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We consider the effect exerted on the width and shape of the line of paramagnetic resonance with
conduction electrons by spin-orbit scattering of the electron spins by potential centers located on one film
surface. The film thickness is assumed to be less than the depth of the skin layer. The method of
temperature Green’s functions is used to show that the line shape is asymmetrical and depends on the
orientation of the film relative to the static and radio-frequency fields. In addition, a new surface
contribution, which depends on the electron mean free path and on the orientation of the static magnetic
field relative to the film surface, appears in the total width. Boundary conditions that take into account
these effects in the calculation of the line shape by the method of Bloch’s equations are proposed for the

magnetization.

PACS numbers: 75.70.Dp, 73.60.Dt

1. INTRODUCTION

The main result of the theory of surface relaxation of
conduction-electron (CE) spins™ ™) can be summarized
in the following manner:

1) By introducing a single parameter g, the probabili-
ty of the CE spin flip following a single collision with
the surface, averaged over the incidence angles, it is
possible to take into account phenomenologically the
surface relaxation of the CE magnetization with the aid
of a boundary condition of the type

9
2%M(r,t)=—( )M(r,t), res, (1)

n—

or
where M(r, t) is the magnetization of the CE, n is a unit
vector normal to the surface S and directed into the in-
terior of the sample, L is a quantity with the dimension
of length, and the coefficient 2 in the left-hand side of
the equation takes into account the contribution made to
the magnetization relaxation by both directions of the
CE spin.

2) In films having a thickness smaller than the classi-
cal skin-layer depth, the signal of paramagnetic reso-
nance on the conduction electrons (PRCE) is described
by a Lorentz absorption line.[*4]

3) The total width of the PRCE line acquires an addi-
tional term™~*! in the form

1/Ts=4eD/dL,

where D is the CE diffusion coefficient and d is the film
thickness.

From the conservation law for the flux of the CE
through the surface, we obtain L=4D/vp,™M% i e.,

1/Ts=evy/d, (2)

where v, is the Fermi velocity of the CE.

To explain the increase of the total width of the PRCE
with decreasing temperature, it was proposed that L ~d
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when 1, «d,™*) which is equivalent to
1/Ts=evely/d* (3)

accurate to a numerical coefficient of the order of unity,
where [, is the volume mean free path of the CE.

The value of € was determined mathematically and it
was shown'® that ¢ is anisotropic for certain scattering
mechanisms, i.e., it depends on the orientation of the
quantization axis relative to the normal to the surface.

To determine the dependence of the spin surface-re-
laxation time Tg on the mean free path and the effect
of the anisotropy of € on the width and shape of the
PRCE line, the surface relaxation will be taken into
account in the present paper on a microscopic scale.
The Hamiltonian contains explicitly the operators that
bring about both the spin-orbit and the momentum scat-
tering of the CE by potential centers that are randomly
distributed on one of the surfaces as well as inside the
volume,

1t is shown by the method of temperature Green’s
functions that the total PRCE width line includes, simul-
taneously with a term of the type (2), a new contribution
due to the interaction of the CE spins with the surface.
This contribution depends on the mean free path and on
the orientation of the static magnetic field relative to
the surface; on the other hand, if identical force centers
are located on both sides of the film surface, this con-
tribution vanishes.

In addition, the anisotropy of € leads to an asymmetry
of the observed PRCE signal; this asymmetry depends
on the orientation of the film relative to the direction of
the radio-frequency (RF) field. Boundary conditions
that take the obtained effects into account are proposed
for the magnetization.

2. THEORETICAL MODEL. THE HAMILTONIAN

A metallic film is regarded as a system consisting of
free electrons in a jelly of positive charge with area
S (S=~ =), located in the region z;€2<d—-2z,, where z,

© 1978 American Institute of Physics 300



is the width of the double layer and satisfies the condi-
tion of electric neutrality of the sample far from the
surface.® From the electron theory of surface proper-
ties of metals'™ it is known that in a number of cases
the density of the CE near the surface is described ade-
quately by a model in which the effective single-elec-
tron potential acting on the CE is chosen in the form of
a rectangular step with infinite jumps at the points z2=0
and z=d. Then the wave functions and the probability
density of the CE flux on the surface (j - n) have the well-
known formté 3!

$e(r) = (2/5d)" exp (ipp)sin gz, (
4
(in) = (v/28d) cos 6, )

where k= (py,0y,4); Dryy= (2T/VS)ny,y; q=(1/d)n,;
Mey=0,21,£2, ... n,=‘\1, 2,...; p=(x,9,0); v=hk/m*
is the CE velocity; 6=Kkn is the angle between k and the
normal n directed along the z axis, and 0 <6 <m/2.

On the surface z=0 are located force centers with a
potential

Us(p,2)= 2 us(p—ps,2).

i

The coordinates p;= (x;,y;, 0) of the centers are ran-
domly and independently distributed, with a density cg.
The volume also contains randomly distributed centers
with a potential

Uy()= Y ur(r-r)

i

and with a coordinate distribution density c,. The cen-

ters are assumed to be short-range:
rske<1, rvke<i,
where 75 and 7, are the effective radii of the surface

and volume centers, respectively, and & is the CE
momentum at the Fermi level.

The film is assumed to be thin:
d<d, (5)

where 6 is the classical depth of the skin layer.

In the assumed model, the Hamiltonian of the system
of CE in a metallic film with impurities in the absence
of an RF field is given by

b=356,+38,+5..

J6, is the Hamiltonian of the CE in a static magnetic
field Hy:

#, = E Bnan"' Qxy,

ky

(6)

B Q, PR Q,
) &=/ —

R TR

where the spin indices y=8 and y= a denote the states
with spin up and spin down, respectively, and Q,= uHo/
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7, where p is the Bohr magneton. It is assumed that
Q.1 <1, where Q. and 7 are the cyclotron frequency and
the mean free path of the CE. The analysis of the spin
surface relaxation with allowance for quantization of the
orbital motion and with allowance for the magnetic sur-
face states is a separate problem.

%, is a single-particle operator describing the poten-
tial momentum scattering

H,=26,7+36.7,

where 5/ takes into account the scattering by the vol-
ume force centers:

9 N
¥."=ay _SE; 2 exp[—i(p—p')p;lsin gz;sin g’z 0 auy,  (Ta)

v

and #; describes scattering by surface impurities:

#\=as

2 -
SdzzexP[—i(p—p’)pflﬁq’an" vy, (o)

kk'y i
a‘—=juv(r)dr, as=_f(zkp)2us(r)dr, ('j=]'q—

=0

&%, is a single-particle operator describing the spin-
orbit impurity scattering of the CE:

36,=356," +6.°,

where #) takes into account the scattering by the vol-
ume centers:

2 S
5." = by Sd E Z exp[—i(p—p’)p;][cos gz;sin ¢'z;(p’, q, 61r")
kk'17r g

+sin gz; cos ¢z (B, ', Oyy') + I5in g2;5in ¢’z (p, ', 07r') Jar* @y, (8a)

and the operator #; describes the scattering by the
surface centers:

6,5 = bs % Z ZeXP[—i(p—p’)p‘]

kk'1y
XTa' (', q,000) + 2(D, @', 0r) Jarr* awr, (8b)

€
St [ wr (),

v =

ep
2mc?

be = [ (ke us (v dr,

20

“q=ng/k:, p=p/ks,

where (P, a, 0) is a mixed product of the vectors p, q,
and 0; & is the Fermi energy.

It must be emphasized that we have left out of 565 the
term ~ (9, p’, 0), which is small in the assumed model
relative to the parameter (7gkp). This anisotropy of
the spin-orbit interaction of the CE with the surface cen~
ters is due to the smallness of the wave function in the
case of glancing incidence of the CE on the surface,
since the electron must fall and be reflected tangentially
to the surface in order for the angular momentum L
~kxk’ relative to the force center to be directed normal
to the surface, but the wave function of the CE tends to
zero in the case of glancing incidence.
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3. LINE SHAPE. CALCULATION OF
MAGNETIZATION

We choose in spin space an orthogonal coordinate sys-
tem (X, Y, Z) with axis Z Il Hy. We direct along the X
axis a radio-frequency field

H, (t)=H, cos wt.

Under condition (5), the amplitude of the RF field H, is
constant over the film thickness. The RF field power
absorbed by the sample near resonance is described by
the expression!®’

P a)H. 14

Imy~(0), 9)
where y"(w) is determined from the relation
M- (0)=Vy (0)H,(0). (10)

Here H(w)=H,/2 and M"(w)=My(w) - iMy(w) are the
Fourier components of the RF field and of the sample
magnetization.

M~(w) is expressed in terms of the retarded Green’s
function of the spin density of the particles, which is an
analytic upward continuation of the corresponding func-
tion of the discrete frequencies. The analytic continua-
tion can be easily carried out in general form, since
the scattering centers are static. Using the standard
diagram technique in the field of random centers,®! we
obtain for M"(w) the following expression (cf.™?);

M- (o+ib) = 2p° j % {[n(E+0) — n(E) 1 (E+o+is, E—ib)
+ n(E)L(E+o+i8, E+i8) — n(E+o) M (E+o—i8, E—i8) }H, (o),
1)

where n(E) is the Fermi distribution function, and the
polarization loop

W(EE)= Y 96k 1k ) (vks, uk; BT (1ik, Yok E,E') (12)
ELIUN 0%

is expressed in terms of the quantity I', which is the

aggregate of the diagrams that transform a particle

from one state into another in an RF field that is con-

stant over the film thickness. The quantity I' satisfies

the integral equation™!’:

I'(1.2;E,E")

U(1.2;3.4;,E,E')%(3.5,E)9 (6.4, E")T (5.6;E,E’), (13)

=0, + 2

34,56

where 1=yk;, 2=v)K,,..., %(1,2;E) is the CE Green’s
function averaged over the impurity positions, and
%(1,2; 3,4; E,E') is an irreducible four-point diagram
that cannot be divided into two parts by cutting only two
lines corresponding to particles.

The diagram technique that describes the averages of
the Green’s function, the diagrams for# and I, is
shown in Fig. 1. The thin solid line represents the bare
Green’s function %,, which takes the form

%o (Yake, ak; E—i6) =6 (Y2, @) (ks, k) [E—exater—id]~!,
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FIG. 1

where 6(1, 2) is the Kronecker symbol, and the expres-
sion for €,, is given in (6). The thick solid line denotes
the averaged Green’s function (1, 2; E), which is non-
diagonal with respect to the normal component of the
momentum g and the spin states of the CE. This non-
diagonality is due to the scattering of the CE by the sur-
face centers and by the volume impurities located in the
region of the double layer. The wavy lines correspond
to matrix elements of the force-center potential, which
are given in (7) and (8). The dot denotes the force cen-
ter with respect to the coordinates of which averaging is
carried out with weights ¢, and c respectively for the
volume and surface impurities.

The calculations will be carried out in the Born ap-
proximation, since™!’ the final results, expressed in
terms of the collision and relaxation times and of the
parameter g, will be valid also in general form. The
simplest diagrams a and b of Fig. 1 for the self-energy
part Z correspond to the following analytic expression:

2(ak, ak; E—if) =3,"+5,5+5,"+3,°, (14)

i 4 ~ AN
3\V=cyay + , SS=—a2¢+ —l3q’,
d 21g

115 /.. 2
g +=
Tssq(p+5)’

I '}

8T, 2

3V =

-2

while diagram d of Fig. 1 for the four-point function %
corresponds to

U (Bk, ak; Y.k, v.ki; E, E')=%,"+%U,5+U."+U."°,
U,"=[V2np(er)tv ]:lP (B, Y1) 8 (Y2, @),
U\ P=[V2np(er) ts]'9¢°¢,*6 (B, Y1) 8 (Y2, @),
= [V27p (&) OTv/8] ™ (4 Py, O,,) (4 P1, 0,.,) + (4, P, ,) (@, P, 0,,,)
+ (Ps P1» Opv) (P, P1y Ovia)],
U,S=[V2np(er) 45Ts/4]17'¢*,* (n, P+, Gpy,) (1, P+, Ora),

(15)

where the indices V and S correspond to volume and
surface scattering, and the indices 1 and 2 correspond
to momentum and spin-orbit scattering. V=5d is the
volume of the film, p(ep)=m*k, /27212 is the density of
states of the CE per unit volume near the Fermi level
for one value of the spin. The expressions for the free-
path times 7, and 75, for the relaxation times T, and
T, and for the shift of the resonant frequency 6Q, are

2n Cs 21
TV-’=CVTP(5F)‘1V2' T = —;}TP(EP)% y
2x 9 c 16
Tyi=er T o(enbrt o, Tamt= ; 5 0len b =, (16)
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62 =" 2 82 5.m. 0.0)
U”TTSq P,n,0q,),

where cy and ¢ g are the concentrations of the volume
and surface centers, whilea,, ag, b,, and b are the
constants, which enter in (7) and (8), of the interaction
of the CE with the centers. We note that (16) contains
in explicit form Planck’s constant, which was left out
before.

In the derivation of the expressions for ZV in (14)
and %" in (15) we have neglected the change of the scat-
tering by volume centers located in the region of the
double layer near the surface, since the probability of
scattering by these centers is lower than the probability
of scattering by all the volume centers and by the same
token is lower than the surface-scattering probability.

We note that Z§ has a non-zero real part that depends
on the spin state, but ReZ}=0. The reason is that the
electric field averaged over the film (diagram a of Fig.
1) and produced by the centers situated on one surface
is different from zero (is directed along the normal),
so that on moving in the given electric field the CE spin

" energy changes by an amount §9,/2. The average elec-
tric field produced by the volume impurities is zero. It
should be noted that if the identical impurities were
randomly distributed on both surfaces of the film, then
we would have Re 25 =5Q0=0.

The diagrams in Fig. 1, corresponding to “girths”
and intersections for volume scattering, are small in
comparison with diagrams without intersections in terms
of the parameter (g;7y)™. It was shown''?’ that if in-
dividual-center scattering cross sections projected on
the surface do not overlap, then the “girths” and the
intersections corresponding to surface scattering can be
neglected, and the off-diagonal elements of the Green’s
functions as well. Thus, if the conditions

a7

are satisfied, then we can neglect in (12) and (13) the
off-diagonal elements of the Green’s function

F (Yake, ak; E—i8) =8(7s, @) 8 (ks k) [E—erater—3 (ak, ak; E—id) ],

(18)
and the ladder approximation with an irreducible four-
point function %, given graphically by diagram d of Fig.
1, is valid for the quantity I in (13).

It is easy to verify, by considering the perturbation-
theory series for I, that the following equality (cf.°’)

j %[n(E) I (E+o+is, E+i8) — n(E+o) II(E+o—ib, E—i8) |=Vp(er) 65
i .

is satisfied, accurate to terms small in the parameter
(w/€p), (Q/ep), and (epTy)™. Taking this circumstance
into account and using the usual rule for integrating a
Fermi distribution function, we obtain

I (0+i6, 0—id)

20iVp (er) H. (),

M- (0+is)= Vo [aua—m (19)
where yo= 21%0(e;) is the static susceptibility. The
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presence of the first term in the square brackets means
that the magnetization relaxes to a local instantaneous
equilibrium value.

We define the quantity £, which is the analog of the
distribution function, by the following relation:

F(1iky, 1iki; @ +i8)F (1aky, 1oki; 0—i8) T (y:k,, yeks; 0+ib, 0—ib)

=¥ (Tikh '{’k’; o+id) -% (Ylkh TZki; 0—i8) If,... (k,, ). (20)

Taking (19), (12), (18), and (20) into account, we find
that

M- (0) =Vx[Opa—a <t (ky, ©)>]Hi(0), (21)
where (f)=[£dQ/2n denotes averaging over the Fermi
surface. In the derivation of (21) we made use of the
fact that, accurate to (w/€g), (Q9/€g), and (ex7y)?, the
following equality is satisfied:
9 (ak,, ak,; 0—i8) —% (Bk,, pki; w+id)
=2i Im 9 (k,, k,; 0—i6) =2mi6 (ex,—¢€r). (22)

Expressing f from (20) in terms of I" and using (13) we
find, taking (18) and (22) into account, that f satisfies
the equation

[0—Qo+Z (ak, ak; 0—i6) —Z(Bk, pk; o+i6) 1fu (k, ©)

= Gyt 2utip (ex) V Y, €O (B, ok; ik, 1) s (s, 0),

N2

(23)

where the energy dependence has been left out of the
argument of the block 2/. In the derivation of (23) we
have neglected the elements of I' in (13) that are not
diagonal with respect to the normal component of the CE
momentum, with the same accuracy as of (17). Equa-
tion (23) is a closed equation for the determination of the
function f on the Fermi surface.

Owing to the symmetry of Z relative to time reversal
and owing to the fact that the average electric field pro-
duced by the exchange impurities is equal to zero, we
have, as seen from (14) and (16),

T (ok, ak; 0—ib) -2 (pk, pk; w+i6) =06Q,+2i Im Z(ck, ak; 0—if).

Since the momentum scattering is much stronger than
the spin-orbit scattering, we seek a solution of (23)
near resonance in the form of a series in the small
parameters (ImZ, /Im Z,;) and (6§, /Im Z;). Recogniz-
ing that 6§, reverses sign when the tangential compo-
nent p of the CE momentum is replaced by — p, a suc-
cessive-approximation method leads to the following
chain of equations:

1,{,.”(k, ©) } =0, (24a)

8Qu8Y (k, 0) =1, {i (k, @)}, (24b)
(@—Q0) f3a? (k, ©) +6Qufs " (k, ©)

=04+, {fsa® (k, @)} +1 {1 (K, ©)}, (24c)

f=fOHfO @4 (24d)

where the collision integrals, which take into account
the momentum and spin-orbit scattering I,{f} and I{f},
respectively, are given by
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I {fea (k, ©)}=—2i Im 3, (k, k; 0—i6) f4: (k, o)
+2inp(er) V<U (K, k; ki, k) f5a (ki, @),

L {fsa (k, ©) } =—2i Im 2, (ak, ak, 0—ib) fyu (k, 00)
+2inp (ex) VZ <%z(ﬂk, ak; 'flku ’szi)fmz (ky, @),

Tz

(25)

and we have omitted the indices of ImZ; and %, .

It follows from (24a) that £'” (k, w) does not depend on
the angles, i.e., on the direction of the CE momentum
k, this being a consequence of the general relation°’

Im 2, (k, k; 0—id) =Z U, (k, k; ki, k,) Im & (ki, k,; 0—i8)

=np(er) V<, (k, k; ky k), (26)

where use was made of (22).
1t follows from (14) and (15) that Im Z, and %, do not
depend on p, therefore

8Q08 (ko)
Tt s —135{

8Qufse (k, ©)
" Im 3, (k, k; 0—i6)

18 (k, 0) = (@7)

Substituting (27) in (24c) and averaging both halves of
the result over the angles we obtain, taking (14), (15),
(25), and (26) into account,

fss (k, 0) =Aas’ +Ba,s (28)

where

1/A=1/B+i/Ts,

- 29
1/B=0—Q+i/Tv+i<6Q*/ (tv~'+3¢*t ~*)>+i/Ts, (29)

while the normal and tangential components of the vector
0g, are given by

G =n(Gpen), Gp"=0p—n(0sen),

(30)

where n is the normal to the surface.

We note that A #B in (29). This is due to the anisot-
ropy of the spin-orbit interaction of the CE with the
surface centers:

U5 (Bk, ak; Yiky, yoki) 05, =0.

j- dQ dQ,
TiT2 (2“)1
Since the Z axis was directed in spin space along the
static field H, and the X axis along the RF field H,, it
follows that the ¥ axis is directed along Hy,xH;, so that

o H,(@)) = (cos® nH,—i cos nH, cos n [Ho X Hy 1) H ()

N - _- (31)
(0 H, (0) ) = (sin*aH,+i cos nH, cos 1 [Ho XH,1)H,(w) ,

where we have used the fact that 0%, =1 and 0§, =-1i.

Substituting (28) in (21), we obtain, taking (29) and
(31) into account,
© cos’nH, _ © sin*nH,
0—Qtil,~!  0—Q+il!
o (To~*—T ") cos nH, cos n[Ho X H, |
Y Py iy gy e } Hi(a),

M- (o) =Vi{1-

(32)
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and with allowance for (9) and (10) we obtain for the RF-
field power absorbed in the film the expression

p O HV T, cos'nH, T, 'sin’nH,
4 °{!(m—sz,.)1+T,.—z (0—Q)*+T,
+ (Q—0) (T, T ) cos nH, cos nfHoX H;'} (33a)
[(0—Q)*+T. %] [(0—Q)*+T*]  J°
In (32) and (33) we have introduced the notation
T, =Ty +(Ts") '+ (Ts"),
(34)
T(_”=Tv_l+(Ts‘)-l+ (Ts,)_l,
where T% and T% are given by
(Ts")—'=2Ts, (Ts')~*=Ts"", (35a)

and the additional contribution to the total line width
(Ts)™ is given by
B ty, Tv'>3157Y,

(36a)

7
(Ts") = ?<6902>r5, v i3T5,

. cs® bs® 64
(6Qp?>= sin* nH.,——z— 335
We can write (7)™ and (T{)™ in the Dyson form (2),
if we define € as follows:

e=(jS)-1 <Z W (ak,, pk)) ,

where W(1, 2) is the probability of the transition of the
CE per unit time from the state |2) into the state |1),
{...) denotes averaging over the angles, and j is the
probability flux density of the CE on the surface S=nS.
k follows from (4) that {jS)=v,/4d. Calculating W(1, 2)
in the Born approximation with the Hamiltonian 75 given
in (8b), we obtain

(37)

e=%csi—np(ep)bs’g (1+ cos’nH,), (38)
where we have directed the quantization axis along H,,
since we are considering the relaxation of the magnetiza-
tion component M Il H;, which is responsible for the ab-
sorption of the RF power in the film. Taking (16), (35),
and (38) into account we obtain

ny—t—p F 1 -1 Up

(Ts™) _E"Zi’ (TsY =€.,2—d—, (35b)
where €, and €, are determined from (38) for the angles
nH, =0 and nHl— m/2 respectively. The quantities €, and
€; have the meaning of the probabilities of the spin flip
of the CE in a single collision with the surface z =0, if
the spin is normal and tangential to the surface, respec-
tively.

Expression (36) for (T¢)™ can be rewritten, taking
(38) into account, in the form

%ee v;lv sm‘nH,, lv<l.—i,
et
(Ts'y & r . . d (36b)
05y sin nH,, ly>ly=—,
n
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where 6= 41rcsk§ is a quantity proportional to the degree
of coverage of the surface z = 0 by the scattering centers,
while l,=T,vp and l 3= 75 v, are the CE mean free paths
connected with the volume and surface momentum scat-
tering, with /5 expressed in terms of the thickness of the
film d and the diffuseness coefficient n of the surface z
=0 for electrons traveling in a direction normal to the
surface.!'?

Since the quantity observed in PRCE experiments is
not the power P itself but the derivative dP/dH,, it fol-
lows that the observed PRCE signal is described by the
expression

dpP { 2xa cos’nf, _ 20 sin? nH,

dH, (o2 +x2)? (o2 +1)?
" [x*—a? (x*+1) —3at] (x*+1) cos l;H, cosn [AHQH.] } ) "(33b)
(a’-ijuz)‘(a”+1) 2
Here
2 2 Tn—-l
C= o2V xouT3E, o= Q—w)T,, %= — -

4

4. DISCUSSION OF THE RESULTS

If the angle rﬁ-ll is equal to 0 or #/2, then the PRCE
signal, as follows from (33) and (34), takes the form of
a Lorentz absorption line with total width T;! or T},
consisting of a volume contribution T3, a Dyson contri-
bution (T7)™ or (T¢§)™, and an additional surface contri-
bution (T4)™.

As seen from (36b), (T5)™ increases with increasing
mean free path and flattens out at I, >d/n, where it as-
sumes a maximum value that depends on the surface dif-
fuseness coefficient 7.

The appearance of (T¢)™ in the total line width is due
to the fact that the impurities located on only one sur-
face produce in the film a nonzero average electric
field E~d™(E lin). Therefore the CE spin moving with
momentum Kk in this electric field is acted upon by a
magnetic field B(k) ~ E Xk (B(k) Ln), which changes the
frequency of the CE spin precession about the static
magnetic field H, by an amount 69y~ | B(k)| sinnHy~d™
xsimﬁ{o . The field B(k) changes its direction random-
ly within the electron mean free path time 7, and this
leads''® to an additional contribution to the line width,
equal to (592)r and of the same order of magnitude as
(36a). If identical impurities are randomly disposed on
both surfaces of the film, then the average electric field
produced by them in the film is E=0, so that (Tg)™"=0.

Let us estimate the maximum value of (7)™ for Li
films. Atcg=10" cm™ we have (Tg)™=0.2197(T ™.
1t follows from (17) that it is necessary to choose n<1.
It is seen that (T4)™ can be larger than the Dyson con-
tribution (35).

From the experimental values of the two surface con-
tributions (7 £)™ and (T¢)™ we can determine, by using
(35) and (36), the values of €, and of the concentration
¢ and consequently, by using (38), also the constant b
of the interaction of the CE spins with the surface cen-
ters.
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We note that the mean free path 7, in (36b) can be
taken to mean the volume mean free path corresponding
to the given temperature T, if T is higher than the De-
bye temperature T,, for in this case the scattering of
the CE by the phonons in the metal is isotropic, and
consequently is equivalent to the scattering in the model
of short-range centers. It follows therefore from (36b)
that the total line width increases with decreasing tem-
perature. It was noted above that the surface-tempera-
ture contribution to the line width (Tg)™ =0 if the scat-
tering centers are symmetrically distributed over both
surfaces, as is expected in colloids of lithium in LiF
crystals. It follows from the results of this study that
the observed increase of the total width of the PRCE
line™ 4! with decreasing temperature in radiation col-
loids of lithium is not due to surface relaxation. The
difference between (36) and (3) is due to the fact that
in® %) the frequency of the collisions of the CE with the
surface has been assumed to be proportional to the mean
free path I,, although it is known®*! that this assump-
tion is incorrect.

We note that the definition (37) of € differs from the
expression obtained earlier™ from an analysis of the
scattering of a wave packet by a surface. In (37), (j-8)
and W(1, 2) are averaged over the angles separately,
while inf® it is the quotient W(1, 2)/(j - 8) which is aver-
aged. Expression (37) must be regarded as a correct
definition of €, since the more effective momentum
scattering averages the probability flux density (j - 8)
incident on the surface, i.e., it averages the frequency
of the CE collisions with the surface.

If the angle between n and H, is arbitrary, then it is
seen from (33) that the line shape contains a “disper-
sion” term that leads to asymmetry of the observed line
dP/dH, even in very thin metallic plates [Eq. (5)].

The appearance of this term can be understood in the
following manner. The RF-field power absorbed by the
sample is determined in the rotating coordinate frame‘®
by the magnetization component M,. Owing to the ani-
sotropy of €, the magnetization component M,, which
is initially directed along the x axis in the rotating co-
ordinate system, will no longer be exactly directed
along x, and a y projection will appear, AM,~M(T;'

- T{!). Since M~ (w— ), a term ~ (w = Q)(T} - T5)
will appear in the line shape.

The asymmetry of the PRCE line is characterized”®’

by the ratio C/D of the shoulders of the observed signal.
1t follows from (33b) that C/D is a function of the sur-
face-relaxation anisotropy coefficient «=T;'/T; . The
values of C/D for different values of » and different
film orientations are shown in Fig. 2. In the limiting
case when the anisotropy of the surface relaxation is
substantial, I, «<d and Ty < (T§)™, the quantity » as-
sumes a maximum value g, =¢€,/€;. Inthe assumed
model % ,.=2, as follows from (38). If »=2 and the
angle between n and H, is equal to the angle between n
and Hyx H,, which in turn is equal to 7/4, then C/D
=1,71, For thicknesses d >0.56 and for an angle m/2
between n and H,, the experimental value of the coeffi-
cient C/D of the asymmetry due to the skin effect were
obtained experimentally in‘'®! namely C/D=1.85 for d
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FIG. 2. Dependence of the asymmetry parameter C/D of the

absorption line on the ratio x = T;‘/ T;‘ in the case Hy n. The

curves correspond to the following film orientations: I —n’f-h =0

or 1/2; I—nH, =7/8; I—nf, =37/8; IV—aH, =n/4.

=0.55, which is larger than the estimate (C/D )y, = 1.71
givenabove. Itistherefore necessary to take intoaccount
the asymmetry introduced into dP/DH, by the surface
relaxation when the film thickness as measured by the
PRCE method, "? for otherwise the experimental values
can exceed the real thicknesses by an order of magni-
tude.

In addition, the dependence of the line shape on the
sample orientation can be used to determine the shapes
of the radiation colloids, since the orientation depen-
dence of the observed PRCE signals in spherical colloids
is expected to be weaker than in colloids in the form of
films.

We note in conclusion that expression (32) for the mag-
netization can be obtained from a solution of the Bloch
equation with a modified boundary condition (1)

eff

-2
9 n

a
M, (r, ) =— (n——) M. (r,t), z=0,
ar

4

f (39)
e f 0
2—L-M,(r,t)=—(n5ﬂ M.(r, ), z=0,

where M,=n(M-n) and M;=M-n(M-n) are the normal
and tangential components of the magnetization, L=4D/
vg as int*?

F ’

ef =e, +sin® n/il.,di,
(40)
eff

& =g, +sin’ lfHa—g—,

where €, and €, are the probabilities of the CE spin flip
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in collisions with the surface for a spin direction nor-
mal and tangential to the surface, B=§6¢,1, at I, <d/n
and B=60e.d/n at 1,>>d/n and 6=4mcg /kp2.

Expression (32) can also be obtained by solving the
diffusion equation, by replacing in formula (20) of®*} the
product (8H,) ¥(r',t'; r, ) by (8,H,) $,r',t';r, 1)+ (8,H;)

x 9(r',¥;r,t), where 9,(1,2)and %(1, 2) satisfy bound-
ary conditions analgous to (39), s,=n(8-n), and 8,=8
—n(8-n). The function %,(r',#;r,t) has the meaning of
the probability of observing at the point r at the instant
¢ an electron initially located at r’ at the instant ¢’ with
a spin 8 directed normal to the surface. The interpre-
tation of %,(r',¢;r,t) is analogous.

, In conclusion, Iam grateful to B. M. Khabibullin and
E. G. Kharakhash’yan for a useful discussion of the
results.
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