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We derive a quantum mechanical transport equation for electrons in a metal in the field of an
electromagnetic wave. In contrast to the usual treatment, our equation is not based on the as-
sumption that the photon energy is small compared to kT.

DURING the last decade there has been developed a theory of the skin-effect in metals* based on the fol-
lowing transport equation for the electron distribution function f(p, r, t)

90t + (p/m) Of jor + e E 0f jp = I (F), (1)

where I(f) is the collision integral. In this equation the electrical field E plays the role of a classical
force. However, if the frequency w of the electromagnetic field is sufficiently high, one must take quan-
tum effects into account, even if the threshold for the internal photoeffect, i.e., for a transition of an elec-
tron into another band, is not yet reached. From the quantum mechanical point of view the interaction of
an electromagnetic wave with the electrons takes place through the absorption and emission of photons
(with a simultaneous absorption and emission of phonons in the lattice). If in these processes the change
in the electron energy hw is small compared to the breadth of the tail of the Fermi distribution kT,
one can consider the gain of energy by the electron to be practically continuous.

As long as the condition

10 << kT (2)

is satisfied, one can thus use classical methods and use the transport equation (1). We notice that condi-
tion (2) is extremely far reaching. At room temperatures (T = 300°) it involves A > 40p and for T =
10° we have A > 0.2 cm, which means that quantum effects can be of importance even in the radio range.

If hw R kT, itis necessary to treat the problem quantum mechanically. This is, in particular, true
for the infrared region of the spectrum, where usually inequality (2) holds in reverse. Although this fact
has been known for a long time (see, for instance, Sec. 53 of Ref. 2) up to the present nobody has carried
out anything like the complete investigation of this case. The only attention paid to this problem was in a
paper in 1954.° Holstein has calculated the volume absorption in a metal using perturbation theory. In this
case he assumes that the electron distribution and the field do not depend on the position coordinates.
Holstein’s results are therefore, generally speaking, only applicable in the case of the normal skin-effect.
On the other hand, if we exclude the region of very high temperatures, the skin-effect in the infrared
region of the spectrum is usually anomalous. It is thus necessary to construct a method which enables us
to consider simultaneously quantum effects and the anomalous character of the skin-effect. The present
paper is devoted to obtaining such an equation.

For the time being, to fix our ideas, we shall consider a system of N electrons in a macroscopic
volume V.

Such a system can in quantum mechanics conveniently be described through a density operator F
which satisfies the equation?

OF |0t =[H, F1=(1]ih)(HF — FH) (3)

and the normalization condition Tr F = 1;in Eq. (3) A is the Hamiltonian of the system.
The operator F gives a complete quantum mechanical description of the system since the average
value of any dynamical variable R can be calculated from the formula

Rypy=Sp (RF). 4
*See, for instance, the survey article by Ginzburg and Motulevich.!
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In quantum mechanics one normally uses the density matrix p(x,x’) which is the x-representation of the
operator F.

We shall use the so-called mixed representation of the density matrix which is determined in the follow-
; 5
ing way

fp, x, t) = (QTCIi)_SNSdT{) <x — —;——, x4 %} e~ IR,

The “quantum distribution function” which is introduced in this way does not have the meaning of a prob-
ability density for the state with coordinates p and x, as can be seen, in particular, from the fact that
the function f(p, x, t), as follows from its definition, though essentially positive is not always so with-
out fail. However, if we use it, we obtain the most complete analogy with the classical case. In particular,
Eq. (4) for the averages now becomes

R (p, 3, =\ dpdxR(p, 0] (p. % 1).

For the sake of simplicity we shall consider one-particle distribution functions. If an external electro-
magnetic field is present this function can be determined as follows

FPr, ) = (Zﬁh)_3gd‘tp(r — {—) exp{— '12”(') +£ A)} ,

where P is the generalized momentum and A the vector potential of the field. For physical reasons it

is convenient, however, to deal with distribution functions of the ordinary momenta., We change at the same
time the normalization of the distribution function in such a way that it gives the average relative occupa-
tion number with respect to the momenta. We make thus the following substitution

N @R f (Pt ) = (b1, t); P=p—-—A(r,1). (5)
Since the time is involved in the transformation we have
J . 0 ¢
N @mhy g F(PU R ) = 5[ (B, 1) Al ) 5 [ (0, 1 1),

The primes will be omitted in the following.
It can easily be shown that the electrical current density can now be written in the usual way

. 2
§0 1) = g \ ol (b 1, 1) dp.

Finally one obtains easily the relation

FP. PPN (217:7‘1)3 Sdl‘f(p-; . » Iy t> eir =P Ik, , (6)

We consider a system consisting of electrons, photons and lattice phonons. We shall use methods ob-
tained from the transport equations developed by Bogoliubov and Gurov.%7

The conclusions below are based on perturbation theory; this means that we assume the interaction of
the electrons with the lattice vibrations and the electromagnetic field to be small. In metal optics the
occupation numbers of photons are always large compared to unity. The electromagnetic field can thus be
considered to be an external, classical field, satisfying Maxwell’s equations. Under our assumptions, the
density operator of the system Fowill depend on the coordinates of N electrons (ry, ry, ..., ry), on
the momenta of S phonons (qy, 9 « » + » qs), and on the time t.

We write the Hamiltonian of the system in the form

N s N S
H(,...N;qy,..., g5 t) = Z‘,H(k)—i— ZH(qh)—Q— 2 EU(i,k);
he1 k=1 i=1 kel

5 1 ! o 5 1 Alp o
() = g (= ih 57+ Al 0 A @) = 5 vy B, + 057),

where Ba and Bq are the creation and annihilation operators of phonons of momentum q,

(Ng+ 1108 [Ng) = VN + 1, (Ng—1]bg| Ng) =V Ny
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Finally, the operator of the interaction between electrons and phonons is of the form,
' U(1,q) =C(A|q|/V2Mu)" (bFe ™9 F 1 hoe'¥ I'h),

where C is a constant of the order of magnitude of the average electron energy in the metal,! M the
mass of an atom in the lattice, u the velocity of sound, and A the volume of an elementary cell in the
crystal,

We introduce now operators that depend only on a fraction of all the particles, defined as follows

F (1., v Qu....q;t)= Sp FVS(1,...N; qu,... qq 1).
(v-{-l,...N)
G+1,..., S

Applying this operation to both sides of equation (3) we find

gt-,ﬁ“°=[ZH(k +2H @) F7 [+ SO (@, g F™)

k=1 - i=1hk=1
] v S
+w—ﬂzsmuo+lwimﬂ+z > SpiU (i.q,) £
h=1 i=1h=0+41 ®)
Hence it follows in particular (N > 1)
xD MFﬂn+z&Wquﬂl%w Tl =1 @, F@i+NSpU (1, a), F(1, 9,
h=1
P9 _ 11 1)+t @)+ 01, ), £ (1, D+ N Sp10 2, ) F (1, 2 91+ zsmuu a0 £ (1 g, gl

ot (M

If there is no interaction operator, the dependence on the coordinates of several particles is obviously
of the form of a product of one-particle operators; in particular,

. FlLo=FMF@ FL,2=0—Py)F)F@Q),
FLEQ=F (@ =P F()FQ), F(liq0)=F1)F(F ()

where ﬁﬂ is the “permutation” operator.* If the interaction is not zero we introduce instead of f‘( 1,q)
the correlation operator

G(l,q = F(1,q—F(1)F(q).

Since we have assumed the interaction between electrons and phonons to be small, the operator G is
obviously also small. For problems connected with the behavior of metals in an electromagnetic field
(in particular, for calculating the current) it is sufficient to restrict ourselves in the transport equation
to terms quadratic in the magnitude of the interaction between electrons and phonons. Correspondingly
one can retain in Eq. (7) only the terms linear in this quantity. In the same approximation we can take for
the state operator of the phonons its equilibrium value

(Nq| F(q) | Ng) = 8(Ng,Ng) 3 (Ng, Ng),  Ng= [ — 117, ®)
where th =ul|q|is the energy of a phonon of momentum q. If, at the same time, we take into account the

fact that the operator 0 (1, q) is non-diagonal in the occupation numbers of the phonons we obtain easily
the following set of equations

OF (1)/ot =[H (1), F (1)1 + ZSP[U(1 a,), G (1, q,)] (9)

h—l

* The operator Fis symmetrical with respect to the permutation of identical particles. However, in
order to calculate matrix elements we have to deal with antisymmetric combinations of one-electron wave
functions, which is inconvenient. It is better to use certain methods to antisymmetrize the operator £
after which one can take the matrix elements with respect to a product of one-electron -functions. The
meaning of the operation P;, is clear from the equation

®u pal Puf () F@) 1Py 0 =Fp, 7 Fy ).
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oG (1,q) /ot = [H()+ H(q), GI+10 (1, q>,ﬁ(1)ﬁ<q)1—zvs£ ([0, q), PuF (1) F ) F (q)), (10)
2

where F (q) is of the form (8).
We go now over to an expansion in terms of the magnitude of the vector potential of the electromagnetic
field which we write in the form
A(r, t) = Ay (r) e + Aq(r) e~

If there is no field the electron distribution is homogeneous and does not depend on the time; any deviation
from this distribution will be assumed to be due to the electromagnetic field. It is therefore natural to
represent the quantities we are trying to determine in the following form

F,y=Fo(l)+ Fy(1,8), G(1,q,8) =G,y (1,9) + Gy (1, q, 1). (11)
In these equations the operators f‘o and ('io do not depend on the time and describe the quilibriumh state
of the system of electrons which are interacting with the phonons; however, the operators F; and Gy
which represent the influence of the electromagnetic field will be proportional to the amplitude of this field,
A,, and be of the form
Fi(1,t) = Fro (et + FL (1) e™™, Gi(1,4,8) = Guo (1, @) e + Gl (1, q) e—t.
Using the notation

B(1,q,t)=1[0(1,q), F (1) F (q)] — NSp (0 (2, q),Pref (1) F (2) F (q)1,
we can write Eq. (10) in the form
0G/ot —[A (1) + A (q), 6] = B. (12)

In the same way as in Refs. 6 and 7 we impose on the solution of this equation the condition that the corre-
lation vanish when the particles go to infinity,

t
lim $¢+G (t +7) Sfie =0, 8 = exp {— L S dt’ [H (1, t') + H (q)] } (13)

T+ 0 ik
Carrying out the differentiation, we have by virtue of (12)
= St (0 Se = 8o {55 G+ 90— 1H (Lt + 9+ A (@), G+ Sie = StaaB (¢t +9) S

Hence we have after integration

T
A A

314+ (t +7) St — 8,6(t) 8 = Sdﬂc'§¢+,,f3'(,t + )8

0

We now go to the limit 7 — «; then, by virtue of (13) the first term vanishes and we obtain the solution
of (12) in the form

G (t) = —iodr exp{— 4 tifdt' (H (L) + A (@)} B(t + ) exp{+ {g”dt' (A (L) +H (@}

0o t t
If we restrict ourselves to terms linear in the field we find thus after some simple calculations
(P, Ng| Gy | P, Ng) = —2hd, (Ep — Epr + (Nq— Ng) hvg) (P, Ng | By | P, N ),
(P, Ng| Gro | P',Ng) = — 2xhd, (Ep — Eps + (Ng — Ng) hvg + o)
X (P, Nq| Bio | P’, Ng) — 20k —5—(Ay. P — P') [3, (Ep — Epr

mche

+ (Nq — Ng) hvg + hw)—3, (Ep — Epr + (Nq— Ng) v)I(P, Ng | Bo | P’, NY),
where . . R . . . a N R
Bo(1,9) =1[U(1,q), Fo(l) F(q)]— Nr(Szy[U (2, ), P12Fo (1) Fo(2) F (q)],
Bio(1,9) = U (1,9 Fi (1) F (q)] —NSp [0 (2, ), Piz (Fra (1) Fo(2)

+ Fo (1) F10(2) F(Q), 3, (%) = V2B (x) + i/ 25x.
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If we now want to obtain the transport equation it is sufficient to substitute into the right hand side of
Eq. (9) the correlation operator G given in this way. We restrict ourselves for the moment to the case
of a spatially homogeneous distribution. The operator F is then diagonal in the p-representation and we
have in agreement with Eq. (6)

(P|F [P)= N3P —P)f(pt).
Since the operator f‘o does not depend on the time, its matrix elements can depend only on the generalized

momenta,
(P|Fo|P') = N3 (P —P') fo (P).

On the other hand, the distribution function can naturally be written in the form

(P, 1) = fo(P) + F1s (D) € + fr (p) €'
Then, in accordance with (11)
(P| F1a| P') = N7 (P — P) [F10 (P) + = AcOfo/0p].

For the sake of simplicity we shall drop henceforth the index w. Equation (9) has in the zeroth approxi-
mation (with respect to the field) the form

ESP (1, ), Go (1, qu)]=0.

k=1 (k)

Going over from a sum to an integral we have in the p-representation

vEshy® | dg 3 (P, N ([0 (1,q), Go(1,q)] [P, Ng) = 0.
li<g,  Ng=0
The limiting phonon momentum ¢, is connected with the Debye temperature © of the material in the
well-known way: tho =uqg = k©. After simple, but rather lengthy calculations the equation of the zeroth
approximation is of the form
1¢eh (fo (P)) = 0, (14)
where

I () = oo mor ) 499 3@ Vo 0+ a) (1 —F @) — Vo + DF®) (1 —f o+ a)]

19/< 2

+3O) (Ng+DFP+a) (A —F(P)—Ngf @) (I —F(P+Q)]}, a=E,— Eqp—hvg, b=Ep— Epiq+ hy,

is the usual collision integral for electron-phonon interaction. It is well known that this equation is satis-
fied by the Fermi distribution function

fo (p) = [exp (Ep—Eo)/kT 41771

In the case of a spatially homogeneous distribution we have [ﬁ (1), F (1)] = 0. From Eq. (9) it follows
thus in first approximation that

S
—ioF) (1)= Es(gllj (1, qw), G (1, qu)1-
k=1

Calculations which in this case are even more cumbersome than in the zeroth approximation lead to the
following result

io [ (p) +io G Al = T (F1 () + £ Ao 5) + = (Ap) D (). (15)

where I is the quantum mechanical generalization of the usual collision integral,

12 0)= i wiar ) 249 {3 (@ +70) 3 (@— ko)) (= Ny + D @)+ Nf2 (0+ @)+ fo (0) 1 (0 + @)+

191<q0
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o+ @) Fa @) + 5 (30 4+ 10) 3 (6 — 7)) (Vg + D 2 (b + ) — Nafs (0) — Fo (@ + @) fo () — F2 () fo (0 + DI};

D(p) = + gy g Fa (@ = DI | daq(pa) Nafo (0 4 0) 3 (@ + )
0 191 <6
¢ "M (@ — hw) 4 ™I (b 4+ ho) + TR S () — ra)].

For hiw— 0, T(f1) goes over into 1(el) (fy). In order to understand the meaning of the rest of the
terms on the right hand side of Eq. (15) we notice that the last of them can be written in the form
£(AD)D(0) = Gy i e ) 99-9 () {8 (@ +he)—b(a—he)l[— Wy + Do (p) (1 — o (P + )

(2mh)® Muk mc
191<q0

+ Nafo (0 @) (1 — Fo(p))] + g (3.6 + ) — 8.6 — 8] [— Nofo () (1 — Fo (0 -+ @) + (W + N o (0 + @) (1 — Fo (2)])-

Let us imagine further that in the equation 1(eh (fo(p)) = 0 we have substituted p=P + eAy/c and have
carried out an expansion in terms of A, accurate up to terms of the first order of magnitude. Then

1(ch) (fo(p)) can be written as the sum of three expressions; the first of these is the same as expression
(14) and is equal to zero, the second arises from expanding expressions of the kind fy(P + eA/c) and the
third one, finally, arises from the expansion of the §-function. It is clear that the terms

Fea, %‘:—-and £ (Ap)D (p)
are the quantum mechanical generalizations of the last two expressions and cancel one another as hw — 0,
In the case of a spatially inhomogeneous distribution the method which we have just applied to obtain

the transport equation will, generally speaking, not be suitable, since now in the transformation (5) the
vector potential depends essentially on the coordinates, and, in particular, from Eq. (6) there does not
follow a simple connection between Fp p’ and the function f(p, r, t). However, it is necessary to take
into account the fact that the distance over which the field or the electron distribution changes materially
will always be very large compared to the de Broglie wavelength of an electron near the Fermi surface.
In other words, if we write, for instance, f;(p, r, t) as a Fourier integral of the coordinates,

Bt t) = {fup, t)e™™

fik will be noticeably different from zero only, if

dk,

k1< po. (16)
For this reason all terms of Eq. (15) retain their form with the proviso that now A, and f; will be func-
tions of the coordinate r. We only have to take into account the term [H(1), F(1)] of Eq. (9) which

previously vanished.
It can easily be shown that the left hand side of the transport equation can be reduced to the expression

p of . e 1 , —it(p—p)k , d ) Ty _ T
Bt e e 0 (55 )0 A= (0 As(r+ ) = A — )]
in which the integral terms can be neglected by virtue of condition (16).

Introducing the electric field strength E(r) = (iw/c) Ag(r) and the relaxation time operator T=
—1I-! we write the transport equation finally in the form

m  or iot OP

iofy 4 g+ = e[ Go 4 T — D (7). (17)

In conclusion the author expresses his deep gratitude to the supervisor of this work, Professor V. L.
Ginzburg, and also to V. P. Silin for his constant interest and valuable comments.
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A system of transport equations has been obtained for a plasma consisting of electrons and
one kind of positive ions placed in an electric and magnetic field. The system includes the
continuity equations, equations of motion, and the equation of heat transport for electrons
and ions. The electron and ion temperatures are considered to be different. The case of
arbitrary ratio of the particle collision frequency to the Larmor frequency is considered.
The derivation of the transport equations from the kinetic equations is similar to that of
Chapman and Cowling.

1. THE TRANSPORT EQUATIONS

THE state of a completely ionized plasma can be characterized by the electron and ion distribution func-
tions f, (t, r, v). In the presence of electric and magnetic fields E and H these distribution functions
satisfy the following system of kinetic equations (see, for example, Chapman and Cowling!)

of

oV Vet 22 (B o) Vol + ;Saa (fafe) =0, (1.1)

where « denotes the type of particle (1—electrons, 2 —ions).
Following Landau,? we take the collision integrals Sy B(f Olfﬁ)’ which give the change in the distribu-
tion of particles of type @ as a result of their collisions with particles of type B8, to be of the form:

2mne2e? 9 ((f, Of i of
— LY a <] g 3 ,
Sap (ol g) = —— 5~ S{;n—ﬁ.———av; ——= —-avk}Umdv, (1.2)

where
U,'k = (u28,~k — u,-uh)/us, U =19; —U:'.

The “Coulomb logarithm” A appearing in (1.2) is equal to the logarithm of the ratio of the maximum and
minimum impact parameters A = In(pmax/Pmin). For the smaller impact parameter one should substi-

*Work performed in 1952.



