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ABSTRACT

The spin flip cross section for an electron which in-
teracts by exchange in going through a layer of magnetic im
purities, can be greatly enhanced in a situation of ‘resonant
transmission. We describe this effect by a one dimensional mod
el which contains the essential physics and tan be exactly
solved. Besides its eventual application in problems related
to the emission and reflection of spin polarized electrons, this model:pro

vides a nice and instructive guantum mechanical example.
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INTRODUCTION

In the course of pondering on the effect of resonances on
the spin flip of photoemitted electrons induced bf‘ﬂmnexdwmge
interaction with magnetic impurities', we considered a one di
mensional model which, although very simple, contains the es-
sential physics ant it is exactly solvable. It clearly illus-
trates the quantum mechanism leading to an enhancement of the
exchange interaction in the presence of resonances. It may,
therefore, be of some pedagogical value and in this sense we thought
it deserved to be discussed. These ideas may also be relevant
in connection to cases of strong spin relaxation of polarized

electrons transmitted through magnetic layers?!’?.

MODEL

We consider an electron with energy E and spin up coming
~in the direction of the x-axis. The spin guantization axis is
taken along the z-direction (Fig. 1). The electron .interacts
at the origin with an impurity spin through an.exchange potential
which may induce a mutual spin flip. Furthermore, tonS{Uke

potentials, at x = a and -a, are introduced in order to pro-
vide for resonances in the transmission. The effect of the po
tentials is such that the electron may be reflected back into
region I (x<§—a).or transmitted to region IV (x >a) with spin up or down.

The model Hamiltonian is:

2
H="L— + g[8 (x-a) + §(x+a)] ~ J6(x)s.8 , (1)
2m*
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where the first term is the kinetic energy of an electron with
effective mass m*. G is the strength of the d-like potentials
at a and -a. The third term describes the local exchange in-
teraction of strength J between the electron with spin ¢ and a

. . . . .+
magnetic impurity with spin S.

SOLUTION OF SCHRODINGER'S EQUATION

The wave function of the system can be written in spinorial form:

ikx —ikx
[e +x,6 chm
11)}14(5{') = for x < -a
—ikx
r‘lfe ¢>m+1
R_1ikx R -1k . - -
qure + B,e x:[cbm with R=TI for —a<x< 0
L (x) = (2)

R_ikx R —ikx— _
[2,e +Be " Jp . /and R=III for 0 <x<a

ikx
- t¢e ¢m
wév(x) = for X > a

ikx

t.e -
v ¢m+1
T, and t, , are the corresponding probability amplitudes for reflection and
r Vs

transmission with spin up and down. ¢ are the eigenfunction
) m

of SZ:

S7¢ = md , (3)
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and

k = Vom*E/M’ y with E > O.

vy, {(x) 1s a correlated function of the electron an im
M -
purity spins which takes into account that the exchange interac

- -
tion conserves to z -component of the total spin J = s + S:

A{fzu& (x) = My, (x) (4)

where M = m + %-

The problem is now well defined, namely: the function wM(x)
contains the asymptotic boundary conditions imposed on the .e-
lectron (no electron with s.pin\ down coming from the left and no e
lectron coming from the right), and it describes a state with
fixed M which is conserved .

The continuity of the spinor wave function at x=-a,0, and

a requires that:

Ly +,IT,¢eika _ Ag;*L\Le—ika N Bi%eika
Al e s Al el ,
.A,‘“:’I}eika + Biffe’ika _ t+,¢eika

where L, = :e_ika and L, = 0.

The solution of Schrbdinger'sequation at the same singular

points requires that?’:
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4
. I1 _-ika _TII _ika _ _ ika¢q _ 2m*G ika
kA, e 1,48 Cpy~Ty8 0= e Cio Top08 )
o ITT _ TIL _ - m*, AIIL | glIl LI, 111
[ay =B ) - 4] = @ Byy HBy ) AR B
(6)

. ika _ o III ika _ ITI dika ) _-200%G ika
ik[t, e Ay ye B¢ )] T P

| e 1/2 |

where F = [(S-m) (S+m+l)] , Ny=mandN, = - (m).

The admixture of spin components in the an of egs. (6) follows

from the application of the operator .5 = [szsz+a/2)(s's++s+s'ﬂ

. + +
to the spinor wave function. Here s~ =s isy and S~ = SXi-iSy,

{4

are the raising and lowering spin operators:

s ()on = *(Doge, v

After some algebra one gets:

1+ilyx - (m+l)3 7]

6= xy = 3
. (8)

R —_1_%_5 '
where 3' = |lwl|?3/(2x) and A= (1+iy) [ +i(x-3")] +s(s+)3'?
with

W =1 + g sin2ka + i2g sin®«ka, (9)
and

¥ = 2g(g sin 2xo + cos 2ka) . (10)

For convenience the following dimensionless quantities were

defined: «¥ = kaB =~ VE/e, g = (y%2kaB€), J = J/2aB€ and o =

a/aB.Here ay is Bohr radius and € = H2/2m*a?
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£ =1Ry if m*¥ is equal to the free electron mass.
The transmission probabilities for each spin direction are

given by:

1+ [y - m+)37]2
|82

l 2

i

I,
(11)

2 _ F2J
LTI

and }rffz can be easily obtained from the condition of conserva-
tion of current prababkility: 1 = ];+12 +lr¢|2 +|t¢|2 +|t¢[2 .

For later discussion it is convenient to explicitate ~the

density of probability of finding an electron at the origin, [y (0)]?,

M

where the exchange interaction +takes place; from Egs. (5),(6) .and (2),
lu0) 12 = (W2, [* + [t |7 . (12)

The :spin polarization, P, of the transmitted beam is defined by:

1 -7
P =3 T (13)
where
t 2 )
T = )Ei - JUF : (14)
4 1 +[x~-(m+)j")?

LIMIT OF SMALL EXCHANGE COUPLING

The above results canbe easily interpreted in the limit of small
5'(3'" << 1), where the effect of the é-exchange potential on
the resonance condition is negligible. In this limit we can

approximate:
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—6—
£,]7 = —— | (15)
,f
1 +y?
and up to order j'?%:
c § 2y 2
e, 17 = 1= (16)
1 +X2
which yields
T = 3'2p2 | (17)

For G=0, we have |W|? = 1 and our results reduce to the

’ 2
case of simple exchange scattering, namely: T = (jF/2k)?. Thus,
the effect of the §-like potentialsat a and —a is equivalent

to that of using an effective exchange coupling parameter:

. " 2
Joge = JlWl® (18)

The condition for resonant enerdgies are obtained from the

roots of ¥ given by eq. (10):
cot 2ka = ~ g ‘ (19)

The roots of ) can be uniquely laheled by an integer n

such that:

nm < 2xa < (n+4l)T7 (20)
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At resonance and for j' << 1, |t << 1 and |t |* 5 1. Thus,

Wl
according to eg. (12)

[y [* & [W[? = (Visg? =+ 0% (21)

The sign +(-) in Eg. (21) is associated to ‘n . even (odd)
and the value of the corresponding wave function at the origin
results from constructive (destructive) interference. Thus for
even n the effect of the exchange is enhanced, while for odd n

it is supressed.
NUMERICAL RESULTS AND DISCUSSION

In order to illustrate the effects mentioned above we calculated :the
quantities given by egs. (11-13) in the energy range from 1 ev to
5 eV using the parameters: a=10£, G=10 evzﬂ, J=0.59V£, S =
1/2 and m = -0.5. While the value of J may be typical for ex
change coupling between conduction electrons and a paramagnetié
impurity, the other parameters, as well as the energy range,
were chosen as to obtain a clear picture of the enhancement
effect. In general the gquantities of intefest, for instance ‘P,
must be calculated for each of the 2S +1 possible values of M,
and an appropriate thermodynamical average must be taken. Here,
for the sake of simplicity, the value of m was chosen to corregpond
to a magnetic impurity fully polarized in the-z-direction (M=0).

Fig. 2a shows |t+l2 and |t+|2

as a function of the energy of
the incident electron. We observe four resonances corresponding

to the transmission of spin up electrons (n=3 to 6), while there
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are cmlyitwoéﬁstinguisﬁéble peaks for spin down electrons (n=4and6).
For those energies the considerations made for the limit j' <<1 already
hold in good degreé. At lower energies, however, the transmis
sion spectrum displays more structure due to additional in-
terierences from the exchange potential. In Fig. 2b the cor-
responding spin polarization, P, of the transmitted electron and-the den
sity of probability MJO)izare plotted. For comparation, in the
same figure,-it "is exhibited the spin polarization corresponding to an
exchange coupling. constant J =28 re,,V~.10\ in the.absence of resonances
(G=0). One observes that at the particular resonant energy
E=2.175 eV, the condition for resonant transmission has pro-
duced an effective sixteen-fold enhancement of the exchange in
teraction. For G=0.and J=0.5 ev A the depolarization is ne-
gligible. 1In fact for energies above 1 eV, P > 0.992.

The polarization of the reflected beam UI+V*II¢P)/H1412HI¢|%,
not displayed here, presents sharp peaks, even changing sign at

the resonance energies.

We have thus shown by means of a simple model, that resonant
transmission may greatly influence the exchange scattering, lead
ing to a strong enhancement of the probability  for spin flip.
The situation described by this model might be realized when
incident polarized electrons interact by exchange with magnetic

. N . . leb
atoms which have virtual states in the continuum™’
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FIGURE CAPTIONS

Figure 1l: An electron, with spin up and energy E, coming from
the left interacts at the origin with an impurity spin through

a local exchange potential, and with two §-like potentials at x=a and =a.
which provide conditions for resonant transmission. The electron can be re

flected back to region I, or transmitted toregion IV, with spinupor down.

Figure 2a - Transmittance versus energy.
. 2
'—_""Itar‘zl —-——-= =5X It\pi .
The numbers to the right of the pedks label the resonances

(see eqg. (20)).

Figure 2b - Spin polarization P and density of probability of find
ing the electron at the origin, le(O) |, versus energy.

’ 0
——P, and ---.05x[y,(0) | for G =10 eVA and J=.0.5 eVA.

0
——\.——P, for G=0 and J=8 eVA.
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