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Spin-polarized electron tunneling across a disordered insulator

E. Yu. Tsymbal and D. G. Pettifor
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom

~Received 12 January 1998!

It is shown that the presence of disorder within an insulator has a dramatic effect on the mechanism and the
spin polarization of tunneling in ferromagnet-insulator-metal tunnel junctions. We have calculated the conduc-
tance of the tunnel junction within a quantum-mechanical treatment of the electronic transport. The spin-
polarized band structure of the ferromagnet was approximated by exchange-split tight-binding bands and the
disorder was represented by a randomness in on-site atomic energies of the insulator. We demonstrate that for
each realization of the disorder the conductance displays numerous resonances, which are determined by
multiple scattering processes. The distribution of the conductance with respect to different random configura-
tions is extremely broad, covering many orders of magnitude. The dominant contribution to the tunneling
current comes from a few random configurations of disorder which provide highly conducting resonant elec-
tronic channels. We find that the spin polarizationP of the tunneling current is determined not only by the
intrinsic properties of the ferromagnet alone, but in a regime of relatively high disorder which is typical for
experiments, the spin polarization decreases with increasing disorder and the thickness of the insulator. This
behavior can be explained qualitatively in terms of quasi-one-dimensional tunnelling through an effective
potential barrier, the height of which decreases with increasing disorder and insulator thickness. At high
disorder the tunneling magnetoresistance calculated directly by modelling the parallel and antiparallel align-
ments of the ferromagnets agrees with that predicted by Julliere’s formula 2P2/(11P2).
@S0163-1829~98!03026-4#
c-
h
of
do
M
is

en
a.
ou
e

lly

n
n

si
t
tl

se
ly
T
el

ec
ht
p

w
ar
n
r

nits
ch
the
site
-

the
are

i-

en
ents
der.
Recent advances in tunneling magnetoresistance~TMR!
~Refs. 1 and 2! have demonstrated that thin-film tunnel jun
tions, in which two ferromagnets are separated by a t
insulating layer, are very promising from the point of view
applications as magnetic sensors and as magnetic ran
access memory elements. The actual magnitude of T
which is important for the performance of future devices
determined by the spin polarization of the tunneling curr
and was found to be in agreement with Julliere’s formul3

The spin-polarization values were measured for numer
ferromagnetic metals in experiments on tunneling to sup
conductors across an alumina spacer.4

Theoretical formulations of the TMR problem are usua
based on models which assume perfect systems.5–8 It is
known, however, that the presence of localized electro
states within the gap of the insulator due to impurities a
defects leads to resonant tunneling~e.g., Ref. 9!. Resonant
tunneling has a much slower decrease of the transmis
coefficient with increasing barrier thickness in comparison
the direct tunneling and, therefore, dominates for sufficien
thick barriers. In amorphous oxides which are usually u
in TMR experiments,1,2,10 the structural disorder can easi
generate intermediate states in the gap of the oxide.
influence of this disorder on the spin polarization of tunn
ing and TMR is the subject of the present work.

We consider tunneling between two semiinfinite perf
metals through an insulator layer within a single-band tig
binding model. The metals and the insulator have a sim
cubic geometry of lattice parametera and ~001! orientation
of atomic layers. The band structure of the system is sho
schematically in Fig. 1. The parameters of the model
chosen as follows. The hopping integrals are nonzero o
between nearest neighbors and are set equal to 1 both fo
PRB 580163-1829/98/58~1!/432~6!/$15.00
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metals and the insulator. All energies are measured in u
of the hopping integral relative to the Fermi energy whi
lies at zero. In order to simulate the exchange splitting of
spin bands in the left ferromagnetic metal, we set the on-
atomic energies of the ‘‘up-spin’’ and ‘‘down-spin’’ elec

FIG. 1. Schematic representation of the band structure of
system. Up-spin and down-spin bands of ferromagnetic metals
split by the exchange potentiald. The dashed line shows the pos
tion of the bands for the case of antiparallel alignment.Em deter-
mines the position of on-site atomic energy of the right metal wh
it is considered to be nonmagnetic. The dotted line repres
broadening of the density of states in the insulator due to disor
432 © 1998 The American Physical Society
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trons equal to 0 and2d, respectively. The right metal wa
assumed either nonmagnetic with on-site atomic energiesEm

equal to 0 or2d or ferromagnetic with the same paramete
as the left metal. The insulator bands are spin indepen
and shifted from the Fermi energy by 9 energy units. Sin
the half width of the bands is equal to 6, this position of t
on-site atomic energy for the insulator corresponds to a b
gap for the insulator equal to 6, provided that the Fer
energy lies in the middle of the band gap. Bulk disord
within the insulator layer takes the form of random variati
of the on-site atomic energies, with a uniform distributi
with a mean of 9 and a standard deviation ofg which was
varied in our calculations from 0 to 8.

For calculations of the conductance we use the Kubo
mula within the real space representation,11 in which the
scattering of electrons by the disorder is treated exactly.
details of the technique may be found, e.g., in Refs. 8,
and 12. In order to extend the size of the system to infinity
the direction perpendicular to the current, we consider a
cell in the transverse direction and impose periodic bound
conditions. In general, the results of the calculations dep
on the size of the unit cell, because of the correlations in
scattering potential due to the imposed transverse perio
ity. Increasing the size of the unit cell, however, makes
computations very expensive. We have, therefore, fixed
transverse cross section of the unit cell to be four by f
atoms in all our calculations.

Since the results of the calculations are extremely se
tive to the particular realization of disorder, the conductan
has to be averaged over different disorder configurations
order to achieve an acceptable accuracy in the spin pola
tion of the tunnelingP, the averaging over more thanN
5104 configurations has to be performed. For example,
the case when the thickness of the insulatorL510a and g
56, N553104 gives anabsoluteerror in P of 0.02. Note
that the procedure of configurational averaging relates
rectly to the assumed periodicity of the disorder. Increas
the number of random configurationsN effectively corre-
sponds to increasing the area of the tunnel junctionS, which
has noncorrelated disorder, so thatS5NS0 , whereS0 is the
area of the unit cell.

Figure 2 shows the mean conductance^G& per unit area
as a function of the electron energy for a disorder insula
with g56 and various values ofN. The results presented i
this figure and Figs. 3–6 below are obtained for the tunne
of the up-spin electrons of the ferromagnet to the nonm
netic metal withEm50. As seen from the dashed curve
Fig. 2, for each realization of disorder the conductance
plays numerous resonances, which are determined by
tiple scattering processes. Some of the resonances ove
producing energy regions where the conductance is h
With increasingN the conductance averages out, eventua
giving in a relatively smooth profile curve~the solid line in
Fig. 2!. We see that in this case the conductancegradually
increases with energy, reflecting a higher density of tunn
assisted electronic states, when moving towards the gra
center of the insulator band. We note that this increase in
conductance has a different origin compared to that in a
fect insulator, where one would expect astrongexponential
enhancement of the conductance due to the decrease i
barrier height.
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Figure 3~a! shows the distribution of the conductance wi
respect to different random configurations of disorder. T
distribution for a particular value of disorderg is extremely
broad, covering many orders of magnitude, and it becom
broader with increasing disorder. As can be seen from
vertical lines in Fig. 3~a!, at higher disorder the position o
the mean conductance^G& is shifted far away from the dis
tribution maximum. This reflects the fact that the domina
contribution to the tunneling current comes from a few ra
dom configurations which provide a high conductance. T
becomes obvious in Fig. 3~b!, where the relative contribution
of the conductances to the mean conductance is shown
comparing Figs. 3~a! and 3~b!, we see that the maximum
contribution to^G& lies in the tails of the conductance dis

FIG. 2. Normalized conductance^G&/S per spin averaged ove
a different number of random configurations of disorderN versus
electron energy forg56 andL510.

FIG. 3. Normalized conductance distribution for different co
figurations of disorder~a! and relative contribution of conductance
to the mean conductance^G& ~b! for L510, N5104, and various
values ofg. Vertical lines denote the position of the mean condu
tanceŝ G&.
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434 PRB 58E. YU. TSYMBAL AND D. G. PETTIFOR
tribution histogram, where only a few random configuratio
contribute. Making an analogy with the conductance
strongly disordered systems,13 we can conclude that thes
configurations provide highly conducting ‘‘channels,’’ i.e
chains or ‘‘necklaces’’ of resonant electronic states conn
ing the two metals through the insulator.

Figure 4 shows the conductance averaged overN55
3104 random configurations of disorder versus the thickn
of the insulating layerL for various values ofg. When g
50 the conductance decreases very rapidly withL. Adding a
monolayer of the insulator reduces the conductance by
orders of magnitude. The slope of the curves gradually
creases with increasing disorder. This is due to the increa

FIG. 4. Normalized conductancêG&/S versus insulator thick-
nessL for N553104.

FIG. 5. Same as in Fig. 3 forg56 and variousL.
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number of electronic states within the band gap of the in
lator. These electronic states assist the tunneling redu
effectively the height of the tunneling barrier.

According to the original experimental results of Ref.
resistances of tunnel junctions with an alumina spacer la
of about 2 nm thickness and a junction areaS of 6
31024 cm2 range from 102 to 105 V. Taking a lattice pa-
rametera of 0.2 nm, we find that the experimental values
G/S range from 10210 to 10212 in units of e2/(ha2). These
values are consistent with our computations forL52 nm
(10a), where ^G&/S changes from 10214 to 1028 when g
varies from 3 to 3.5. We conclude, therefore, that the exp
ments on spin-polarized tunneling are performed under c
ditions of strong disorder within the insulator, withg53 to
3.5 being representative values characterizing the exp
ments in Ref. 1.

At relatively large values ofL all the curves presented i
Fig. 4 can reasonably well be fitted by the exponential-de
function C exp(22kL) which describes tunneling through
mean potential barrierU5\2k2/(2m). For g53.5, Fig. 4
givesU'0.3 eV. This value is much smaller than those o
tained by fitting the current-voltage data using the Simmo
theory of tunneling.14 We note, however, that a typical valu
of U52 eV ~Refs. 1 and 10! would give rise to a decrease i
the conductance by a factor of 20, if the insulator thicknes
increased by a monolayer. This is not the case for alum
based tunnel junctions.15

Although the dependence of the conductance onL can be
fitted by assuming tunneling through an effective barrier
fixed height, the actual mechanism of tunneling through
disordered insulator is much more complex. As seen fr
Fig. 5~a!, the conductance distribution histogram broade
with increasing thickness of the insulating layer. The me
conductanceŝG&, which are shown by the vertical lines i
Fig. 5~a!, are shifting further away from the maximum of th
distributions. This implies that with increasingL fewer ran-
dom disorder configurations contribute to the tunneling. T
effective barrier height which characterizes these rand
configurations is lower than the mean potential barrierU
extracted from the fitting of theG(L) curves and it decrease
with L. This can be seen by comparing the conducta
distributions shown in Fig. 5~a! to the relative contribution of
conductances tôG& shown in Fig. 5~b!. As seen, with in-
creasingL from 10 to 20 the mean conductance^G& de-

FIG. 6. Normalized conductancêG&/S as a function ofg for
N553104.



m
of
te
th
se
hi
uc

is
th
r

tu
s

ro

i
T

pe
ds
rg

ac
en

e
w

et
p
g
he
le
c
en
e
is
ri

lle

-

p

fa

th
pr
h
re

en-
n a
curs
e of

nce
r
. At
to

f
he

e-
d in
if-

n-
er-

d

n-

s for
ets

e

PRB 58 435SPIN-POLARIZED ELECTRON TUNNELING ACROSSA . . .
creases by two orders of magnitude whereas the maximu
the distribution ofGn /^G& changes by less than an order
magnitude. We conclude, therefore, that the effective po
tial barrier of the conducting channels which determine
tunneling current in the regime of high disorder decrea
with increasing insulator thickness. As we see below, t
has an important effect on spin polarization of the cond
tance.

Figure 6 shows the dependence of the conductance on
amount of disorder within the insulatorg. As seen, first, the
conductance grows with increasingg. The growth becomes
dramatic wheng exceeds 3. This reflects the fact that at th
amount of disorder the number of electronic states near
Fermi energy increases significantly, which assists the p
cess of tunneling. Atg55 the conductance reaches a sa
ration and starts to decrease at higher disorder, which i
indication of the localization regime of conductance.16

For calculations of the spin polarizationP of the conduc-
tance the on-site atomic energies for the down-spin elect
of the left ferromagnetic metal were shifted byd53 andd
51.5 below those for the up-spin electrons, as shown in F
1, and the right metal was assumed to be nonmagnetic.
spin polarization P was defined as P5(^G↑&
2^G↓&)/(^G↑&1^G↓&), where^G↑& and^G↓& are the mean
conductances for the up- and down-spin electrons, res
tively. In order to verify how the spin polarization depen
on the choice of the nonmagnetic metal, the on-site ene
Em of the metal was taken to be equal to 0 and2d. First, we
discuss the results of our computations forEm50 which are
shown in Fig. 7~a! by circles.

We see that for a perfect insulator, wheng50, the values
of P are very high, namely,P50.97 for d53 andP50.78
for d51.5. These high values can be explained by two f
tors. Each of these factors is connected with the depend
of the conductance on the parallel momentumki , which is
conserved in the process of tunneling through a perfect p
odic system. First, because of the negative shift of the do
spin band, the electronic states of the insulator withki ,
which corresponds to nonzero density of states of the m
at the Fermi energy, lie at higher energies for the down-s
electrons than those for the up-spin electrons, providin
higher potential barrier for the former. The difference in t
height of the barrier between the up- and down-spin e
trons increases with increasingd. Second, the electroni
states of the left and right metals are localized in differ
regions of the Brillouin zone when electrons tunnel betwe
bands with significantly different on-site energies. In th
case the electrons have to tunnel from regions of the B
louin zone with a high density of states~DOS! to regions
with a low DOS and vice versa. This leads to a sma
conductance for the down-spin electrons.

As seen from Fig. 7~a!, when g increases the spin
polarization of the conductance forEm50 decreases. This
behavior can be explained by the fact that electrons pro
gating through the insulator lose their memory ofki due to
the scattering by the disorder. Because of this, the two
tors which were decisive for the high values ofP in the case
of a perfect insulator are becoming less important. First,
spin dependence of the effective barrier becomes less
nounced, due to intermixing of electronic states within t
insulator. Second, electrons can now tunnel to different
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gions of the Brillouin zone, because the transverse mom
tum is no longer conserved. This second factor results i
stronger increase of the conductance when tunneling oc
between bands with different on-site energies. The degre
both effects depends on the amount of disorder~and the
thickness of the insulator!. It seen from Fig. 7~a!, that the
spin polarization decreases rapidly wheng exceeds 3. As we
discussed above, at this amount of disorder the conducta
grows very rapidly~see Fig. 6! due to the increasing numbe
of tunnel-assisted electronic states near the Fermi energy
higher disorder the spin polarization displays a tendency
saturate.

As is obvious from Fig. 7~a!, at low disorder the values o
P are very different for the different on-site energies of t
nonmagnetic metal, i.e., forEm50 andEm52d. In general,
therefore, the spin polarization of the tunneling current d
pends on the particular nonmagnetic metal which is use
tunnel junctions. However, with increasing disorder the d
ference in spin polarization becomes smaller and forg>3
the values ofP for the different on-site energies of the no
magnetic metal become equal within the computational
ror. We note that the increase ofP with g at low disorder for
the cased53 and Em523 is connected with the secon
factor, described above forEm50, which now contributes to
the spin polarization constructively.

Figure 7~b! shows the results of calculations of the tu
neling magnetoresistance as a function ofg. The TMR was
defined as the difference between the mean conductance
the parallel and antiparallel alignments of the ferromagn

FIG. 7. Spin-polarizationP ~a! and tunneling magnetoresistanc
DG/^GP& ~b! as a function ofg for d51.5 ~full symbols! and d
53 ~open symbols!, Em50 ~circles!, and Em52d ~squares! for
N553104. In the bottom panel a direct calculation of TMR~dia-
monds! is compared with the calculation by formula 2P2/(11P2)
~circles and squares!.
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DG normalized to the mean conductance for the antipara
alignment^GP&. The calculations were performed by mo
eling the band structure for the parallel and antiparallel m
netizations of the ferromagnets, as shown in Fig. 1, and c
pared to the results obtained using the Julliere’s formu3

which has the form of 2P2/(11P2) for the case when the
same ferromagnets are adjacent to both surfaces of the
lator. We see that the values of TMR computed directly
in very good agreement with those calculated from Jullier
formula both forEm50 andEm52d when g>3 and dis-
agree forEm52d at lower disorder. As we saw above b
comparing experimental and calculated values of the cond
tance, the experiments on TMR are performed in the reg
of relatively strong disorder withg;3 – 3.5. At this amount
of disorder, our results are consistent with the finding that
majority of experimental results on TMR can be interpre
in terms of the values of the spin polarizations obtained
Tedrow and Meservey.4 It follows from our modeling, how-
ever, that the spin polarization is determined not only by
ferromagnet but depends on the amount of disorder wi
the insulator and, as we will see below, on the insula
thickness.

Finally, we have calculated the dependence of the s
polarization of the tunneling current on the insulator thic
ness for different values ofg. These results are displayed
Fig. 8. We see that atg50 the spin polarization increase
approaching unity at high thicknesses. This is opposite
what we found for the case of the disordered insulator, wh
at sufficiently largeL the polarization decreases. The e
hancement ofP at small thicknesses of the insulator is t
result of correlations inki space. At high thicknesses the sp
polarization displays a tendency to saturation, although
calculation errors do not allow us to make this conclus
definite. Below we discuss the calculated values of spin
larization of tunneling in the regime of high disorder and t
mechanism of the decrease in the spin polarization with
creasing insulator thickness.

It is known from the analysis of the conductance
strongly disordered systems that the electric current flo
through quasi-one-dimensional chains of electronic sta
which span the distance between two metal electrodes m
or less directly.13 The flow of the current is concentrated at
few sites~i.e., chain ends! across the insulator-metal inte

FIG. 8. Spin polarization of tunnelingP as a function of the
insulator thicknessL for various valuesg andN553104.
el

-
-

,

su-
e
s

c-
e

e
d
y

e
in
r

n-
-

to
re
-

e
n
-

-

s
s
re

face. The breakdown of theki conservation and localization
of the tunneling current at certain atomic sites make the lo
interfacial densities of states important parameters which
fluence the process of tunneling. If the potential barrier ch
acterizing the conductance through the channels was sm
the electronic states of the metals would be decoupled
the tunneling current would be proportional to the product
the local DOS of the metal electrodes. This immediat
would lead to the resultP5(D↑2D↓)/(D↑1D↓), whereD↑
andD↓ are the local DOS at the interface layer of the ferr
magnet for the up-spin and down-spin electrons respectiv
~note that this definition ofP was used by Julliere4!. How-
ever, this is not the case. Ford53 the local DOS for the up-
and down-spins electrons areD↑50.166 andD↓50.079, that
gives P50.355 which is higher than the value of 0.13 o
tained forg56 (L510). Ford51.5 the local DOS areD↑
50.166 andD↓50.139, giving P50.088 which is again
higher than the value of 0.04 obtained forg56. We see,
therefore, that at high disorder within the insulator the s
polarization is lower than that predicted by the assumpt
that the tunneling current is proportional to the product of
DOS of the ferromagnets for a given spin.

The explanation of this fact is that the tunneling curren
determined by a few conducting channels which are cha
terized by avery loweffective barrier. Due to this, the elec
tronic states of the metals are coupled through the chan
and the conductance is no longer proportional to the prod
of the DOS. In order to simulate this behavior we have p
formed a calculation of the tunneling through a on
dimensional chain of atoms. The on-site energiesE0 of the
atoms in the chain were taken to provide a tunneling barr
Since the band width of an infinite chain of atoms within
singe-band nearest-neighbor tight-binding model is 4~in
units of the hopping integral!, we chooseuE0u>2. In this
case the effective potential barrier experienced by electr
propagating through the atomic chain is equal toU5uE0u
22. The quoted conductances are the average for the c
1E0 and2E0 . Figure 9 shows the results for the spin p
larizationP as a function ofU for d53 andd51.5 and for
two on-site atomic energies of the nonmagnetic metal,
Em50 andEm52d. As P rapidly tends to a constant with
increasing chain lengthL, the calculations were performe
for a fixed lengthL520. We see that the values ofP are

FIG. 9. Spin polarizationP of tunneling through the one
dimensional chain of atoms as a function of the effective poten
barrier U for d53 andd51.5 calculated forEm50 ~solid lines!
andEm52d ~dashed lines!.
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lower than 0.355 ford53 and 0.088 ford51.5 predicted by
the densities of states. These latter numbers are asymp
values for the spin polarization at largeU. Therefore, our
qualitative model explains the lower values ofP at high
disorder.

Another important conclusion which follows from Fig. 9
is that the spin polarization of tunneling through the on
dimensional chain of atoms decreases with decreasing he
of the potential barrierU. As seen, the decrease is especia
strong at very smallU. This explains the fact that spin po
larization decreases with increasing barrier thickness w
tunneling occurs through a disordered insulator, because
effective barrier height characterizing the conducting ch
nels in the regime of high disorder decreases with the th
ness.

In conclusion we have shown that disorder within the
sulator has a dramatic effect on spin-polarized electron
neling. In comparison with perfect periodic systems wh
the tunneling current is homogeneously distributed across
tunnel junction, in disordered systems the current flo
through a few regions of the insulator where local disor
configuration provides highly conducting channels for el
y
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tron transport. These conducting channels can be chara
ized by a low height of the effective potential barrier, whic
decreases with increasing disorder and with increasing th
ness of the insulator. Due to this, the spin polarization of
tunneling current decreases with increasing disorder and
sulator thickness. Although the spin polarization of tunneli
is no longer determined only by the intrinsic properties of t
ferromagnet, i.e., by the density of states for a given spin,
tunneling magnetoresistance is in agreement with the
liere’s formula 2P2/(11P2), whereP is defined as the spin
polarization of the tunneling current from the ferromagnet
a nonmagnetic metal.
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