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The electric transport properties of Fefke model systems have been investigated for current
perpendicular to the plane geometry. Three different spacer materae[In, P], [Zn, Sg have

been used in order to examine the dependence of the magnetoresistance with respect to the spacer
thickness. In the case of binary spacer materials the influence of the termination of the spacer
material is also investigated. In addition, some important technical aspects like the variation of the
sheet resistance with the number of lead layers are discussed. The investigations have been
performed in the framework of the relativistic spin-polarized version of the screened Korringa—
Kohn—Rostoker method, and the Kubo—Greenwood formula has been used to describe the transport
properties. It has been observed that for all three systems the magnetoresistance becomes constant
with increasing spacer thickness, the absolute value depending on the material and the termination
of the spacer. Furthermore, we can demonstrate that the dominant contributions to the
magnetoresistance arise from the Fe/X and X/Fe interfaces20@2 American Institute of Physics.

[DOI: 10.1063/1.1452653

I. INTRODUCTION mental structures of the spacer material, being zinc-blende,

diamond or even amorphous, have been replaced by a bcc
The possibility of spin dependent transport in parent lattice.

ferromagnet-semiconductor heterostructures has inflamed the

discussion of future applications like spin electronics and

magnetic data storage. In this connection amorphous Ge ar”j THEORETICAL DETAILS

ZnSe semiconductors have been discudsémn layers, '

which were separated by an amorphous spacer show a re- The electronic structure calculations were performed

versible exchange coupling at temperatures lower than 200 ithin the spin-polarized local density approximation of the

(ZnSe, which means the coupling switches between FM andjensity functional theory by using a fully relativistic version

AFM coupling if the temperature is changed. If the temperaof the screened Korringa—Kohn—Rostoker method

ture goes beyond this temperature the system becomes FMSKKR).® For the description of the electric transport we

From this point on renewed cooling does not lead back temployed a fully relativistic form of the Kubo formufaln

AFM coupling* Furthermore, Fe/X/Fe junctions with X be- order to keep the two-dimensional translational symmetry,

ing a semiconducting material usually show a small tunnelvhich is necessary for thiespace calculations we chose a

magnetoresistancMR<0.199.> In addition, a finite posi- bcc parent lattice d=5.27 a.u.) for all systems, which

tive MR can be observed in presence of a magnetic fiéid. means in the case of binary spacer materials that each layer

the case of ZnSe experiments have shown that the condugentains only one type of atom. This is a strong restriction,

tivity of the system shows a remarkable dependence on thisut for thin spacers it should be validee Sec. Il

Fe thickness.If the thickness of the Fe layer reaches 18 A |t was shown by LeVithat the Kubo formalism is not

the conductivity shows metallic contributions, whereas foronly sufficient for current in-plane geometry but can also be

thinner magnetic layers the semiconducting behavior preused if the current flows perpendicular to the planes, if we

vails. However, nearly no quantitative values for the MR areassume that we are in the steady staiée can then define

available. In this paper we have investigated the dependenctke sheet resistance as a sum of layer dependent resistivities

of the MR on the spacer thickness for three planar modep;; at sitei caused by a current at site

systems of the type Fe/X/Fe, in which bcc Fe is separated by n

Ge, [Se4, Zn, and[ln', P] spacers..We have.used the Kubp r(C,n,5)=Z pii (€0, 6). 1)

formula® for calculating the electric properties. The experi- 0
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FIG. 1. Variation of the sheet res

istancgC,n, 8) with the number of Fe

lead layersn for Fe,/Geys/Fe, . The results are given for parallel and anti-
parallel alignment of the leads and the imaginary part of the Fermi energy is

chosen to be 2 mRy.

Here, n is the total number of layers anélis a small but

finite imaginary part of the
which is necessary for tHes

complex Fermi energy+i &,
pace integratiof Furthermore,

the sheet resistance depends on the magnetic configu€ation
In order to determine the magnetoresistance MR two differ-

ent lead configurations are

needed. Here, the pafédteand

the antiparallel(4P) alignment of the lead magnetic mo-

ments is considered. The magnetoresistance can then be writ

ten in the form:

_ I(AP,n)—r(P,n)

R(n)= r(AP,n)

terial and the multilayer do

to be included in the active part of the multilayer. For a
sufficient large number of buffer layers, however, the SheeBecause of Eqd), k
resistance varies linearly with the number of layers 'l

r(C,m,8)=rqy(C,6)+mkqy(C,6),
wherery(C, 8) is the value of Eq(3) for m=0 andk; is the

slope. A typical example

Fe,/Ge;s/Fe, system ands=2 mRy° From this it is ob-
vious that the sheet resistance varies linearly with the num

ber of layers ifm=8. Here,
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FIG. 3. MagnetoresistancR(s) vs the number of spacer layessfor

FelX,/Fe, withX=Ge, [In, P] and[Zn, S€. Lines refer to the fitted sheet
Two problems arise from the above description of the MR resistances, full lines indicate a P or Zn termination and dashed lines an In

First, the Fe layers near the interface between the bulk m&¥ Se termination of the spacer.

not show bulk behavior and have

)

is shown in Fig. 1 for the

all calculations were performed

with m=10, which surely lies in the linear regime. Second,

tends to zero ford— 0, because the

true sheet resistance does not depend on the number of lead
layers, which were taken into account. This was checked for
a Fe(100)/Fg/Fe(100) system, where the semiconductor
was replaced by pure Fe and the sheet resistances were cal-
culated for imaginary parté between 1 and 3.5 mR§Fig.

2). It can be seen th&; indeed tends to zero, if the imagi-
nary part ofer goes to zero. The tiny remaining part is prob-
ably due to computational errors.

llI. RESULTS AND DISCUSSION
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The magnetoresistandéq. (2)] for the three hetero-

structures was obtained from the sheet resistafiegs(1)]

B as a function of the spacer thickness. The results are summa-
- rized in Fig. 3. In order to reduce the computational effort
i the MR of the Fe/Gg/Fe system was only calculated fér

(2 mRy). Due to the Eq(3) this curve is rigidly shifted such
that the MR is reduced compared to the MR &# 0. In the

case of the binary spacer materials we calculated the sheet
T resistances for several values®&nd were able to continue
the sheet resistances to the real axis; see(&qTherefore,

the MR refers to6=0 mRy. The corresponding result is

& (mRy)

shown in Fig. 3. The MR of all three systems shows the same

FIG. 2. Variation ofk,(C, 8) with respect to the imaginary part of the Fermi trend. It becomes constant if the system ConFainS a sufficient
large number of spacer layers. Systems with a Ge spacer

energyd for Fe(100)/Fgs/Fe(100).
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TABLE I. Normalized fractions of the sheet resistance differecg/Ar spacer depends on the termination of the spacer. Here, a Se
for the regionsp of the system, defined in the text. The present systemarminated system shows nearly no MR inside the spacer, on
consists of 43 spacer layers with an Se and a Zn termination. the other hand Zn termination shows there a MR of about
Ar, AT 20% but with negative sign. This explains why the

asymptotic value of the Zn terminated system is much
smaller as compared to the system with Se termination
Se 0.0049 0.4912 —0.0089 (Fig. 3. In contrast to that th¢ln, P] system has similar
Zn 0.0034 0.6030 ~0.1959 sheet resistance fractions for both terminations, which has
already been discussed elsewh&reherefore, in this system
the MR is nearly independent of the termination of the
spacer and the asymptotic values of the MR for In and P
reach an asymptotic value of 37% already after 15 spaceaermination are similar.
layers. If the spacer contains more than one type of atomic  Finally, the influence of the structure should be dis-
species, the MR can depend on the termination of the spacetussed. As mentioned at the beginning all systems were
Therefore, we have investigated the MR for both types oftreated within a bcc parent lattice, which does not correspond
termination, assuming equal termination for both interfacesto the bulk structure of the spacer materials. Therefore, all
The MR of the Fd/Se, Zrl/Fe system shows a distinct de- the systems remain metallic even for large spacer thicknesses
pendence on the termination. The Se terminated system hasaad the tunneling regime cannot be well described. However,
twice as large MR38%) as compared to the system with Zn experiments with Fe on ZnSe show some metallic contribu-
termination (18%). In contrast to that the system with an tions even if the semiconductor is rather thidk, which case
[In, P] spacer is less sensitive to the termination and the reduction of the density of states at the Fermi level and a
asymptotic values are similar to each otki€ig. 3). In addi-  possibly band gap in the middle of the spacer should be
tion, the MR does not decrease smoothly with growing num-expected. Butleet al. have investigated a Fe/Ge/Fe hetero-
ber of layers, but seems to oscillate, which may be caused bstructure with nine Ge layers using the diamond structure of
interlayer exchange coupling effects. However, all investi-Ge, they also obtained metallic behavior in the inner Ge
gated systems show the same asymptotic behavior. This is layer*?
accordance with recent experiments from Hunzikeal.,? Financial support has been received from the RTN Net-
who examined Fe/ZnSe heterostructures depending on the kerk MagnetoelectronicgContract No. HPRN-CT-2000-
thickness(4—18 A). They found that the conductivity does 00143 and the Hungarian National Science Foundation
not change much with the thickness of the spacer material (Contract No. OKTA T030240 We also wish to thank the

In order to understand where the MR locally comes fromCNRS IRIS Computing Center at Orsay for calculations
and why it depends on the termination of the spacer, welone on their T3E Cray.
analyzed the difference between tHg° and P sheet resis-
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