), (A.9b, c) and (B.8b)
give (to within constant multipliers)

7? 0 0
a=|0 a4 of+vs|, (C.8)
0 of+vyd B2+62
e(ad—pBy) 0 0
F= 0 n(ad—cB) 70 , (C.9)
0 70 n(da—by)

0=2%(66—dB~+ca—ay).

Now consider a rotation in the yz plane such that « is
diagonal in the new xy’z’ coordinate system. Evaluated
in the new system, we would have found

=172,

o= O£2+’72 )

az=[3+067,

O0=aB-+7s.

Evaluating ® (B.18) in this new coordinate system
gives, again to within constants,

(C.10)

asB33tasBas 0 0
®= 0 aB11ta1Bss —aiBas (C.11)
0 —aif23 aiBaetasBu
APPENDIX D

Consider the tensors a, and «, as having the form
a,=a+da,(E),
a;=a+das(E),

that is, they differ from the « of the two-band model by
a small, energy-dependent term. This energy depend-
ence is a new feature, not included in (4.11) as used by
SBR. If we expand w, and w; to first order, we obtain

o= (eh3C/me)[§ 20 Nohi(etao) (@t 8cto) mn€ikmejin |2
=~ (eh3C/mc)[% 2 Ne\j0ki0mn €ikm€iln
3 NN jari(8ao) ma€irmeitn |12
= (eh3C/me)[(m/m*)*+3" Niv - - €12 ]2
=~ (eh3C/m*c)-+0,(E)3¢,

(D.1)

(D.2a)
where
0.(E)= (eh/2mc)(m*/m) 3 Nokjeri(8c) mn€ivmeitn . (D.2b)

A similar expansion is used on .. Using these expres-

sions in (4.11a) gives

8(n,s)={ &+ 2e[ hwo(n+3+3s)+ (n+3)0,+ 156, ]} 1/2
={E¥(n,s)+ 2 (n+3)0,+1s50, ]3¢} /2. (D.3)

For all levels except n=0, s=—1, E¢? will be large
enough so that we may expand the radical, and, to
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lowest order,
E(n,s)={Eo(n,5)+(¢/Eo)[(n+%)0o+%s0,13C} . (D.4)

Comparing this with (4.7) shows that the energy shifts
for the conduction band levels will agree provided that
the energy dependence of 8, and 6, satisfies

0.=3[(A—C)+(Eo/)(4+C) ],
0:=[(B—C+D)+(Ey/e)(B+C—D)].

Returning to (4.3), we see that the right side of (D.5)
has a directional dependence of exactly the form re-
quired by (D.2b), and hence establishes that da is a

(D.5)
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linear function of (Eo/€). Thus, the (SBR) formula
(4.11) will provide a satisfactory account of all Landau
levels except the #=0, s=—1 level provided that we
understand that

ao=a+8a,"+ (Eo/€)da, ,
as=a+a,’+(Ey/€)das’ .

The experimentally determined values of a in bismuth
(and the extreme smallness of ay in particular) must
now be regarded as a feature of a, and as, that is, of the
complete expression (D.6), rather than of the single «
contribution to it.

(D.6)
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Behavior of First- and Second-Kind Superconducting Films
Near Their Critical Fields*

J. P. BURGER, G. DEUTSCHER, E. GUYON, AND A. MARTINET
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The upper critical magnetic field of thin superconducting films has been studied as a function of its
orientation with respect to the surface of the sample and as a function of the film thickness compared with
A7) and £(T), for second-kind (Sn-In, In-Pb, Pb-Bi) and first-kind (Sn) materials. The results have been
obtained by resistivity, dynamic-susceptibility, penetration-depth, and tunneling measurements.

I. INTRODUCTION

N first- and second-kind superconductors, it has
appeared that the upper critical field, defined as
when the first trace of superconductivity appears in
decreasing field, depends on the orientation of the field
with respect to the sample as well as on the sample size
compared with A(7) and £(7),'* where A(T) is the
penetration depth and £(7) is the temperature-
dependent correlation length. To study these effects,
we choose the simple geometry of a thin film of thick-
ness d. The domain of length of A\(T=0) and £(7=0)
extends from 300 to 2000 A in the alloys which we have
studied, but both A(7T) and £(7) increase drastically
near 7T'.: Thus with films of thickness 500 A <d <10 000
A and with ¢=T/T, varying from {=0.99 to <1, a wide
range of ratios d/\(T) and d/£(T) can be explored. The
upper critical field, H,.(8), is a function of the angle 6
between the field and the surface, but in most of the
experiments to be discussed here we studied only the
critical fields H,;(6=0) and H,(6=n/2).

* Research supported in part by the General Electric Company,
the Cie des Machines Bull, the Commissariat 4 ’Energie Atomique,
and the Direction des Recherches et Moyens d’Essais.
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These results can be interpreted in terms of the
Ginsburg-Landau theory? and some extensions of it to
lower temperatures, in dirty superconductors.*

Section II is devoted to the experimental technology.
In Sec. III we present and discuss the results obtained
for second-kind superconductors. Section IV gives a
brief review of the experimental data on pure metal
films (first kind). This will contrast the behavior of the
two types of superconductors.

II. EXPERIMENTAL
a. Preparation of the Samples

Our work has been devoted mainly to the study of
Sn and Sn-In alloys in thin films, up to the limit of
solubility of In in Sn(~6 at.%). Alloys of In and Bi in
Pb have also been studied.

The materials were evaporated by Joule effect in
a conventional evaporator where the use of a booster
diffusion pump, a liquid N, trap, and a Meismer trap
in the evaporation room allowed us to work in a static

3P. G. de Gennes, Physik Kondensierten Materie (to be
published).

4 K. Maki, Physik Kondensierten Materie (to be published).

5N. R. Werthamer and E. Helfand, Physik Kondensierten
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