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A formula is derived which determines the velocity distribution of photoelectrons and the
temperature dependence of the photocurrent in the neighborhood of the Curie point. The calculations are carried out on the basis of the s - d exchange model 1 , with the periodic
potential of the lattice being taken account of by the method of variation of parameters. It
is shown that the photocurrent depe~ds <padratically on the magnetization, in accordance
with the results of Cardwell's work .

I. INTRODUCTION

uk

theory of photoelectronic emission in a
T HE
ferromagnetic is given in reference 3, where a
formula for the photocurrent at a light frecpency in
the neighborhood of threshold and in a temperature
region in the neighborhood of the Curie point is
derived. A simplified theory of the photoeffect 4 • 5
was used in the derivation of this formula, as was
the s - d exchange model, taking account of the
interaction of the s electron with the d electrons,
thanks to which one is able to connect the electrical, thennal and mechanical properties of a
ferromagnetic with its magnetic state. Failure to
take account of the interaction of the s electrons
within the framework of the s - d exchange model
would certainly be a defect; hence, it must be
considered as one of the stages in the development
of a consistent theory of ferromagnetics.
The use in reference 3 of a theory of the photoeffect which does not take account of the periodic
potential is inappropriate, since special features
of the motion of the electrons in ferromagnetics depend upon their interaction, which is but weakly
connected with the properties of the limiting
boundary. Hence, the motion of the electrons is
not to be described as the sum of two plane
waves 5 ' 6 , but more correctly as a function of the
form:
~

(r) =

eikruk

(r) =

uk

(r

+ na),

where a is the lattice parameter. In this case
there is no necessity of dividing the photoeffect
into two parts: volume and surface. Moreover, the
results obtained in the present work show that the
photocurrent consists of two similar parts. Thus,
the usual theory of the photoeffect is substantiated.
Taking account of the periodic potential in a systematic way leads to the fact that the velocity
distribution of the photoelectrons is different from
that resulting from a theory of the photoeffect
which does not take account of this potential.

(r),

2. THE WAVE FUNCTION OF THE ELECTRON

Let the metal occupy the half space x <x 0 and
let the region x ~ x 0 be vacuum. Let us consider
the emission of s-electrons from the metal which is
produced by the absorption of light.
The wave function of the electron is determined
by the equation :
~t\1 1 2h~ [E- V(x; y, z)] ~ 1 = 0
(2.1)

+

(2 .1 ')
for X :;;;::. X 0 ,
where V ( x, y, z) is a periodic function. The solution of E q. (2 .1) has the following form:
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electron.
The second equation can be solved by the method
of separation of variables, setting

or
~z (x,

= ~

1Ji2 = l1 (x) l2 (y) Is (z).
Then, on putting tjJ
tain

Is (z) =
2f!

2m ( h
2m

+ 11.2

d.x 2

elfzz'

(2.3)

e2)

+ 4.x

(2.4)

l1 = 0,

and we have

!!!_ (j2 + 12Y + 12)
=E.
z

(2.5)

2m·~

The general solution of Eq. (2.1 ') has the form:
(2.6)

lji 2 (x, y, z)

~

fx,fy,fz
The coefficients
conditions

Cn,n,exp {-xnX

+ i[(gy + qn)Y

·n2na

while f 1 (x) satisfies the equation
d 2/1

(2.1 01

into Eq. (2 .1 '), we ob-

2

12 (y) = eifyY,

y, z)

Crl1 (x) exp {i (/yy

cf are

+ lzz)}.

K"

=- if" if fx is an imaginary number.

Stat~s of the electron which are described by the
function (2.10) will be referred to in what follows
as " free", while those described by the function
( 2.10 ') will be called '' bound". A finite nonzero probability of finding the electron at an arbitrarily large distance from the dividing boundary
corresponds to the first case. The corresponding
current is also different from zero. In the second
case, the current is e<pal to zero, and the
probability of finding the electron at a very great
distance from the dividing boundary is small and
tends to zero with increasing x.
Calculation of the current and averaging it over
the coordinates gives for the first case the expression

(2 .11)

determined by the boundary

IJI1I.=x• = IJI2Ix=•• IJI~ '=-~• = IJI~ lx=xo•

(2. 7)

In the present instance the prime indicates differentiation with respect to x. These conditions can
be satisfied if Eqs. (2.2) and (2.6) are compared
with each other term by term. In this case identity
results on fulfillment of the equations

ly=gy+qn,'

where

lz=gz+qn,·

The photoeffect for light ~f fre<pency near the
threshold will be considered below. In this case,
the overwhelming majority of the photo~lectrons
leaving the metal have an energy of the order of
thermal. As was shown in reference 7, formula
(2.11) then is simplified and takes the form
. -

1.~-

(2.8)

eh IC 12f
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(2.12)

Taking account of relation (2.5), we find

/'; = ~n:. £ - (gy

+ qnY- (gz + qnY·

Thus, the summation in Eq. (2.6) is to be carried
out over n 2 and n 3

~~ (x,

y, z)

(2 .6 ')

~. Cn,n./L (x) exp {i [(g Y

+ q n) y

n 2 , n,

At great distances from the dividing boundary this
functio'n must have the form:
~ 2 (x, y,

(2.10)

z)

~ Cn,n, exp {i [l"x

3. THE CURRENT OF PHOTOELECTRONS

(2.9)

+ (gy + qn) Y

The wave function describing the state of the
photoelectrons is the solution of the equation
h3

2m D.u =

h

T

iJu
( i f - W(x,

y, z)u

(3.1)
eh

-

....

imc (AV)u;

A=2acos[w(t-.xcosO~ysinO)J.

(3.2)

where W( ~. y, z) is the periodic potential in the
region of the metal, with W = - e 2 1 4x fo~ the region
outside the metal.
Ordinarily the term standing at the right in Eq.
(3.1) is small in.comparison with the term on the
7
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left side. Hence, Eq. (3.1) may be solved by the
method of perturbation theory.
We seek a solution of Eq. (3 .l) in the form

u=ug+v,

(3 .3)

where

• ,(t) dei

JVg

+ -1h
.

iJv

(

Tt- W(x, y, z)u

3.5
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g
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+ N{I)
dcg- (t) =_:_\d-e u-* (AV) Ug.
g
dt
mE ~
g
(3.10)

exp[(i;fi)(Eg+hw-Eg.)t]-1 (
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g

I

a Ig
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,

-

We seek the solution of this e<pation in the form of
an expansion in terms of the integral of the eigenfunctions of the unperturbed problem:

v=

_:_ \ dt

me

(t)

)

·= -.
-(AV')ug•
tmc

+co

det (t)
dt

=
eh

+ N{a)
de"'i (t) =
g
dt

Eliminating de gl dt and integrating with respect
to the time, we obtain

On substituting Eq. (3.31 into Eq. (3.1) and
discarding the term containing ( A V ) v, we obtain

A.v

g

(3.4)

(t)

dt

N{2)

= Hx, y, z) exp {- iEgf/h},
subject to the condition I u I » I v 1.
Ug

h2
Zm

where o ( g - g ') is tlie usual o function. Hence,
Eq. (3.7) can he written in the form:
(3.9)

where

(g I a I g')±
-

(3.11)
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g 'fg

- [N<J>]a- [1,<2>]aJ '" a
g

oo

.g

-
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dgYdgz { ~ ct (t) ut (t) dg.r
0

-co

00

+ ~ cg- (t) ug- (t) dgx},
0

where

On putting Eq. (3.6) into Eq. (3 .5), multiplying
once by u+* and again by u- *, and integrating, we
g
g
find
+co

co

-oo

0

d +

00

X

E = B + B'y + (C + C~) (cosg.~

(3 .12)

(3.7)

de(t) ~
_ g _ d-cu-u'"*}
df
g g

0

=

is omitted, since the case under consideration is
that for which the fre<pency of the light is near
threshold, in virtue of which ru / c «g.
The energy connected with the qtasi-inomentum
function 1 is

)

~~dgydgz {~dg.r c~/ ~d-cutu;•

+ ~ dg

In the calculation, the term containing exp [ i ( Eg
+ h ru-E,) ( t!h) ], which corresponds to radiation,
fl.
xcos O+ysin (;I
is discarded. Moreover, the factor exp [ iru
c
]

e r
- ug d-e,
me
J u;;• (A V')

where the index ex. takes on the values plus (+)
or minus (-).
In virtue of the orthogonality of the functions ug'
we obtain

where y is the magnetization; B, B: C, C'are
parameters depending on the energy of interaction
of the s and d electrons and the energy of exchange
of the s electrons. From this it is readily found
that

Mil _
g

-
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On putting Eq. (3 .1 0) into Eq. (3 .6) and carrying
out the integration, we find
-

'V -

(Z7t)s(g!alg1 )+
u (x
(C + C'y ) a Sin
. g1x a g, '

y z) (3.14)
'

to the equalities:

E 15, = E" + hw;

ft.r: (x) ="A (x) ;

'

where g 1 is the magnitude of g' corresponding

27t~z

6, where it is shown that for frequencies in the
neighborhood of threshold,

(3 .15)
27t~s

gly=gy+{l• g1z=gz+-;z·

(3 .18)

to first approximation, this does not depend on [".
Thus, the part of the matrix element for the ,region
outside the metal and for a light fre<pency in the
neighborhood of the critical point can be written
in the form

(g I a I g 1)z = axb.t: [N~>

The matrix element ( g I a Ig 1 ) breaks down into
two parts, one of which correspondsto the region
inside the metal, the other to the region external
to it. On carrying out the integration over the
basic region, we find that the part of the matrix
element which is connected with the wave function
of the electron in the metal is equal to
(3.16)

- N12'] ~

),"

(3 .19)

(x) :x {e-KX (2xx)*}dx.

x.

The term corresponding to the equality

glX = g.t: + qn,- qnl'

(3 .20)

which, because of the zonal periodicity of the
energy
(3 .21)

where a is the· component of the vector a along
"
the x axis.
The calculation of the matrix element for the
region inside the metal is extremely difficult.
Hence, we shall limit ourselves merely to a determination of its dependence on the wave function f
and the parameter K. In the calculation of the
matrix element we can use in place of the wave
function of the bound state its asymptotic representation 6

(3 .17)

.

where s = me 2 I 4h 2 • If K > 10 8 cm- 1 then such a
substitution is valid down to X = ( 3 - 4) 1 0- 8 em.
An asymptotic decomposition of the type of Eq.
(3 .1 7) is not valid for the wave functions of the
free states in view of the fact that at light fre<pencies near threshold the component of the
wave vector f" has an order of magnitude of 1 0 7
cm- 1 . Instead of the asymptotic decomposition we
can make use of the result of the work of reference

-

is not in conformity with the law of conservation of
energy (3.15), has been dropped in Eq. (3.16). It
can occur only for an excitation of the electron
such that the latter goes over into the next zone.
In view of the fact that in the present work we are
considering the emission of photoelectrons for a
light freqiency near threshold, the number of electrons going over into the next zone is small, and
hence the term corresponding to the condition (3. 20)
may be neglected.
The member in the matrix element, the x component of the quasi-momentum of which satisfies
Eq. (3. 20), corresponds to the " volume" photoeffect. The selection rules for the electron here
are the same as for optical transitions. Ordinarily,
the "volume" photoeffect is considered separately from the " surface" photoeffect. The calculation of the photocurrent in the present work
does not re<pire such a separation. Both kinds of
transitions of the electrons are obtained automatically as component parts of the matrix element.
Calculation of the current with the aid of Eqs.
(2.10) and (3.14) leads to the following result:
. (27t)6ehl(glalgl)+jZ
}x- m (C + c:y)B at SinB gl.~

f IC
x

0,0

12

(3 22)
•

•

As was shown in reference 7, f"l C 0 , 0 12 does
not depend on [". Let us designate

J;l Co,ol 2 =A (gix).

(3.23)

Then
(3 .24)
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+ ~ (-1)n exp{-~2(hcu+€o)l kT} }.

Integrating over the initial states, we find the
complete current
+nfa

f.x

=

+n:fa

(3.25)

8~3 ~ dgy ~ dgy
-1t{a

-rtfa

"'

~

X

dg:J.x exp[(E-!0 )/kTJ+1

f.x=O

We expand

1
exp [ ( E -

()I k T] + l

E- (

powers of exp [ - - -0-

kT
1

exp [(E- € 0 } I kTJ
=

],

as a series in

If E > l 0 , then

n

It should be remarked that E0 < 0 and is equal
to the work of emission with sign reversed 7 . The
expression obtained for the photocurrent has the
same temperature dependence as that given in
reference 4. If is fully confirmed by experimental
results.
Using the Eq. (2 .14) of reference 7 it is not difficult to find an expression for the total photocurrent in the neighborhodd of the Curie point (in
the approximation of a weakly filled zone)
(3.28)

(3 .26)

+1

+ f3t.Yz ] '
+ B oY2) T2""w1.2 [ ,. (w) kT

~(-ltexp{-(n+ l)E kT,.o}
n

ForE

<£

we obtain

0

1
exp [(E- € 0 } / kT]

+1

(3.26 ')

=~(-I)" exp {n E k/0 }.
n

We make use of the eq.tality

£

=.!!!...
(fZ + gzY + g2)hw
2m .x
z

and make a change of the variables of integration:
in place of gx• gy' gz we take

P2 == g2y + g2z'

l ('h + qn,)}Ian,

e == arc tan (g y'I g z ) and f x .

oc 2
- 23 M1 -;:

Taking outside the integral sign those factors
which are only weakly dependent of p and fx' we
obtain for E > l

c,Dl (x) =

oo 12 ;

~ (-1)n+I e<n+I)x
(n

n

0

+ 1)2

for the case described by formula~ (3 .2 7),
c,D2 (x) = [

V (-1)n exp {(n + 1) (hw
X .::::.J
(n + 1)2

+ €o) I kT}

n

1£ the frequency of the light is sufficient to
knock out electrons with energy E < £ 0 , then in
this case the region of integration can properly be
divided into two : E < £ 0 and E > £ 0 • As a result
of the calculation we obtain the following expression:
(3.27 ')

~2

+

~2

+ ~ (-1~2e-nx]

for the case described by formula (3 .27 '); M0 , M1
and M2 , are , respectively, the first, second and
third coefficients in the expansion of the sq.tared
modulus of the matrix element in powers ofy:

I+ and I- are the total currents of electrons with

"

"

right and left orientations of mechanical moment,
respectively;
ot1

+ 3C + s (w) + 4BC
-2 (B + 2C) s (w);
2CC' + 2s(w)(B' + 2C');

= B2

~=

2

2
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oc 3 = 3C' 2

+ B' + 4B' C' + W(B + 2C);
2

~2

'II = arc cos ~ 0 ;

1:.

_

<>o-

e(w)-(B +2C).
C
'

C' 2

~s = ~o 0
s (w)

~1 = a 2

+

B'

+ 2C'
cz

B'

+ 2C'
c

C'

C'
+ ~oc;

+ y(3

;

+ hw;
(3TC n)'1• k1 ( {-kl~ +
w) •
=

oc

+a

~2 =

2

2

(3TC 2n )'1• ~

+

The symbols ex., ex.', {3, {3 ', n, k 1 are taken from
the work of Vonsovskii 1 . Formula (3 .28) can obviously be used for nonferromagnetic metals.if
y = 0 is inserted in it.
In this case, there results a temperature dependence of the same form as in the ~implified
theory of the photoeffect which does not take account of the periodic potential. The distinction
between the simplified view of the photoeffect and

SOVIET PHYSICS

the more coherent one is especially noticeable on
comparison of the expressions determining the
velocity distribution of the photoelectrons [ Eq.
(3.24)]. This dependence is more complicated
than in the simplified theory, which, apparently, is
what actually occurs.
If the photoeffect produced by light of frequency
much greater than threshold is considered, then
the second component of the matrix element ,
corresponding to the so-called " volume" effect,
must also be taken into account.
A comparison of Eq. (3.28) for the photocurrent
with the well-known relation determining its
temperature dependence shows that the work of
emission must be eqml to- £ 0 • This result can be
substantiated not only by a formal comparison, hut
also on the basis of thermodynamic relations 7 .
In conclusion, the author expresses his profound
gratitude to A. V. Sokolov for a number of valuable
suggestions and to S. V. Vonsovskii for a discussion of the present work.
Translated by Brother Simon Peter, F. S. C.
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International Values for the Thermal Cross Section of Fissionable Isotopes
T the session of August 1 7* of the lnternaA .tional
Conference on the Peaceful Application
of Atomic Energy, a large amount of declassified
data was presented on the effective neutron cross
sections of the fissionable isotopes U-233, U-235
and Pu-239. In the low energy region, for which a
large number of measurements was reported,
excellent agreement was obtained for these
isotopes, which play important roles in reactor
installations. At the initiation of the Chairman,
the scientists of France, Great Britain, the USSR
and the USA met after the official session to
consider the effective cross sections of absorption
and fission of these isotopes by thermal neutrons
(with velocities of 2200 m/sec). It was decided to
*Session 17A, August 17, 1955. ''The Effective
Cross Section of Fissionable Isotopes." Chairman,
D. Hughes (USA),Vice-chairman, D. Popovich
(Yugoslavia).

develop a system of international mean values for
these effective cross sections. Such values would
contribute to agreement of reactor calculations
based on these constants. The errors in the mean
international values listed here are based on the
scatter of reported values and in some instances
exceed the errors of particular individual measurements.

U-233
U-235
Pu-239

absorption in
barns

fission in
barns

593+ 8
698 + 10
1032 ± 15

524+ 8
590 + 15
729+ 15

Translated by R. T. Beyer
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