SOVIET PHYSICS JETP

VOLUME 5, NUMBER 5

DECEMBER, 1957

Paramagnetic Resonance and Polarization
of Nuclei in Metals*

M. IA. AZBEL’, V. I. GERASIMENKO AND I. M. LIFSHITZ
Physico-Technical Institute, Academy of Sciences, Ukrainian SSR
(Submitted to JETP editor July 14, 1956)
J. Exptl. Theoret. Phys. (U.S.S.R.) 32, 1212-1225 (May, 1957)

A theory of paramagnetic resonances in metals is constructed, based on the simultaneous
solution of Maxwell’s equations and the kinetic equation for the density operator. The re-
sultant nuclear polarization is determined. It is shown that this polarization varies very
slowly with depth, decreasing exponentially up to depths of 107° to 1 cm, which is the mean
distance traversed by an electron between collisions involving spin reversal. It is found

that paramagnetic resonance brings about selective transparency of metallic films.

1. STATEMENT OF THE PROBLEM.
A COMPLETE SET OF EQUATIONS

SIS WELL KNOWNI, paramagnetic resonance of
of the conduction electrons takes place in me-
tals placed in a constant magnetic field H, and a
variable electromagnetic field of frequency
=18, = 2pH /% (i is the magnetic moment of the
electron).

As Overhauser has shownz, this resonance is ac-
companied by polarization of the nuclei of the me-
tal; in this case such polarization takes place as if
the nuclei possessed an effective magnetic moment
Keff, equal to

Regg = Mo+ 0Ty /(1 +aTy) (&)
(iny true magnetic moment of the nucleus; Ty is the
time of free flight of the electrons between collisions
involving spinreversal; a=(4y*H2/%*) T is the prob-
ability of spin reversal of an electron per unit time
in a variable magnetic field 2/, cos wt). However,
it is easily seen that Eq. (1) is applicable only for
very thin metallic samples, the thickness d of which
is of the same order as, or small in comparison with,
the thickness of the skin layer: 10™ to 107° cm. In
fact, the resonance probability of spin reversal per
unit time can be introduced only when the electron
is found in an almost homogenous field for a time
interval significantly exceeding the period of the
field. In the case of a large sample (d > 9), this
condition is satisfied for /v > 2#/w, which corre-
sponds to the frequencies

*A preliminary note on this research has already been
published *°.

0 > (270 /c) Y 270 [ty ~ 1013 sec™

and in a magnetic field #, = fiw/2u > 10° Oe, which
is practically unobtainable at the present time.
Therefore, the polarization of nuclei by the
Overhauser method takes place only in small par-
ticles of micron diameter, in which the electrons
always-move in a practically homogenous field®.

At the same time, it can be shown that the
Overhauser method permits polarization of the nu-
clei in layers whose thickness is tens and hundreds
of times greater than that of the skin layer. In ac-
cord with Ref. 2, the degree of polarization P of the
nuclei is determined only by the relative depolariza-
tion of the electrons along the direction x of the
constant magnetic field:

p :%Kl _}_%> coth(‘] -+ %)lzz

1 1= (1a)
-3 cothjwz };

. — xHo—M,

z XH() ’
where M is the spin magnetic moment of the elec-
trons, [ = nuclear spin. Polarization of the electron
at a given point is determined by all the values of
the magnetic field /4, which it experiences along
the path (up to the given point) from the previous
collision involving spin reversal. Therefore, the
magnetic moment at the given point is connected
with the values of the magnetic field at all points
within distances of the order of §.4 passed by the
electron between two successive collisions with
spin reversal. Since the time T4 between such col-
lisions is much greater than the usual times of free
flight ¢, of the electron, the diffusion length is
Sets =V Vt,T4s/3 ~ 10 — 1 em (v = velocity of the
electron). Consequently, beginning with the low
frequencies w 5 ¢*/2708%¢;, when 845 > & (for
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to ~ 107" sec and Tg ~ 107 sec, w ¥ 10° sec™), a
peculiar “anomalous skin effect” for the magnetic
moment takes place; the coupling between the mag-
netic moment ¥ and the variable magnetic field #,
is an integral, in which the integration is carried
out over aregion with radius of the order 8¢¢. This
leads to a slow change in the magnetic moment with
depth; the “depth of skin layer” for the magnetic
moment is equal to 8es-

There then follow two important physical conse-
quences:

1) Polarization of nuclei in the metal can take
place in layers of thickness of the order §e¢f ~ 107°
to 1 cm. This gives the possibility of obtaining
rather thick polarized nuclear targets*.

2) The slow attenuation of the magnetic moment
leads, in accord with Maxwell’s equations, to the
presence in E and I, of small, but slowly vanishing
parts. In the case of a film of thickness d > §, just
this part will determine the transmission coefficient
for electromagnetic waves through the film in the
vicinity of resonance. Consequently, for paramag-
netic resonance, not only resonance absorption ap-
pears, but also resonance transmission of the film,
in which the transmission coefficient can increase
by many orders of magnitude. Thus, for low tem-
peratures, the transmission coefficient of the wave
through a film of about 0.1 mm thickness (at reso-
nance) can have the order 107 to 10™*, while away
from resonance, it has the order of 10™° to 107°.
(We note that such a phenomenon occurs at all tem-
peratures.)

The present research was also devoted to the de-
termination of the degree of polarization of nuclei
in metals and the transmission coefficient of metal-
lic films with account of the spin diffusionf.

This problem is solved by use of the Maxwell
equations

curl E = — —t—%l?— ;
4r . (2)
curl H=—§; B = H, + 4=M

*As Rozentsveig and Fogel’ noted, nuclei of adsorbed
hydrogen can be polarized in this manner.

tWe note that determination of the power absorbed in
paramagnetic resonance in a metal in the case of a con-
stant magnetic field, perpendicular to the surface of the
metal, and a weak electromagnetic field (when saturation
of resonance is absent), was carried out by Dyson4 on the
basis Bf a study of the diffusion of electrons. The polar-
ization of nuclei and selective transparency of a film was
not considered at all by Dyson.
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and the Boltzmann equation for the density operator
of the electrons*:

of of , of e,
W+VE+EE{EE+7‘VB]}
TSN aF\ _ (3)
0 11+ (G) o 0

% = peB; B =B,+ B, (r,1); v="Vy(p).

Here €, p and v are the energy, quasi-momentum and
velocity of the electrons; G is the spin operator:

5 — (01) o (0—« i) 5 _. O)
*=10) =L o) == o—1)
the z-axis is chosen along the direction I;

(9f/ 3t) co) is the collision integral for the electrons.
It remains to write down the boundary condition
for f. Describing the reflection of the electrons from

the surface {=0 semi-phenomenologically6, and
considering that the electron spin does not change
in collisions with the surface, we have (for {= 01):
fod=0—af+af(—v) >0 @

(the .bar denotes averaging over the momenta).

Solution of the Boltzmann equation permits us to
determine the relation between the current density j
and the direction of the electric field E, and be-
tween the spin magnetic moment M and the direction
of the variable magnetic field il,:

j= he?Sv Spf d=,;
. . (5)
M= \spchds,; as, =dp,dp,dp,.

Equations (2), (3) and (5) form the complete sys-
tem of equations for the problem under considera-
tion.

2. REDUCTION OF THE EQUATION TO
CANONICAL FORM

Ve set

f=f+F, (6)

A
where f° is a function which at each given moment

corresponds to the equilibrium state for E = 0.

* After completion of this research, a paper appeareds,
in which the same equation was used.

T InRef. 5, this condition was written for ¢ = 1. Evi-
dently, ¢ =0 almost always.
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Evidently, in a system of coordinates in which the direction of the magnetic induction B coincides with

the axis &, f° has the form

o (foleo—uB) 0
=(Fo®3

—n
<

3, [Fo (50— wB) — o (o + uB)] = 7 [fo (20 + wB) + fo (20 — uB) | T

— A {fo s+ #B) — o (5o — uB) | uHG =

For pH <« kT,

fo = fo(s) T — poBjy (2),

Here f, is the equilibrium Fermi function, lisa
unit operator.

Taking as variables { — the direction of the nor-
mal to the surface of the metal (which does not
coincide, generally speaking, with the direction z of
the constant magnetic field), the energy e, the pro-
jection of the momentum p,, and the dimensionless
time t= (% 7m,)dS+/Jde of rotation of the electron
about the orbit (S, is the area of the sector in the
intersection of the plane &(p) = e with the plane
p. = const — see Ref. 8), we get for the zeroth ap-
proximation in E,

o | al" 1 9f (S
at + av : T d' + (‘LGB’ f]
%) aof f ©
i . fo ofo
+\o:> = ot — o ¢'E.

(Here we have assumed that (af°/az)c01 =0 and that
[f F1 =0, where & is the Hamiltonian operator
for E = 0). The term (i / k) [p.c'B, f ] in this equation
describes the change in the operator of the electron
density in the magnetic field, connected with the
presence of electron spins. This change is brought
about for two reasons: first, the variable magnetic
field leads to the equalization of the electron densi-
ties in states with spins oriented parallel and anti-
parallel to the constant magnetic field H, (see, for
example, Ref. 2), and second, in an inhomogeneous
magnetic field, forces act on the spin which are pro-
portional to dH,/d {. The first reason leads to reso-
nance reversal of spins and it itself determines the
degree of depolarization of the electrons at reso-
nance. The second reason leads only to “fine
tuning” of the electrons according to the direction
of the total magnetic induction B (the latter is ac-
counted for mainly by the form of the operator f°).
It is natural that in the determination of the depolar-

fo(x) =

fo(Eo-i-'LB)):‘i?[fo so— wB) + fo(so + HB)]i-l—

(D

ol +fog

eV IR Ly, (8)

ization of the electrons and the polarization of the
nuclei, it does not have to be considered. (The
same is also done in Ref. 10.) In order to demon-
strate this fact, we note that

I 2p P ) )
3 [chf]=L-h[caf]B+c~h_[B’f],
or, in the quasi-classical approximation,

AOB af’

TR (0

h[LwB f]—— 3 [c 1B —
The first term on the right leads to spin reversal,
the second corresponds to the classical force acting
on the spin.
We now set
F=hl+ve f=fl+pe. a1
From (9) and (10) we get, taking into account the
commutation law for 0:

ofy | O of (f?fi\
o et T 9t T\at /eol
IB of Bf(f af?
T AL
of’ o’ 1 ot

a tagvit 5 HIFQI+

(5 )

a B 0f| y [as af']

— Vot ap T o dp,
of* o1
=—(‘ﬁ——a?evE, Q:QHB/h.

We can show, using direct estimates, that we can
neglect all terms pertaining to the second compo-
nent in (10). Here the equations take the form
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ofy ol 1 0, of ) of
o Tt et (aT o= —oe ¢VE:
(12)
of’ of’ 1 of’ , of’ ofo
or Tap et o or HIFQIF (W)cf—ﬁ-

The first expression permits us to determine, in ac-
cord with (5), the relation between the current den-
sity j and the intensity of the electric field E:

j = 2eh3 S viid .

This connection was found in Refs. 7 and 9. We are
interested only in the function f’ which makes pos-
sible the determination of the spin moment M:
M=yB+2uh2|tdr,. (13)
For the solution of Eq. (12) we must write out the
concrete form of the collision integral. The vector
f’ is changed in collisions both as a consequence of
the redistribution of electrons in energy and momen-
tum (with relaxation times ¢, and ¢tP), and as a con-
sequence of the redistribution of their spins (with
relaxation time Tg). In this case, as has already
been pointed out T'g; > t,, so that the two types of
collisions can be considered separately:

ot’ of’ of”
(J)eolz (a—t)t., + (57>Tff ’

Without taking a specific form for these operators,
let us write them out as is usually done, with the
aid of the corresponding relaxation times. It is ob-
vious that in a wholly equilibrium state, f"=0;
therefore,

(OF [0t)rg = T'/Ts.

Let us determine to what equilibrium value f’q the
collisions without spin reversal. Since in such col-
lisions the probability density of finding a given
projection of the spin, independent of the values of
the energy and momentum, does not change,

Sf’d T = Sf'eq_ (=) d .

For simplicity, we shall consider that any change in
energy in the collisions can be neglected. Then

5 ds ds =, CLAVEES (s 1
o =§75/A5=T (@ -
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(This is clearly valid either for sufficiently low
temperatures, when ¢; > tP, and the collisions can
be regarded as elastic, or in sufficiently weak mag-
netic fields, in which p#, < kT.) In the general
case,

of 1 = 1 ~ o~ o~
(57 Joo= =7 (=D + = (=T, 5= \eds,
0

£
20 =alfo (e —A)—fo (e +A)], [fl =%

Thus the problem reduces to the solution of the
Maxwell equations (2) with the current density j(E)
determined in Refs. 7 and 9, and the magnetic mo-
ment

M=yB+42uh3(fdr,

where f” satisfies the equation

ot ot 1 of , i/
(97+f05+ﬂ%+[fg]+7;
i of° 1 1 1
4, ot 7, N +T_eq

with boundary conditions
' (v0) [ gm0 = (1 — @) T' | s=0 + qF',(— 02 )| o

In the case of a half space, evidently
f'(—= vy <0) =0 for {=oo; the function f” must be
periodic in T with period 6 = (% 7 m,) dS/de.

For simplicity, we shall consider that
pH/kT < 1, so that 0f°/dt = — puf,"(e) oll/dt. Let
us set f"=pf/(e)w” Then we get

M=y (B—w), (14)
ow’ ow’ 1 ow’ , wo w 6_
a—t"“fUC‘l"ToE‘ + [w' Q] + t—:)——tT’f'al ,
I T
We now introduce the cyclic variables w and w,:
iwH, =w', + w', w,By=w,,
(16)

Bl - le + iBly, Ml = Mlx + iM]y.

Then Egs. (14) and (15) take the form
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M, =y B,(1—w,), M=—iyBg,
(% +D>wz=@/t0+ Re (w Q)),
(17)
d w 1 0B 2u
(D)o = & —i g 30— % B,
S a 1 9 1 __2uH
P=groetp ot 8=

We consider only that component Q, which yields a
resonance, i.e., {}, = Qleiwt (we shall denote the
amplitude by the same letter as the function). Then
the solution has the form: w = we‘®?; w, does not
depend on the time. The equations for the determi-
nation of w(¢) and w,({) close to resonance, at
w = ), are written
{D+i(o— Q) w= @/t, + Q (1 —wy),
Dw,=w./t, + Re (Qw). (18)

Thus the problem reduces to the solution of the
system of Eq. (18) and the Maxwell equations. Evi-
dently the system of these equations is non-linear
in general, because of the nonlinearity of the cou-
pling of the magnetic moment M with the field
B, =7.Q,/2p [this coupling is also determined by the
equations (18)].

Chief interest is presented by the case of suf-
ficiently large fields B,, in which the electron gas
close to the metallic surface is almost completely
depolarized: w; = 1, but at sufficiently great depths,
the depolarization is naturally small: w, < 1. In
this case the usual linearization is not possible.

It would appear that an essential nonlinearity can
take place only in the region close to resonance.
Let us investigate this region in somewhat more
detail. First of all, we note that the solution of the

first of Egs. (18):

Jw 1 Jw

1 1 . \ oy —
fvt—i— ’T—OBT+{7O_+T};+1(°)——Q°)IZUM

10, (1 —w,) (19)

has a sharply resonant character at w T¢; > 1, wt,,
independently of the relation between w and 1/¢,

(in the particular case when wt, <« 1). This is con-
nected with the fact that, at w = Q,, 1/T¢ =0 is an
eigenvalue of Eq. (19), since in this case, the homo-
geneous equation

Jw 1 ow w

- — a_o
T T T e T, T T,
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has the nontrivial solution w = w(e), which is inde-
pendent of the coordinates and of <.

In correspondence with this, the solutions of
Eqgs. (18) near resonance (for |w~$Qy| R 1/T<<1/t,)
will, in the first place, have a significantly larger
O,¢, [since for w = Qg and T¢g » o, w generally di-
verges as (t,/ T "], meaning that it will differ
only slightly from i and @, (since w—w~ Q;t); in
the second place, they are more slowly varying with
distance than (), (the reason for this is discussed
in Sec. 1), and in the third place they depend on
the behavior of , only at small distances [since
Eq. (19) has a smoothly varying solution even for
Q, which is a 5-function in the coordinates]. There-
fore,

Q, (1 —w, () =~ Q (1 —w, (0))=Q, (I —w,(0));
Qw (0) =~ Q w (%) =~ Qw (0).

At large distances, (), changes as slowly as @ and
w,; however, as was pointed out, the value of the
right side at such distances has no effect on the
form of @ and @w,. Of course, all these assertions
can be verified.

Thus, Eq. (18) near resonance can be written in
the form

D+i(e—Q)© =w/t,+Q [1—w,(0)],(20)

Dw, == w,/t, + Re [Qw (0)]. (21)
We set
w=[1—w,(0)]u, w,=Re[w(0)u,]. (22
Then Eqgs. (20) take the form
D+ iw@— Q) u=ujty+ 9,
Uz = u*im=QO (23)

u(0,0¢) =1 — q)u (0) 4 qu (0, — vy), v: >0,

(24)
where
[ (0
2 ()= j_e}[; ;"):);‘@20 X
> U u )
‘ (25)
u (%)

1 4 Re [u (O, (0)]

The magnetization M, and M and the polarization of
the nuclei P are determined by Eqgs. (17) and (1a),

as before.
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3. SOLUTION OF THE EQUATIONS FOR
THE BULK METAL

a) Special case

Let us consider the simplest case (in mathema-
tical behavior) of a quadratic dispersion & = p*/2m*
(m* = effective mass), a field H, perpendicular to
the surface of the metal (here the z and { axes
coincide) and specular reflection of the electrons
from the surface, i.e., ¢ = 1. (We note that the
quantity ¢ does not depend on the qualitative re-
sults.) Then Eq. (23) takes the form (u independent
of T):

du u u

1 1
vt T T T T

1 .
*t;-l"rzf‘—*— i (0 —Ly).
(26)
The boundary conditions are

u(0,v)=u(0,—uv,), u(oo,—uv,)=0, v,>0.

Finding the solution of Eq. (26), and averaging it
over the Fermi surface, we get an integral equation
for @:

u@ =\ R(z—2){:

€+t (0 dt

[ i 11 7’Cl d
R (2=t) = | exp{— =)
1

[ =o0t, Q (—7) = ().

20

[We note that for Ql =0 and t/tn =1, f = const is a
solution of Eq. (27)]. From (27) we find

Rylo £y, cos kzdk

) (28)
Ry = tan™ kljkl, Q) — QS Q, (2) cos kzdz.
0
by making use of a Fourier transformation. We note

that close to resonance (Jw — Qo|~ 1/T¢) the only
essential k are those for which &l < (¢,/T¢)%. For
such kl, Ry, =1 — £*{*/3 and

7 ()~ 1 S o Qg cOS kzdk
T m ) 1T it (@ — Q) -+ B21E[3
0

_tofho 3 _Z '—}
= o 1/Mexp{ 7 Vg,

%= to/Tg + ity (0~ ).
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The Maxwell equations (2) for
H, = Hyx + iHly.= Heit;

elml

E=E;,+iE,=Ee®; j=j.+ij,=
are written in the form

dE/dz = — o B,/c;
Therefore,

dH,/dz = — 4= ij/c.

4w ¢

QN=2§ Q () dz = LS E(0),
0

where E (0) is the field at the surface of the metal.
Thus, close to resonance,
— 3cE (O) Seff
W@ =——pg

v l/ toT g4 .
ST (0 Q) Ty,

It is seen from this equation that the width of the
resonance line is determined only by the quantity
T Jw —Qy | ~ 1/Tg; which was first shown by
Dyson?.

For the magnetization, substituting the value of
7 (2) in Eq. (17), we get, at resonance,

e—%% eff ;
(29)

~
0 eff =

M= M;+iM,=— lXBO1_1.[ L e~ eff |
where v
30 {E, (0)+E, (0} 8 o
- Bovol

We note that for sufficiently weak field B,, when
saturation is absent, i.e., |a| < 1, the equations for
M, and M, undergo (with accuracy up to an exponen-
tial factor) a transition to the Dyson formula*,
where we must set v = w.

Thus, we have shown that Z(2) actually vanishes
at the depth 5eff > 8. Moreover, u and &> {,¢,, but
u—"un~ ¢, i.e, u— &<z Thus the assumptions
of the precedmg section are valid.

We note that /,(z) can berepresented qualitatively
in the form of two parts: a large, rapidly attenuating
part, and a small, slowly attenuating part:

Hy (2) ~ Hy (0)e=2 — 4miy H,ae—=Pett .
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b) General case.

Let us find the quantities of interest to use for
arbitrary assumptions on the dispersion law & (p)
and for arbitrary magnitude and direction of the con-
stant field H;. For simplicity, we consider only the
case of resonance. The reflection of the electrons
from the surface we shall consider diffuse (¢ =0)
which is practically always the case.

As was shown, the problem reduced to finding a
solution of the equation

1 du u u
~a«+Toar+'}j:K+Ql 50

which is periodic in T with the boundary conditions:

vn > 0.
(31)

1 (0, vn) = u—(O);

u (o0, —vn) =0,

We introduce

*
PV N —
(" =Ty/to, 7=

¢=1U/r,, T/t

Vg[vg, = V¢, ry = v,T,,

v, = characteristic velocity on the Fermi surface.
Then Eq. (30) is written

(32)

For solution of this equation, we apply the method
developed in Ref. 9. We replace p in Eq. (32) by
—p; then we obtain for the function u(—v) the
equation

Ou(—v)/0t—Lu(—v)=—yd/V.. (33)

Here use is made of the fact that

e (—p) = e (p), v(—p) ==v(p),

10 :[VB] ’
p—w ap Toa’r_p

T, 07
Acting on Eq. (32) with the operator 9/~ L, and
on (33) with the operator 3/9¢ + L, and reducing

them, we obtain an equation for the function

f=%u) +u (=)

— L2 = —bL/Vy,

(0%/0g? (34)
where it is taken into account that f (£) = @ ().

In this equation, we continue the functions f (&)
and , (£) as even functions into the region £<0:

GERASIMENKO, AND LIFSHITZ

(=8 =1, U(—=5=2()

and go over to the Fourier transforms

e =\ F@enas, k)= @ea

— — o

(obviously, @ (k) = z (k)):

(L2 + k2 o (B) = 19 (k) LV —2f"(0).  (35)

For determination of f”(0), we note that, from Egs.
(32) and (33),

[(0) = — /oL {u (V) — u(—v)}.

We now make use of the boundary condition (31).
Since, for V¢ > 0 on the surface of the metal, inde-
pendently of the other projections of the velocity

u = =f, then, as is easy to see,

w(v)-—u(—v)=signV; (P (0)—F (0],
["(0) = — Lsign V¢ - (f (0) — [ (0)).

Consequently, Eq. (35) takes the form
(L2 4 #2) o (k)
= 2LV {a10 () + Ve [1F (0) — T (0)1}
o (k) ={(L +ik) ™+ (L — ik}
x{a1b (&) + VAT Q) —FON 1Vy=g, +g_.

Computation of the right side of this expression re-
duces to finding the periodic solution of the linear
equation

(0/05 4 1* - ifV) g,
=1/y79 (k) + | V¢ | [F (0) —f (0)].
This solution has the form

g+ = lexp(y*ikvy) — 117

T4+6 L4
x | exp {1 (¢ —9) ik Ved <} Phavt ()

+ Vel IF (0) — F (0)} dv;

Therefore, remembering that (k) =
we get

u (k) + ¢, Q, (k),



PARAMAGNETIC RESONANCE AND POLARIZATION OF NUCLEI IN METALS

993
_ rfe
26, ) =R (B, @ (8) +R (6,9 1,2, (&) + | N (&=, %) [F(0) — f (O)]", (36)
where i
746 -t
R (k, =) = Reylexp (%0 + ik¥e) — 117 { exp (v (v =) + ik | Ved vy dv.
N (e, 5. %) = Re Ve | [exp (170 -+ ikTe) — 11 exp (5*(' — ) -+ ik | Vde')
(We note that although f—: f <<]7, fT— f~ ty Q,. Therefore we cannot neglect this difference.)
For convenience, we introduce
Lk, ) =0 (k1) —o(k ), Bk 1) =0,
S (0)=F{0,7)—f(0,5)=1lim ~ S (k1) - cosih . db= S L5 (ho)drS =
g0 T J T
Then Eq. (36) can be written in the form
16
S(k, t) = [1— R (B, )] i (k) — R (k, 7)1, Q, (k) — X N (k, <, ') S (v') dr (37)
Averaging this equation over the Fermi surface, we find the function z(k):
— T+u
(k) = Rk ) bl (B) L g Nk, =, ©)S (<) dx (38)
1—R(k %  L—Rk 7 -
For the determination of S(t), we substitute u(k) in  where
Eq. (37) and integrate the latter over % from 0 to oo. dp, 8 0
We then obtain the integral equation 2= (y/3 g dp.) g@;e—i)—aXd*(geY o (1, ') d7,
R(k, ) —R(k 7) o /o ~
S() = ?S T e B ¢ (5, 7)) = et (v 1) T2
T+’
oo 1+6 ~
— Ldt"ev'® (e¥™® —
— gdkg Nk =, ) S (=) dv 2 | Viawero(e DV,
., Ty
1 + Vede” ) (e — 1)2.
1¢ R (k, 7) ' ’ ’
;X kT)dkSN(k, 5, ©) S (¢) dv, :

>

. N . L. It is easy to see that in weak fields,
wherein we must set y*=7y. In a fashion similar to

that of Ref. 9, we can solve the resultant equation

. . cases are possible:
by the method of successive approximations, and P

Hy(y >» 1)1 ~ 1/y. For strong fields H,(y « 1) two

show that S(t) ~ 1o, (£) and that it has no singu- L. If the field /, forms an angle with the surface

larities for any values of <. Sy (m this case Vg is not small), then

Returning to Eq. (38), we note that for suffi- olr, =) = 2V§ and, as before, [ ~ 1/y.

ciently small & (such that &l < 1) 2. If the field #, forms and angle with the surface

¢ 2y (in this case VC ~ 0), then [ ~ 1.
R(k )= t;/to— 2R, As in case (a), we have
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T+0 2]
= 1 ’ ’ ’ kE-dk
u(;)—-_;{tQ 0) + g N(O,c,c)S(c)dt} Sﬁw
T 0

It follows from the Maxwell equations that Q, (0) = (4pc/Fw)E (Q).
Taking it into account that S () ~ £, (0), we get

_ Ter .
u (%) =A“§Er (?)l/ ettt Bt =IroV Twjly, A~1, E(0)=(cZ/4z) H,(0), (39)
0’0

0

Z isthe surface impedance which was foundinRef. 7. The boundary conditions are written

The exact value of [ depends on the dispersion
law and the direction of the field H,. Thus, fer u©, v)) =u(0, —v,), u(d, —v,)
quadratic dispersion and a constant field perpendi- —u(d, vs), v:>0.

cular to the surface of the metal, [ = l/y\/-?: and we
again obtain Eq. (29). Finding u(z) and averaging it over the Fermi surface,
Making use of Eqgs. (25) and (1a), we obtain the

we obtain the integral equation for 7(z):
polarization of the nuclei in the bulk metal at reso-

nance: i() = %R (1t —20) [ () + £y (O],
1 la|2e —CI8eff uH k
P=~{(I+ coth 1+ dore B - (4D
71\ T¥la® #T oo
k: d R(t) :iSCOSh(k— t)x dx )
1 1 |al?e —CI8 ogf wH o, vot; ’ ) sinhkx
— geothy T laf & )" !
= A (ctoE (0)/Horol) V Tsi s, The function R (¢) is even and periodic in the inter-
= 0 olo ff/lo.

val (— 2%, 2k) with period 24. Thanks to this, we
) ) o can solve Eq. (41) by the expansion of all functions
Thus, in the bulk metal, a substantial polarization in Fourier series (cosines) with period #/k. The so-

of the nuclei takes place to a depth of lution has the form

Sett ~ Vo T4 (T /)% in the case of a strong field A,

parallel to the surface, and to a depth u (z) 2 -+ 2 Up COS —— k
Sett ~ vy by (Ty4/t, )% for all other cases. n=1
k
— ktoR Q) 2 nnz
4. SELECTIVE TRANSPARENCY OF A FILM Un=——gg —» Sn=-y 891 (2) cos == dz,
0
In order to find the transmission coefficient of an nt t; tan"(vm/k)
electromagnetic wave through a film of thickness d, Rp,= SR (t)COS dt = R,  wn/k
it is necessary to solve Eq. (23) with the two bound- ‘o (42)

ary conditions (24).

For simplicity we consider the case of a square
law of dispersion € = p?/2m*, a field H, perpendi-
cular to the surface, and mirror reflection of elec-
trons from the surface: ¢ = 1 (inasmuch as the char- tn ~ t,Qn [ﬂ + _1__<rm )2] )
acter of the dispersion law and the boundary condi- Ty 3
tions affect the results only quantitatively, as we
have already seen).

In this case, Eq. (23) takes the form (since u

In resonance, the chief contributions in (42) are
clearly made by the @, with small n (so that
wn/k < 1). In this case,

k

But in , (z) the essential z £ 8/v,t,, where
wnz/k 2 8/8 g K 1; therefore,

obviously does not depend on 1) 9 k rnz 9 k
B anz~k—g§21(z)cosszzTgﬂl(z)dz=Q
00U [0z + ufto=1u/ty+ Q. (40) 0 0

Thus,
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t
Up =~ 1,84, [T

o

_ nz

u(z) — —29——}— ZunCOSEk— =1/, Qlonf S ot
n=1 ©

From Maxwell’s equations we get

Q= (4uc/ o) [E (0) — E (d)] /d.

(We note that for d » « Eq. (43) goes over into
Eq. (29).

Of fundamental interest (see below) is the con-
sideration of selective transparency of films for
which 6 < d <« 8et. Here (at resonance),

u(@2)~cTuE0)/Hd.

Hence

M = — iyB, — % pivt= M eiof,
Iy °1+|u[28 o€

From Maxwell’s equations,

E’:——(:)Bl/c, H;=—4"_"1]/C>

since H, = B, — 47M, then

E'=—oB,/c, Bi=—asijc,

i.e., B, in this approximation does not depend on the
magnetization and falls off rapidly (at depths of
order d).

Consequently, at a depth 8.4 > 2z, d — 2> 5, we
have a homogeneous magnetic field — 4 7 Mye*“*
(obviously, this field always has circular polariza-
tion). Hence, taking into account the boundary con-
ditions on the surface of the film, we easily obtain
the transmission coefficient for electromagnetic
waves through the film:

x Ty *2° 2
2nd (1 + | 2T H, o/ 2ed Ho ) | °

2
Hltrans

H

K:

~

linc linc
where Z is the surface impedance without account of
spin polarization.

The unusual form of the equation for K is con-
nected with the specific change of the field in the
film as a result of the diffusion of the spin [see
Eq. (29a)].

The power of the previous wave W, o, will be
maximum in that case in which

995
o gy (TN
£ + /3( kb > ]
d feoshl(d—2)/5 4 | (43)
sinh(d / 844 )
HE = 2ndH,/c* Ty | Z).
Here
max __ 1 X-hC2|Z[ . max ___Trxhcle[
‘Vtrans - *16 (T) ) Htrans - T ’

i.e., both these quantities are independent of the
thickness of the film (but /" ~ d).
In the general case,

Wv/u‘a\ns
= AW (H ine | Hibwe}? [ {1 4 (Hyine / Hioe)?}%;
H

1trans

— Q2HPE | Hyine | H%o | /11 + | Hyine/ Hilme P

5. POLARIZATION OF NUCLEI IN FILMS

We write out the formula for the polarization of
nuclei in films* (at resonance):

P = {3 fp)eoth(I + 1/2) A —eoth’), A}

. | al? E_—hlo‘cosh[(a,’——:’)/Seﬁ]
Tl ar AT cosh(d/geffg)
where
cTyg [E(0)—E(d
v ff[];) (d)] oth_?
08 g 8 et

for arbitrary d. In the case d < §,
a=4uTyH /8,

i.e., we get the Overhauser formula. In the case
6 <d < Beff:
a = CTffE(O)/HOd = CZZTHH~

inc

/2ndH,
Finally, for d > §.4;, we get the formula for the
bulk metal:

a = CTffE(O)/HOSeff = CZTH ZHinc/ZNdHO'

*This formula is correct for d — z < 0 since at such a

distance from the second surface the polarization is sig-
nificantly less.
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Equations are obtained for the polarization correlation in proton-proton scattering, tak-
ing into account four phases: 1S,, *P,, 3P, 3P, and Coulomb interaction. A computation
using phases for the isotropic states as obtained from scattering data shows that the
Coulomb interaction plays an essential role for energies of 10—30 Mev. Polarization corre-
lation can thus be used to give a more precise determination of the isotropic phases
(which do not give rise to polarization), and to estimate other phases in the energy region
in which they begin to appear. We also consider the scheme of experiments for measuring
the polarization correlation and obtain the combinations of components of the polarization
tensor which are measured in the experiments.

1. INTRODUCTION

THE SCATTERING OF PARTICLES with spin is
described by the average values of spin opera-
tors over the scattered wave. For two particles with
spins o'V and ¢!, these operators are:

T L1
1: Gi)’

=N, O
The corresponding average values are: the scatter-
ing cross section, the polarization of the first (1)
and second (2) particle, and the polarization correla-
tion. This last quantity has a tensor character

(i, k = x, y, z) and may be called the polarization
tensor. If we represent the asymptotic form of the
scattered wave as a sum of partial waves (with given

j» I, s), these average quantities will be expres-

sed in terms of the corresponding phases. The anal-
ysis of scattering of nucleons requires the inclusion
of phases with [ > 0. To determine them unambig-
uously we must measure all the characteristics of
the scattering which relate the phases (cross sec-
tion, polarization, and polarization correlation). As
we shall show in detail later, measurement of the
polarization correlation is especially important for
determining the phases in the region of isotropic
scattering of the protons. It is known that the scat-
tering of protons is isotropic over a wide range of
energy (up to 400—450 Mev), and is therefore des-
cribed by the phases of the isotropic states 'S, and
3P,. To separate them one might measure polariza-
tion in addition to the cross section. However, the
isotropic phases give no nuclear polarization, while
its Coulomb part is sizeable only at very small an-



