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Spin-filter effect of the europium chalcogenides: An exactly solved many-body model

R. Metzke* and W. Nolting
Lehrstuhl Festko¨rpertheorie, Institut fu¨r Physik, Humboldt-Universita¨t zu Berlin, Invalidenstraße 110, D-10115 Berlin, Germany

~Received 11 March 1998!

A model Hamiltonian is introduced which considers the main features of the experimental spin-filter situa-
tion such ass- f interaction, planar geometry, and the strong external electric field. The proposed many-body
model can be solved analytically and exactly using Green functions. The spin polarization of the field-emitted
electrons is expressed in terms of spin-flip probabilities, which are put down to the exactly known dynamic
quantities of the system. The calculated electron spin polarization shows remarkable dependencies on the
electron velocity perpendicular to the emitting plane and the strength ofs- f coupling. Experimentally observed
polarization values of about 90% are well understood within the framework of the proposed model.
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I. INTRODUCTION

Because of their extraordinary magnetic, optic, and tra
port properties magnetic semiconductors, among which
the europium chalcogenides, have been the subject of nu
ous experimental and theoretical investigations.1,2 Many of
them focused on the spin-filter effect~SFE! of the europium
chalcogenides.

The spin-filter experiment can be arranged as a field em
sion experiment. Here a cooled tungsten emitter is expo
to a strong stationary electrical field bending down t
vacuum level of the electric potential outside the emitt
The so formed potential barrier can quantum mechanic
be penetrated by the conduction band electrons of the em
metal. The probability for this tunneling process is known
depend exponentially on the barriers height. This strong
pendence can be used to obtain a ‘‘spin filter’’ by coveri
the original emitter with a layer of a ferromagnetically o
dered material, e.g., a ferromagnetic semiconductor3 such as
EuS that makes the barrier spin dependent.

From an experimental point of view the generation
highly polarized electron beams became more and more
teresting with the growing importance of the spin polariz
electron spectroscopies which are presently a powerful
in the field of analyzing magnetic properties of surfaces a
thin films.4–6 The spin-filter effect of the europium chalco
genides allows for polarization values of about 90%.3,7–9

Examining the SFE theoretically is worthwhile, too. E
ropium chalcogenides~EuX, with X5O, S, Se, Te! show
highly interesting correlation effects due to the complex
terplay of itinerant conduction band electrons and localiz
4 f electrons, the latter carrying a strong magnetic mom
The so calleds- f model

H5Hs1Hs f5(
i j s

Ti j cis
1 cj s2

J

\ (
i

si•Si ~1!

describes the interaction of both electron groups qu
successfully.10,11 cis

(1) are the usual annihilation~creation!
operators for conduction band electrons with spins at site
Ri . The spin of a conduction band electron at siteRi is
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denoted bysi andSi represents the spin of the half filled 4f
shell at this site.~The notation is conventional.!

The simplest possible approximation to solve the cor
sponding many-body problem is the mean field approxim
tion of Eq. ~1!

HMF5(
i j s

Ti j cis
1 cj s2

1

2
J^Sz&(

i ,s
zsnis

5(
i j s

S Ti j 2
zs

2
J^Sz&d i j D cis

1 cj s ~2!

~z↑511, z↓521! which has often been used to discuss t
spin-filter experiment, too.7–9,12 The mean-field decoupled
s- f interaction term spin dependently renormalizes the o
particle energies of the free conduction band electrons~see
Fig. 1!, giving them an explicit spin and temperature depe
dence.

Below Tc the conduction band splits due to the interacti
of conduction band and magnetically ordering 4f spin lattice
into two completely spin-polarized subbands. This splitti
is temperature dependent and atT50 of the order ofJS
'1 eV. For the spin-filter experiment this would mean th
below Tc only s5↑ electrons could be emitted, as the su
band for s5↓ electrons lies much higher than thes5↑
subband and↓ electrons ‘‘see’’ accordingly a much highe
tunnel barrier.

FIG. 1. Temperature-dependent quasiparticle band structur
the s- f model in the mean-field approximation~schematically!.
8579 © 1998 The American Physical Society
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8580 PRB 58R. METZKE AND W. NOLTING
The mean field picture thus predicts a degree of polar
tion for the emitted electrons that should be very close
100% for all temperatures belowTc and 0% above. How-
ever, this does not agree very well with the experimental d
~see Fig. 2!.9 The main failure of the mean field approxim
tion is probably the complete suppression of spin-flip p
cesses.

Knowledge about thes- f model has increased2,13–17since
the first attempts of applying it to the SFE in the ea
1970’s.12,7,18The aim of the present paper is a new interp
tation of the SFE based on recent progress which permit
to treat the many-body problem of the spin-filter effect,
cluding the external electric field, exactly.

II. ELECTRON SPIN POLARIZATION

A. Polarization and probabilities

In this section it will be shown how the central quantity
the spin-filter experiment, the polarization, can be connec
with the dynamic quantities of the system, the Green fu
tions, which will be determined in the following section fro
the many-body model. The vector spin polarizationP of an
ensemble of electrons is defined as the expectation valu
the Pauli spin matrices. It is easiest to handle its projec
on the preferential direction of spins, the scalar quantityP
~degree of polarization!,

FIG. 2. The temperature-dependent degree of polarization
field emitted electrons in a spin-filter experiment. The dotted line
the prediction of the often used mean-field solution for thes- f
model. Data were taken from Kiskeret al. ~Ref. 9!, the point ~T
59 K, P585%! was taken from Ref. 8.
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P5
def N↑2N↓

N↑1N↓
, ~3!

whereN↑ is the number of electrons with spins5↑ andN↓
the number of electrons with spins5↓. We now consider
the probabilities for electrons with original spins to flip
their spin, i.e., the flip probabilitiesps . If, for example, the
originally prepared state was↓, thenp↓ gives the probability
to measure an electron in the↑ state.

Assuming an unpolarized beam of electrons (N0↑5N0↓)
passing through a spin-filter box we obtain very easily
polarization of the out-coming beam using Eq.~3! and the
flip probabilitiesps which are completely determined by th
physical properties of the spin-filter box:

N↑5N0↑~12p↑!1N0↓p↓5
N0

2
~11p↓2p↑!, ~4!

N↓5N0↓~12p↓!1N0↑p↑5
N0

2
@12~p↓2p↑!#, ~5!

P5
~N0/2!@11peff2~12pe f f!#

N0
5peff . ~6!

Here we introducedpeff5
def

p↓2p↑ , the effective flip ratio of
the spin filter. Ask for the polarization, we should thus try
get the flip probabilities from a theoretical model, i.e., Gre
functions.

B. Probabilities and Green functions

Let us consider the following example: What is the~non-
flip! probability p̄(t) to measure at timet an electron with
wave vectork, if at t50 an electron in this state had bee
prepared? The answer is given19 by the overlap of initial
stateck

1(0)u0& and final stateck
1(t)u0&. ck

(1)(t) ~creates! an-
nihilates an electron at timet with wave vectork. The state
u0& is the electron and magnon vacuum:

p̄~ t !5u^0uck~ t !ck
1~0!u0&u2. ~7!

One sees the similarity of the probabilityp̄(t) with the well-
known entity of many-body theory, the time-dependent sp
tral density of the one-electron Green function:

Sk~ t,0!5
1

2p
^@ck~ t !,ck

1~0!#1&. ~8!

In our special case~T50, n50!, the average denoted by th
angular brackets has to be taken with theu0& state, i.e., with
the electron and magnon vacuum. Therefore one of the te
in the anticommutator does not contribute.

Spectral density ~8! and Green function Gks(E)
[^^cks ;cks

1 &&E are closely related. Both will be determine
in Sec. IV. From Eqs.~7! and ~8! we obtain immediately

p̄~ t !54p2uSk~ t !u2. ~9!

or
s



de
th
p
d

i
d

w

in
nt

nc

o

ne
ts

d
til

he

e
to

r

The

l.
m
n-
in-

n of
ree

s of

n-
u-
der-

on-
of

tem

nd

ce,

-
m

ong

PRB 58 8581SPIN-FILTER EFFECT OF THE EUROPIUM . . .
III. THEORETICAL MODEL

The aim of this section is to develop a many-body mo
of the spin filter which incorporates the main features of
experimental situation. We make the following two assum
tions which allow us to treat the corresponding many-bo
problem exactly:

~1! The tunneling processes of the emitted electrons are
dependent from each other; i.e., the conduction ban
nearly empty (n50).

~2! The 4f lattice is ferromagnetically saturated, i.e., lo
temperatures (T50).

A. Geometry

Our calculations are done for aplanar spin filter, i.e., a
sandwichlike batch of monolayers which are translational
variant parallel to their plane. This matches the experime
situation~field emission through a EuS layer! and provides at
the same time the proper symmetry to include the influe
of the strong electric field.

The treatment of a planar system is based on the dec
position of the whole system inton equivalent two-
dimensional sublattices~atomic layers! with Ns lattice points
each:

Ria5Ri1ra . ~10!

Ri and ra are perpendicular to each other.ra points to the
atomic layer with indexa, whereasRi points towards the
lattice point with indexi inside this layer.

From the lattice vectorRia this subscription is carried on
to all operators and derived quantities; greek indices ge
ally refer to the layer while latin indices refer to lattice poin
within this layer:

Oi→Oia , Oi j→Oi j
ab , Oik j→Oik j

abg . ~11!

Fourier transformation intok space is reasonably define
only within the two-dimensional sublattices, which are s
invariant under translation

Oia5
1

ANs
(

k
eikRiOka , ~12!

Oka5
1

ANs
(

i
e2 ikRiOia . ~13!

k means in all of the following considerations a vector of t
two-dimensional Brillouin-zone~BZ! of one layer.

B. s-f interaction

It is convenient to write Eq.~1! in a more suitable form
for our purposes:

Hs f52
1

2
J(

ias
~zsSia

z nias1Sia
s cia2s

1 cias!. ~14!

Here the spin operators for the conduction electrons are
pressed in terms of the creation and annihilation opera
cias

(1) :
l
e
-
y

n-
is

-
al

e

m-
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rs

1

\
s ia

1 5cia↑
1 cia↓ ,

1

\
s ia

2 5cia↓
1 cia↑ , ~15!

1

\
s ia

z 5
1

2 (
s

zsnias , ~16!

with z↑511, z↓521 and where the identity for the ladde
operators

Sia
↑~↓ ![Sia

6 5Sia
x 6 iSia

y ~17!

has been used.
This representation already indicates some physics:

first term in Eq.~14! describes the interaction of thez com-
ponents of the spins similar to the well-known Ising mode20

Accordingly it will be called the Ising term. The second ter
in Eq. ~14! is nondiagonal in spin indices and thus is respo
sible for spin-flip processes; it will be referred to as the sp
flip term.

Interactions among the strongly localized 4f spins might
be taken into account via a Heisenberg term,21 but will here
be neglected, as we are mainly interested in the situatio
conduction band electrons. Magnon energies are two to th
orders of magnitude smaller than the other energy scale
the system such as bandwidth ors- f coupling.

For similar reasons the interaction among different co
duction band electrons will not be part of the model: e
ropium chalcogenides are magnetic semiconductors, or
ing at fairly low temperatures@Tc

EuS516.57 K ~Ref. 1!#. In
the range of temperatures that is of interest to us, the c
duction band is nearly empty, and thus the contribution
electron-electron interaction to the total energy of the sys
will be negligible.

C. External electric field

The Hamiltonian of an external electric field

HV52P̂•F ~18!

is a one-particle operator. Rewriting it in terms of seco
quantization

HV5(
n

hV
~n!5(

i j s
ab

Mi j
abcias

1 cj bs , ~19!

we have to determine the matrix elementsMi j
ab . hV

(n) acts in
the one-particle-Hilbert space of thenth electron;u ia& are
elements of a complete orthonormal basis, for instan
Wannier states.

CalculatingMi j
ab , we have to specify the vector of elec

tric field F and the operator of the electric dipole momentu
P̂. The electric field is assumed to act homogeneously al
the z axis, i.e., perpendicular to the EuX film ~see Fig. 3!:

F5~Fx ,Fx ,Fz!5~0,0,2 f 5const!. ~20!

With

P̂52e(
n

r̂ ~n!, ~21!

we evaluate the matrix elements
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Mi j
ab52e f^ j bu~ r̂ !zu ia&>2e f~Ria!zd i j

ab

52e faa0d i j
ab52aud i j

ab . ~22!

Here we assumed the Wannier functions to be eigenfunct
of the position-space operator, which should hold in go
approximation. Additionally we used (Ria)z[urau5aa0 :
the z component of lattice vectorRia equals the product o
layer indexa and lattice constanta0 . Furthermore we intro-
duced the interlayer potential differenceu5e f a0 .

For the Hamiltonian of a homogeneous field, acting alo
the z axis, i.e., perpendicular to spin filtering EuX film we
eventually obtain

HV52u(
ias

anias . ~23!

Finally, we propose the following model Hamiltonian for th
spin filter:

H5Hs1Hs f1HV . ~24!

IV. SOLUTION OF THE MANY-BODY PROBLEM

A. s-f model for T50, n50

The theoretical model developed in the previous sec
will now be solved. We consider a single test electron in
otherwise empty conduction band and a ferromagnetic s
rated 4f -spin system. This special case of thes- f model is
not only fundamental for the understanding of the spin-fil
effect as it meets the experimental conditions, it can also
solved exactly,22,16 even for the planar geometry.23

The retarded one electron anticommutator-Green func

Gi j s
ab~E!5^^cias ;cj bs

1 &&E ~25!

will give us, among other interesting information, the tim
dependent spectral density, which is needed for calcula
the flip-probabilities~9! and the polarization of the emitte
electrons~6!:

Sks
ab~ t !5

1

2p\ E
2`

1`

dEe2~ i /\!EtSks
ab~E!, ~26!

FIG. 3. Decomposition of a linear potential into a steplike (V1)
and saw-tooth-like part. The points mark the field displaced cen
of gravity of the conduction band in the layers.a is the layer index.
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Sks
ab~E!52

1

p
Im$Gks

ab~E1 i01!%. ~27!

To determine this Green function, one has to solve
equation of motion

EGi j s
ab~E!5\^@cias ,cj bs

1 #1&1^^@cias ,H#2 ;cj bs
1 &&E .

~28!

The higher Green functions, appearing on the right-hand s
of Eq. ~28!

G ik, j s
agb ~E!5^^Sia

z ckgs ;cj bs
1 &&E , ~29!

Fik, j s
agb ~E!)5^^Sia

2sckg2s ;cj bs
1 &&E , ~30!

are to be calculated by solvingtheir equations of motion.
This procedure usually leads to an infinite hierarchy
coupled Green functions and their equations of motion.
get any solution, physically reasonable decouplings
needed. One possible treatment would be the mean field
proximation where function~29! can be expressed in term
of function ~25! and function~30! is suppressed completely

After doing the two-dimensional Fourier transformatio
parallel to the planes, the equation of motion~28! of the
one-electron Green functionGi j s

ab (E) reads as follows:

(
d

@~E1 1
2 zsJ\S!dad2ead~k!#Gks

db

5\dab2
J

2ANs
(

q
Fkqs

aab . ~31!

In the case of an empty conduction band (n50) and fer-
romagnetic saturation of thef -spin lattice (T50) which is
considered here, we can solve this exactly. Writing down
equation of motion of the so-called flip functionFik, j s(E)
@Eq. ~30!# one recognizes that all higher Green functio
may be expressed in terms of already known ones
vanish.24,23 We find the following expression:

1

ANs
(

q
Fkq↓

aab52
J\2SBa~E!

12 1
2 J\Ba~E!

Gk↓
ab , ~32!

which expresses the flip function completely in terms of t
one-electron Green functionGks

ab(E). Here we introduced
the complex propagatorBa(E),

Ba~E!5
1

Ns
(

q
Gq↑

aa~E!. ~33!

Equations~32! and~31! form a coupled system of equation
The equation of motion~31! is at this point obviously
equivalent to a matrix multiplication which may be written
the following compact formulation:

~E2Hks!•Gks5\I . ~34!

Hks is the effective Hamiltonian of the one-dimension
problem of an atomic chain perpendicular to the translatio
invariant layers. In site representation it reads

rs
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FIG. 4. Density plot of the spectral densitiesSks↓ of the middle layer of a five layer spin filter film with and without~right and left
columns, respectively! external electric field for several values of coupling strengthJ between 4f spins and the conduction band
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Hks5S a1 b12 b13 b1n

b21 a2 b23 ¯ b2n

b31 b32 a3 b3n

] � ]

bn1 bn2 bn3 ¯ an

D ~35!

with its matrix elements

aa5eaa~k!1Ss
a~E!, ~36!

bab5eab~k!, ~37!

containing the complex, local, and spin-depending s
energySs

a

f-

Ss
a~E!52zs

1
2 J\SS 11

12zs

2

J\Ba~E!

12 1
2 J\Ba~E!

D , ~38!

the complex propagatorBa(E) @Eq. ~33!#, and the Fourier-
transformed hopping integralseab(k). It should be noticed
that the self-energy fors5↑ electrons is trivial. This is due
to the fact, that these electrons cannot participate in the s
flip processes, so that their interaction with the ferromagn
cally saturated 4f spins is restricted to a rigid energy shift o
the s5↑ conduction band.

The propagatorBa(E) and the self-energySs
a are layer

dependent~index a! but independent of the in-plane wav
vectork. The latter is due to our neglect of magnon energ
which is not necessary but convenient and reasonable s
they are two to three orders of magnitudes smaller than o
typical energy scales of the system~bandwidth,s- f cou-
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FIG. 5. The nonflip probability for electrons in the spin filter is given by the square of the time-dependent spectral density
one-electron Green function. Shown are typical shapes of thes5↓ spectral densities of the spin-filter model: energy-dependent~left! and
time-dependent~middle! and the corresponding time-dependent nonflip probability~right!.
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pling!. However, our model might be solved exactly with fu
consideration of the magnon energies. From Eq.~34! we get
finally the exact solution of the many-body system by mat
inversion:

Gks5\~E2Hks!21. ~39!

B. Solution with electric field

The Hamiltonian of the electric field~23! is a single-
particle operator:

HV5(
i j s
ab

Mi j
abcias

1 cj bs52u(
ias

anias . ~40!

Expressed in terms of second quantization, i.e., by mean
the electron creation and annihilation operators the elec
field operatorHV is therefore of the same structure as t
operator of the kinetic energy of electronsHs . They can be
summed up:

H5Hs1HV1Hs f5(
i j s
ab

T̃i j
abcias

1 cj bs1Hs f , ~41!

Ti j
ab→T̃i j

ab5
def

Ti j
ab2aud i j

ab . ~42!

The renormalization of the hopping matrix elements by
external field is equivalent to a displacement of the Blo
band centers of gravity by a position-dependent amount
each layer~see Fig. 3!.

An external electric field thus renormalizes the lay
dependent self-energy

Ss
a→S̃s

a5
def

Ss
a2au. ~43!

However, the principal structure of the many-body proble
remains unaffected. Its solution is given by

Gks5\~E2H̃ks!21, ~44!

with H̃ks defined analogously to Eq.~35! with the renormal-
ized self-energy~43!.

The matrix inversion in Eq.~44! is done numerically for a
simple cubic film with layers parallel to the~100! face.

V. RESULTS

As stated above, the self-energy fors5↑ electrons is
trivial. This is due to the fact that this electron group cann
participate in the spin-flip processes, so that its interac
of
c-

e
-
or

-

t
n

with the ferromagnetically saturated 4f spins is restricted to
rigid energy shift of thes5↑ conduction band. For this rea
son we now focus on the discussion of thes5↓ results.

A. Spectral densities

With the Green functions given by Eq.~44! we can cal-
culate the spectral densitiesSks

aa . They depend on the spin
directions of the test electron as well as on the layer-ind
a and the in-plane wave vectork:

Sks
aa~E!52

1

p
Im$Gks

aa~E1 i01!%, ~45!

where Gks
aa is the element (Gks)aa of the Green function

matrix ~44!.
Figure 4 shows the spectral densitySks↓

3,3 for the center
layer (a53) of a five-layer film with and without~right and
left column, respectively! external electric field for no, me
dium, and strong~top, middle, bottom lines, respectively!
interaction between 4f spins and conduction band. The to
left of Fig. 4 shows the well-known dispersion of the fre
Bloch electron gas in the two-dimensional Brillouin zone.

As the system consists of five layers one might expect
excitation energies. However, for symmetry reasons t
pairs of them are degenerated; we see only three peak
eachk point. By switching on an external electric field pe
pendicular to the film, this degeneracy is lifted and five d
ferent peaks can be observed~top right of Fig. 4!.

The middle and bottom lines of Fig. 4 show the situati
for finite values of the coupling strengthJ between 4f spins
and conduction band electrons. In each of these pictures
find two main structures: an energetically lower lying bro
and dispersionless flip band and at higher energies a sha
peaked structure which corresponds to the magnetic pola
and shows a Bloch-like dispersion.

The flip band originates from spin-flip processes of t
conduction band electrons. Via thes- f interaction, thes
5↓ conduction band electron can emit a magnon, i.e.
causes a spin deviation in the ferromagnetically satura
lattice of 4f spins. As this process is of course forbidden f
s5↑ electrons, the spectral densitiesSks↑ for s5↑ elec-
trons are rather trivial. They are not shown separately.

The sharply peaked structure corresponds to a quasip
cle with in most cases infinite lifetime: the magnetic polaro
This means, in analogy to the ‘‘normal’’ polaron, an ele
tron, renormalized by a cloud of virtual excitations, name
magnons. As this quasiparticle propagates freely through
crystal lattice, the corresponding structures in the spec
densities show therefore a Bloch-like dispersion.
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FIG. 6. Time-dependent probabilitiesp̄11(t) ~starting atp51! and p̄12(t) ~starting atp50! of finding an electron in the first or secon
layer at timet for different values of the external field (u). Time is given in\/eV56.6310216 sec. Straight lines are time average.
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In the strong coupling regime (J.0.2 eV) both structures
are energetically clearly separated, the polaron is represe
by d peaks and has, therefore, an infinite lifetime. Th
changes at weaker couplings: AtJ'0.2 eV, i.e., realistic
values for EuS, the polaron peak touches the flip band
becomes considerably broadened near theG point of the two-
dimensional Brillouin zone. The lifetime of the polaron u
der these circumstances is finite and of the order of 1\/eV
'10215 sec.

The external electric field~right column of Fig. 4! mainly
increases the energetic distances between the layers
thereby strongly influences the shape of all spectral densi
The polaronic peaks become more separated. As the
band reproduces roughly the shape of the (s5↑) DOS, the
flip band changes with the (s5↑) DOS under the influence
of the electric field, too. Because of Eq.~9! one should ex-
pect a similarly significant field induced change of the tra
sition and spin-flip probabilities. This will be investigated
the following subsection.

B. Probabilities

We apply Eq.~9! to the typicals5↓ spectral density of
the s- f model. As calculated above@Eqs. ~45!, ~44!# and
shown in Fig. 5 it consists at eachk point of the broad flip
band, written now asf (E), a continuous function of energy
without singularities, and thed-like polaron band\d(E
2E0):

S~E!5a1f ~E!1a2\d~E2E0!. ~46!

The an are the spectral weights (a11a251).
From Eq.~46! one finds with Eq.~9!

p̄~ t !5ua1 f̃ ~ t !1a2e2~ i /\!E0tu2 ~47!

because of the linearity of the Fourier transformation. W
Parsevals theorem

E
2`

1`

u f ~E!u2dE5E
2`

1`

u f̃ ~ t !u2dt ~48!

we conclude from the normalization off (E) that u f̃ (t)u2

must vanish quicker than 1/t for t→`.
For a typical spectral density of our model we therefo

find from Eqs.~46! and ~9!

p̄~ t ! ——→
t→`

ua2u2. ~49!

This interesting result shows that the nonflip probability fo
(s5↓) electron is completely determined by the spect
weight of the polaron peak in the spectral density and the
ted

d

nd
s.
ip

-

l
e-

fore strongly dependent on position in the Brillouin zon
coupling strength, and temperature.

We ask now for the probability of finding an electro
independent of its spin direction in a layer with indexb at
time t after we prepared it at timet50 in layera. General-
izing Eq. ~9! we find

p̄k
ab~ t !54p2uSk

ab~ t !u2. ~50!

We will illustrate Eq.~50! by investigating it analytically for
a two layer system of free electrons~i.e., J50! with applied
electric field. The spectral densities have a double peak st
ture,

Sk~E!5\$a1d@E2E1~k!#1a2d@E2E2~k!#%, ~51!

where thean are again the spectral weights of thed peaks
(a11a251) andEn is thenth excitation energy of the sys
tem.En is given as thenth pole of the Green functions~44!:

det~E2Hk!uE5En
5
!

0

E1/2~k!5
1

2
@2e~k!2u6D#,

D5Au214t2. ~52!

D5E12E2 is a measure for the energetic separation of
layers and depends on the interlayer hoppingt set to 0.1 eV
and the interlayer-potential differenceu induced by the ex-
ternal electric field~23!.

Now a simple calculation from Eq.~50! using Eq.~51!
yields

p̄12~ t !5 p̄21~ t !54~a12!2sin2S tD

2\ D , ~53!

p̄11~ t !5 p̄22~ t !512 p̄12~ t !, ~54!

the probability of finding an electron in the second lay
( p̄12) or in the first layer (p̄11) at time t after we prepared it
at time t50 in the first layer of our two layer film. Both
probabilities are completely determined byD, the energetic
separation of the layers, and are therefore notk dependent.
Increasing the external electric fieldu, we observe a growing
confinement of the electron in the layer it had been prepa
in, see Fig. 6. This behavior is well known as Wannier-Sta
localization.25–27

Finally we want to determine the probability of finding a
electron at timet in layer b with reversed spin2s after it
had been prepared at timet50 in layera with opposite spin
s. These spin-flip probabilitiespks

ab(t) are obviously given
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FIG. 7. Spin-flip and nonflip probabilities for a two-layer film with weaks- f coupling (J50.08 eV) and without electric field. Att
50 a s5↓ electron had been prepared in layer one. The first line of pictures shows the time-dependent probability of still beings
5↓ state~in first layer, second layer, somewhere in the system!. The second line of pictures shows the probability of being flipped~in first
layer, second layer, or somewhere in the system!. The bottom line is the sum over both spin directions and gives thus the spin-indepe
probability of being in the~first layer, second layer, or somewhere in the system!. Time is given in\/eV56.6310216 sec; the interlayer
momentumk runs from~0,0! to ~2p,2p! through the two-dimensional Brillouin zone.
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by the overlap of the Bloch statesuckas(0)&5ckas
1 u0& with

states such asufkq2s
bg (t)&5uSqg

s c(k2q),b,2s(t)u0&.
The spin-flip process of the conduction band electron

ways results from magnon emission, i.e., it is connected
spin deviation in the lattice of the magnetic 4f moments. Let
us assume this magnon had been emitted in layerg and
carries away the momentumq. In order to get the total spin
flip probability pks

ab(t) we have to sum over all possibilitie
of emitting such a~q,g! magnon:

pks
ab~ t !5(

g
(

q
u^fkq2s

bg ~ t !uckas~0!&u2. ~55!

The flip probabilitiespks
ab(t) are related to the spectral de

sity Ŝkqs
gba of the spin-flip Green function~30! Fkqs

gba

5^^S2qg
2s c(k2q),b,2s ;ckas

1 &&.
A straightforward calculation similar to those in Sec. II

shows

pk↓
ab~ t !54p2(

gq
uŜkq↓

gba~ t !u2. ~56!

The corresponding probabilitypk↑
ab(t) vanishes, since we

considered here the case of a ferromagnetically saturatedf
lattice, which cannot be aligned any further and thus int
dicts spin-flip processes for (s5↑) electrons.
l-
a

-
r-

In the last step we have to determine the general spin
function Fkq↓

gba which is in the usual way connected to i
spectral density:

Ŝkq↓
gba~E!52

1

p
Im$Fkq↓

gba~E!%. ~57!

After Fourier transformation we will getŜkq↓
gba(t).

The general spin-flip function can be obtained from t
hierarchy of the equation of motion. The calculation is co
parable to the one in Sec. IV and yields

Fkq↓
agb~E!5Xa~E!Gk↓

ab~E!Gk2q↑
ga ~E!, ~58!

with

Xa~E!5
def J\S

ANs

S 2
J\Ba~E!22

D . ~59!

Equations~35!–~39! and their generalized form which in
cludes the external electric field~43!, ~44! completely deter-
mine the solution. Equations~56! and~58! give us the prob-
abilities for spin-flip processes we were looking for.

The spin-flip and nonflip probabilities derived so far we
evaluated numerically for a two-layer simple cubic film wi
layers parallel to the~100! face. The results for differen
values ofs- f coupling and strengths of the external elect
field are shown in Figs. 7, 8, and 9.
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FIG. 8. Same as Fig. 7, but with external electric field (u50.4 eV). The total spin-flip and nonflip probabilities~right column! are,
compared to Fig. 7, unchanged, although the individual probabilities changed rather drastically. The spin-totalized probabilities~bottom line!
show the Wannier-Stark localization discussed in Sec.~V B!: the electron is confined to the layer it had been prepared in.

FIG. 9. Same as Fig. 7, but with intermediates- f coupling (J50.2 eV) and without electric field. The total spin-flip and nonfl
probabilities~right column! show, compared to Fig. 7, a strong dependence from thes- f coupling. The spin-totalized probabilities~bottom
line!, however, are barely changed.
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FIG. 10. Nonflip and flip probabilities for a monolayer spin filter with weaks- f coupling (J50.08 eV). Time is given in\/eV56.6
310216 sec; the interlayer momentumk runs from~0,0! to ~2p,2p! through the two-dimensional Brillouin zone. The right picture verifi
the particle conservation.
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It should be stressed that the shown nonflip and flip pr
abilities were obtained in separate calculations, based
completely different many-body entities~one-electron Green
function and spin-flip function, respectively!. However, our
understanding of those complementary probabilities
mands that they add up to 1 for all times and all vectork
~particle conservation!. As the figures show, this is satisfie
in each case~bottom right!.

Comparing Figs. 7–10 we can summarize as follows.
~1! The spin-totalized probabilities~bottom lines! do not

show a significant dependence on the strength of thes- f
couplingJ between conduction band electrons and localiz
4- f moments. Accordingly they are equal to those with
coupling J[0 which had been determined analytically
Sec. V B and are completely independent of the intrala
momentumk.

~2! The total spin-flip and nonflip probabilities~right col-
umns! do not show any dependence on the external elec
field u. Accordingly they are equal to those without fieldu
[0.

~3! Calculations for films with various numbers of laye
show the total spin-flip and nonflip probabilities are also
dependent of the total number of layers in the film. Con
quently they are the same as those which are calculated
monolayer.

These observations simplify the practical evaluation of sp
flip probabilities for the spin filter experiment essentially a
allow us to determine the polarization of the field-emitt
electrons quite generally.

C. Polarization

According to Eq.~6! the polarization is completely dete
mined by the effective spin-flip ratiopeff5p↓2p↑ , where the
-
on

-

d

r

ic

-
-
r a

-

flip probability for (s5↑) electronsp↑ vanishes identically
and the~time-dependent! flip probability for s5↓ electrons
p↓ is given by Eq.~56! as pointed out in the previous sectio
Using the observations~2! and ~3! concerningpk↑

ab(t) made
in the previous section the calculation of the polarizati
simplifies considerably: The dynamics of the spin-flip pr
cesses turned out to depend on neither the strength of
external electric field nor the number of layers of the sp
filter. It is completely determined by the strength of thes- f
interactionJ.

Practically calculating the polarization therefore simp
demands that we evaluate the spin-flip probabilities fo
monolayer film without electric fieldpk↓ or, even simpler, its
complementary quantity: the nonflip probabilityp̄k↓ as

pk↓1 p̄k↓[1. ~60!

In the previous section we showed that after a suffici
long period of time the nonflip probabilityp̄k↓ is given by
the square of the spectral weight of the polaron. This ‘‘cr
cal’’ time is characterized by the width of the scattering pe
t.< 1\/eV56.6310216 sec and thus is sufficiently smalle
than the typical amount of time an electron spends in the s
filter. We can therefore apply Eq.~49! and obtain finally

Pk5pk↓512ua2~k!u2. ~61!

The degree of polarization is completely given in terms
the spectral weight of the magnetic polaron peaka2(k) and
is thus strongly dependent on thes- f coupling as well as the
electron intralayer momentumk. a2(k) is obtained by inte-
gration of the spectral density~45!. Figure 11 shows the
degree of polarizationPk calculated according to Eq.~61! for
different s- f interactions.
FIG. 11. Degree of polarizationPk according to Eq.~61! for weak ~J50.08 eV, left! and intermediate~J50.2 eV, right! s- f interac-
tions. The right picture shows the situation for realistic values ofJ in a spin-filter experiment:JEuS'0.2 eV following Wachter~Ref. 1!.
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It is interesting to see that for unrealistic small values
the coupling (J'0.08 eV), one really gets nearly 100% o
polarization. This is due to the finite lifetime of the magne
polarons under these circumstances: The polaronic and s
tering peaks touch each other near the origin of the tw
dimensional Brillouin zone, the polaronic gets broaden
and thes5↓ electrons ‘‘decay’’ into (s5↑) states. How-
ever, for realistic values ofJ (JEuS'0.2 eV) the polarization
lies for all k clearly below 100%~Fig. 11, right!.

The spin-filter experiment allows only for ak-averaged
measurement of the degree of polarizationP. Out of all elec-
trons with given total energy those electrons with maximu
energy perpendicular to the tunneling barrier will be tran
mitted most likely. These are just those electrons with mi
mum intralayer momentumk, i.e., the electrons close to th
G point of the two-dimensional Brillouin zone. According t
our calculation~Fig. 11, right! this would yield P'80%,
which accounts for the experimental results much better t
the former mean field results did.

To exploit Eq.~61! fully, k-resolved experiments, such a
for instance, spin polarized low energy electron diffraction
spin polarized electron energy loss spectroscopy on an
ropium chalcogenide surface are suggested. Because o
~61! one would expect a significant angle, i.e.,k dependence
of the degree of polarization of the scattered electrons~see
Fig. 11!.

VI. CONCLUDING REMARKS

The aim of the presented paper was an interpretation
the spin-filter experiments done on europium chalcogeni
e

.
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using recent results from many-body theory on thes- f
model. This was achieved by expressing the degree of po
ization of the field emitted electrons in terms of spin-fl
probabilities which had been determined in the framework
an exactly solvable many-body model of the experimen
situation. This model used thes- f model in reduced dimen
sions ~film geometry!, including an additional term taking
into account the strong external electrical field. When
discussed the spectral densities of the one-particle G
function, the influence of the external electrical field on el
tronic behavior was seen, e.g., the Wannier-Stark ladder

Several physically relevant probabilities such as layer
solved probability densities and flip and nonflip probabilit
were derived and discussed, showing, for instance,
Wannier-Stark localization due to the electrical field and
strong dependence of the spin-flip probabilities on the in
layer momentum and thes- f coupling between ferromag
netically ordered 4f spins and conduction band electrons
the spin filter. The degree of polarization of the field emitt
electrons evaluated in our model turned out to be well be
100% for all temperatures which is in good agreement w
the experiments and represents considerable progress
respect to the mean field results of former works.
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