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Validity of the Julliere model of spin-dependent tunneling
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We consider spin-dependent tunneling between two ferromagnets separated by a simple step barrier, and
examine four models for the magnetoconductance ta@IG: A model due to Julliere which characterizes
the magnetoconductance solely in terms of the tunneling spin polarization, a model due to Slonczewski which
provides an approximate expression for the magnetoconductance of free electrons tunneling through a barrier,
the exact expression for the magnetoconductance of free electrons tunneling through a barrier, and the numeri-
cal calculation of the magnetoconductance of band electrons in iron tunneling through a barrier. We find that
the Julliere model does not accurately describe the magnetoconductance of free electrons tunneling through a
barrier. Although Slonczewski's model provides a good approximation to the exact expression for free elec-
trons in the limit of thick barriers, we find that the tunneling of band electrons shows features that are not
described well by any free electron picture and which reflect the details of the band structure of iron at the
Fermi energy[S0163-182807)05641-3

I. INTRODUCTION NT—N!
_ _ _ _ P= NN (2)
Since the discovery of the giant-magnetoresistance

effect! there has been a renewed interest in the phenomenon
of spin-dependent transport in general. Spin-dependent trandt and N' are the effective tunneling densities of states.
port in a tunnel junction composed of two ferromagneticAlthough the meanings dfi’ andN' and hence of the “po-
layers separated by an insulating barrier was first reported ilarization,” P are vague in this model, specific values are
19752 and it is now possible to reliably deposit tunneling often obtained from tunneling experiments in which elec-
junctions between ferromagnetic materials that show a corirons tunnel between a ferromagnet and a superconductor
sistent magnetoresistante. The theoretical model that is across an oxide barriérin the case of Ni, values d? ob-
the most widely used today to describe this phenomenon wasined from these tunneling experiments are inconsistent
proposed by Julliefeand was based on arguments of Tedrowwith those seen in spin-polarized photoemissi@ne inter-
and Meserveywho had earlier studied tunneling between esting prediction of the model is the independenca 6/G
superconductors and ferromagnets. The Julliere model isn both the geometry and the electronic structure of the bar-
based on the assumption that the tunneling current in eadfier layer. In our opinion, this prediction seems unrealistic
spin channel is proportional to the product of the “effective because we expect the electronic structure of the barrier, and
tunneling density of states” for the given spin channel forof the interface between them, as well as that of the ferro-
the metals on either side of the barrier. In the free electromagnet, to play a role in determining the transport.
model this “effective tunneling density of states” would In this work we will first study the conductance of spin
presumably be the Fermi level density of states for each spipolarized free electrons through a simple barrier, and com-
channel. However, in a real ferromagnet, since differenpare the results of numerical values of the conductance ratio
states have different effective masses and velocities, it mighb that expected by the Julliere motleind Slonczewski’s
be some suitably weighted average. The change in the comodef (which will be discussed in more detail later)on
ductance between parallel and antiparallel alignment of th&@hese results will also be contrasted with predictions of the
moments on the two sides of the barrier relative to that otunneling conductance ratio between two semi-infinite Fe
parallel alignment is layers separated by a step barrier, for which the electronic
structure of Fe was computed self-consistently within the
AG  2PP’ local-spin-density approximation.
G 1rPP @

II. TUNNELING OF FREE ELECTRONS

whereP andP’ are the spin polarization ratios of the effec-  For a single spin channel, the free-electron potentials in
tive tunneling density of states in the two magnetic layers the three regions ar¥,, V,, andV,, respectively, where

0163-1829/97/5@.8)/11827%6)/$10.00 56 11 827 © 1997 The American Physical Society



11828 J. M. MacLAREN, X.-G. ZHANG, AND W. H. BUTLER 56

V1<Eg, V,<Eg, and Vpy>Eg. Depending on the spin k,=/(2m/%2)(Ec—V,)—k{, and on the right of the barrier
alignment,V,; andV, are taken to be eith&f; orV, . Inthis g k2=\/(2m/ﬁ2)(EF—Vz)—kﬁ. Inside the barrier the de-
model the exchange splitting is given simpl -V,. : .
The z component gf thg Wavge ve?:tor for arru) Zlebgtron lat thecaymg wave vector 1% = 5/(2m/h2).(\./b_ Ee)+ k‘.‘z' .

. o The unitary transmission coefficients for this barrier are
Fermi level on the left of the barrier is given by

|
16k, k%k, exp(2dk)

Tka)= {r(ky+Ko)[1+exp2dx) 112 +{(k®—kikp)[1—exp(2dk) ]} @
|
whered is the barrier thickness. The reflection coefficiént The final result of Slonczewski’'s analysis for the conduc-
is 1-T. For most tunneling situationg, is small, andR is  tance ratio is of the same form as that proposed by Julliere,
close to unity. In this limit, we find that is given by but with an effective polarization in place &, defined as
16k, k%k, exp(— 2dk) K2—k.k
T(ky)= 7 (.2 7 4 —p_o "M
[k(ky+ ko) P+ (K2—kqky) Pert=P kK, (8

Finally we use the Landauer-Biker formul&°for the tun-

neling conductance where bottk; andk, are evaluated &, = 0. Thus, unlike the

original Julliere model, the expected conductance ratios
would depend quite sensitively on the type of tunnel junc-
tion.

eZ
C=Zmn f d?kT(ky), (5

. NUMERICAL EVALUATION FOR FREE ELECTRONS
where we have assumed that there is no diffuse scattering in

the barrier region and consequently is conserved. Thus  We evaluated Eq(5) numerically for various barrier
eachk; is an independent conduction channel. heights and thicknesses, choosing a Fermi energy of 6.8 eV.

In the free-electron model the two spin channels have he results for the conductance ratio are compared with the
different wave vectorsk. = V(2m/A2)(E-—V.)—K2 and predictions of the Julllere'mod'el using both E@.as V\(ell as
klz\/(Zm/hz)(EF—Vl)—Lf \a/é the F)e(rmFi Ievgl Tll‘wus the EY: (8), and are shown in Fig. 1. The barrier height was

YV . varied in the range 0.25 to 10.0 eV above the Fermi energy,
majority conductance for parallel alignment of the moments, range which encompasses both semiconducting and insu-
on opposite sides of the barrier is found from E@.and(5)

. o lating bandgaps. For each barrier height, thicknesses of 5 to
using kl:k?zlﬁ , _and for the minority . conductarjce 100 A were studied, corresponding to just a few atomic lay-
ki=kz=k, while the conductance for antiparallel align- ¢rg 5| the way to about 50 atomic layers. The conductance
ment of the moments is obtained by setthig=k; , ko=K, . 5ijns are plotted as a function of the Fermi level polarization
The polarization of the tunneling electrons used in the Julp "¢ can pe seen that the Julliere model does not describe the
liere model, applied to free electrons, is simply that of theggnqctance ratio well for any of the barriers investigated.

Fermi energy electrons, i.e., Slonczewski's expression provides a much better description
for most of the parameters investigated, but has significant

p— ki—k _ 6) errors for_some ranges of the parameters. Slonczeyvski’s ex-

ki k| pression is closest to the true free-electron tunneling result

for large barrier thicknesses and for small barrier heights.
In general AG/G calculated from Eq(5) cannot be easily The errors result from the neglect of all terms except those of
reduced into simple functions ¢ andP’. order 14 in the expansion of the integral. These can become

SlonczewsK¥ also considered the same free electrongjgnificant if k becomes large whilal is still not large

model of spin-dependent tunneling. He obtained an expressnough for the exponential factor to be dominant.
sion for the tunneling conductance that can be written in our - As has been shown, the Julliere model does not accurately
notation as represent the magnetoconductance ratio in the free-electron

model. Although Slonczewski's generalization does provide
_ e’ Ko a reasonable description of free-electron tunneling through a

G= Awh ET(O)’ @) step barrier, it is not simple to apply to experiment because

the effective polarizatiof® . depends on both the ferromag-
wherek is the decaying wave vector in the barriekat=0.  net moment alignment and the barrier height, and thus can-
Slonczewski's result is obtained from E@) by integrating  not be uniquely defined for each material. We also note that
overk, and keeping only the leading terms ird1/ the Julliere model was designed to be quite generally appli-
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Conductance Ratio vs P Vb=0.25 eV Conductance Ratio vs P Vb=3.0 eV
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FIG. 1. Conductance ratia\G/G) for free electron spin dependent tunneling for various barrier heigh®&25 eV,(b) 0.75 eV,(c) 1.5
eV, (d) 3.0 eV, (e) 6.0 eV, and(f) 10.0 eV. In each panel, barrier widths of 5, 10, 20, 100, and 200 A are shown along with the Julliere and
Slonczewski results labeled ly) and (S) respectively.

cable while Slonczewski's model is based on the freestep barrier. The system that we have chosen to study is an

electron approximation. Fe barrietFe tunnel junction, where the barrier was taken to
be a simple step of varying height and width. The electronic
IV. TUNNELING OF BAND ELECTRONS structure of the bulk ferromagnets was solved self-

consistently within the local spin density approximation us-
In the second part of this work we are interested in howing the layer Korringa-Kohn-Rostokdt KKR) approacht
well the Julliere and free-electron descriptions apply to spinin the atomic sphere approximation. The barrier consisted of
dependent tunneling from real ferromagnets through a simplatomic spheres with uniform potentigl As a check of the



11 830 J. M. MacLAREN, X.-G. ZHANG, AND W. H. BUTLER 56
TABLE I. Conductance ratiosXG/G) for FeBarriefFe junc-  found by adding a small imaginary part to the energy, and
tions as a function of barrier height, measured with respect to th%iividing that by the resulting small imaginary partkgf. The
Fermi energy and barrier width. plane wave scattering matrix for the barrier region can be
found from the scattering matrices of the constituent layers.

Barrier height(eV) 5A 10 A 20 A Since each Bloch wave can be expressed in plane waves, and
0.8 0.65 0.65 0.71 the scattering of each of these plane waves is known, the

1.1 0.75 0.75 0.78 scattering of each Bloch wave into plane waves can be

3.3 0.91 0.92 0.93 found. These scattered waves can be projected back onto the
4.4 0.94 0.94 0.97 Bloch waves. If the initial Bloch waves are normalized to

unit flux, the resultingS matrix is unitary.
Table | shows the variation in the conductance ratio as a

atomic sphere approximation for the barrier region, we verifunction of barrier height, measured with respect to the
fied that it reproduced the transmission and reflection coeffiFermi energy, and barrier thickness. It can be seen that for a
cients of free electrons which we obtained analytically andgiven barrier height, the conductance ratio is almost indepen-
described in Sec. Il. The LKKR method allows an infinite dent of barrier thickness, but does depend on barrier height,
system with only two-dimensional translational symmetry toa result consistent with Slonczewski’s solution, but not with
be built up from its constituent layers. For tunneling of bandthe original Julliere model. In fact the current distributions
electrons, the transmission coefficiehtdescribes the scat- over the Brillouin zone are more localized than in the case of
tering of Bloch states through the barrier. The calculation offree electrons, as shown in Fig. 2. While the shape of the
the Bloch wave scatterin§ matrix proceeds as follows. First conductance in the majority channel for parallel alignment of
the Bloch states in each lead are computed. In the LKKRhe moments is qualitatively similar to that expected for free
method atoms are grouped into layers whose scattering malectron tunneling, both the minority channel for parallel
trices are represented in a plane wave basis. The plane wavalignment and both channels for antiparallel alignment ap-
are labeled by a two-dimensional reciprocal lattice vector, gear substantially different from the free-electron conduc-
wave vector in the two-dimensional Brillouin zone, and atance. In the minority channel, only certain regions of the
particular energy and direction of travel. The Bloch states ar@rillouin zone have large conductances and the conductance
expanded in terms of these plane waves in the region bds not peaked at the zone center as would be expected for free
tween the layers, and the coefficients are eigenvectors of thelectrons. These peaks reflect the details of the minority band
layer transfer matrix, i.e., the particular combinations ofstructure of Fe at the Fermi energy. In the case of the anti-
plane waves that propagates without scattering to the nexerromagnetic alignment, the conductance appears similar to
layer with only a change in phas&The eigenvalue provides that of the minority channel. We can understand this behav-
the value ofk,, since both the energy arlg are specified. ior by noting that the majority channel has less structure than
The Bloch states can also be labeled by their direction othat seen in the minority channel, and the the conductance,
travel which is determined by thecomponent of the group therefore, is dominated by features of the spin down channel.
velocity. The z component of the group velocity can be In the case of Fe, the majority spin Fermi energy passes close
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FIG. 2. Calculated tunneling conductance distribution throughout the first Brillouin zone |BarfieijFe for (a) majority channel with
parallel moment alignmentb) minority channel with parallel moment alignment, aiedleither channel with antiparallel moment alignment
compared with(d) the free-electron distribution. The values of the conductance have been scaledtip’1.0
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In{conductance) vs thickness, Vb=0.82eV parts of the Brillouin zone, the similar decay rates from both
0 y y T T T spin channels is unexpected. The calculated conductance ra-
5 b doxﬁ ; tios are much éarger than the experimental values that have
B antiferromagnetic 4 been reported: They_ are also mugh larger than would be
10l predmted by' the Julliere model using the valueRo£0.44
for iron obtained from ferromagnetsulatofsuperconductor
15 | tunneling experiments.
G It is clear that neither the Julliere model nor the free-
< 50 electron model is appropriate for describing the tunneling
between two Fe ferromagnets. In our opinion the Julliere
95 model, even in its weakest form which states that there is a
number P, which describes a ferromagnet and determines
-30 the magnetoconductance ratio through &g, does not have
(@) a firm theoretical foundation. On the other hand, there seems
-35 ' * ’ ; ; to be a modest amount of experimental evidence that is at
0 5 E%rrier tfliikess (ZA()J 25 30 least consistent with the model. Parkin has obsertreat Eq.
(1) with values of P taken from Tedrow and Meservey’'s
In(conductance) vs thickness, Vb=3.26eV work® provides a reasonable upper bound to the magnetocon-
T T T T y ductance ratios that he has obtained in spin-dependent tun-
up- ¢ neling structures.
10 } down < - .
antiferromagnetic 4 The calculations which we report here assume that the
20 interfaces are perfect and thatis conserved during tunnel-
ing. It has been speculated that the breakdowk afonser-
_.-30 vation may restore the Fermi energy density of states as the
2 relevant parameter governing the tunneling probabifltsl-
40 though as emphasized previously tRevalues obtained by
Tedrow and Meservey seem to have little relation to the
-0 Fermi energy density of states.
60 ()
70 . . . . . V. CONCLUSIONS
0 ° I13%rrier tfliikess (QAC)) 25 80 In conclusion, we have shown that the Julliere model is

not generally appropriate for spin-dependent tunneling. Al-
FIG. 3. Conductance of majority and minority channels for par-though Slonczewski's model is a reasonable approximation
allel moment alignment and either channel for antiparallel align-for free electrons, it is not clear how it should be applied to
ment as a function of barrier thickness for barrier heightépd.8  real materials with more complicated band structures. A suc-
eV and(b) 3.3 eV. The straight lines are fits to the data. cessful model needs to incorporate both the true band struc-
ture in the presence of the interfaces as well as the depen-
dence of the tunneling current on the barrier height and
to the top of thed bands and the states while still primardly ~ thickness.
in character have a significant dispersion. For the minority

electrons, however, the Fermi energy passes through the
middle of thed bands. ACKNOWLEDGMENTS
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