
HAL Id: hal-04370640
https://hal.univ-lorraine.fr/hal-04370640

Submitted on 1 Aug 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Tunnel barrier parameters and magnetoresistance in the
parabolic band model

F. Montaigne, Michel Hehn, A. Schuhl

To cite this version:
F. Montaigne, Michel Hehn, A. Schuhl. Tunnel barrier parameters and magnetoresistance in the
parabolic band model. Physical Review B, 2001, 64 (14), pp.144402. �10.1103/PhysRevB.64.144402�.
�hal-04370640�

https://hal.univ-lorraine.fr/hal-04370640
https://hal.archives-ouvertes.fr


PHYSICAL REVIEW B, VOLUME 64, 144402
Tunnel barrier parameters and magnetoresistance in the parabolic band model

F. Montaigne, M. Hehn, and A. Schuhl
Laboratoire de Physique des Mate´riaux, UMR CNRS 7556, BP 239, 54506 Vandoeuvre le`s Nancy Cedex, France

~Received 3 April 2001; published 29 August 2001!

Tunnel magnetoresistance~MR! is studied in the framework of the parabolic band model. Coherent transport
and electronic wave function interferences in the barrier are shown to play an important role even for a single
barrier. The influence of the barrier parameters on magnetoresistance and on its bias dependence is compared
with success to experiments. The shape of the barrier is then considered as it can account for asymmetries
observed in MR~V! curves. Finally, despite its simplicity, this model predicts qualitatively the complex MR~V!
observed in composite barriers.
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Magnetoresistive tunnel junctions~MTJ! have been inten-
sively studied in the past few years.1 Beside the large appli
cation field of MTJ in magnetic memories, magnetic re
heads or sensors and the related technological challenge
spin-dependent tunneling effect is intrinsically a sensi
probe of various physics phenomena like magne
configurations2 or interface hybridizations.3 The tunnel mag-
netoresistance~TMR! has been related to the spin polariz
tion of both electrodes in the simple Jullie`re model.4 This
model is the simplest expression of the more-general tran
Hamiltonian method that basically predicts tunnel curre
proportional to the density of states at the electrode/bar
interfaces. This approach has been very successful to
scribe tunneling in superconductor tunnel junctions,5 but
since each electrode is considered as independent, it ca
deal simply with coherent effect like quantum wells or res
nant tunneling. Nevertheless, many features appearing in
magnetoresistance and in its bias dependence have bee
rectly linked to the spin-polarized electrode band structure3,6

At opposite, the free-electron-like model considers the wa
function of electrons in the whole structure with parabo
bands. This approach has been particularly successful to
scribe semiconductor heterostructures like quantum well
resonant tunneling diodes.7 Even if this simple band structur
does not describe accurately the band structures of trans
metals, this approach is well suited to study coherent effe
in the tunnel current.

In this paper, we show that experimental data can
qualitatively depicted in the parabolic band-model fram
work using an accurate expression of the tunnel current
realistic barrier parameters. Indeed, taken into account
reduction of the effective electron mass inside the barrier,
shape of the barrier and also the tunneling of electrons w
nonzero wave-vector component parallel to the tunnel bar
allow to describe the complex MR~V! experimentally ob-
served in nonsquare or composite barriers even with a sim
band structure. Those curves were up to now explained
voking exclusively the complex density of state of the ele
trode rather than the parameters of the tunnel barrier.

As we focus here on the influence of the barrier para
eters on the properties of MTJ, the simplest band struc
for the different materials, i.e., parabolic bands~free-
electron-like! has been used. Furthermore, we consider p
allel and antiparallel alignment of the electrode magneti
0163-1829/2001/64~14!/144402~4!/$20.00 64 1444
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tions and two-independent spin channels, with different ba
parameters for the ferromagnetic electrodes. Thus, follow
Tsu and Esaki,7 the tunnel current for a spin direction can b
written as:

J5
2pe

h3
m1E E D~Ez ,Ei!~ f 12 f 3!dEzdEi , ~1!

where Ez ~respectivelyEi) is the electron energy perpen
dicular ~respectively parallel! to the tunnel barrier,m1 is the
electron effective mass in the emitter electrode,D is the
transmission coefficient of the whole structure, deduced fr
the wave functions in the barrier and the electrodes, soluti
of the Schro¨dinger equation,8 f 1 and f 3 are the Fermi distri-
butions respectively in the emitter and the collector el
trodes. Since most of the temperature variation of tun
junctions characteristics at low voltages are due to the a
vation of inelastic modes of conduction,9,10 we restrict our-
selves to the zero-temperature limit where expression~1! re-
duces to:

J5
2pe

h3
m1S E

0

EF2eVE
EF2eV2Ez

EF2Ez
D~Ez ,Ei!dEidEz

1E
EF2eV

EF E
0

EF2Ez
D~Ez ,Ei!dEidEzD , ~2!

whereEF is the Fermi level andV the voltage applied to the
collector electrode. From expression~2!, it appears that the
tunnel current does not depend explicitly on the density
states in the electrodes but rather on the matching of
electrodes wave functions through the barrier via the tra
mission coefficientD. As been stressed by Liu and Guo,8 a
rigorous free-electron model has to ‘‘take into account
transverse~in-plane! motion of the electrons.’’ Indeed, re
fraction of the electron at the barrier interface, due to
difference of effective mass between the metal and the in
lator, allows the tunneling of additional electrons. Therefo
D cannot be simply integrated overEz but a two-dimensional
integration overEi andEz has to be done. This double inte
gration is of primary importance when calculating the cu
rent through arbitrary shaped tunnel barriers as it is in
present work. In fact, in complex structures and in compa
son with conventional square barriers, a nonmonoton
©2001 The American Physical Society02-1
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evolution ofD with Ez appears for lower value ofEz . This
implies high-tunneling transmission of electrons withEiÞ0.
The transmission coefficient is thus integrated numeric
overEi andEz for each spin direction to get the total tunn
current.

Concerning the electrodes parameters, it has been sh
that the tunneling current is dominated by a single fr
electron-like d band in transition metals.11 To model the
bands of Iron, for example, parameters proposed by Stea12

based on Fermi surface measurements and assuming a
electron mass are often used. Recently, Davies
MacLaren13 proposed for the same material other parame
fitted from first-principle band calculations@Fermi level of
2.25 eV ~0.35 eV! and effective mass of 1.27me2

(1.36 me2) for spin up ~down! band#. We will use those
parameters in the following but the results presented here
essentially linked to barrier properties and do not dep
much on the band structure of the electrodes. Realistic
rier parameters used in our calculations have been ded
from measurements thanks to Simmons14 fits for example.
Despite it is based on the WKB approximation and thus
not describe the tunnel magnetoresistance,15 and on a con-
stant electron mass equal to the free-electron mass in al
structure, this model provides convenient widely used a
lytical expressions of the tunnel current. It can be shown t
fitting the I (V) curves leads to an independent and go
evaluation of the barrier height but does not allow the in
pendent determination of the barrier thickness and effec
mass. The latter can be measured using the variation o
sistance with barrier thickness. The few-stud
published16,17 indicate a much-lower thickness dependen
than predicted using the free-electron mass. It seems
important to consider this reduced effective electron mas
the barrier. In the following, the electron mass in the barr
was taken equal to 0.4me2, the estimated value compute
for crystalline alumina and in the range of values measu
for SiO2.

This rigorous free-electron model was applied to comp
the tunnel-junction current/voltage characteristics for para
and antiparallel alignment of the electrode magnetization
a function of barrier height and thickness. So, TMR a
V1/2, the voltage at which the magnetoresistance is divid
by a factor of 2, can readily be extracted. The Fig. 1~a!
represents the magnetoresistance as a function of ba
height and thickness. In the limit of null-barrier height, t
situation is somehow comparable to ballistic magnetore
tance with two magnetic electrodes separated by a nonm
netic spacer. In the limit of null-barrier thickness, very hi
TMR are predicted and are related to those measured in
romagnetic ballistic nanocontacts. Outside those limits,
TMR generally increases with the barrier height and
creases with barrier thickness as observ
experimentally.18,19 Furthermore, for realistic junction pa
rameters, TMR decreases with the increase of the effec
mass in the barrier. The predicted value of 50% for a 1 nm
thick and a 3-eV high alumina barrier is in the order
reported values in the literature. In agreement with
et al.20 who have experimentally shown thatV1/2 is almost
independent on the electrode materials, barrier height, th
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ness, and effective mass seem to be the main param
governing the value ofV1/2. As it was pointed out by the
experiments19 and verified with our calculations, the increa
of V1/2 with the decrease of barrier thickness or increase
barrier height appears also as an intrinsic properties.V1/2 is
drastically increased by the reduction of the effective m
and the calculated values form250.4 me2 are superior to
the experimental values@Fig. 1~b!#. Nevertheless, we only
consider here coherent elastic transport but it is also w
known that voltage-excited magnons are a source of spin
and contribute to the reduction ofV1/2.9 This also explains
the discrepancy between experimental and calculated MR~V!
curves at low voltages~Fig. 2!.

The decrease of the magnetoresistance with the app
voltage is almost independent of the parameters of
electrode-parabolic band structure. For applied volta
above the barrier height, oscillations of magnetoresista
are predicted and are not much affected by the band st
tures of the electrodes~from Stearns12 or Davies and
MacLaren13!. In contrast, their period decreases for increas
thickness or effective massm2 of the barrier but increase

FIG. 1. ~a! Magnetoresistance and~b! V1/2 as a function of the
barrier height and thickness. The effective mass in the barrie
taken equal to 0.4me2. Magnetoresitances above 100% are not re
resented.

FIG. 2. Variation of magnetoresistance with applied voltage
a 1 nm (2), 2 nm (-d-), and 3-nm (-s-) thick tunnel barrier. In
those calculations,m250.4me2 and the barrier height is equal to
eV. Inset: experimental data of magnetoresistance with applied v
age from Ref. 21 for a Co/Al2O3 /Co junction.
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with the barrier height. The oscillations of magnetoresista
observed experimentally~inset of Fig. 2! can thus be inter-
preted in term of interferences of the wave functions in
conduction band of the insulator. This effect is totally simi
to the conductance oscillations observed in the Fow
Nordheim regime. Negative TMR for applied voltage equ
or above the barrier height appears as a ‘‘standard’’ effect
like every coherent effect, these oscillations can be affec
or suppressed by the scattering. In conclusion, the parab
band model reproduces qualitatively the experimental m
surements made on MTJ.

Recently, Zhang and Levy15 raised a restriction to this
model: ‘‘the sensitivity of the magnetoresistance to the
tails of the profile of the potential barrier between the me
lic electrodes and the insulating barrier.’’ Our calculatio
have thus been extended to MTJ with an imperfect interf
between the metal and the insulator. We chose trapezo
barriers for which the potential varies linearly in an interfa
region between the metal and the square barrier~Fig. 3!. As
predicted by Zhang and Levy, the magnetoresistance
strongly suppressed by an interfacial region when consi
ing a free-electron mass in the barrier. But for a reduc
electron-effective mass, the sensitivity is decreased and
TMR can be achieved even for mixed interfaces. The
more abrupt interface sharpness, compatible with a m
uniform oxygen concentration in the barrier after tempe
ture annealing, is at the origin of a TMR increase by a fac
of 2 as showed by Sousaet al.18

This analysis can be further extended to barriers with t
different interface sharpness. Figure 4 represents MR~V!
curves for a square (2), a symmetric trapezoidal (-s-), and
a nonsymmetric with one abrupt interface (-d-) barriers.
Voltage dependence of the magnetoresistance is enhance
the trapezoidal barrier and is highly asymmetric for t
asymmetric interfaces. In this last case, for a positive-app
voltage, i.e., electrons collected in the electrode with
nonabrupt interface, the voltage dependence is similar to
one computed for the symmetric trapezoidal barrier.
versely, for negative voltage, it is similar to the square b
rier. Finally, the voltage dependence of the MR is stron
ruled by the interface collecting the transmitted electro
This fact is illustrated in the inset of Fig. 4 for differen
Ta-oxide barriers obtained from the oxidation of a deposi
Ta layer@data from Ref. 19, and same effects are obser
for alumina barriers21#. While the sharpness of the Ta-lay

FIG. 3. Variation of magnetoresistance with interface thickn
for m250.4me2 (-s-) andm25me2 (-d-).
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interface exposed to the oxygen plasma remains unchan
the one of the buried interface depends on the oxidation c
ditions and Ta-layer thickness.

The diversity of insulators used recently to make M
opens the way towards composite barriers made using
insulators with different barrier heights. In Fig. 5, the volta
dependence of the TMR is represented for a composite
rier formed by 1 nm of low-barrier height insulator~0.3 eV!
and 1 nm of high-barrier height insulator~2 eV!. The striking
feature is the inversion of TMR at low voltages and the i
portant negative TMR. It has been indeed observed exp
mentally by Sharmaet al. in Al2O3 /Ta2O5 composite
barriers6 and has been attributed to the electrode band st
ture. The voltage dependence of the effect can be reprodu
considering a lower-barrier height for Ta oxide than f
Al2O3 ~Fig. 5! as already measured.19 The I~V! characteris-
tics ~not represented! of such structures present importa
asymmetries that can reach a factor of 10 in the current
voltages of about 1 V. The current asymmetry increases w
the thickness of the low-barrier height. This asymmetry p
dicted for this type of barrier is very promising for magne
random access memory applications.

To conclude, we showed in this paper that despite its s

s FIG. 4. Variation of magnetoresistance normalized to its ma
mum value with applied voltage and different barrier shapes :
(2), one (-d-), and zero (-s-) sharp interface~s!. In those calcu-
lations, m250.4me2, the total barrier thickness is 2 nm and th
thickness of the interfaces is 0.2 nm. Inset: experimental data
magnetoresistance normalized to its maximum value with app
voltage from Ref. 19 for a Co/TaOx/Co junction.

FIG. 5. Variation of magnetoresistance with applied volta
with m250.4me2 (-s-) andm25me2 (-d-) for a composite bar-
rier formed by a 1-nm thick low-barrier height insulator~0.3 eV!
and a 1-nm thick high-barrier height insulator~2 eV!. Inset: experi-
mental data of magnetoresistance with applied voltage for a c
posite Al2O3 /Ta2O5 barrier from Ref. 6.
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plicity, a free-electron-like model reproduces well main fe
tures of magnetic tunnel junctions characteristics. Part
larly, it reflects qualitatively the I~V! characteristics, the
decrease of the magnetoresistance with the voltage, the
cillations of magnetoresitance at high voltages, the impor
effect of a nonuniform barrier and the influence of the int
faces. This simple model cannot render all the complexity
magnetic-tunnel junctions related to complex band str
tures, nonideal interfaces and thus nonconservation ofki ,
elastic and inelastic scattering. But this approach conside
the whole structure and the interferences of the elec
ys

t,

e

ev

n,

14440
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wave function leads to complex behavior of the magneto
sistance as a function of the voltage with negative and p
tive magnetoresistance even for simple parabolic bands
thus may be important to consider these effects before
cribe directly MR~V! curves to the density of states of ele
trodes, especially for composite barriers with different b
rier heights.
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