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Spin-filter effect of the europium chalcogenides: An exactly solved many-body model
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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 strengf afoupling. Experimentally observed
polarization values of about 90% are well understood within the framework of the proposed model.
[S0163-182698)08137-3

. INTRODUCTION denoted byo; andS; represents the spin of the half filled 4
shell at this site(The notation is conventional.

Because of their extraordinary magnetic, optic, and trans- The simplest possible approximation to solve the corre-
port properties magnetic semiconductors, among which argponding many-body problem is the mean field approxima-
the europium chalcogenides, have been the subject of numetion of Eq. (1)
ous experimental and theoretical investigatibAsviany of
them focused on the spin-filter effe@FE of the europium 1
chalcogenides. HMF=> TiiCihCjo— “NSHD, z,Ni,

The spin-filter experiment can be arranged as a field emis- ijo 2 o
sion experiment. Here a cooled tungsten emitter is exposed .
to a strong stationary electrical field bending down the => (Tij__UJ<SZ>5ij
vacuum level of the electric potential outside the emitter. ijo 2
The so formed potential barrier can quantum mechanically
be penetrated by the conduction band electrons of the emittéz, = + 1, z, = — 1) which has often been used to discuss the
metal. The probability for this tunneling process is known tospin-filter experiment, t06.%'? The mean-field decoupled
depend exponentially on the barriers height. This strong des-f interaction term spin dependently renormalizes the one-
pendence can be used to obtain a “spin filter” by coveringparticle energies of the free conduction band electiges
the original emitter with a layer of a ferromagnetically or- Fig. 1), giving them an explicit spin and temperature depen-
dered material, e.g., a ferromagnetic semiconddatoch as  dence.

EuS that makes the barrier spin dependent. Below T the conduction band splits due to the interaction
From an experimental point of view the generation ofof conduction band and magnetically orderingyspin lattice
highly polarized electron beams became more and more irinto two completely spin-polarized subbands. This splitting

teresting with the growing importance of the spin polarizedis temperature dependent andTat0 of the order ofJS
electron spectroscopies which are presently a powerful took 1 eV. For the spin-filter experiment this would mean that
in the field of analyzing magnetic properties of surfaces antbelow T, only o=1 electrons could be emitted, as the sub-
thin films =% The spin-filter effect of the europium chalco- band for o= electrons lies much higher than the=1
genides allows for polarization values of about 9995 subband and electrons “see” accordingly a much higher

Examining the SFE theoretically is worthwhile, too. Eu- tunnel barrier.
ropium chalcogenidegsEuX, with X=0, S, Se, Tg show
highly interesting correlation effects due to the complex in-
terplay of itinerant conduction band electrons and localized
4f electrons, the latter carrying a strong magnetic moment. 2
The so calleds-f model
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describes the interaction of both electron groups quite
successfully®* ¢{*) are the usual annihilatiofcreation
operators for conduction band electrons with spimt site FIG. 1. Temperature-dependent quasiparticle band structure of
R;. The spin of a conduction band electron at dReis  thes-f model in the mean-field approximatigachematically.
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def N.—N
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N;+N;
whereN; is the number of electrons with spin=1 andN,
the number of electrons with spim=|. We now consider
i the probabilities for electrons with original spim to flip
their spin, i.e., the flip probabilitiep,, . If, for example, the
originally prepared state wds thenp, gives the probability
to measure an electron in thestate.

Assuming an unpolarized beam of electroMy(=No))
1 passing through a spin-filter box we obtain very easily the
polarization of the out-coming beam using E§) and the
flip probabilitiesp, which are completely determined by the
physical properties of the spin-filter box:

Degree of polarization P

No
NT=NOT(1—pT)+N0lpl=7(l+pl—pT), 4

N
N¢=Nol(l_pl)"‘N01p1=70[1_(p¢_p1)], 5

No/2)[ 1+ Pesi— (1— Pe
P=( o/2)[ pr; ( pff)]:peﬁ. ®)

0.0 1 Il Il 1
8.0 10.0 12.0 14.0 16.0 18.0

Emitter temperature T (K)

def
Here we introduceg.s=p, —p; , the effective flip ratio of
the spin filter. Ask for the polarization, we should thus try to
FIG. 2. The temperature-dependent degree of polarization fopet the flip probabilities from a theoretical model, i.e., Green
field emitted electrons in a spin-filter experiment. The dotted line isfunctions.
the prediction of the often used mean-field solution for fhé

model. Data were taken from Kisket al. (Ref. 9, the point(T B. Probabilities and Green functions
=9 K, P=85%) was taken from Ref. 8. . . .
Let us consider the following example: What is ttm®n-

The mean field picture thus predicts a degree of polarizaflip) probability p(t) to measure at timé an electron with
tion for the emitted electrons that should be very close tovave vectork, if at t=0 an electron in this state had been
100% for all temperatures beloW, and 0% above. How- Prepared? The answer is givérby the overlap of initial
ever, this does not agree very well with the experimental datatatec; (0)|0) and final state; (t)|0). c{")(t) (createyan-
(see Fig. 2° The main failure of the mean field approxima- nihilates an electron at timewith wave vectork. The state
tion is probably the complete suppression of spin-flip pro-|0) is the electron and magnon vacuum:
cesses.

Knowledge about the-f model has increaséﬂf‘”since P =(0]c()c; (0)]0)]2. )
the first attempts of applying it to the SFE in the early

1o12,7,18 H H H —
1970's. The aim of the present paper is a new mterpre-One sees the similarity of the probabilipyt) with the well-

tation of the SFE based on recent progress which permits ; ) o )
to treat the many-body problem of the spin-filter effect, in-ﬁ?ggni?s/%? :hrgagg el.)gfehéttrg?]ogr,etﬁ ;mit%ipendem spec
cluding the external electric field, exactly. |

Il. ELECTRON SPIN POLARIZATION S(t,0)= %([ck(t),c;(O)L). (8)

A. Polarization and probabilities
In our special cas€l =0, n=0), the average denoted by the

L : - ngular brackets has to be taken with {@estate, i.e., with
the spin-filter experiment, the polarization, can be connecte e electron and magnon vacuum. Therefore one of the terms
with the dynamic quantities of the system, the Green funcin the anticommutator does not cbntribute
tions, which will be determined in the following section from Spectral density (8) and Green f ﬁct'onG E
the many-body model. The vector spin polarizat®mof an X " r "y unct kol )
ensemble of electrons is defined as the expectation value o:f«Ck‘T’CKU»E are closely related. Both .W'." be dgtermlned
the Pauli spin matrices. It is easiest to handle its projectior‘In Sec. IV. From Egs(7) and(8) we obtain immediately
on the preferential direction of spins, the scalar quarfity .
(degree of polarization p(t)=472S(1)]2. 9

In this section it will be shown how the central quantity of
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Ill. THEORETICAL MODEL 1 . . 1 .
The aim of this section is to develop a many-body model p Zia=CiatCials 3 Tia™ Cial Ciat s =
of the spin filter which incorporates the main features of the
experimental situation. We make the following two assump- 1, D
tions which allow us to treat the corresponding many-body 7 TlaT 2 < ZoMiao (16
problem exactly:

N[ -

) ) _Wwith z,=+1, z, = —1 and where the identity for the ladder
(1) The tunneling processes of the emitted electrons are ingperators

dependent from each other; i.e., the conduction band is .
nearly empty 6=0). sli=s,=8,*is!, (17)
(2) The 4f lattice is ferromagnetically saturated, i.e., low

has b d.
temperaturesT=0). as been use

This representation already indicates some physics: The
first term in Eq.(14) describes the interaction of ttkzecom-
A. Geometry ponents of the spins similar to the well-known Ising model.
Our calculations are done for @anar spin filter, i.e., a Accordingly it wil _be Ca”e(.j the_Is!ng_term. The sec_ond term
sandwichlike batch of monolayers which are translational in" Eq. (14 IS n(_)ndlagonal In Spin indices and thus is respon-
ible for spin-flip processes; it will be referred to as the spin-

variant parallel to their plane. This matches the experimental. i
situation(field emission through a EuS layemnd provides at Ip term. . . .
Interactions among the strongly localizedl gpins might

the same time the proper symmetry to include the influenc%e taken into account via a Heisenberg téfrbut will here

of the strong electric field. A . L
The treatment of a planar system is based on the decorb® neglected, as we are mainly interested in the situation of
position of the whole system int; equivalent two- conduction banq electrons. Magnon energies are two to three
dimensional sublattice@tomic layerswith Ny lattice points orders of magnitude Sma”?r than the other energy scales of
each: the system such as bandwidth®if coupling.
For similar reasons the interaction among different con-
Ri,=R+r,. (100  duction band electrons will not be part of the model: eu-
ropium chalcogenides are magnetic semiconductors, order-
Ri andr, are perpendicular to each othef, points to the ing at fairly low temperature§TE"S=16.57 K (Ref. D]. In
atomic layer with indexa, whereasR; points towards the the range of temperatures that is of interest to us, the con-
lattice point with index inside this layer. duction band is nearly empty, and thus the contribution of
From the lattice vectoR;, this subscription is carried on electron-electron interaction to the total energy of the system
to all operators and derived quantities; greek indices genefill be negligible.
ally refer to the layer while latin indices refer to lattice points

within this layer: C. External electric field

0,—0; oijﬁo.aﬁ oikjﬂoﬁﬁﬂ (11) The Hamiltonian of an external electric field

la |j l

Fourier transformation intk space is reasonably defined Hy=—P-F (18

only within the two-dimensional sublattices, which are still . . L
invariant under translation is a one-particle operator. Rewriting it in terms of second

quantization
1 )
L= ikR; "
O|a NS ; e Okar (12) HV:; h£/n):ij20_ Mijﬁcitw'cjﬁa" (19)
apB
o _i 2 e ikRi). 13 we have to determine the matrix eIemeMﬁB_ hg/n) acts in
ke NG ta” the one-particle-Hilbert space of theh electron;|ia) are

_ _ . . elements of a complete orthonormal basis, for instance,
k means in all of the following considerations a vector of thewannier states.

two-dimensional Brillouin-zonéBZ) of one layer. CalculatingMﬁB, we have to specify the vector of elec-
tric field F and the operator of the electric dipole momentum
B. s-f interaction P. The electric field is assumed to act homogeneously along
It is convenient to write Eq(1) in a more suitable form thez axis, i.e., perpendicular to the Euilm (see Fig. ¥

for our purposes:

F=(Fx.,Fx,F,)=(0,0,~f=cons}. (20)
1 .
Her= =593 (2,SuMaot Selio-oCiar) (14 W0
Here the spin operators for the conduction electrons are ex- P= —e; r, (21)

pressed in terms of the creation and annihilation operators
c(): we evaluate the matrix elements

lao
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SPE)=— & IM{GEL(E+i0")}. 27
a T (o8

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

EGﬁzﬁr(E)th:Ciaa1Cj+,80']+>+<<[cia0'1H]f ;CjJrﬁa'>>E .
(28)

The higher Green functions, appearing on the right-hand side
of Eq. (28

Ffr(),/]ﬁa'( E) = <<Slzack'y(r ;CjJrﬁ0'>>E ' (29)

FIG. 3. Decomposition of a linear potential into a steplikg Fm/jﬁg(E)) ={((Sa Cky-o ;CjJrBU»E’ (30
and saw-tooth-like part. The points mark the field displaced centers

of gravity of the conduction band in the layetsis the layer index. ~ are to be calculated by solvingpeir equations of motion.
This procedure usually leads to an infinite hierarchy of

o T " coupled Green functions and their equations of motion. To
MiJB: _ef<]'8|(r)2|'a>=_Ef(R‘a)Z‘SiJB get any solution, physically reasonable decouplings are
- _efaaogqﬂz —aus®h . (22) needed. One possible treatment would be the mean field ap-
! . proximation where functiori29) can be expressed in terms
Here we assumed the Wannier functions to be eigenfunctionsf function (25) and function(30) is suppressed completely.
of the position-space operator, which should hold in good After doing the two-dimensional Fourier transformation
approximation. Additionally we usedR{,),=|r,|=aa,: parallel to the planes, the equation of moti®@8) of the
the z component of lattice vectdR;, equals the product of one-electron Green functio@ﬁ’j(E) reads as follows:
layer indexa and lattice constard,. Furthermore we intro-
duced the interlayer potential differenoe-efa,.
For the Hamiltonian of a homogeneous field, acting along
the z axis, i.e., perpendicular to spin filtering Euilm we

> [(E+32,919)8,5— €,5(K) 1GPE
)

o

eventually obtain J
=h 8~ —— >, FLF. (31)
B 2\/Ws 3 kq
HV:—UE ani o - (23
laoc In the case of an empty conduction bamd=0) and fer-

romagnetic saturation of thespin lattice T=0) which is
considered here, we can solve this exactly. Writing down the
equation of motion of the so-called flip functidfy ;,(E)

[Eg. (30)] one recognizes that all higher Green functions
may be expressed in terms of already known ones or
vanish?*2®We find the following expression:

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

H=Hgs+Hg+Hy. (24

IV. SOLUTION OF THE MANY-BODY PROBLEM

1

—> Fﬁ(ﬁﬂ= -
The theoretical model developed in the previous section Vs d

will now be solved. We consider a single test electron in th%hich expresses the flip function completely in terms of the

otherwise gmpty conduc'_uon baqd and a ferromagneug Satuo'ne—electron Green functioB{?(E). Here we introduced
rated 4 -spin system. This special case of thd model is v

not only fundamental for the understanding of the spin-filterthe complex propagatds,(E),

effect as it meets the experimental conditions, it can also be 1
solved exactly?1® even for the planar geometfy. _ B.(E)= > (). (33)
The retarded one electron anticommutator-Green function s q

Jh?SB,(E)

A. s-f model for T=0,n=0 T
1—%JﬁBa(E)

Gf. (32

« L Equationy32) and(31) form a coupled system of equations.
G”g(E):«C‘“”’CJBU»E 25 Tﬂe equz(tio; of (mgtion(Bl) is gt thig point ob?/iously
will give us, among other interesting information, the time- equivalen_t to a matrix multiplica_tion which may be written in
dependent spectral density, which is needed for calculatin§€ following compact formulation:
the flip-probabilities(9) and the polarization of the emitted

electrons(6): (E—Hyo) - Gyo=1il. (34)

. H,, is the effective Hamiltonian of the one-dimensional
af(t) _ 1 f dEem/ﬁ)EtSi«g(E), (26) _prob[em of an atomiq chain perpendicu_lar to the translational
27h J_« invariant layers. In site representation it reads
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FIG. 4. Density plot of the spectral densiti€g,; of the middle layer of a five layer spin filter film with and witholright and left
columns, respectivejyexternal electric field for several values of coupling strenptietween 4 spins and the conduction band

a; by by byin
by a; by o0 by,

Heo=| Pa1 bz as ban (35
bn1 bn2 bn3 Tt aAp

with its matrix elements
a,= €44(K)+25(E), (36)

baB: Eaﬁ(k)a (37)

1-z, JhB,(E)

SYE)=—z, $JhS| 1+ ,
2 2 1-13%B,(E)

(39

the complex propagatd ,(E) [Eq. (33)], and the Fourier-
transformed hopping integrals, z(k). It should be noticed
that the self-energy fos-=1 electrons is trivial. This is due

to the fact, that these electrons cannot participate in the spin-
flip processes, so that their interaction with the ferromagneti-
cally saturated # spins is restricted to a rigid energy shift of
the o=1 conduction band.

The propagatoB,(E) and the self-energ®. & are layer
dependeniindex «) but independent of the in-plane wave
vectork. The latter is due to our neglect of magnon energies
which is not necessary but convenient and reasonable since

containing the complex, local, and spin-depending selfthey are two to three orders of magnitudes smaller than other

energy. &

typical energy scales of the systefbhandwidth,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 of the
one-electron Green function. Shown are typical shapes ofrthe spectral densities of the spin-filter model: energy-dependeft} and
time-dependentmiddle) and the corresponding time-dependent nonflip probakifight).

pling). However, our model might be solved exactly with full with the ferromagnetically saturated 4pins is restricted to
consideration of the magnon energies. From B4) we get  rigid energy shift of ther=1 conduction band. For this rea-
finally the exact solution of the many-body system by matrixson we now focus on the discussion of the: | results.
inversion:

Guo=H(E—Hy,) L. (39 A. Spectral densities
With the Green functions given by E¢44) we can cal-

culate the spectral densiti€xs. They depend on the spin

direction o of the test electron as well as on the layer-index
The Hamiltonian of the electric field23) is a single- « and the in-plane wave vectér

particle operator:

B. Solution with electric field

1
Sir(B)=— — Im{G{Z(E+i0™)}, (45
wp where G¢ is the element G,),.. of the Green function

Expressed in terms of second quantization, i.e., by means 619atr.ix (44). 3
the electron creation and annihilation operators the electric- Figure 4 shows the spectral densBy;, for the center
field operatorH,, is therefore of the same structure as thel@yer («=3) of a five-layer film with and withouright and

operator of the kinetic energy of electroHs. They can be left column, respectivelyexternal electric field for no, me-
summed up: dium, and strongtop, middle, bottom lines, respectively

interaction between # spins and conduction band. The top
Sap + left of Fig. 4 shows the well-known dispersion of the free
H=Hs+Hy+ Hsz; Tii CiaoCipstHst, (4D Bloch electron gas in the two-dimensional Brillouin zone.

aB As the system consists of five layers one might expect five
o excitation energies. However, for symmetry reasons two
~ € H .
TﬁBHTﬁB:TﬁB_auéﬁﬁl (42) pairs of them are degenerated; we see only three peaks at

eachk point. By switching on an external electric field per-

The renormalization of the hopping matrix elements by theyengicular to the film, this degeneracy is lifted and five dif-
external field is equivalent to a displacement of the Bloch<grent peaks can be observédp right of Fig. 4.

band centers of gravity by a position-dependent amount for The middie and bottom lines of Fig. 4 show the situation

each layesee Fig. 3 _ for finite values of the coupling strengthbetween 4 spins
An external electric field thus renormalizes the layer-ang conduction band electrons. In each of these pictures we
dependent self-energy find two main structures: an energetically lower lying broad
~ def and dispersionless flip band and at higher energies a sharply
34—-35=35—au. (43 peaked structure which corresponds to the magnetic polaron

and shows a Bloch-like dispersion.

The flip band originates from spin-flip processes of the
conduction band electrons. Via thef interaction, theo
Gka:ﬁ(E_Hko’)_ll (44) =] conductlpn bar)d.ele(_:tron can emit a magnon, i.e., it

causes a spin deviation in the ferromagnetically saturated

with H,, defined analogously to E¢35) with the renormal-  lattice of 4f spins. As this process is of course forbidden for

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

ized self-energy43). o=1 electrons, the spectral densiti€g,,; for =1 elec-
The matrix inversion in Eq44) is done numerically for a  trons are rather trivial. They are not shown separately.
simple cubic film with layers parallel to th@00) face. The sharply peaked structure corresponds to a quasiparti-

cle with in most cases infinite lifetime: the magnetic polaron.
This means, in analogy to the “normal” polaron, an elec-
tron, renormalized by a cloud of virtual excitations, namely,

As stated above, the self-energy for=1 electrons is magnons. As this quasiparticle propagates freely through the
trivial. This is due to the fact that this electron group cannotcrystal lattice, the corresponding structures in the spectral
participate in the spin-flip processes, so that its interactiomlensities show therefore a Bloch-like dispersion.

V. RESULTS
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FIG. 6. Time-dependent probabilitiqa_s'll(t) (starting atp=1) andalz(t) (starting atp=0) of finding an electron in the first or second
layer at timet for different values of the external fieldi}. Time is given infi/eV=6.6x 10 ¢ sec. Straight lines are time average.

In the strong coupling regimel&0.2 eV) both structures fore strongly dependent on position in the Brillouin zone,
are energetically clearly separated, the polaron is representedupling strength, and temperature.
by 6 peaks and has, therefore, an infinite lifetime. This We ask now for the probability of finding an electron
changes at weaker couplings: At0.2 eV, i.e., realistic independent of its spin direction in a layer with indgxat
values for EuS, the polaron peak touches the flip band antime t after we prepared it at time=0 in layer «. General-
becomes considerably broadened neaitipeint of the two-  izing Eq. (9) we find
dimensional Brillouin zone. The lifetime of the polaron un- _
der these circumstances is finite and of the order bfelvV peh(t)=4m?|SFA(1))2. (50)
~10 °sec.

The external electric fiel@right column of Fig. 4 mainly
increases the energetic distances between the layers aft
thereby strongly influences the shape of all spectral densitieﬁ]
The polaronic peaks become more separated. As the fli re,
band reproduces roughly the shape of the=(}) DOS, the _ _ _
flip band changes with thes(=1) DOS under the influence S(B)=t{a JE-Es(l) ]+ ard E-Ex(W)]}, - (5D
of the electric field, too. Because of E@) one should ex- where thea, are again the spectral weights of thgeaks
pect a similarly significant field induced change of the tran-(a;+ a,=1) andE, is thenth excitation energy of the sys-
sition and spin-flip probabilities. This will be investigated in tem.E, is given as theth pole of the Green function@4):
the following subsection.

We will illustrate Eq.(50) by investigating it analytically for
wo layer system of free electrofis., J=0) with applied
ectric field. The spectral densities have a double peak struc-

de(E—Hy)le-g, =0
B. Probabilities
We apply Eq.(9) to the typicalo=] spectral density of Eqo(K)= E[zf(k)_uiA],
the s-f model. As calculated aboviEgs. (45), (44)] and 2
shown in Fig. 5 it consists at eaéhpoint of the broad flip

band, written now a$(E), a continuous function of energy A= \u?+4t2, (52)
without singularities, and the*like polaron bandz §(E A=E,—E, is a measure for the energetic separation of the
—Eo): layers and depends on the interlayer hopgisgt to 0.1 eV
and the interlayer-potential differenceinduced by the ex-
S(E)=a1f(E)+ axfi 6(E—Eo). 460)  ternal electric f)i/elc{23). Y
The «,, are the spectral weightsy{+ a,=1). ~Now a simple calculation from Eq50) using Eq.(51)
From Eq.(46) one finds with Eq(9) yields
_ - L — — tA
p(t)=|ayF(t)+ ape” (/M2 (47) plz(t)=p21(t)=4(a12)zsin2(ﬁ), (53
because of the linearity of the Fourier transformation. With
Parsevals theorem Hll(t) 2522(»[) = 1_512('(), (54)

+oo o the probability of finding an electron in the second layer
f_oc |f(E)|*dE= f_x [T(0)[*dt (48 (p or in the first layer p1Y) at timet after we prepared it
at timet=0 in the first layer of our two layer film. Both
we conclude from the normalization df(E) that [T(t)|? probabilities are completely determined Ry the energetic

must vanish quicker than tlfor t— . separation of the layers, and are therefore lnatependent.
For a typical spectral density of our model we therefore'”cr?asmg the external electric field we qbserve a growing
find from Eqgs.(46) and(9) confinement of the electron in the layer it had been prepared
in, see Fig.26. 2;rhis behavior is well known as Wannier-Stark
—. tow localization?®~2’
p(t) —— |ayf?. (49

Finally we want to determine the probability of finding an
This interesting result shows that the nonflip probability for aelectron at timet in layer 8 with reversed spin- o after it
(o=1]) electron is completely determined by the spectralhad been prepared at time 0 in layer « with opposite spin
weight of the polaron peak in the spectral density and theree. These spin-flip probabilitiesﬁf(t) are obviously given
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total-
probability

FIG. 7. Spin-flip and nonflip probabilities for a two-layer film with wealf coupling 3=0.08 eV) and without electric field. At
=0 ao= electron had been prepared in layer one. The first line of pictures shows the time-dependent probability of still being in a
= | state(in first layer, second layer, somewhere in the systéthe second line of pictures shows the probability of being flipfedirst
layer, second layer, or somewhere in the systérhe bottom line is the sum over both spin directions and gives thus the spin-independent
probability of being in thefirst layer, second layer, or somewhere in the sytéfime is given infi/eV=6.6x 10" 1¢ sec; the interlayer
momentumk runs from(0,0) to (2,27) through the two-dimensional Brillouin zone.

by the overlap of the Bloch statég,.,(0))=cy,,|0) with In the last step we have to determine the general spin-flip
states such dsﬁfqyfg(t)>:|sgyc(k—q) —o(1)]0). function Fgff which is in the usual way connected to its

The spin-flip process of the conduction band electron alspectral density:

ways results from magnon emission, i.e., it is connected to a

spin deviation in the lattice of the magneti€ fhhoments. Let avBas = «

us assume this magnon had been emitted in layend y‘i (E)__; Im{F,Zqu (B)} 57

carries away the momentuq In order to get the total spin- .

flip probability pg#(t) we have to sum over all possibilities After Fourier transformation we will g@{ff(t).

of emitting such aq,y) magnon: The general spin-flip function can be obtained from the
hierarchy of the equation of motion. The calculation is com-
parable to the one in Sec. IV and yields

pﬁf(t>=2y % (e (D] ¥kao(0)2.  (55)

Fra (E)=X“E)G{f(E)G}“ 1 (E), (58)
The flip probabilitiespﬁf(t) are related to the spectral den- with
sity §}2¢ of the spin-flip Green function(30) F75¢ »
— g . e
:<<quyc(k*q),ﬁ,*0’Clzrao>>' X%(E)= JhS (#) (59
A straightforward calculation similar to those in Sec. Il B INg | JAB,(E)—2

shows
Equations(35)—(39) and their generalized form which in-
cludes the external electric field3), (44) completely deter-
pﬁ‘f(t)=4w22 |§1¥§f(t)|2- (56) min_e-_ the solut_ion._ Equation$6) and (58) give us the prob-
7q abilities for spin-flip processes we were looking for.
The spin-flip and nonflip probabilities derived so far were
The corresponding probabilit}oﬁ‘f(t) vanishes, since we evaluated numerically for a two-layer simple cubic film with
considered here the case of a ferromagnetically saturated 4layers parallel to thg100) face. The results for different
lattice, which cannot be aligned any further and thus intervalues ofs-f coupling and strengths of the external electric
dicts spin-flip processes fow{=1) electrons. field are shown in Figs. 7, 8, and 9.



8587

SPIN-FILTER EFFECT OF THE EUROPM.. ..

PRB 58

total .
probability.

FIG. 8. Same as Fig. 7, but with external electric field=0.4 eV). The total spin-flip and nonflip probabilitiésght column are,
compared to Fig. 7, unchanged, although the individual probabilities changed rather drastically. The spin-totalized prdbalititieine

show the Wannier-Stark localization discussed in $€B): the electron is confined to the layer it had been prepared in.

total
probability

FIG. 9. Same as Fig. 7, but with intermediae coupling @=0.2 eV) and without electric field. The total spin-flip and nonflip
probabilities(right column show, compared to Fig. 7, a strong dependence fronstheoupling. The spin-totalized probabiliti¢bottom

line), however, are barely changed.
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non flip P partical-
probability plsgll)%lgﬂﬂy conservation
+
r
0.5
50 40 20 8
io 20 ~%

FIG. 10. Nonflip and flip probabilities for a monolayer spin filter with wesak coupling J=0.08 eV). Time is given i/eV=6.6
X 10718 sec; the interlayer momentuknruns from(0,0) to (27r,27) through the two-dimensional Brillouin zone. The right picture verifies
the particle conservation.

It should be stressed that the shown nonflip and flip probflip probability for (c=1) electronsp; vanishes identically
abilities were obtained in separate calculations, based oand the(time-dependentflip probability for o= | electrons
completely different many-body entitiésne-electron Green p, is given by Eq(56) as pointed out in the previous section.
function and spin-flip function, respectivelyHowever, our  Using the observation®) and (3) concerningpﬁf’(t) made
understanding of those complementary probabilities dein the previous section the calculation of the polarization
mands that they add up to 1 for all times and all vectors simplifies considerably: The dynamics of the spin-flip pro-
(particle conservation As the figures show, this is satisfied cesses turned out to depend on neither the strength of the
in each casgbottom righy. external electric field nor the number of layers of the spin
filter. It is completely determined by the strength of gé
interactionJ.

Practically calculating the polarization therefore simply

Comparing Figs. 7—10 we can summarize as follows.
(1) The spin-totalized probabilitieéottom lines do not
show a significant dependence on the strength ofstife o
couplingJ between conduction band electrons and Iocalizecfjem"’mds th_at we evaluate _thg spin-flip proba_b|llt|es _for a
4-f moments. Accordingly they are equal to those with nomonolayer film WIthOUF electric flelq-bkl or, evejr.w_3|mpler, its
coupling J=0 which had been determined analytically in COmplementary quantity: the nonflip probabilipy, as
Sec. VB and are completely independent of the intralayer _
momentumk. Pk Pk =1 (60)
(2) The total spin-flip and nonflip probabilitigsight col-
umng do not show any dependence on the external electric In the previous section we showed thi'[ after a sufficient
field u. Accordingly they are equal to those without field long period of time the nonflip probabilitp, | is given by
=0. the square of the spectral weight of the polaron. This “criti-
(3) Calculations for films with various numbers of layers cal” time is characterized by the width of the scattering peak
show the total spin-flip and nonflip probabilities are also in-t>1%/eV=6.6x 10 ® sec and thus is sufficiently smaller
dependent of the total number of layers in the film. Consethan the typical amount of time an electron spends in the spin
guently they are the same as those which are calculated forfidter. We can therefore apply E¢49) and obtain finally
monolayer.

These observations simplify the practical evaluation of spin- Pr=px = 1-]az(k)|?. (61)
flip probabilities for the spin filter experiment essentially and
allow us to determine the polarization of the field-emitted
electrons quite generally.

The degree of polarization is completely given in terms of

the spectral weight of the magnetic polaron pegkk) and

is thus strongly dependent on teef coupling as well as the

electron intralayer momentuin a,(k) is obtained by inte-

gration of the spectral densit45). Figure 11 shows the
According to Eq.(6) the polarization is completely deter- degree of polarizatioR, calculated according to E¢G1) for

mined by the effective spin-flip ratipes=p, —p;, where the  differents-f interactions.

C. Polarization

J=0.08 eV J=0.2 eV
B B
0.8 0.8
06 0.6 v
04 0.4
0.2 0.2
°F M r °’r M T

FIG. 11. Degree of polarizatioR, according to Eq(61) for weak (J=0.08 eV, lef} and intermediatéJ=0.2 eV, righ} s-f interac-
tions. The right picture shows the situation for realistic valued of a spin-filter experimenti®'S~0.2 eV following Wachte(Ref. 1).
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It is interesting to see that for unrealistic small values ofusing recent results from many-body theory on thd

the coupling §~0.08 eV), one really gets nearly 100% of model. This was achieved by expressing the degree of polar-
polarization. This is due to the finite lifetime of the magneticization of the field emitted electrons in terms of spin-flip
polarons under these circumstances: The polaronic and scgrobabilities which had been determined in the framework of
tering peaks touch each other near the origin of the twoan exactly solvable many-body model of the experimental
dimensional Brillouin zone, the polaronic gets broadenedsijtyation. This model used thef model in reduced dimen-
and theo=| electrons “decaEy; into ¢=1) states. How-  sjons (film geometry, including an additional term taking
ever, for realistic values of (J=">~0.2 eV) the polarization jnto account the strong external electrical field. When we
lies for all k clearly below 100%Fig. 11, righ}. discussed the spectral densities of the one-particle Green

The spin-filter experiment allows only for leaveraged ¢ ncfion, the influence of the external electrical field on elec-
measurement of the degree of polarizatinOut of all elec- tronic behavior was seen, e.g., the Wannier-Stark ladder.

trons with given total energy those electrons with maximum Several physically relevant probabilities such as layer re-

energy perpendicular to the tunneling barrier will be trans-

mitted most likely. These are just those electrons with mini_solved probability densities and flip and nonflip probabilities

mum intralayer momenturk, i.e., the electrons close to the were .derlved and .d|s_cussed, showing, f-or mstance, the
T" point of the two-dimensional Brillouin zone. According to Wannier-Stark localization due to the electrical field and the
our calculation(Fig. 11, righd this would yield P~80%, strong dependence of the spin-flip' probabilities on the intra-
which accounts for the experimental results much better thalgyer momentum and the-f coupling between ferromag-
the former mean field results did. netically ordered 4 spins and conduction band electrons of
To exploit Eq.(61) fully, k-resolved experiments, such as, the spin filter. The degree of polarization of the field emitted
for instance, spin polarized low energy electron diffraction orélectrons evaluated in our model turned out to be well below
spin polarized electron energy loss spectroscopy on an ed00% for all temperatures which is in good agreement with
ropium chalcogenide surface are suggested. Because of Eje experiments and represents considerable progress with
(61) one would expect a significant angle, ile.dependence respect to the mean field results of former works.
of the degree of polarization of the scattered electr@es
Fig. 11).
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