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Local impurity-assisted conductance in magnetic tunnel junctions

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

~Received 21 May 2001; published 1 November 2001!

Using a simple tight-binding model and the Kubo formula we have calculated the lateral distribution of the
tunneling conductance across a magnetic tunnel junction probed by STM. We find that the presence of an
isolated impurity within the barrier layer can cause a spike in the conductance distribution, which is in
agreement with recent experiments. We show that the local tunneling magnetoresistance~TMR! is very sen-
sitive to the electronic state of the impurity and to the lateral position of the tip. The latter dramatic variation
in TMR could be detected by STM.

DOI: 10.1103/PhysRevB.64.212401 PACS number~s!: 75.70.Cn, 72.25.2b, 73.40.Gk, 73.40.Rw

Tunneling magnetoresistance~TMR!1 is the change in
electrical resistance that occurs in a magnetic tunnel junction
~MTJ! when an applied magnetic field changes the relative
alignment of the magnetizations of the two ferromagnetic
layers. Recent advances in TMR have demonstrated that high
values of magnetoresistance can be achieved at room
temperature,2,3 which has stimulated a tremendous interest in
MTJs because of possible applications in magnetic sensors
and memories4 ~for reviews on TMR see Refs. 5,6!.

Most MTJs are based on an alumina barrier which has an
amorphousstructure. Although nowadays it is possible to
grow MTJs with reproducible characteristics, the values of
TMR depend significantly on the type and degree of disorder
in the amorphous barrier, which results in considerable local
variations in the junction resistance.7 This makes the under-
standing of intrinsic mechanisms of TMR much more diffi-
cult, since the resultant conductance is the average over
many local disorder configurations.8 Therefore, experiments
on epitaxial tunnel junctions withcrystalline insulating bar-
riers could play an important role from the point of view of
elucidating the underlying physics which controls the spin
polarization of the tunneling current. This would also sim-
plify the first-principles treatment of TMR.9–11

Recently, Wulfhekelet al.12 have grown epitaxial single
crystalline MTJs using Fe~001! substrates, MgO~001! barri-
ers, and Fe top electrodes. Using scanning tunneling micros-
copy ~STM! they measured lateral scans of the tunneling
current and found spikes in the conductance distribution.
These spikes were attributed to ballistic electrons tunneling
via localized electronic states within the band gap of MgO.
The ability to detect localized states in the insulating layer
through the top metal film makes the STM technique, along
with ballistic electron emission microscopy~BEEM!,13 very
attractive for studying the quality of the barriers in MTJs.
More importantly, this method has a potential for investigat-
ing the influence of local defects and impurities on TMR.

In this paper we elucidate the effect of an isolated impu-
rity within the barrier on the local conductance in a crystal-
line MTJ probed by STM. We demonstrate that the resonant
nature of the impurity-assisted tunneling and the coupling
between the impurity and the ferromagnetic electrodes
through the barrier control the spin dependence of the con-
ductance. Switching the magnetic alignment of the two elec-
trodes leads to TMR, the magnitude and the sign of which

depend strongly on the electronic state of the impurity. The
local TMR varies dramatically as the tip scans an area above
the impurity atom, which could be observed by STM within
a geometry similar to that used by Wulfhekelet al.12

The fact that the TMR is sensitive to the impurity state
can be easily shown within a one-dimensional~1D! tight-
binding model. Consider two ferromagnetic metal electrodes
~the left and the right! separated by a barrier which contains
an impurity. Assume that the exchange-split bands of the
ferromagnets are characterized by different on-site poten-
tials, i.e.,Em

↑ andEm
↓ . Let Eb andEi be the on-site atomic

energies of the barrier and the impurity, respectively, andEF
be the Fermi energy. We evaluate the spin conductance using
the Kubo formula14,15

G5
2\

pa2 Tr@J Im~G!J Im~G!#, ~1!

wherea is the lattice parameter and spin indices have been
dropped for simplicity of notation. The local current operator
J takes the form

J5
ea

i\
b$un1&^n2u2un2&^n1u%, ~2!

whereun1& and un2& are the orbitals of two nearest-neighbor
atoms coupled by the hopping or bond integral2b. Due to
current conservation these two atoms can be chosen arbi-
trarily. Assuming for simplicity thatD[(Eb2EF)/b@1, the
matrix elements of the Green’s functionG in Eq. ~1! can be
evaluated recursively using perturbation theory with respect
to D21. The conductance per spin of the 1D MTJ is, then,
given by

G5G0

4p2b4rLrRe22kNa

~EF2Ei2d!21g2 . ~3!

HereG05e2/p\ is the conductance quantum,rL andrR are
the spin densities of states of the metal atoms at the left and
right interfaces, respectively,k5a21 ln D is the decay con-
stant, andN is the number of the barrier atoms excluding the
impurity. Formula~3! is equivalent to the well-known ex-
pression for resonance tunneling,16 the log-scaling of the de-
cay constant versus the barrier height reflecting the tight-
binding approach.17 As is seen from Eq.~3!, the posi-
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tion of the resonance is shifted from the impurity energyEi
by d. The shiftd and the widthg of the resonance are deter-
mined by the leakage of an electron from the impurity state
to the electrodes:

d'22bD211b2~e22kNLa ReGL1e22kNRa ReGR!,
~4!

g'b2~e22kNLa Im GL1e22kNRa Im GR!. ~5!

Here GL and GR are the Green’s functions of the metal at-
oms at the left and right interfaces, respectively, andNL and
NR are the number of insulator atoms between the impurity
and the metal leads, so thatNL1NR5N. Since the elec-
trodes are ferromagnetic the leakage shift and rate are spin-
dependent and, therefore, the position, the width and, conse-
quently, the amplitude of the resonance are also spin-
dependent.

This result is illustrated in Fig. 1~a!, which shows the
calculated spin-resolved conductance of the 1D tunnel junc-
tion as a function of the impurity energy. As is seen from this
figure, for either the parallel~P! or the antiparallel~AP! mag-
netization alignment of the electrodes, the two resonant
peaks appear at different energies and have different ampli-
tudes and widths. The magnitude of thespin-independent
shift of the resonance 2bD21 is determined by the barrier
height and is shown in Fig. 1~a! by the arrow. Thespin-
dependentshift of the resonance originates mainly from the
coupling to the left electrode since the impurity is much
closer to it than to the right. For the parameters chosen, this
shift is zero for the majority spins~because ReGL

↑50! and is
0.01b for the minority spins within either the P or AP align-

ment. It follows from Eqs.~3! and ~5! with our assumed
asymmetric position of the impurity within the barrier that
the amplitude of the resonance is proportional torR /rL . The
peak heights in Fig. 1~a! are, therefore, the same for the two
spins within the P alignment, but are different within the AP
alignment. The width of the resonance is larger for the ma-
jority spins than for the minority spins due to the higher
density of states for the former. As is evident from Fig. 1~b!,
the spin dependence of the position, amplitude, and width of
the resonance leads to TMR, the magnitude and the sign of
which depend strongly on the impurity energy with respect
to the Fermi energy. Far away from the resonance the value
of TMR approaches that expected from the well-known Jul-
liere formula1 @the dotted line in Fig. 1~b!#.

This influence of the impurity on the magnitude and the
sign of TMR can be observed by STM. We demonstrate this
by calculating the local conductance across a magnetic tun-
nel junction using a single-band tight-binding model. The
MTJ consists of a semiinfinite metal electrode, an insulating
barrier layer, and a top ferromagnetic metal layer, as is illus-
trated in Fig. 2. The electric current is passed to the MTJ
from the metal tip through the vacuum layer. The tip is mod-
eled by a semiinfinite monoatomic wire. The vacuum is rep-
resented by a few atomic monolayers with the potentialEv
which provides no states at the Fermi energyEF . On-site
atomic energies of the barrier and the tip are denoted byEb
and Et , respectively. The exchange splitting of the spin
bands of the ferromagnets is simulated by setting different
potentials for the up and down spins, i.e.,Ee

↑ andEe
↓ for the

electrode andEm
↑ andEm

↓ for the metal layer. An impurity is
introduced substitutionally within the barrier and has an on-
site energyEi . The thickness of the barrier, metal and
vacuum layers are denoted byLb , Lm , andLv , respectively.

The conductance is evaluated using the Kubo formula Eq.
~1!, where the local current operatorJ is taken across the
bond between the edge atom of the tip~t! and the adjacent
site of the vacuum layer (v), so thatn15v andn25t in Eq.
~2!. The three matrix elements of thetotal Green’s function
Gtt , Gvt , and Gtv , therefore, determine the conductance.
Using the Dyson equation these can be written in terms of
the matrix elements of the Green’s functiong of the isolated
tip and theisolatedMTJ containing the impurity. In particu-
lar, Gtt5gtt(11bGvt), Gvt5Gvvbgtt , and Gvv

FIG. 1. ~a! Spin-resolved conductance for the parallel~solid
lines! and antiparallel~dashed lines! magnetization of the electrodes
and ~b! tunneling magnetoresistance of the 1D magnetic tunnel
junction as a function of the on-site atomic energy of the impurity.
Parameters of the model are as follows:NL51, NR54, Eb2EF

510b, Em
↑ 2EF50, Em

↓ 2EF51.9b. The dotted line in~b! shows
the value of TMR in the absence of the impurity.

FIG. 2. Geometry in the calculations. The magnetic tunnel junc-
tion is infinite in the lateralxy direction. An impurity is introduced
in the barrier layer at sitei. Indexv denotes the site in the vacuum
layer which is coupled to the tip.r v andr i are the transverse coor-
dinates of sitesv and i.
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5@(gvv)
212b2gtt#

21. Thus we need to find the two diagonal
matrix elementsgtt and gvv . The former is given bygtt

5(D t2AD t
221)/b, where D t5(EF2Et)/2b. The latter

may be expressed in terms of the Green’s functiong0 for a
MTJ that contains no impurity, i.e.,

gvv5gvv
0 1gv i

0 ~Ei2Eb!

12gii
0 ~Ei2Eb!

giv
0 . ~6!

The matrix elementsgii
0 , gvv

0 , andgiv
0 may be found using

the standard recursion procedure taking into account the fact
that the MTJ with no impurity has periodicity in the lateral
directions.18

We consider first the simplest case of anonmagnetictun-
nel junction, so thatEe

↑5Ee
↓ andEm

↑ 5Em
↓ . Figure 3~a! shows

the calculated lateral distribution of the conductance as the
tip scans an area above the impurity atom, which is placed in
the middle of the barrier layer atx5y50. The striking fea-
ture about this figure is the presence of a spike in the con-
ductance distribution atx5y50. As is seen, the value of the
conductance for the tip positioned above the impurity is an
order of magnitude higher than far away from it. This spike
originates from electrons traversing ballistically the top me-
tallic layer and, then, tunneling resonantly across the barrier
via the localized electronic state in the band gap of the insu-
lator. The ability to detect the impurity through the top metal
layer is due to tunneling across the vacuum, since this selects

electrons in a relatively narrow angular window close to nor-
mal incidence. The diameter of the spike is, therefore deter-
mined by the contribution from nonzero transverse momenta
to the conductance. By varying the parameters of the model
in realistic limits we found that the diameter of the spike
varies within 10a– 20a.19

The resonant character of the tunneling process is evident
from Fig. 3~b!, which shows the calculated conductance as a
function of the on-site atomic energy of the impurity. The
asymmetry of the resonance seen in this figure is a conse-
quence of the Fano effect,20 which originates from the inter-
ference between direct and resonant tunneling~e.g., Ref. 21!.
In our case this asymmetry can be exhibited explicitly in a
simplified expression for the conductance. Assuming weak
tip MTJ coupling, the conductance is approximated byG
'G04p2b2r trv , wherer t andrv are the density of states of
the isolated tip and the isolated MTJ containing the impurity.
Making use of Eq.~6! for evaluatingrv , we arrive at

G'G04p2b2r trv
0H 11p

11qE

E211 J , ~7!

whererv
0 is the density of states at sitev of the isolated MTJ

without impurity, E5(EF2Ei2ReS)/Im S is the reduced

FIG. 3. Lateral distribution of the conductance calculated atEi

2EF51.49b for Lm510a ~a! andLm520a ~c! and the respective
dependence of the conductance on the impurity energy~b!, ~d! cal-
culated exactly~solid lines! and using Eq.~7! ~dashed lines!. Pa-
rameters of the model are as follows:Et2EF50, Ee2EF5Em

2EF53b, Eb2EF56.2b, Lb55a, andLv510a.

FIG. 4. ~a! Spin-resolved conductance for the parallel~P! and
antiparallel~AP! configurations of the MTJ and~b! TMR versus
impurity energy. Lateral distribution of the conductance for the P~c!
and AP~d! magnetic configurations and lateral variation of TMR~e!
calculated forEi2EF51.51b. The dotted line in~b! shows the
value of TMR at off-resonance conditions. Parameters of the model
are as follows: Et2EF50, Eb2EF56.2b, Ee

↑2EF5Em
↑ 2EF

53b, Ee
↓2EF5Em

↓ 2EF54b, Lb55a, andLm5Lv510a.
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energy,S is the self-energy at the impurity site which is
defined by gii

0 5(EF2Eb2S)21, p5(Ei2Eb)(EF2Eb

2ReS)Re@(giv
0 )2#/(prv

0 Im S) is the relative amplitude of the
resonance,q5Im@(giv

0 )2#/Re@(giv
0 )2# is the asymmetry param-

eter, and where we have assumed thatuSu!uEF2Ebu. The
first term in Eq.~7! describes the direct tunneling and the
second term is responsible for the resonant process. As is
seen from Fig. 3~b!, the simplified expression~7! gives an
accurate representation of the conductance, the resonance
amplitude and asymmetry beingp'6.1 andq'20.4.

A strong direct tunneling contribution can make the con-
ductance over the impurity site lower than away from it. This
is illustrated in Fig. 3~c!, where we have chosen a top metal
layer thicknessLm520a, for which the magnitude of the
direct tunneling is 20 times greater than that forLm510a
due to the presence of a quantum-well state. In this case
when the tip is positioned above the impurity, the amplitude
of the resonance becomes negative,p'20.2, and thus the
resonant tunneling manifests itself as an antiresonance@Fig.
3~d!#. The interference between the direct and resonant chan-
nels leads to lateral oscillations in the conductance, which
are evident from Fig. 3~c! and reflect the oscillations in
Im@(giv

0 )2# as a function of the tip positionv.
Finally, we consider the effect of the impurity on the local

TMR by allowing both the metal layer and the electrode to
be ferromagnetic with exchange-split bandsEe

↑5Em
↑ and

Ee
↓5Em

↓ . The results of the calculations, which are displayed
in Fig. 4~a!, demonstrate that the resonant peaks are shifted
relative to each other and have different amplitudes and

widths for the parallel and antiparallel magnetic configura-
tions of the MTJ. This leads to the variation of TMR versus
the on-site atomic energy of the impurity as shown in Fig.
4~b!. The sensitivity of the TMR to the impurity energy is
similar to that predicted within the 1D model@compare to
Fig. 1~b!#. However, the 3D geometry of Fig. 2 allows us
also to predict the lateral distribution of the conductance and
TMR. SettingEi2EF51.51b, at which a maximum inverse
TMR is expected@see Fig. 4~b!#, Figs. 4~c! and 4~d! demon-
strate that the amplitude of the spike in the conductance dis-
tribution is a factor of 2 larger for the antiparallel configura-
tion than for the parallel configuration. As is evident from
Fig. 4~e!, this leads to a strong negative value of TMR when
the tip is directly above the impurity, compared to a smaller
positive value away from the impurity.

In conclusion, we have shown that the local TMR in an
MTJ is very sensitive to the electronic state of the impurity
within the barrier layer and to the lateral position of the tip,
which is used to probe the conductance. These effects occur
due to the spin-dependent resonance in the impurity-assisted
tunneling. The predicted dramatic lateral variation in TMR
across the impurity atom could be detected by STM.

The research was funded by Hewlett Packard Laborato-
ries, Palo Alto, through a collaborative research program.
The authors are thankful to Victor Burlakov, Bret Heinrich,
Dimitris Kechrakos, and Wulf Wulfhekel for useful discus-
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Modelling Laboratory at the Department of Materials, Uni-
versity of Oxford.
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