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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 polarizati®rof 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 fornRAlg 2+ P?).
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Recent advances in tunneling magnetoresistdiiééR)  metals and the insulator. All energies are measured in units
(Refs. 1 and 2have demonstrated that thin-film tunnel junc- of the hopping integral relative to the Fermi energy which
tions, in which two ferromagnets are separated by a thidies at zero. In order to simulate the exchange splitting of the
insulating layer, are very promising from the point of view of spin bands in the left ferromagnetic metal, we set the on-site
applications as magnetic sensors and as magnetic rando@tomic energies of the “up-spin” and “down-spin” elec-
access memory elements. The actual magnitude of TMR
which is important for the performance of future devices is
determined by the spin polarization of the tunneling current
and was found to be in agreement with Julliere’s formiula.
The spin-polarization values were measured for numerous
ferromagnetic metals in experiments on tunneling to super-
conductors across an alumina spater.

Theoretical formulations of the TMR problem are usually
based on models which assume perfect systefst is
known, however, that the presence of localized electronic
states within the gap of the insulator due to impurities and 0
defects leads to resonant tunnelifegg., Ref. 9. Resonant '
tunneling has a much slower decrease of the transmission
coefficient with increasing barrier thickness in comparison to
the direct tunneling and, therefore, dominates for sufficiently 6 /
thick barriers. In amorphous oxides which are usually used
in TMR experiments;>* the structural disorder can easily |
generate intermediate states in the gap of the oxide. The f * * + f *
influence of this disorder on the spin polarization of tunnel-
ing and TMR is the subject of the present work.

We consider tunneling between two semiinfinite perfect
metals through an insulator layer within a single-band tight- £ 1. schematic representation of the band structure of the
binding model. The metals and the insulator have & simplgystem. Up-spin and down-spin bands of ferromagnetic metals are
cubic geometry of lattice parametarand (001) orientation  spjit by the exchange potential The dashed line shows the posi-
of atomic layers. The band structure of the system is showRon of the bands for the case of antiparallel alignméiy,. deter-
schematically in Fig. 1. The parameters of the model argnines the position of on-site atomic energy of the right metal when
chosen as follows. The hopping integrals are nonzero onlt is considered to be nonmagnetic. The dotted line represents
between nearest neighbors and are set equal to 1 both for theoadening of the density of states in the insulator due to disorder.
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trons equal to 0 and- 8, respectively. The right metal was

assumed either nonmagnetic with on-site atomic enefgjies

equal to 0 or— § or ferromagnetic with the same parameters
as the left metal. The insulator bands are spin independen
and shifted from the Fermi energy by 9 energy units. Since _
the half width of the bands is equal to 6, this position of the
on-site atomic energy for the insulator corresponds to a banc3
gap for the insulator equal to 6, provided that the Fermi
energy lies in the middle of the band gap. Bulk disorder
within the insulator layer takes the form of random variation

of the on-site atomic energies, with a uniform distribution | N=1

102

3

<G>/S (e“/h/a

with a mean of 9 and a standard deviationofvhich was 107 § / o N=10?
varied in our calculations from 0 to 8. e ——N=10°

For calculations of the conductance we use the Kubo for-  10%¢ . “““ )
mula within the real space re_present.at’rérin which the 10 05 00 05 0
scattering of electrons by the disorder is treated exactly. The E

details of the technique may be found, e.g., in Refs. 8, 11, ) .

and 12. In order to extend the size of the system to infinity in  F!G- 2. Normalized conductanc&)/S per spin averaged over
the direction perpendicular to the current, we consider a unig different number of random configurations of disortieversus
cell in the transverse direction and impose periodic boundar{'€ctron energy fory=6 andL =10.

conditions. In general, the results of the calculations depend _. e .
on the size of the unit cell, because of the correlations in the Figure 3a) shows the distribution of the conductance with

scattering potential due to the imposed transverse periodicf—? spect to different f?‘”dom conﬁgurqﬂons Qf disorder. The
distribution for a particular value of disorderis extremely

ity. Increasing the size of the unit cell, however, makes th road. covering manv orders of maanitude. and it becomes
computations very expensive. We have, therefore, fixed th ' erng y ord 9 ’
roader with increasing disorder. As can be seen from the

transverse cross section of the unit cell to be four by fou Vertical lines in Fig. &), at higher disorder the position of

atoms in all our calculations. ) . :
Since the results of the calculations are extremely senstﬂgu?gr?nm;?(?ﬁ]tﬁan_gﬁ s> rlzfliz T’I;e?h;a;a?:\;v?ga{r?r:g tggﬁﬂ'ﬁém
tive to the particular realization of disorder, the conductanc :

has to be averaged over different disorder configurations. Igontnbutmn fo the tunneling current comes irom a few ran-

order to achieve an acceptable accuracy in the spin polariz lom configurations which provide a high conductance. This

tion of the tunnelingP, the averaging over more tha ecomes obvious in Fig(B), where the relative contribution

—10* configurations has to be performed. For example, inof the conductances to the mean conductance is shown. By

the case when the thickness of the insuldter10a and y ggnmtﬂzﬂggnlztgféﬁ)i easni?w f‘hb(;’t;\illes (S)??htehi:)::ji Crgarl]f?léirg_
=6, N=5x 10" gives anabsoluteerror in P of 0.02. Note

that the procedure of configurational averaging relates di- 5,

rectly to the assumed periodicity of the disorder. Increasing

the number of random configuratiomé effectively corre- a

sponds to increasing the area of the tunnel junc8pwhich

has noncorrelated disorder, so tiat NS, whereS; is the

area of the unit cell. z
Figure 2 shows the mean conductaq&) per unit area

as a function of the electron energy for a disorder insulator

with y=6 and various values df. The results presented in

this figure and Figs. 3—6 below are obtained for the tunneling

of the up-spin electrons of the ferromagnet to the nonmag-

netic metal withE,,=0. As seen from the dashed curve in 04f b e =3
Fig. 2, for each realization of disorder the conductance dis- & | |~ =35

. . ] 03} — =4
plays numerous resonances, which are determined by mul-¥V *

tiple scattering processes. Some of the resonances overlagey: 0zl
producing energy regions where the conductance is high.
With increasingN the conductance averages out, eventually 0.1f

giving in a relatively smooth profile curviéhe solid line in e -
Fig. 2). We see that in this case the conductagcadually O 070 10 0 P10 10 100107 10° 107 105 10° 107 107 102 10
increases with energy, reflecting a higher density of tunnel- G/S (ez/h/az)

assisted electronic states, when moving towards the gravity
center of the insulator band. We note that this increase in the FiG. 3. Normalized conductance distribution for different con-
conductance has a different origin compared to that in a pefigurations of disordefa) and relative contribution of conductances
fect insulator, where one would expecttongexponential  to the mean conductané&) (b) for L=10, N=10%, and various
enhancement of the conductance due to the decrease in th&lues ofy. Vertical lines denote the position of the mean conduc-
barrier height. tances(G).
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number of electronic states within the band gap of the insu-
lator. These electronic states assist the tunneling reducing
effectively the height of the tunneling barrier.

FIG. 4. Normalized conductandé&s)/S versus insulator thick- Accordmg to the ongmql expe_nmental re;ults of Ref. 1
nessl for N=5x 10" resistances of tunnel junctions with an alumina spacer layer
of about 2 nm thickness and a junction ar&aof 6
X 10 % cn? range from 16 to 10 Q. Taking a lattice pa-
rametera of 0.2 nm, we find that the experimental values of

L (a)

tribution histogram, where only a few random configurations

contrlbute.. Making an analogy with the conductance ins/g range from 102°to 10~ 2 in units ofe?/(ha?). These
strongly disordered systent$we can conclude that these . . .
values are consistent with our computations for2 nm

configurations provide highly conducting “channels,” i.e., (10a), where(G)/S changes from 10* to 10-® when y

chains or "necklaces” of resonant electronic states CONNECYaries from 3 to 3.5. We conclude, therefore, that the experi-
ing the two metals through the insulator.

Figure 4 shows the conductance averaged dVer5 ments on spin-polarized tunneling are performed under con-

; . . . ditions of strong disorder within the insulator, with=3 to
X 10° rgndom_conflguratlons of_d|sorder versus the th|cknes§ 5 being reprgsentative values characterizing&;e experi-
of the insulating layelL for various values ofy. When y rﬁents in Ref. 1
=0 the conductance decreases very rapidly witihdding a wo

monolayer of the insulator reduces the conductance by tw At relatively large values of all the curves presented in
y . Y &ig. 4 can reasonably well be fitted by the exponential-decay
orders of magnitude. The slope of the curves gradually def—

creases with increasing disorder. This is due to the increasinuncuon c ex_p(—2;<L) which describes tunneling thrpugh a

9 ' ean potential barriet) =%2«2/(2m). For y=3.5, Fig. 4
givesU~0.3 eV. This value is much smaller than those ob-
B 7 tained by fitting the current-voltage data using the Simmons
theory of tunneling® We note, however, that a typical value
of U=2 eV (Refs. 1 and 1Ppwould give rise to a decrease in
the conductance by a factor of 20, if the insulator thickness is
increased by a monolayer. This is not the case for alumina-
based tunnel junction’s.

Although the dependence of the conductancé aan be
fitted by assuming tunneling through an effective barrier of
fixed height, the actual mechanism of tunneling through a
disordered insulator is much more complex. As seen from
Fig. 5@a), the conductance distribution histogram broadens
with increasing thickness of the insulating layer. The mean
conductance$¢G), which are shown by the vertical lines in
Fig. 5@a), are shifting further away from the maximum of the
distributions. This implies that with increasigfewer ran-
dom disorder configurations contribute to the tunneling. The
e effective barrier height which characterizes these random
-] configurations is lower than the mean potential bartier
L : o extracted from the fitting of th&(L) curves and it decreases
1071010 1001010 10710107 10# 107 100 10% 10 107 107 10" with L. This can be seen by comparing the conductance

G/S (ez/h/az) distributions shown in Fig.(®) to the relative contribution of
conductances t9G) shown in Fig. 8b). As seen, with in-
FIG. 5. Same as in Fig. 3 foy=6 and varioud.. creasingL from 10 to 20 the mean conductan¢g) de-
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creases by two orders of magnitude whereas the maximum in ' '
the distribution ofG,/(G) changes by less than an order of 0T o
magnitude. We conclude, therefore, that the effective poten- a
tial barrier of the conducting channels which determine the 08 e
tunneling current in the regime of high disorder decreases 06 | o 4 |
with increasing insulator thickness. As we see below, this o | o g °
has an important effect on spin polarization of the conduc- 0al 8
tance. B R g

Figure 6 shows the dependence of the conductance on the .
amount of disorder within the insulatoer As seen, first, the 02r v 8 4
conductance grows with increasing The growth becomes |
dramatic wheny exceeds 3. This reflects the fact that at this 00— ’ ' ’ '
amount of disorder the number of electronic states near the 0T e b
Fermi energy increases significantly, which assists the pro- |
cess of tunneling. Aty=>5 the conductance reaches a satu- 081 o g
ration and starts to decrease at higher disorder, which is an O“-
indication of the localization regime of conductari€e. v %er o

For calculations of the spin polarizati¢dh of the conduc- C<D] o ¢ N
tance the on-site atomic energies for the down-spin electrons 047 g
of the left ferromagnetic metal were shifted by=3 and§
=1.5 below those for the up-spin electrons, as shown in Fig. L
1, and the right metal was assumed to be nonmagnetic. The 3
spin polarizaton P was defined as P=((G;) 00— 5 5 ¢ §—°—§—
—(GNI(Gy)+(G))), where(G;) and(G)) are the mean Y

conductances for the up- and down-spin electrons, respec-
tively. In order to verify how the spin polarization depends FIG. 7. Spin-polarizatiod® (a) and tunneling magnetoresistance
on the choice of the nonmagnetic metal, the on-site energ$G/(Gp) (b) as a function ofy for 6=1.5 (full symbols and &
E,, of the metal was taken to be equal to 0 and. First, we ~ —3 (open symbols E,=0 (circles, and E,=—& (squares for
discuss the results of our computations Egg=0 which are N=5><:.LO4. In the bottpm panel a dlrgct calculation of TI\/(B|§1-
shown in Fig. Ta) by circles. mpnds) is compared with the calculation by formul®2/(1+ P?)

We see that for a perfect insulator, wher 0, the values ~ (Circles and squares
of P are very high, namely?=0.97 for =3 andP=0.78
for 6=1.5. These high values can be explained by two facgions of the Brillouin zone, because the transverse momen-
tors. Each of these factors is connected with the dependentem is no longer conserved. This second factor results in a
of the conductance on the parallel momentlim which is  stronger increase of the conductance when tunneling occurs
conserved in the process of tunneling through a perfect perbetween bands with different on-site energies. The degree of
odic system. First, because of the negative shift of the downboth effects depends on the amount of disorterd the
spin band, the electronic states of the insulator wkth thickness of the insulatar It seen from Fig. {@), that the
which corresponds to nonzero density of states of the metapin polarization decreases rapidly whgexceeds 3. As we
at the Fermi energy, lie at higher energies for the down-spimliscussed above, at this amount of disorder the conductance
electrons than those for the up-spin electrons, providing @rows very rapidly(see Fig. 6 due to the increasing number
higher potential barrier for the former. The difference in theof tunnel-assisted electronic states near the Fermi energy. At
height of the barrier between the up- and down-spin elechigher disorder the spin polarization displays a tendency to
trons increases with increasing Second, the electronic Saturate.
states of the left and right metals are localized in different As is obvious from Fig. ®), at low disorder the values of
regions of the Brillouin zone when electrons tunnel betweerP are very different for the different on-site energies of the
bands with significantly different on-site energies. In thisnonmagnetic metal, i.e., f&,=0 andE,,= — 4. In general,
case the electrons have to tunnel from regions of the Briltherefore, the spin polarization of the tunneling current de-
louin zone with a high density of staté®DOS) to regions pends on the particular nonmagnetic metal which is used in
with a low DOS and vice versa. This leads to a smallertunnel junctions. However, with increasing disorder the dif-
conductance for the down-spin electrons. ference in spin polarization becomes smaller and+fer3

As seen from Fig. (&, when vy increases the spin- the values ofP for the different on-site energies of the non-
polarization of the conductance f&,,=0 decreases. This magnetic metal become equal within the computational er-
behavior can be explained by the fact that electrons propaor. We note that the increase Bfwith y at low disorder for
gating through the insulator lose their memorykpfdue to  the case§=3 andE,,= —3 is connected with the second
the scattering by the disorder. Because of this, the two facfactor, described above f&,,,= 0, which now contributes to
tors which were decisive for the high values®in the case the spin polarization constructively.
of a perfect insulator are becoming less important. First, the Figure Tb) shows the results of calculations of the tun-
spin dependence of the effective barrier becomes less proweling magnetoresistance as a functiomofThe TMR was
nounced, due to intermixing of electronic states within thedefined as the difference between the mean conductances for
insulator. Second, electrons can now tunnel to different rethe parallel and antiparallel alignments of the ferromagnets
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FIG. 8. Spin polarization of tunneling@ as a function of the andE, = — & (dashed lines

insulator thicknes& for various valuesy andN="5x 10%.

AG normalized to the mean conductance for the antiparalleface. The breakdown of the conservation and localization
alignment(Gp). The calculations were performed by mod- of the tunneling current at certain atomic sites make the local
eling the band structure for the parallel and antiparallel maginterfacial densities of states important parameters which in-
netizations of the ferromagnets, as shown in Fig. 1, and confluence the process of tunneling. If the potential barrier char-
pared to the results obtained using the Julliere’s formula,acterizing the conductance through the channels was small,
which has the form of P%/(1+ P?) for the case when the the electronic states of the metals would be decoupled and
same ferromagnets are adjacent to both surfaces of the instie tunneling current would be proportional to the product of
lator. We see that the values of TMR computed directly ar¢he local DOS of the metal electrodes. This immediately
in very good agreement with those calculated from Julliere’svould lead to the resuP=(D;—D,)/(D;+D,), whereD;
formula both forE,,=0 andE,,= — 8 wheny=3 and dis- andD, are the local DOS at the interface layer of the ferro-
agree forE,,= — & at lower disorder. As we saw above by Mmagnet for the up-spin and down-spin electrons respectively
comparing experimental and calculated values of the condudhote that this definition oP was used by Julliefg. How-
tance, the experiments on TMR are performed in the regimgVer, this is not the case. Fér=3 the local DOS for the up-

of relatively strong disorder withy~3—3.5. At this amount and down-spins electrons &b =0.166 andD | =0.079, that

of disorder, our results are consistent with the finding that th@ives P=0.355 which is higher than the value of 0.13 ob-
majority of experimental results on TMR can be interpretedtained fory=6 (L=10). For5=1.5 the local DOS ar®,

in terms of the values of the spin polarizations obtained by=0.166 andD=0.139, giving P=0.088 which is again
Tedrow and Meserveylt follows from our modeling, how- higher than the value of 0.04 obtained fpr=6. We see,
ever, that the spin polarization is determined not only by théherefore, that at high disorder within the insulator the spin
ferromagnet but depends on the amount of disorder withigpolarization is lower than that predicted by the assumption
the insulator and, as we will see below, on the insulatoithat the tunneling current is proportional to the product of the
thickness. DOS of the ferromagnets for a given spin.

Finally, we have calculated the dependence of the spin- The explanation of this fact is that the tunneling current is
polarization of the tunneling current on the insulator thick-determined by a few conducting channels which are charac-
ness for different values of. These results are displayed in terized by avery loweffective barrier. Due to this, the elec-
Fig. 8. We see that ay=0 the spin polarization increases tronic states of the metals are coupled through the channels
approaching unity at high thicknesses. This is opposite t@nd the conductance is no longer proportional to the product
what we found for the case of the disordered insulator, wheref the DOS. In order to simulate this behavior we have per-
at sufficiently largeL the polarization decreases. The en-formed a calculation of the tunneling through a one-
hancement oP at small thicknesses of the insulator is the dimensional chain of atoms. The on-site enerdigsof the
result of correlations ik, space. At high thicknesses the spin atoms in the chain were taken to provide a tunneling barrier.
polarization displays a tendency to saturation, although th&ince the band width of an infinite chain of atoms within a
calculation errors do not allow us to make this conclusionsinge-band nearest-neighbor tight-binding model igir#
definite. Below we discuss the calculated values of spin pounits of the hopping integral we chooselEy|=2. In this
larization of tunneling in the regime of high disorder and thecase the effective potential barrier experienced by electrons
mechanism of the decrease in the spin polarization with inpropagating through the atomic chain is equallte:|Eq|
creasing insulator thickness. —2. The quoted conductances are the average for the cases

It is known from the analysis of the conductance in+Ey and —E,. Figure 9 shows the results for the spin po-
strongly disordered systems that the electric current flowdarizationP as a function olU for 6=3 andé=1.5 and for
through quasi-one-dimensional chains of electronic statetvo on-site atomic energies of the nonmagnetic metal, i.e.,
which span the distance between two metal electrodes mofe,,=0 andE,,= — 8. As P rapidly tends to a constant with
or less directly*® The flow of the current is concentrated at a increasing chain length, the calculations were performed
few sites(i.e., chain endsacross the insulator-metal inter- for a fixed lengthL=20. We see that the values &f are



PRB 58 SPIN-POLARIZED ELECTRON TUNNELING ACROS&. . .. 437

lower than 0.355 fov=3 and 0.088 fois= 1.5 predicted by tron transport. These conducting channels can be character-
the densities of states. These latter numbers are asymptoied by a low height of the effective potential barrier, which
values for the spin polarization at largé. Therefore, our decreases with increasing disorder and with increasing thick-
qualitative model explains the lower values Bf at high  ness of the insulator. Due to this, the spin polarization of the
disorder. tunneling current decreases with increasing disorder and in-
Another important conclusion which follows from Fig. 9, sulator thickness. Although the spin polarization of tunneling
is that the spin polarization of tunneling through the one-is no longer determined only by the intrinsic properties of the
dimensional chain of atoms decreases with decreasing heigﬂirromagnet, i.e., by the density of states for a given spin, the
of the potential barriet). As seen, the decrease is especiallytunne"ng magnetoresistance is in agreement with the Jul-
strong at very smalU. This explains the fact that spin po- |iere’s formula P2/(1+ P?), whereP is defined as the spin

larization decreases with increasing barrier thickness whegg|arization of the tunneling current from the ferromagnet to
tunneling occurs through a disordered insulator, because thenonmagnetic metal.

effective barrier height characterizing the conducting chan-
nels in the regime of high disorder decreases with the thick- This research was supported by Hewlett-Packard Labora-
ness. tories in Palo Alto through a collaborative research program.
In conclusion we have shown that disorder within the in-We happily acknowledge the stimulation provided by discus-
sulator has a dramatic effect on spin-polarized electron tunsions with Tom Anthony, Jim Brug, Girvin Harkins, Chuck
neling. In comparison with perfect periodic systems whereMorehouse, and Janice Nickel at Hewlett-Packard and John
the tunneling current is homogeneously distributed across théakubovics, Amanda Petford-Long, Xavier Portier, and
tunnel junction, in disordered systems the current flowsTchavdar Todorov at Oxford. The calculations were per-
through a few regions of the insulator where local disordeiformed in the Materials Modelling Laboratory at the Depart-
configuration provides highly conducting channels for elec-ment of Materials, University of Oxford.
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