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The Weyl transform in relativistic quantum dynamics is formulated in terms of the coordinate
eigenfunction and momentum eigenfunction that correspond to the ordinary and magnetic Wannier
function and ordinary and magnetic Bloch function, respectively, in solid-state theory. Using this
method, a rigorous but fairly simple dynamical derivation of the magnetic susceptibility of a relativistic
Dirac electron gas (which includes the effect of an anomalous magnetic moment) is given. The terms
coming from the Landau-Peierls formula and Pauli spin paramagnetism are cancelled by the terms
arising from the second-order effect of spin and by an unfamiliar dynamical effect due to the inherent
spread of the electron (approximately equal to its Compton wavelength). The very simple result reduces
to the sum of Landau orbital diamagnetism and Pauli spin paramagnetism in the nonrelativistic limit.
It is suggested that different physical processes dominate in the very-low-electron-density limit as
compared to that in the very-high-electron-density limit. Striking similarities with the magnetic
properties of the electrons in bismuth crystal are pointed out.

I. INTRODUCTION

As is well known, nonclassical dynamical effects
of quantum charged particles readily manifest
themselves in physical phenomena involving the
application of an external magnetic field. The in-
herent spin of the nonrelativistic electron is a
typical example. The diamagnetism of Bloch elec-
trons in solids has indeed come to be one of the
difficult problems in solid-state theory' owing to
the unfamiliar dynamical effects that give the most
important contribution in some cases.? The dynam-
ics of Bloch electrons in an external magnetic
field are not yet completely understood.!

So far, our understanding of the quantum dynam-
ical properties of the nonrelativistic (except for
inclusion of spin) electron gas has guided the in-
terpretation of the various physical properties of
solids (simple metals in particular). The problem
of a nonrelativistic electron gas in a magnetic
field has been extensively studied in solid-state
physics since the time of Landau®’* and these
studies have been responsible for the significant
progress in Fermi-surface studies and other mag-
netic phenomena in solids. For almost two decades
great efforts have been made toward the under-
standing of diamagnetism of Bloch electrons in
solids in terms of nonrelativistic free-electron
properties, namely orbital diamagnetism and
Pauli spin paramagnetism, or in terms of a one-
band theory. As we shall see, this concept is quite
limited and it is not surprising that it failed to ex-
plain the large diamagnetism of bismuth and other
polyvalent nontransition metals.

A complete dynamical treatment of the response

8

of a relativistic Dirac electron in an external
magnetic field is not found in the literature. In
principle, if one is just interested in numbers,
there is little difficulty in calculating the magnetic
susceptibility,® since the magnetic energy levels
can easily be calculated. The purpose of this
paper is to give a basic conceptual derivation,
based on fundamental assumptions of quantum
theory, of the low-field response of a noninter-
acting relativistic Dirac electron gas. Consider-
ation is given to the effects of the electron anom-
alous magnetic moment. To the author’s knowledge
previous results did not include the anomalous
magnetic moment.’*® The method of derivation is
quite instructive and permits a clearer physical
interpretation of the unfamiliar dynamical effects
that emerge in the formalism. The formalism
used yields some of the fundamental equations

in solid-state theory.

An alternative formulation of quantum mechanics
using ordinary functions in phase space for both
states and physical quantities consists in intro-
ducing a Weyl transform instead of operators and
a Wigner function instead of state vectors. This
alternative description has proved to be very use-
ful in making quantum corrections to classical
formulas because it gives a systematic method
for expanding physical quantities in powers of #
and is extensively used in the theories of gaseous
and liquid systems.? The use of the Weyl trans-
form in nonrelativistic quantum dynamics has been
clarified by Leaf” and the fundamental assumption
is the existence of complete sets of position and
momentum eigenfunctions. It was shown by Suttorp
and de Groot® that a better understanding of the
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physical meaning of quantum-dynamical quantities
can easily be obtained by looking at their Weyl
transforms. In this sense the Weyl transform
allows one to interpret classically purely quantum-
mechanical quantities.

In this paper, a very useful application of the
Weyl transform in relativistic quantum dynamics
makes use of the fact that complete sets of position
and momentum eigenfunctions, which are also
labeled by a band index (+ spin band for positive
energy states and + spin band for negative energy
states), exist and form complete sets for each
band even in the presence of a uniform magnetic
field. They correspond to the ordinary and mag-
netic Wannier function and ordinary and magnetic
Bloch function in the band theory of solids. Some
of their properties are well known. This infor-
mation is believed to be of great value in the
formulation of relativistic quantum dynamics and
in this paper this is used to calculate the magnetic
susceptibility of a relativistic Dirac electron (with
anomalous magnetic moment) gas in an elegant
fashion.

The first part of this paper introduces the reader
to the concept of Wannier function and Bloch func-
tion for a relativistic Dirac electron, both in the
absence and presence of an externally applied uni-
form magnetic field. The second part derives the
expression for the magnetic susceptibility based
on these basis states using the elegant formalism
of Leaf for taking the traces of products of op-
erators. Finally the unfamiliar dynamical effects
that contribute to the magnetic susceptibility
are assigned definite physical meanings.

II. WANNIER FUNCTION AND BLOCH FUNCTION
OF A RELATIVISTIC DIRAC ELECTRON

The Hamiltonian for a free relativisitic Dirac
electron is of the form
J

((E+a)/2E]"?

- a{G-p}*/[2E(E +A)]*/2

where the entries are 2 X 2 matrices, A=mc?, and
all elements may be viewed as matrix elements of
S between the u,(0)’s. We have taken the complex
conjugate of the ‘complex entries since their phase
can be chosen arbitrarily by a mere change of the
phases of u,(0)’s. Obviously #,(0)’s are the spin
functions in Pauli representation.'? The trans-
formed Hamiltonian is

3¢’ =S3ST=BE(P) . )

c{G-p}*/[ 2E(E +4)]/2

[(E +a)/2E]/?

C‘C=BA+C&~1; . (1)

The equation for the eigenfunctions and eigenvalues
is

b \X,D) = E\D) bA(X,D) , (2)

where E(p)=+E(D) and A labels the band index:
plus and minus spin band for positive energy
states, and plus and minus spin band for negative
energy states. Throughout, quantum operators
are written in capital letters and their eigenvalues
in small letters.

In the absence of an external magnetic field we
may define the Wannier function and the Bloch
function® of a relativistic Dirac electron as

> > 1 - -t
b2(%D) = gy i@ e (3

- - 1 - - >
a&=-D=gyers [ PP 0GR, (@

where b,(X,D) is the Bloch function, and a,(X - )
the corresponding Wannier function. Equation (4)
is nothing but the Fourier transform of the eigen-
function b,(X,p). «(P) is of course a four-com-
ponent function in the usual Dirac basis. More-
over, the u,(p)’s are related to the u,(0)’s by a
unitary transformation S which also transforms
the Dirac Hamiltonian into an even form,'° i.e.,
into a Hamiltonian which cannot couple the differ-
ent bands. This transformation is equivalent to
the transformation from the Kohn-Luttinger basis
to Bloch functions in solid-state theory.!'''2 We
have

S=(E+B3c)/[2E E +A)]'2, (5)

which can be written in matrix form as

) (6)

The a,(X - q) is not a 6 function because of the
dependence of the u,(p) on P; it is spread out over
a region of the order of the Compton wavelength of
the electron, as pointed out by Foldy and Wou-
thuijsen and by Blount.®

The formalism to be used here, which is mainly
based on the development by Leaf” of the correct
Weyl correspondence between the classical func-
tion and the quantum-mechanical operator, re-
volves around the fundamental identities which,
in our case, we write as follows:
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(BAE,P) | bar (X)) = 6D~ D)6, (8a)

(axx-q)|axx-qN=6G -6 , 8(b)

(axE-D)6F BN =/ M a/p?/2 8(c)

o JapsaEpoEh -1, (8a)

> [diaGE-DaG-9-1. (8e)
A

The correct Weyl correspondence for the mo-
mentum and coordinate operator is then given by
the prescription that the momentum operator P
and coordinate operator @ be defined with the aid
of the Wannier function and the Bloch function as

Po,(%,5) =Bb (%D , )

Qa\X -3 =darx-9), (10)
and from this, the uncertainty relation'?

[P, Qu]=(B/3) 01 (11)

follows in the formalism.

The above prescription is quite well known in
solid-state theory.!* Furthermore, any operator
A(P, Q) which is a function of P and Q can be
written (generalized here for particles with spin)®
as

A =)\Z)\' ./‘d“;dﬁa)\)\' (ﬁ)-‘;) e_(‘/ﬁ)(a.-‘: +59) Qxn ;(12)
where

Qv = [dDbAE,D) 0% (X,D)= [dqarX-Pat (X-7),
(13)

By @) =h™ [aDdday (5, et/ @iy,
(19)

a\x' (596)

= [dT e PP, G- (G- ) Aay G- @G+
= [di et/ MIT(b\(Z,5+50)A by (R - 50D . (15)

a v (B,q) is known as the Weyl transform of oper-
ator A. If we put A =3C we find

By (B,0) =E e (D) 63 (16)
Faxe @) =12 6(8) 6xxr J dDE e () /M%7 , (17
=2 ExP) s - (18)

The last line obtained using Eq. (12) is indeed a
decomposition of the operator JC into its invariant

subspaces labeled by the band index A. One can also
easily see the effect of operating 3¢ on a,(X -q):

Kayx-9)= [ dd'w\@-3)a\x-a), (19)
where
w, (V) = 7% [ AP EA@) /M

and only one band index is involved. Equation (19)
is well known in solid-state theory.'*

In the presence of a uniform magnetic field,
magnetic Wannier Functions A y(X, q) and magnetic
Bloch functions B,(X,p) exist.'*™'® This is proved
by using symmetry arguments. The fundamental
identities (a) to (e) in Eq. (8) also hold for these
two basis states, which are related by the same
unitary transformation of Eqgs. (3) and (4). In
general, these two basis functions are complete
and span all the eigensolutions of the magnetic
Hamiltonian belonging to a band index A. Thus
they are the most convenient set to use for mag-
netic problems since the Hamiltonian cannot cou-
ple magnetic Bloch functions and magnetic Wannier
functions belonging to different bands.'*

The even form of the Dirac Hamiltonian with
magnetic field was first given by Case and later
rederived by Erichsen.!® We shall denote it here
by 3Cg:

3 = B{m2c* +[cP - A(Q)]? - enco-B}'/2, (20)

where, as before,
BB,\(%,0) =PBAX,D) , (21)
QAEYD =34 Z) . (22)

The result of the calculation using this Hamiltonian
is not new. Therefore we will start with a Dirac
Hamiltonian with the Pauli anomalous term.

The Dirac Hamiltonian which includes the cou-
pling of the anomalous magnetic moment with the
magnetic field is®

¥ =Bmc +casll - P ug 6+ B, (23)
where I =cP - eA’(Q), N =3(g=2), wg=eh/2mc,
and the last (Pauli) term represents the coupling
of the anomalous magnetic moment with the mag-
netic field. Equation (23) can easily be trans-
formed into an even form by using the general
expression for the canonical transformation, mak-
ing the relativistic Hamiltonian by time-indepen-
dent external fields even, given by Ericksen.'®
The result is

3¢5 = A(3C2)/2 = B[m2c* + 2112 - efic(1+ 1) 5+ B

+(elic\’ /mc2)? Bz]l/z . (24)
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The effect of operating the Hamiltonian on A ,(X,q)
is very well known in solid-state theory.!* This
relationship may be written as

3c AxEK,G) = [ e/ MR B, ((§-3"; B)
XANXqNdy’ (25)
where A(§) = sBX§. The Weyl transform of the
Hamiltonian operator is easily calculated using

Eq. (25) and the first line of Eq. (15). The result
is

h(B,a) axr = fdv exp[ <

=E\(p-(e/c)K@);B) 6y (26)

l(Q)) 'V] E\(V;B)o s

where, as can be seen from the last line of Eq.
(26), p and q enter in the canonical conjugate
momentum only. Using Eq. (14) we obtain

hé(ﬁ,;)u:=6(-1’1—(e/c)l(.\7))5,\)\,
x h"sfdﬁe“/mk’;Ex(K;B)
=5@ - (e/)AF) 6xn EX(-V;B) ,  (27)

and this is substituted in Eq. (12); the result is

= >

1 =h 3 Q[ dRAV
A

xexp{ L(s- 5@)-&]- }EA(K;B)-(ZS)

We note that the integral expression in Eq. (28)
represents the one-band magnetic Hamiltonian and
granting that the components of i commute, this
is equal to the replacement of K vy iI in E(K;B).
If, moreover, E(K;B) is made equal to the band-
energy functmn in the absence of the field, i.e.,
(m2c*+c2K?)!/2 then we have the Hamiltonian
that Onsager!’ flrst postulated for magnetic prob-
lems. As we will see later, b951des the noncom-
mutivity of the components of H E(K;B) has
(m2c* +c2K2)/? only as a zero-order term in its
expansion in terms of B. It is very interesting

to note, however, that the spectrum of the mag-
netic Hamiltonian in Eq. (28) [the same as in Eq.
(24)] and the Onsager Hamiltonian look very iden-
tical except that the former is shifted from the
latter with a field-dependent shift., This shift is

a(a) @)  gla) 4(v)

i
C\(p,q) =exp 2\ 55 " o5 b

very important in the theory of the total mag-
netic susceptibility. Equation (28) can be viewed
as an exact mathematical prescription for the
approximate and intuitive Onsager relation in
solid-state theory.!” One can easily verify Eq.
(26) by inserting the expression for J¢; [in Eq.
(28)] into the first line of Eq. (15) using Eq. (22)
and the identity

IR ARG+ ARGV . (20)

[The validity of this identity may be verified by
multiplication with B%(X,p) and the use of Egs.
(21) and (22) and the corresponding relation, Eq.
(8c).]

III. DERIVATION OF THE
SUSCEPTIBILITY x

The low-field susceptibility is determined from
the free energy by the relation

1 82F
x=lm -5 5% » (30)
where
F=Nu+Tr F(30) , (31)

F(30)= -k TIn{l +exp{(u -3)/ks T]} . (32)
As suggested by Blount,'® a proper expansion of
F(3€) in powers of 3¢ can be made by the use of the
Laplace transform of F(3¢). Thus

F3O=[ 7" pls) e**as (33)

and the proper convergent expansion is

s¥X — s" n
=y, 5" (34)
n N

Our problem is reduced to deriving the expression
for TriC". For this purpose we make use of the
formula for the trace of the product of two oper-
ators given by Leaf,” which can easily be gener-
alized for particles with spin®:

TI‘AB=h—GZ;>‘ df’daask(-ﬁ,a)b)\s(-ﬁy a.) ’ (35)
S

where
0 (B8 = [ a7 et/ MFIG - 17,5 ]A[T+ETN .
The states |q,s) represent the magnetic Wannier

function in the present case. We also need the
following multiplication rule®: If AB=C, then

2] T 0@ b0, (36)
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|oo

where the superscripts (@) and (b) indicate the quantity to be operated on the right. We can now evaluate
the trace of any powers of A. This can easily be shown to be

l.g: =1
i<k) @, o)

n - . I3 [u—l (a(l) a(k)  gl4)  g(k) ] n @) .-
TrA"=h fdpdqexp % 21 AT —W'T’f) II e, 9, (37
(
where the Einstein summation convention for band indices 0, is understood. Putting A =3¢, using Eq. (26)
and since D and § occur in the canonical conjugate momentum only, differentiation with respect to Q can be
written in terms of differentiation with respect to components of p. By changing the variable P to ¥ with
Jacobian unity, we may write

= — =2 . <B) ees 38
Tric" Zx) fdxdqexp{ 5 [12::’1 (ax 5%, ~ ox, B%] EQ (k;B) EQ(k;B) +++ EQ (%,B) , (38)
(4<r)

where
K=p-(e/0)A@), A@=3Bxq, B=B@#/(z]).

Note that by using the magnetic Wannier function, matrix multiplication in front of the exponential is re-
duced to scalar multiplication. We are interested in the expression of TrF(iC) to second order in the mag-
netic field. We therefore expand the exponential operator in powers of B up to second order and obtain

.1 (eh‘B>2< s 9(d) k) _ p(9) a<k>)2] . . .
n_ dr > - 1) (2) e )
TriC @ f xdq[l s\ % ?3:13":: o%, ~ox, BK. E\Y (x,B) EQ (k,B) E®) (k,B) , (39)
(i<r)

where we have left out of the expansion terms of first order in B since they do not contribute to it. The
square of the summation of the B? term may be simplified by writing it as

R A AR
9Kk, 9k, 0K, Ok, dkK, kK, Bk, BK,

n-1 <a(l) ak) gU') gk’) 1) gk) gGi") 302')) (3(1) k) gUi") gk’ gU) gk 5Gi") 301'))
- . (40)

T —
9k, 9k, 9K, Ok, Ok, 9K, Ok, Ok,

Noting that E&f’(ﬁ; B) are equal for all {, the nonzero contributions come from terms of the following types:

Type Number of terms
@) () j=j5', k#k’, +(n=2)(n-1)2n-3) -3 (n=-2)(n-1);
(b) k=k, j#j’, L(n-2)(n-1)2n-3)-1(n-2)n-1);
(ii) (a) j=k', j'*k, t(n=2)(n=2)n -3 (n-2)(n-1);
(b) j'=k, jk', $(n=1)(n-2)n -3 (n=-2)(n-1);
(iii) j=j', k=k, (n=-1)(n-2) .

By combining these terms we find type (ii) partially canceling type (i) and we end up with Tr3c", up to sec-
ond order in B in the exponential expansion, as

TR =h7 T fd/’?da{[E)\(x,B)]"—%—(eﬁB>2(n—1)(n—2)[E)\(K,B)]"‘2[82E"azE" (azEkﬂ

c 3k, 8k,  \9K, kK,

- 5E2) (- - 2= D0 )

)([821«:z <3E2)2+ o%E, <6E2>2_2 9%E, 9E, aEE] } . (1)

9k \d«, ks \dk, 9K, 9k, Ok, BK,
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Integration by parts in the X integration permits the reduction of the last term to the form of the second
term plus an integrated-out part which, however, upon substituting Eqs. (34) and (33) does not contribute

to TrF@c). This is obvious since the integrated part involved a very large value of the components of X.
The final result for Tr¥" is

rescr= b 3 [aka im0, - - 000 (2) 5 BEL-(EV ]V )

where we have changed from momentum variable X to wave vectork. This result is exactly the result of
Wannier and Upadhyaya!® for band electrons in solids. Compared with their derivation, we have here at
no point in our derivation made use of any kind of periodicity in k space or kK space. Upon substituting in

Eq. 33), we have

1 f - . 1 < > BzF(E)\(KB))[azEA o%E, ( 9E, >2]
TrI'(:'C)‘(zn)a Z)} dkdq ),F(E*(E’B)) ~24 \iic oE2 akz k2 \bk, ok, : (43)
Writing
E\(k,B) = Ex\(K,0) + BEQ (R) + B’EQ (W) + - -, (44)
and dropping the dependence of E,(k;B) on B in the second term, the resulting expression for x is
‘= f i 2°E X(E 0) 2%E,(k,0) (9°E X(E&)f 3f(E))
481r3 h’"’ ok2 dk, ok, 0FE
(Ey) _ 1
(2 G o fdﬁ[E(‘)(E)] —LL R deZEi” ® (Y, (45)
L
where f(x) is the Fermi-Dirac distribution func- ' efic
tion. The first term is the well-known Landau- E*(E’ B) =ﬁ{E(E) - ﬁ (1+2)5-B
Peierls formula,?® the second is the Pauli spin
paramagnetism,? and the last, but quite impor- , .
tant, term is due to the second-order effect of _ [ercl *;7‘ )6-B]
spin and, as we shall see, to the inherent spread 8E°(k
of the electron.
2
NCCAR (B (k))} e } ,
IV. FUNCTION E, (5-(¢/c)A(q); B)
(46)

The function E,(P - (e/c)A(@); B) is the Weyl
transform of p(3¢?)"/2, where the matrix g served
to designate the four bands. From Eqgs. (44) and
(45), in order to calculate x we only need the
knowledge of E (P - (e/c)A(§); B) in Eq. (45) as an
expansion up to second order in the coupling con-
stant e and after a change of variable in the man-
ner used in deriving Eq. (42) from Eq. (37) [this
is effected by setting A(§) =0, D =#K in the expan-
sion], we obtain the expression of Eq. (44) where
the dependence in the field B is beyond the vector
potential. The expansion is done in the Appendix
and after setting A(§) =0, P =#K the result is Eq.
(44) in its explicit form,

where
€ =m3c* + %k, E(K)=(ch’R® +m?c?)?.

We call E,(k, B) the renormalized dispersion re-
lation of a relativistic Dirac electron gas. The
first term is the dispersion relation in the absence
of B. The second term is due to the first-order
effect of the spin and the anomalous magnetic mo-
ment, the third term to the second-order effect

of the spin and the anomalous magnetic moment,
and the last term to the combined effect of the
spread of the electron associated with the normal
spin and the spread associated with the anomalous
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magnetic moment. In Eq. (46) we shall see that,
for the positive energy states, the first term gives
the orbital diamagnetism, the second and third
terms give the spin and the anomalous magnetic
moment paramagnetism, and the last term gives
an atomic type of diamagnetism due to the spread
of the electron charge. For the case A’ =0 (Pauli
anomalous term neglected) the last term can in
fact be written in the form

_1 a_mﬂ _a-<e&)]%ga_A_;
ag ¢ [ﬁapi(E [ﬁap, E/lagq; 8q;’ “n

and appear to arise from an induced magnetic mo-
ment due to the spread of the electron, similar to
the standard atomic diamagnetism.?* More will
be said on the spread terms in Sec. V.

For the case A’ =0 the resulting Hamiltonian in
Eq. (23) is equivalent to the k-p Hamiltonian near
the L point of the Brillouin zone of bismuth. For
the rest of this section we will consider the case
A =0,

In solid-state physics one usually defines the
cyclotron mass, 2! which is a property of an orbit
in momentum space, as

1 84

27 55, (48)

mc
where the A’s are the cross-sectional areas, per-
pendicular to the magnetic field, of spheres in
momentum space bounded by constant energy sur-
faces E,. Writing the magnetic moment due to
the first-order effect of spin as

El)\(K)=B(m/ms)“B=%mgeﬂ'uBy (49)

where g, =1/m, is the energy-dependent g factor
of a relativistic Dirac electron,® then from Eqs.
(44)-(46) one can easily show that m =m,. This
implies, for finite magnetic field, the equality
between the energy-dependent spacing of the orbit-
al energy levels and the spin energy splitting.?
This situation is similar to that of the electrons

at the L point of the Brillouin zone of bismuth.?*

V. SPREAD OF THE ELECTRON

Until now the only known manifestation of the
inherent spread of an electron is in the appearance
of the Darwin term?® in the nonrelativistic Hamil-
tonian obtained by successive unitary transforma-
tions. The spatial extension of this spread is well
known and is about the Compton wavelength of the
electron. For the case A’ =0 we shall show that
the same amount of spread is responsible for the
diamagnetic contribution to y. Radiative correc-
tions in quantum electrodynamics have shown that
the electron behaves as if it had a charge distribu-
tion associated with the anomalous magnetic mo-

ment.?® Our calculation of x for the Dirac Hamil-
tonian with the Pauli anomalous term clearly shows
the existence of a spread associated with the
anomalous magnetic moment and its atomic dia-
magnetism type of contribution to y.

The magnetic moment due to the spread of an
electron from Eqs. (44)-(46) is

e [ZE(f) ®5] oo Z(g% [62 A2 <Er§—il:)> 2}3
(50)

The induced magnetic moment due to a distribution
of electric charge is?’
M =- Be*(r?)/4mc?, (51)

where (7%) is the average of the square of the spa-
tial spread of the distribution normal to the mag-
netic field. Equating Egs. (50) with (51) we obtain

'E"i(ﬁ)y} _ (52)

mc?

o -m

ENGIE

For positive energy states E,(K) =+ (c*12k? +m3c*)*/?
and in the nonrelativistic limit, Eq. (52) reduces
to

=1 +\*)#/mc)?, (53)

and thus the effective spread of the electron at
rest and for A’ =0 is precisely equal to the Comp-
ton wavelength. Exactly the same expression for
A’ =0 can be obtained by taking the nonrelativistic
limit of Eq. (47) and comparing the result with the
A? term in the nonrelativistic Hamiltonian for an
atom in external magnetic field. Equation (52) is
the explicit expression of the effective spread
perpendicular to the magnetic field of a moving
electron. However, owing to the change of sign
of E, (k) for negative energy states, the above
physical interpretation of the last term of Eq. (46)
does not hold for the negative-energy-states elec-
tron, but can be applied to the holes or positrons
in Dirac theory.

VI. EXPRESSION FOR x

Let us rewrite Eq. (45) as a sum of terms

X =Xzp *Xp +Xsp tXe > (54)

where x;» and xp are the first and second terms
of Eq. (45), the sum of x,, and x, is the last term
of Eq. (45), x, is the term arising from the sec-
ond-order effect of spin and the anomalous mag-
netic moment, and y,, is due to the spread of the
electron charge. In performing the integration in
Eq. (45) using the terms of the expansion in Eq.
(46), we make a change of variables and write
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(icy [dk=[ [*" [Zdndp ER)AE®),  (55)

where n =fick,. We thus obtain for the positive
energy states, after summing over band indices,

Xee " 2472 <ﬁc>f f 23 BQI(S‘E) E, 39
o) Lo [ 142

Xe == 817r=<nc>f- wn [ {E”(_‘)jlf(E)dE’

~——dE, (57)

(58)
x,-“gﬂﬁ )’<m> [ :d,, [ ”f_éfldE. (59)

The sum of x,p and x,, and the sum of x, and ¥,
give the diamagnetism and paramagnetism, re-
spectively, of a relativistic Dirac electron gas.
By using partial integration with respect to E,
we obtain

XLp tXep = dﬁ(%)%f:dn f—(:—)

Iz>zf:dnc(e—u), (60)

aalie) (2
~ 82 \nc/ \mc

Gle — w) =kyTIn{l +exp| - (e - u)/kBT]}=_£ f(E)AE;

W (e [, 1(0), ©
Xp +Xg (2,")2 ;'ZC o n € ’
and therefore the total y is

() ) [aoe-n. o

For the case A’ =0, the above result reduces to
that of Rukhadze and Silin® obtained by a different
method. Also for this case we see in Eqgs. (60)
and (61) that the total diamagnetism is always
-3 of the total paramagnetism for all energy
ranges, whether relativistic or nonrelativistic.
For T =0, Table I illustrates the relative impor -
tance of the four terms in Eq. (54) in the very-low
and very-high-electron-density limits. We see
that in a very-low-density limit x=x.p+ Xp; i.€.,
in this limit the diamagnetism is wholly orbital
and the paramagnetism wholly due to the Pauli
spin. This is, of course, very well known. On
the other hand, in the very-high-density limit
X~Xsp *+ Xg; i.e., in this limit the diamagnetism is
almost wholly due to the smearing of the electron

where

charge and the paramagnetism is almost wholly
due to the second-order effect of spin. In this
limit x,p and Xp assume a constant value (at about
NMr /A=1) whereas Xsp and Xg increase logarith-
mically with increasing electron density. The
spread associated with the anomalous magnetic
moment has a diamagnetic contribution that goes
as a % power of electron density. Thus it is
concluded that the dominating physical processes
involved in the two extreme limits are different.

Using partial integration with respect to E and
using Eq. (55) in the counting of states, Eq. (62)
yields the Curie-Langevin law for a classical gas
at high temperatures and low density (nonrelativis -
tic Boltzman electron gas)

x=[(1+x"P-3](efi /2mc)*(n/kpT), (63)

where 7 is the electron density.

For kzT>mc? we must take into account the
formation of electron-positron pairs. The formal-
ism we have used also enable us to calculate the
magnetic susceptibility of the electron in the neg-
ative energy states. The result is Eq. (62) with
opposite sign and with f(€) and G(e - 1) replaced
by f(—€) and «, respectively. The physically
meaningful contribution to the total susceptibility
comes from the positrons or holes in the negative
energy states (the contribution of the infinite sea
of negative states of the electron is infinite and
this we assume to be subtracted out). The contri-
butions of the holes is obtained by replacement of
fle) and G - 1) in Eq. (62) by 1 —f(—€) and G (€
+ 1), respectively. Thus if electron-positron pairs
are taken into account we have

x= <2ﬁ>< )[(1 A - 1]f dnﬂfb&f(_e)]

-<2"_1;>2(;—20><m162>2,[¢1 [G(e - )+ G(e + 1],

(64)

for the thermodynamic equilibrium state of the
system.

VII. CONCLUDING REMARKS

We have given a fairly simple but rigorous
derivation of the paramagnetic susceptibility of a
relativistic Dirac electron gas. The derivation
make use of an alternative formulation of quantum
mechanics as a probabilistic theory in terms of
the Weyl transform and the Wigner function. The
use of the Weyl transform in nonrelativistic quan-
tum dynamics has been clarified by Leaf.” In this
paper we have formulated a very useful application
of the Weyl transform in relativistic quantum
dynamics in terms of a complete set of localized



1578 F. A. BUOT

(K=

TABLE I, Relative importance of the terms that make up x, where n =electron density,

kp=(310)"3, np=hckp, Ep=(a?+n2)V?2.

T=0 Formula Nonrelativistic Ultrarelativistic
1 {2\ 1 (i 1 é 1 /e\1
XLp 12w2<ﬁc>E,§ <3 *&p T ion md °F _12n2<ﬁc 3
1 2% e_z e L 72 e_z _.1_ r\2 .e_z
Xp mﬂ”\)(ﬁc Egp 2NV ke an? T e
1 /é 1 1Ir 1 [é 2N _,
Xsp _121r2< c>8“‘h a ~Xp 0 ~iznt\ie (P a T3
N (e \(mpEp 1 . . _41¢ N (et \(md .. 27p
Tl }ic)(ZAz —3 sinh ~ar?\iio \aaT "2107,
QNP EN( .y e e L+ e? 2%
Xg ar? (c sinh™ %\ Egp 0 ar? (me)\Pa 71

functions labeled by a band index A that exist even
in the presence of uniform magnetic fields. The
first term in x, which is the Landau-Peierls for-
mula, is explicitly shown to arise from symmetry
arguments (since symmetry arguments'® for the
existence of relativistic magnetic Wannier and
Bloch functions labeled by a band index A break
down for space- and time-varying magnetic field,
the first term in X is really due to magnetostatics)
and the exact form of the Hamiltonian is therefore
not essential. Thus it is applicable in quasi-parti-
cle formulation of many-body problems.2® The
last three terms in Eq. (46) depend on our exact
knowledge of the Dirac Hamiltonian with a magnetic
field in even form.

Perhaps what can be claimed as a new result of
this paper is our expression for x for a relativis-
tic Dirac electron gas which includes the effects
of the anomalous magnetic moment. We have also
given an explicit expression for x that allows the
formation of electron-positron pairs in a system
at thermodynamic equilibrium. Moreover, we
have shed light on the dynamical response of a
relativistic Dirac electron gas in an external
magnetic field and have shown evidence that differ -
ent physical processes dominate in the very-low-
density limit as compared to that in the very-high-
electron-density limit.

A similar formula for x, Eq. (45), holds in the
band theory of solids. In the specialized situation
encountered in bismuth, the same expression for
X, Eq. (62) with A’ = 0, holds with only a change
in scale factor.?® The reason for this is that the
& P Hamiltonian based on the two-band model for
the energy-band structure near the symmetry
point L of the Brillouin zone of bismuth is
equivalent to a Dirac Hamiltonian with a scaled
canonical conjugate momentum.”-?°

In bismuth, with the effective cyclotron mass

substituted in Eq. (51) and using the appropriate
expression corresponding to Eq. (50) with A’= 0,
the Bloch-electron spread at the electron valley,
between valence and conduction band, is about
1000 A2° This agrees with the order of the esti-
mate given by Blount® for the minimum spread of
the wave packet for Bloch electrons in bismuth.

It is hoped that the result and the method of
derivation presented here will shed more light
on the complicated and sometimes heuristic for-
malism of the dynamics of Bloch electrons.!*%* The
formalism used here is similar to a unified version
of Blount’s mixed representation® and the Wannier
formalism!* of the dynamics of band electrons in
solid -state theory. A unified Blount-Wannier rep-
resentation has not been explicitly used in solid-
state physics although Roth’s' formalism and use
of a multiplication rule is closer to it; Roth did
not make use of the existence of the complete set
of magnetic Wannier functions and magnetic Bloch
functions as basis states in deriving the magnetic
susceptibility of Bloch electrons. Wannier and
Upadhyaya' made use of them on the same problem
in a different method as compared to that of Roth.
Thus a similar formalism to the one used in this
paper is not quite realized in solid -state physics
and the method used here is practically unknown
in quantum electrodynamics. One of the results
of the formalism used here is an exact prescrip-
tion of the Onsager principle given by Eq. (28).
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APPENDIX: WEYL TRANSFORM OF THE T=cp-eA@), (A5)
HAMILTONIAN OF A DIRAC PARTICLE IN A

HOMOGENEOUS MAGNETIC FIELD where )\’ =%(g~-2) and we have written the operator

on the right and its Weyl transform on the left in
(A4). The even form of the Hamiltonian operator
(A1) is given in Eq. (24) and is

The Dirac Hamiltonian for an electron in a mag-
netic field is

Kop =@ Hop+tBme® -3(g-2)uph5-B, (A1)
where 5p =B[m?2c* +1%, - eficG - B(1 +1')
,=cB,-eA@q), pp=eki/2mc, (A2) + (elion’ B (48)
and the last (Pauli) term represents the coupling
of the anomalous magnetic moment with the mag- We are interested in the Weyl transform of the
netic field. Then square-root operator. The general form of the

expansion of the square root with the same prop-
erties under rotation, space inversion, and time
(A3) reversal reads, up to terms quadratic in e,

(BCop)?=I1 2, +m3c* —ehic & - B(1 +1’) +(eficX’ /mc?)*B? ,

[[i2, +m2c* —ehic G - B(1 +A’) +(elich’ /mc?V’B?)? = E — (ec/E)p - A - (efic G+ B/2E)(1 +\') +e L(E)§ - 55 - B
+e*f,(E)A? +e*f,(E)B - R +e*f,(E)D - AG- B
+f (B -B&-K+e*f,(E)p-GA -B+e?f,(E)p-AD-Bp G
+e2f1(E)® - B)? +e2fy(E)B? ++ - . (A7)

Taking the square of the operator and using the multiplication rule, we have

/2 a(a) a(b) a(n) 3(2')

0@ =ew 455555 550 6,006 (a8)

Since A(d) is linear in § we need the expansion of the exponential up to terms with second derivatives of
w(P,q), obtaining

zﬁ(ew dw  bw aw) B w  fw r® fw | o B e | dw (A9)

[P, Q= [w@DF+5 (55 55 55 o5) "2 503 o3~ 8 o5 o3 oG 8 Hod ‘5505

where the double dots indicate tensor contraction. Then one finds

ﬁ§p+m2c“ —ehcE B +0)+ (eh‘c)\ ) B*=[E®-2ecp-K-encG-B(l+\)+e? 2Ef,(E)A?

- -

+e?2Ef,(E)(B-A)? +e22Ef, (E)p-AG B +e*2Ef,(E)p - BG - &
+e?2Ef(E)p-GA -B+e?2Ef,(E)p-AD -BP-5+e22Ef,(E)® - B

+e? 2E f,(E)B?] + {e ¢

+__ﬁ3e2c2[-a_<&> i(&) o, 24,)
4 ap; \E Jop;\E] dq; 9q,

zh—z 2E ) .
R ZE aqaq[fl(mx +£B)G K7 ] +0le) (A10)

2.2
LI 5 K5 B+ L 32(1+m2}
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(summation convention). The L,(E) terms are omitted since L,(E) can easily be shown to be zero:
e’’’ [ 8 (p,\ 8 (D)\OA %J_e202< 2 DiD 2P0\ 1
I%e’c 27 2 PiPy
= 16E2 (eimj ejniBmBn _eimj C Ezl elniB B ekmj ejni C Ez B B>
= (h2%e®c?/16E?){-2 B* - (2¢*/E?)[( - B)® - p*B*]}
= (e*c*n?/8E*)[m?c*B* + (5 - B)?]. (A11)
The last term is
efn’ [ 2 ﬁﬁ 2
i <u—c o aq [/ (B2 47,5 K1)
e’ B " e - 2 e
-2 a- ”’) [8/,(E)(B*E - BB) +3/,(E)ExB) - (5xB)]
-n’e’ p2 B @By
- e )[332-02 i b fz(E c'[5? - B2 - 5+ B)?]
-enpt[(- o= v ) e -E 2 (E)]+<5-§>2 B+ (E)](eh-c)z (a12)
4E 8E3 ! 8E 72 8E37! 8E”? ’
where U is a unit dyadic and the double dot indicates tensor contraction. Comparing (A4) and (A10) [with
(A11) and (A12) inserted] we find for the form factors
fi(E)=1/2E, (A13)
f>(E)=-1/2E3, (A14)
S5(E) = (=1 c?/2E%)(1 +)), (A15)
fAE)=f(E)=f4(E)=0, (A16)
f(E)=k*c*/8E®, (A17)
o @+a)? mzc“> 2 2 (h‘ck’)z 1
JoE) = (’ 82° T 8E5/" ¢ *\mc?) 8B " (A18)
Thus
. _ec. ¢ ehcG-B N, EA? e’ o 4, et R
:}CQP-B[E z D A 5E (1+A)+2E 2E3(p A) 25° @+1)p-A5-B
(efic)® . =, anz/ (L+N)? mzc“> eficA'\? B?
*+ 85 H-B)?+(e#ic)’B <— R T ) 8E +0(e )] . (A19)
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