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Tunnel barrier parameters and magnetoresistance in the parabolic band model

F. Montaigne, M. Hehn, and A. Schuhl
Laboratoire de Physique des Maigux, UMR CNRS 7556, BP 239, 54506 VandoeuvseNancy Cedex, France
(Received 3 April 2001; published 29 August 2001

Tunnel magnetoresistan@®R) 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 MRV) curves. Finally, despite its simplicity, this model predicts qualitatively the complefWIR
observed in composite barriers.
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Magnetoresistive tunnel junctiois1TJ) have been inten- tions and two-independent spin channels, with different band
sively studied in the past few yedr8eside the large appli- parameters for the ferromagnetic electrodes. Thus, following
cation field of MTJ in magnetic memories, magnetic readTsu and Esaki,the tunnel current for a spin direction can be
heads or sensors and the related technological challenges, thétten as:
spin-dependent tunneling effect is intrinsically a sensible
probe of various physics phenomena like magnetic
configuration$ or interface hybridizationdThe tunnel mag-
netoresistanc€TMR) has been related to the spin polariza-
tion of both electrodes in the simple Jutéemodel* This ~ Where E, (respectivelyE) is the electron energy perpen-
model is the simplest expression of the more-general transfélicular (respectively parall¢lto the tunnel barriemn; is the
Hamiltonian method that basically predicts tunnel current$lectron effective mass in the emitter electro@e,s the
proportional to the density of states at the electrode/barrieffansmission coefficient of the whole structure, deduced from
interfaces. This approach has been very successful to déie wave fgnctions in the barrier and the electrodes, solutions
scribe tunneling in superconductor tunnel junctiérisyt  of the Schiidinger equatiofi,f, andf; are the Fermi distri-
since each electrode is considered as independent, it canrigitions respectively in the emitter and the collector elec-
deal simply with coherent effect like quantum wells or reso-trodes. Since most of the temperature variation of tunnel
nant tunneling. Nevertheless, many features appearing in tHgnctions characteristics at low voltages are due to the acti-
magnetoresistance and in its bias dependence have been ¥@tion of inelastic modes of conductir? we restrict our-
rectly linked to the spin-polarized electrode band structre. Selves to the zero-temperature limit where expresglpme-

At opposite, the free-electron-like model considers the waveduces to:

function of electrons in the whole structure with parabolic

bands. This approach has been particularly successful to de- J= 27'rem ( fEF_erEF_EZ
h Yo

2me
J:lef J D(E,.Ep(fi—f3)dEdE;, (1)

scribe semiconductor heterostructures like quantum wells or D(E; E)dEdE,

resonant tunneling diodé€ven if this simple band structure
does not describe accurately the band structures of transition Er Er-E,
metals, this approach is well suited to study coherent effects + £ 7evfo D(E, 'E)dEdEZ) ' @
in the tunnel current. F

In this paper, we show that experimental data can bavhereEg is the Fermi level and/ the voltage applied to the
qualitatively depicted in the parabolic band-model frame-collector electrode. From expressi@®), it appears that the
work using an accurate expression of the tunnel current antiinnel current does not depend explicitly on the density of
realistic barrier parameters. Indeed, taken into account thstates in the electrodes but rather on the matching of the
reduction of the effective electron mass inside the barrier, thelectrodes wave functions through the barrier via the trans-
shape of the barrier and also the tunneling of electrons witimission coefficienD. As been stressed by Liu and Gla,
nonzero wave-vector component parallel to the tunnel barrierigorous free-electron model has to “take into account the
allow to describe the complex MR) experimentally ob- transverse(in-plang motion of the electrons.” Indeed, re-
served in nonsquare or composite barriers even with a simpligaction of the electron at the barrier interface, due to the
band structure. Those curves were up to now explained indifference of effective mass between the metal and the insu-
voking exclusively the complex density of state of the elec-lator, allows the tunneling of additional electrons. Therefore,
trode rather than the parameters of the tunnel barrier. D cannot be simply integrated ovEy, but a two-dimensional

As we focus here on the influence of the barrier paramintegration overlE; andE, has to be done. This double inte-
eters on the properties of MTJ, the simplest band structurgration is of primary importance when calculating the cur-
for the different materials, i.e., parabolic bandsee- rent through arbitrary shaped tunnel barriers as it is in the
electron-like has been used. Furthermore, we consider parpresent work. In fact, in complex structures and in compari-
allel and antiparallel alignment of the electrode magnetizason with conventional square barriers, a nonmonotonous

Er—eV-E,
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evolution of D with E, appears for lower value d&,. This 5 - - -
implies high-tunneling transmission of electrons wih= 0. 4 2 , / / /
The transmission coefficient is thus integrated numerically g 3f 1020 30 49
over E| andE, for each spin direction to get the total tunnel P )
current. g
Concerning the electrodes parameters, it has been shown e
that the tunneling current is dominated by a single free- f
electron-like d band in transition metals. To model the £
bands of Iron, for example, parameters proposed by St€arns =
based on Fermi surface measurements and assuming a free-
electron mass are often used. Recently, Davies and
MacLarert® proposed for the same material other parameters
fitted from first-principle band calculatiori$-ermi level of

2.25 eV (0.35 eV} and effective mass of 1.27n.- o 1 2 3 4 5
(1.36 m,-) for spin up (down) band. We will use those Barrier height (V)
parameters in the following but the results presented here are FIG. 1. (a) Magnetoresistance ar®) V., as a function of the

essentially linked to barrier properties and do not depen%arrier height and thickness. The effective mass in the barrier is

mUCh on the band strgcture of the glectrodes. Realistic ba{é en equal to 0./,.-. Magnetoresitances above 100% are not rep-
rier parameters used in our calculations have been deduceg oq.

from measurements thanks to Simmbhfits for example.
Despite it is based on the WKB approximation and thus do . .
not describe the tunnel magnetoresistaticend on a con- ness, and effective mass seem to be the main parameters

stant electron mass equal to the free-electron mass in all tfPVerning the value oVy,. As it was pointed out by the
structure, this model provides convenient widely used ‘,:mac_experlme.nt%9 and verified with our calc_ulanons, thg increase
lytical expressions of the tunnel current. It can be shown thaf V_1/2 W't_h the decrease of barner_ th!ck_ness or Increase of
fiting the 1(V) curves leads to an independent and good?@'Mer height appears also as an intrinsic properigs. is
evaluation of the barrier height but does not allow the inde-drastically increased by the reduction of the effective mass

pendent determination of the barrier thickness and effectiv@d the calculated values fon,=0.4 m,- are superior to
mass. The latter can be measured using the variation of ré0€ experimental valuefFig. 1(b)]. Nevertheless, we only
sistance with barrier thickness. The few-studiesconsider here coherent elastic transport but it is also well
published®’ indicate a much-lower thickness dependenceknown tha_lt voltage-excited magnons E;’;lre a source of spin flip
than predicted using the free-electron mass. It seems thi@'d contribute to the reduction ;. This also explains
important to consider this reduced effective electron mass if'€ discrepancy between experimental and calculatedM¥R
the barrier. In the following, the electron mass in the barrie/cUTves at low voltagegFig. 2). , _ _
was taken equal to 0.4n,-, the estimated value computed The dgcrease of. the magnetoresistance with the applied
for crystalline alumina and in the range of values measured©lt@ge is almost independent of the parameters of the
for SiO,. electrode-parabolic band structure. For applied voltages
This rigorous free-electron model was applied to computeabove the barrier height, oscillations of magnetoresistance

the tunnel-junction current/voltage characteristics for parallef® Predicted and are not much affected by the band struc-

and antiparallel alignment of the electrode magnetizations a&lf'éS of the electrodesfrom Stearn¥ or Davies and

a function of barrier height and thickness. So, TMR andMchareﬁ%. In contrast, their period decreases for increased
Vy,, the voltage at which the magnetoresistance is dividedhickness or effective mass, of the barrier but increases
by a factor of 2, can readily be extracted. The Figa)1l
represents the magnetoresistance as a function of barrier
height and thickness. In the limit of null-barrier height, the
situation is somehow comparable to ballistic magnetoresis-
tance with two magnetic electrodes separated by a nonmag-
netic spacer. In the limit of null-barrier thickness, very high
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Magnetoresistance (%)
[V}
<

TMR are predicted and are related to those measured in fer- ‘};;wge .(,‘ﬁl)..,. 3

romagnetic ballistic nanocontacts. Outside those limits, the 0 p_oo .‘:gc Ou”foq

TMR generally increases with the barrier height and de- —e---2nm o ¢ oot

creases with barrier thickness as observed 20 e 3nm ,

experimentally®1® Furthermore, for realistic junction pa- 0 1 VZl 3V

rameters, TMR decreases with the increase of the effective oltage (V)

mass in the barrier. The predicted value of 50%dal nm FIG. 2. Variation of magnetoresistance with applied voltage for

thick and a 3-eV high alumina barrier is in the order of 3 1 nm (), 2 nm (®-), and 3-nm (©-) thick tunnel barrier. In
reported values in the literature. In agreement with Luthose calculationsn,=0.4m,- and the barrier height is equal to 2
et al?® who have experimentally shown thsl, is almost eV, Inset: experimental data of magnetoresistance with applied volt-
independent on the electrode materials, barrier height, thickage from Ref. 21 for a Co/AD5/Co junction.
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FIG. 3. Variation of magnetoresistance with interface thickness FIG. 4. Variation of magnetoresistance normalized to its maxi-
for my,=0.4me- (-O-) andm,=m,- (-@-). mum value with applied voltage and different barrier shapes : two
(—), one (@®-), and zero (©-) sharp interface). In those calcu-
with the barrier height. The oscillations of magnetoresistancéations, m,=0.4m,-, the total barrier thickness is 2 nm and the
observed experimentall§inset of Fig. 2 can thus be inter- thickness of the interfaces is 0.2 nm. Inset: experimental data of
preted in term of interferences of the wave functions in thenagnetoresistance normalized to its maximum value with applied
conduction band of the insulator. This effect is totally similar Voltage from Ref. 19 for a Co/TaOx/Co junction.
to the conductance oscillations observed in the Fowler- )
Nordheim regime. Negative TMR for applied voltage equa||nterface exposed_ to Fhe oxygen plasma remalns_unghanged,
or above the barrier height appears as a “standard” effect bdﬂ']? one of the buried mterface depends on the oxidation con-
like every coherent effect, these oscillations can be affecteflitions and Ta-layer thickness.
or suppressed by the scattering. In conclusion, the parabolic The diversity of insulators used recently to make MTJ
band model reproduces qualitatively the experimental meaQPens the way towards composite barriers made using two
surements made on MTJ. insulators with different barrier heights. In Fig. 5, the voltage
Recently, Zhang and LeWy raised a restriction to this dependence of the TMR is represented for a composite bar-
model: “the sensitivity of the magnetoresistance to the delier formed by 1 nm of low-barrier height insulat@.3 eV)
tails of the profile of the potential barrier between the metal-2nd 1 nm of high-barrier height insulat@ eV). The striking
lic electrodes and the insulating barrier.” Our calculationsféature is the inversion of TMR at low voltages and the im-
have thus been extended to MTJ with an imperfect interfac@0rtant negative TMR. It has been indeed observed experi-
between the metal and the insulator. We chose trapezoidgtentally by Sharmaetal. in Al;0;/T&,0s composite
barriers for which the potential varies linearly in an interfacebarrier$ and has been attributed to the electrode band struc-
region between the metal and the square baffay. 3. As  ture. The voltage dependence of the effect can be reproduced
predicted by Zhang and Levy, the magnetoresistance igon&dermg a lower-barrier height for Ta oxide tharj for
strongly suppressed by an interfacial region when consideﬁ_\'zos (Fig. 5 as already measurédThe (V) charactens—
ing a free-electron mass in the barrier. But for a reducedics (not representgdof such structures present important
electron-effective mass, the sensitivity is decreased and highSymmetries that can reach a factor of 10 in the current for
TMR can be achieved even for mixed interfaces. Then &oltages of about 1 V. The current asymmetry increases with
more abrupt interface sharpness, compatible with a mordhe thickness of the low-barrier height. This asymmetry pre-
uniform oxygen concentration in the barrier after temperadicted for this type of barrier is very promising for magnetic
ture annealing, is at the origin of a TMR increase by a factofandom access memory applications.
of 2 as showed by Sous all® To conclude, we showed in this paper that despite its sim-

This analysis can be further extended to barriers with two

different interface sharpness. Figure 4 represents(\MR ~ 20

curves for a square~), a symmetric trapezoidal ¢-), and % 1ol

a nonsymmetric with one abrupt interface®> barriers. §

\oltage dependence of the magnetoresistance is enhanced for 2 0

the trapezoidal barrier and is highly asymmetric for the 8 :
asymmetric interfaces. In this last case, for a positive-applied £ -10} gz

voltage, i.e., electrons collected in the electrode with the & 2 W
nonabrupt interface, the voltage dependence is similar to the S 200 2 M

one computed for the symmetric trapezoidal barrier. In- -2 '\1,1 0 1 2

versely, for negative voltage, it is similar to the square bar- oltage (V)

rier. Finally, the voltage dependence of the MR is strongly g, 5. variation of magnetoresistance with applied voltage
ruled by the interface collecting the transmitted electronsyin m,=0.4m.- (-O-) andm,=m,- (-®-) for a composite bar-
This fact is illustrated in the inset of Fig. 4 for different rier formed by a 1-nm thick low-barrier height insulat@.3 eV)
Ta-oxide barriers obtained from the oxidation of a depositethnd a 1-nm thick high-barrier height insulat@eV). Inset: experi-

Ta layer[data from Ref. 19, and same effects are observeehental data of magnetoresistance with applied voltage for a com-
for alumina barrierd]. While the sharpness of the Ta-layer posite ALO;/Ta,05 barrier from Ref. 6.
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plicity, a free-electron-like model reproduces well main fea-wave function leads to complex behavior of the magnetore-
tures of magnetic tunnel junctions characteristics. Particusistance as a function of the voltage with negative and posi-
larly, it reflects qualitatively the (V) characteristics, the tive magnetoresistance even for simple parabolic bands. It
decrease of the magnetoresistance with the voltage, the ogwus may be important to consider these effects before as-
cillations of magnetoresitance at high voltages, the importangribe directly MRV) curves to the density of states of elec-
effect of a nonuniform barrier and the influence of the inter'trodeS, especia”y for Composite barriers W|th diﬁerent bar-
faces. This simple model cannot render all the complexity ofjer heights.

magnetic-tunnel junctions related to complex band struc-

tures, nonideal interfaces and thus nonconservatiok) pf The authors thank P. Roitider and C. Tiusan for valu-
elastic and inelastic scattering. But this approach consideringble discussions. This work was partly supported by the
the whole structure and the interferences of the electroieC - IST program “NanoMEM” No. IST-1999-13471.
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