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Effect of atomic disorder on transport through magnetic tunnel junctions
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Spin-dependent tunneling through magnetic junctions is sensitive to material properties near the
interface and in the barrier. Results of calculations are presented showing how electron transmission
through a point contact tunnel junction is affected by atomic disorder in the barrier. Giant variations
in the transmission probability are found with limited disorder. Sharp peaks appear in the tunnel
current when defects exist at positions in the barrier that facilitate electron hopping across the
contact. Consequences for thin film tunnel junction devices are also discussed, with reference to
experiments showing strong spatial variations in tunnel current.2083 American Institute of
Physics. [DOI: 10.1063/1.1555311

INTRODUCTION ing two magnetic leads. The geometry is sketched in Fig. 1.
This model is appropriate for some types of extremely nar-

Magnetic tunnel junctions are thin-film structures com- Soon : .
row magnetic wire structures and point contacts. It is also

prising a ferromagnet, an insulator, and a second ferromaq’- | S :
. - . vant to tunneling in structur m f inhomoge-
net. The large magnetoresistance ratio observed in ferromaulfeguz1 fiIn:)s \'/Jvithewe?l def:i;neu(;: Sr:r?ufa(l)r s?r?fc?jreo omoge

netic tunnel junctions makes them potentially useful in . . .
: P Y Two conduction bands are considered: a band for spin up

devices such as magnetoresistive recording heads, magnetif:ectrons and a band for spin down electrons. The parameters
field sensors, and nonvolatile random access memories. I P : P

terface effects and disorder are important in determining tungescrlbmg the energy statds, of electrons in the junctions

nel current in devices:* Experimental data has shown that and Iead; greJ(,,i, the Iogal potential a_ssougted with an
tom at site for a conduction electron with spim, and the

the tunneling current through the barrier may be dominate(‘]i:0 ing intearalt. . representing the overlan intearal be-
by large current peaks, and thus be difficult to conffol. OPPINY Integralt;, rep g the ap integral
tween wavefunctions of atoms at neighboring sitesd j.

2 -
Measurements by Da Costd al.” for example, show fluc The hopping integral is assumed to be spin independent. The

tuations of one to two orders of magnitude. avefunction amplitude of a conduction electron in spin
At present, explanations of these large fluctuations havd" on amp . . P
Stateo at sitei is denoted byy, ; . A matrix equation for the

been made qualitatively in terms of structural defects in the . . . S . -
barrier, with estimates of spatial density based on the statiss—Ingle particle Schmhnger .e_quatlon n the tight binding
tics of rare eventé® Some attempts have been made to de—mOdeI may be put in the tridiagonal form:
scribe the tunnel current through barrier films with thickness
variations!™*3 - -
Here, results of calculations are presented that demon- ’

strate how large tunnel current fluctuations can arise through Voj-1
a barrier without pinholes. A small amount of atomic disor-g| 4, ;
der within an insulating barrier is sufficient to create large
changes in tunnel current for a junction with a small lateral

extent. The calculation is based on a standard approach to

lﬂo’,j-%—l

ballistic transport in nanoscale structures through the use of a - . “t 0 0 0 1
St , ; 10,1415 : ij

non-equilibrium Green’s function techniqd®**® imple-

mented using a tight-binding model, which allows for the tij Usit2t; tj 0 0
specification of the geometry at the atomic structure levelin  =| 0 —tj; Ui+ 2t -t 0
a relatively simple computational scheme. 0 0 —t; Uyit2t; —t
RANDOM LATTICE MODEL L 0 0 0 i -

The junction considered in this calculation consists of a :
narrow three- dimensional wire with a tunnel barrier separat- Uoj-1
X bei |- (1)
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i ! a) b)

ferromagnetic ' insulator ' ferromagnetic
lead lead FIG. 2. Schematic showing transmission at lead connected to a system, with
cross-section five atoms by five atoms, for a system (@timo disorder and
FIG. 1. Schematic of geometry used in model, showing a two-dimensionafb) with coupling between two atoms set to zero. Darker areas indicate
cross-section of a three-dimensional wire. Solid lines between atoms indilOWer transmission.
cate that hopping is allowed, while dashed lines indicate that coupling be-
tween atoms has been disallowed in the model.

the current. The total current is found for zero temperature
by including contributions from all lead energy states less

Projected onto a basis of atomic orbitals, the matrix operato?l"an Er—Ep.
in Eq. (1) may be written as a matriX], of overlap integrals.
When inverted this forms a Green’s functio=(H
—E) "1, which may be used to calculate local densities of
statest?1415 Parameters have been chosen to represent a narrow band
It is convenient to separate the lead regions from theof states with moderate splitting between states. The values
barrier region, as indicated in Fig. 1, and couple the leads tare not intended to represent a particular material, but instead
the barrier region through hopping terms to atoms located imre convenient for demonstrating features which are common
positionsi,_, andi,—,. The Green’s functions are then con- to any magnetic system. The spin up and spin down poten-
structed for a finite number of atomic layers ranging fromtials,U, andU_, are—2.85 and—3.15 eV in the ferromag-
plane p to planen with the hopping terms between lead netic regions and leads. The Fermi eneEyis 0 eV. The
atoms and atoms in the planesi at, andi,-, contained in  potential for the insulating barrier is set abokig at 4 eV.
the self-energy term&, andX>,,. The hopping parameters in the ferromagnetic region are
The current through each lead is defined as the differtz=0.5 eV. The hopping parameter in the barrier region
ence between the rate of in-scattering and the rate of ouis tz=0.5 eV. Defects in the barrier region are represented
scattering, summed over all energies in an approximatioly settingtg to zero. Interface hopping parameters are de-
valid for small bias fields. The total current due to this dif- fined as the geometrical mean between the two materials,
ference in rates is given by the difference in density of states,,,= \/tztg. The wire width isN=3 unless otherwise speci-
at layersp andn, weighted by the transition rate inppand  fied, and the barrier region is 3 atoms long. The bias voltage
out of n.° The form of the current, therefore, involves prod- is 0.5 V.
ucts of2 andG, which represent the transition rate and den-  Because spin flip processes are not considered in this
sity of states, respectively. The current is given by treatment, the general features of tunneling within a spin
channel are similar to those of tunneling though nonmagnetic
Ere o . - . junctions. In the wire geometry, for example, the barrier
= —J HTr[ S(E)GP(E)— = oU{E) G"(E)]dE, separates two regions which are identical if the magnetiza-
- tions are parallel. As the diameter of the wire is small, energy
2) levels are well separated. Strong resonant transmission ef-
fects appear at values &y that cause otherwise different
summed over all leads,, at the interface. energy levels on the two sides of the barrier to become de-
The functionsX™° describe the transition rates for generate.
electrons moving from the states in the leads to states in the The most sensitive parameters governing the tunnel cur-
junction, and are products of the self-energy terms connectent in this model are the barrier hopping integtgl, and
ing the lead to the junction at sites in the plapesndn, and  interface hopping parametds,;. The main effect of modi-
the Fermi functions evaluated at these planes. The drivingying these values locally at random locations is to lower
voltage,Ey,, is contained in the Fermi functions defined by symmetries associated with the distribution of wavefunction
f(E)={1+exd(E—E-*E)/kgT} * where the* refers to  amplitudes. To clarify what we mean by this, transmission
the planes at positions andn, respectively. amplitudes are plotted in Fig. 2 for a cross section of the
The conduction states in the leads are calculated analytiwire. The gray scale is such that white indicates large trans-
cally for an infinitely long square wir&l atoms wide along mission and black indicates zero transmission. The cross sec-
each side. This is used to construct the self energy termigon is taken at plan@ shown in Fig. 1. The case shown in
simout Next, the matrixH for the tunnel region is inverted Fig 2(a) is that of no disorder, represented by uniform values
numerically in order to finds at each energy and is summed, of tg in an N=5 system, with a barrier 5 atoms wide. The
according to Eq(2), over all sites in the barrier region for hopping,tg, between two of the barrier atoms is set to zero
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a) U085 e b) 0005 prrrrpeerrre It is worth considering the effect that the introduction of
@004 0004 - spin flip scattering might have on the outcome of this model.
§00 g o 3 0003 Frogrgir it Generally, spin flip scattering would be expected to increase
. . 8 [eg . . . . .

5 002 S ] ?00025 AR . the tunneling current in the antiparrallel case and decrease
E e R A APTR S i EUUUI i s S ] the tunneling current in the parallel case. Spin flip scattering
0 bl oo Tomsses] 0] 3 O I e g i : . .
R TR fkiotrt s sentiama s is not expected introduce resonant effects in the antiparallel
% 2610 couplings % ze1o couplings case. However, more work is needed to examine these con-

FIG. 3. Variation in transmission events with defect density, where defectJeCtures' L . .

are introduced by setting interatomic hopping potentials to zero (eith In summary, the results indicate that large fluctuations in

parallel ferromagnets, ar(®) antiparallel ferromagnets. Note the difference tunnel current through a magnetic tunnel junction of small
of scale in the two graphs. lateral extent may be attributable to small amounts of disor-

der in the insulating layer. This may be generalized to an

in the transmission profile shown in Figl. In this case the extended thin film if the film is not continuous, but instead a
collection of small independent grains, each of which as a

tunnel current is not symmetrically distributed across the . X i i ,
wire considered to be narrow wire. In this case, fluctuations in

.current through thin film magnetic tunnel junctions may be

The effect of more than one defect is illustrated in Fig. 3;~". e
transmission is shown as a function of defect density(&br attributed to atomic disorder. The theory may also have ap-
lications to patterned systems and nanocrysfals.

parallel magnetization of the two ferromagnetic films, andP
(b) the antiparallel case. Note that the scales on the graphs in
Fig. 3 differ b)_/ an order of magnitude. .These defects areaCKNOWLEDGMENTS
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