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Resonant magnetic tunnel junction at 0° K: |-V characteristics
and magnetoresistance

C. A. Dartora® and G. G. Cabrera”
Instituto de Fisica “Gleb Wataghin,” Universidade Estadual de Campinas (UNICAMP), C. P. 6165,
Campinas 13083-970 SP, Brazil

(Received 12 July 2004; accepted 11 November 2004; published online 14 January 2005

In this paper we analyze the main transport properties of a simple resonant magnetic tunnel junction
(FM-IS-METAL-IS-FM structure taking into account both elastic and magnon-assisted tunneling
processes at low voltages and temperatures near 0° K. We show the possibility of
magnetoresistance inversion as a consequence of inelastic processes and spin-dependent
transmission coefficients. Resonant tunneling can also explain the effect of scattering by impurities
located inside an insulating barrier.

© 2005 American Institute of PhysidDOI: 10.1063/1.1846948

I. INTRODUCTION bias (voltages smaller than 40—100 mMn fact, inelastic-

Recently, the interest on the phenomena of Giant I\/laggalectron tunneling spectroscoETS) measurements at low

netoresistancéGMR) in magnetic tunnel junctiongMTJ), temperature showed peaks that can unambiguously be asso-

made up of two ferromagnetic electrodes separated by a Z;lttedzv(\)nth\(;nejma:g_rllon s?ezt(r)a a\t/ver)(/jsmal_l voltafyesn
insulating barrier, has grown significantly due to potential 0 U my, with talls up o 24 mV, and maximum magnon

applications in magnetoresistive reading heads, magnetﬁnergy not larger than 100 méV I the present work the

field sensors, nonvolatile magnetic random access memoriersefsonant MTJ constituted of a double barrier structure will be

and many others® The GMR effect is based on the spin- analyzed, and the inelastic magnon scattering will be pro-

dependent scattering mechanisms proposed in the early pBQSed as a mechanism capable to produce t_he inversion of
pers by Cabrera and FalicBwvhich lead in MTJ's, to a MR. A complete theory of the transport properties of a RMTJ

strong dependence of the conductance on the magnetiiould include the following:
polarization. Typically, the GMR effect found in MTJ's is of  (j) magnon assisted tunneling effects, with maximum

the order of 25%—300/80_,10 and pOintS to a Iarge ratio of the magnon energies of the order ef100 meV. At low

densities of states for majorityM) and minority (m) elec- temperature, electrons from the electrodes, acceler-

trons at the Fermi levelEg), > ated by the applied voltage, excite magnons at the
Ny (Ep) interface. At low temperature, only magnon-emission
N.(ED) ~2.0-25. processes should be considered;

(i)  variation with voltages of the densities of states for
As usual in MR experiments, one compares the resistances the different spin bands in the ferromagnets. Here, we
for the cases where the magnetizations at the electrodes are  will follow closely the approach of Refs. 11 and 12,

antiparallel(AP) and paralle(P)." with a simple picture of the band structure. This is
The subject of this paper is a quite similar ferromagnetic motivated by the discussions given in Ref. 11 over the
structure, the resonant magnetic tunnel juncti&MTJ), polarization of the tunneling current. We assume here
made up of two ferromagnetic electrodes with a layered that the latter is mainly o character;
insulator-metal—insulator structure between them. The TESQ]’") consideration of a resonant tunne”ng transmission co-
nance energy levels also can be provided by impurity scat- efficient with Lorentzian shape near the resonance,
tering centers placed inside a single insulating batfief’ and voltage dependence of the resonant energy level.
EXperimenta”y, it was found that impurities in the barjrfer The resonances for elastic and magnon-assisted pro-
and electronic structure of the interfaces strongly affect the cesses are different, allowing the inversion of MR.
MR.*® A remarkable effect of resonant tunneling in magnetic
structures is the inversion of spin-polarizati](?n/;/ith a con- The above program will be developed in the present con-
sequent inversion of the MR. tribution. The content of this paper can be described as fol-

In Ref. 8, scattering from magnons at the electrode-lows: In the next section, we formulate the theoretical basis
insulator interface has been proposed as the mechanism ftor analyzing tunneling currents, discussing the transfer
randomizing the tunneling process and opening the spin-flipdamiltonian that includes all the above-mentioned ingredi-
channels that reduce the MR in single barrier MTJs. Thisents. In Sec. Ill, we analyze the |-V characteristics and the
process may explain the MR behavior in the vicinity of zeroMR inversion considering resonant transmission coefficients

and the effects of density of states in both elastic and
JElectronic mail: dartora@ifi.unicamp.br magnon-assisted tunneling processes. Finally, in the last sec-
PElectronic mail: cabrera@ifi.unicamp.br tion, a few conclusions and remarks are added.
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FIG. 1. Asimple double barrier resonant magnetic tunnel junction;: & Skk’q

FM,, are two ferromagnetic electrodes, Ed 1S, are two potential barriers
\l/)vhile M is a metallic layerferromagnetic or notplaced between the two X(S +S- (bgTb§+ b'aTb'&)), 2)
arriers.

Wheretﬁk, is the direct transmission amplitudék,q is the
inelastic transmission amplitudelepends on the exchange
integra), S-(SY) is the spin value at the leftight) ferromag-
To give a description of the MR and the resistance in a?etic electrodeNs is the total naqrmbfr of spins at t_he inter-
RMTJ, we will use the transfer Hamiltonian meti@a?  1aces FM-IS and IS-FM, andby " (bg) are the creatiofian-
The resonant junction is shown schematically in Fig. 1, FM _nlhllat|on) operators for magnons W.'th wave vectpat each
and FM are two ferromagnetic electrodes. The regions des/nterface between the double barrier IS-M-IS and the elec-
ignated by IS are two insulatofthin oxide filmg represent- trodes FM and FM. The wave vector is quasi-two-
ing a potential barrier for conduction electrons due to the facglmensmnal(the maghon wave fulnctlon IS Iocallzeq at the
that the Fermi levels of the ferromagnetic layers are situatet terfa_tces, but V\_”th f|n|_te Iocal|za_1t|o_n IengthT_he origin of

in the gap region of the oxide films. The region desigjnate&Je direct ar_'d me_lastlc transmission amplltud%, and_

by M is a metallic layewhich can be ferromagnetic or not tkk'q: FESPECtively, is the overlap between the left and right
located between the two insulating regions and having th@leetrode_ wave functions inside the double barrier region,
Fermi level similar to that of the ferromagnetic electrodesdefined simply as follows:

FM_ and FMg. We have considered threband electrons as g . p2 R

free particlegplane waves being responsible for the domi- b =f d®x ¢ (X)<2— +V(x)><pk,(x)

nant contribution to the tunneling process. Tdhelectrons, m

which are more localized, enter in the process only via theand

exchange interaction with electrons on each ferromagnetic

electrode. In the context of second quantization and neglect- tik' :_Jd?:xf d3x’ J(X,XI)%*(X)@E,(X)equ X',

ing the magnetization energiZeeman terry the unper- d

tur.bed Hamiltonian,. representing the ferromagnetic reserze(x) being thea-electrode wave function/(x) the applied
voirs FM, and FM, is given by

voltage superimposed to the lattice potential, dod x’) the
position-dependent exchange factor. The transmissi% coeffi-
_ ot cients will be proportional to the above quantiti€g,,,
Ho= kmg(’,_,R) BoChoCicr @ =[tig |2 and Ty, =[ty o2 As one can clearly see frof),
the direct tunneling is responsible for a conserving spin cur-
rent while the inelastic tunneling provides a spin-flipping
magnon-assisted current flowing through the RMTJ. A rigor-
ous analysis of the transmission coefficients for a double
barrier structure placed between two metallic ferromagnetic
electrodes is given in Ref. 20, showing that the transmission
coefficients,T9=t)? and T’=|t’|?, close to the resonance lev-
els, are very well fitted through the use okarentzianfunc-
fon, defined as follows:

Il. THEORETICAL FRAMEWORK

with L(R) referring to the leffright) ferromagnetic electrode,
cﬁ‘; (¢, are the creatiorfannihilatior) fermionic operators
for wave vectork and spino, E,,=#%k?/2m-cA, is the
Hartree—Fock energy, anyl, is the shift in energy due to the
exchange interaction on each side of the double barrier.
The double barrier structur@S-M-1S) can be treated as
a perturbation, being responsible for the interaction betwee
the two ferromagnetic electrodes. In writing the interaction
part of the total Hamiltonian, which makes possible the I'(e)

transfer of electrons from one side ferromagnetic electrode to T(e)= I'%(e) + (e— (V)% @
the other, we follow Ref. 8. Apart from the direct transfer

that comes from elastic processes, we include transfer with'here

magnetic excitations that originates from thel exchange h2(e+ &V, 172

between conduction electrons and localized spins at the two  I'(€) = WH(E) (4)

interfaces FNI-IS and 1S-FM. The excitations are described

by a linearized Holstein—Primakoff transformationin the  is the half-width at the half-maximum of the resonance in the
spirit of a one-magnon theory. We use the following interac-potential well formed by the structure 1S-M-I8\is the elec-
tion Hamiltonian: tron massb is the metallic layer thicknes3,(e) is the trans-
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mission coefficient for a single barrier, which is given below, ties are functions of energy, applied voltage, and double
in the WKB approximation: barrier parameters.

_ oo 2 We are interested now in the basic transport properties

Ti(e) ~ Aexl- 2av2me(Vo - 7€)/A7] such as the I-V characteristic, the differential conductance

ea} G=dl/dV and the MR. The tunneling magnetoresistance

—_ ”— 1 77
=Aexd- 1.0241\Vo]eXP{§\,_VO (TMR) is defined as

. . - P) _ (AP
with A constant,p=¢,/ ¢, relating the energy with its com- TMR = 1P — 14"

ponente, perpendicular to the double barrier,is the insu- |P
lating barrier thickness in Angstroms, ande, (V) are related
to the resonant energy,(V) being a function of the applied
voltageV,

, (9)

where RAP) stand for the paralléntiparalle] configuration
scheme. In the P configuration the magnetizatiomposed
by external applied magnetic fieldsf both electrodes FM
= e \ 5) and FM has the same orientation along thexis, the ma-
e jority and minority spin bands corresponding to the same

2
4 all ) . , he ab ; | h . spin orientation for both electrodes, while in the AP configu-
and all energies given in eV. The above formulas, shown 440 the magnetization is rotated by 180° from one elec-

energy variables, for the sake of convenience, will be useg e 1o another, and in this case, the majority spin band in
later on in th'ls phaper. | btained h ) FM_ is the minority spin band in FiMandvice versaln the

_In general, t e_tota current o ta|r!e }N(ﬂ) 1as contri- . low bias regime, we are interested in voltages smaller than
butions from elastic processes, resulting in a direct tunnelmghe Fermi energy and only the states near the Fermi level will

th"’l‘t cogserve; Spin, agd ftr)om the meflastlc ones, V,VE'Chl 'Nzontribute to the transport, so we can expand the density of
volve the emission and absorption of magnons with elecyiaiac'in 2 Taylor series as follows:

tronic spin flip. In the following we describe the transport
properties of the RMTJ. 1 d"NZ(e)

Na €)= - T 4 En. 10

D (10)
IIl. TRANSPORT PROPERTIES: I-V Taking into account identical electrodes and the low bias
CHARACTERISTICS AND MR INVERSION regime, we can expand these expressions to first order with

good accuracy. Theband can be represented by a parabolic
dispersion relation and density of statdse \s"E—AO_, where
A (o=1,]) gives the bottom of the spin band, with,
—-A||=2A, as in Ref. 15. However, we consider here cases
more general than the parabolic dispersion, with the band
structure described through the following set of parameters:

The interaction Hamiltoniari2) and the Fermi Golden
Rule,

2me
Wko—k'o! = 7|<k,0,|H||k0’>|25(Ek0'_ Ek’a" * ﬁw)a (6)

allow us to express the tunneling current as follows:

_ NM)
2 =M
Iz%e |<k’OJ|H||kO->|2X(f(EIIza')[l_f(EE’lr’)] r <Nm F
kk oo’
—H(ER )1 -f(EL)])S(E, - En). 7 E<dNM’dE>
(B, )1 -f(Eg,)])S(EL - Eg) (7) A dNJdE), (11)

Now we replace the sums over the wave vectoendk’ by
energy integrals, which is a well-known procedure, integrate 1 dN,,
the Dirac delta functiong§s(E, —Eg)), and obtain the total B= (N_E) ,
current flowing through the junction
2me with all quantities evaluated at the Fermi level. The lalmels
I(V)=— J de, (Tw,(e)NlL,(e—V)NE,(e)fL(e—V) and M stand for minority and majority spin bands, respec-
h oo’ tively. It was shown in a previous wotkthat the ratio of the
L R densities of statesat the Fermi level can be calculated using
X[1=Tr(©] = Toro(Ny(€ = VIN, () Tr(e) the experimental value afR/R at zero biagonly if T, is
X[1-f (e=V)]), (8)  almost independent of and o’ close to the voltag&/=0):

being e=E-Eg, Er the Fermi energyN4(e) the density of B 1 1 1 17
states for electrons with spin- at the electrode Fly| « r= AR AR 2 (12
=(R,L) denote the electrode, arife)=(exd e/kgT]+1)tis 1- R o 1- R o

the Fermi—Dirac distributionkg is the Boltzmann constant,
and T the absolute temperature. The tunneling coefficientsvhich does not depend on the barrier parameters.

are obtained fron{2) throughT,,/(e)=|(ka|H |k’ o")|?, be- The total current given by8) can be decomposed into a
ing related to the direct and inelastic transmission coefficonserving spin direct current and a spin-flipping inelastic
cients byT,,=T9 and T,-,=T, respectively. These quanti- current involving magnon scattering. Considering symmetric
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transmission coefficientsequal probabilities for tunneling (ap) _ 2me
from the left to the right electrode as in the opposite sgnse Iy = 7[W3(V)ETT(V) +Wy(V)X | (V)] (20

the direct current is written below:
When the spin flipping magnon-assisted current can be

neglected, the MR inversiofthe MR reverses its signs
allowed in an interval of voltages if the requiremd[ff(V)
<11P(v) is satisfied, i.e.,

\%
19= 27 [ de(T, (N (e~ VINF(e

0

+T,, (N (e= VINT(e)). (13)
. g . 2(V) _ Wi(V) = Wa(V)
The transmission coefficien(3, ) are modeled according to S (V) = W,(V) = Wa(V) (21)
the expressiort3), as follows: mn 4 2
) The above case is illustrated in Fig. 2, where we have ne-
- I (e) glected the inelastic current. We have used the following
i Fi(e)+(e—em(V))2’ parametersr=2.21 (from Refs. 8, 11, and 12A=2.9, B
=0.08, a=0.5nm, b=0.1 nm, V,=3.0eV. For Figs.
I‘%T(E) 2(a)—-2(c), we have chosen the resonant energies tahe

T =35 meV andey | =47 meV, for spin-up and spin-down, re-

spectively, while for Figs. @)-2(f) we invert the situation
with €, # €, in general. To evaluate the expressid@®  Making ;=47 meV andey ;=35 meV. Is is clear from
we define the following quantities, depending only on den-Figs. 2@ and 2d) that for a finite interval of voltages the

TI2 (0 + (- &, (V)?'

sity of states: currentl 5p is greater thamhp with the consequent inversion of
- MR. Looking at Figs. %) and Ze), we observe that the
A differential conductanc&=dl/dV assume negative values
W;(V) = NE (e VINR = (NF 2<r2—ﬂ—v2> : gative
1(V) = Nij(e = VINu(@)leviz = (o) 4 ’ for a range of voltages where the increase of applied voltage

(14 produce a reduction of the total current. This behavior is a
consequence of the resonant tunneling known as Negative
5 Differential Resistanc@\DR) phenomena and takes place in
W,(V) = N;(G—V)Ng(e)h:\/m: (N;)Z(l _'B_VZ), (15) several devices such as tunnel diotfe@ur attention turns
4 now to Figs. 2c) and Zf), where we have plotted the TMR
using the expressiof®). Observe that in the case of Figcp

W;(V) = Niy(e= VINY(€)| wvro the MR starts from its zero bias valy25%) and increase
B(r=)) 2\ with the applied voltage until reaching its maximum value
= (NDZ<r +—V- —V2>, (16)  near 50%. From its maximum value the MR begins to de-
2 4 crease with the increase of the applied voltage, assuming
negative values and reaching a minimum. After that the MR
W, (V) = N5 (e= VINR ()] =y turns to increase with the applied voltage to assume positive
Br—\) 2y values again. Two important consequences follow from the
= (NF, 2<r - TV_ TVZ)’ (17)  resonant tunnelingf1) greater values of MR are obtained

using the RMTJmaximum MR about 50% against the 25%
obtained in a simple MTJ; an@) inversion of MR in a finite
range of the applied voltage. Now we look at the situation
shown in Fig. 2d). The MR starts from a negative value

and the quantity,,/(V), which is only dependent on the
transmission coefficients, as follows:

v (about -5% nearV=0, decreasing with the applied voltage
2o (V) = o de Ty (€) until reaching a minimum valué~-50%) to begin to grow
up until becoming positive. The maximum positive value is
JV Fig,(e) of the order of 50% and the main consequeneesincrease
de of MR values when compared to the simple MTJ's and the
0 Fi(r/(é) + (6_ éroo’(v))2 P P

MR inversion are achieved as in the previous case. The MR

V= €gr(V) behavior of both situations can be easily understood with a

= (V) arctar(r—(v)> basis in the resonant transmission coefficients and in the
oo’ band structure. In the first situatipRigs. 2a)—2(c)] the reso-

€ v (V) nance for the spin-up transmission coefficient occurs first

+arctar<r (V)) . (18) before for spin-down. When the spin-up resonance is the
oo’ dominant contribution(2;(V)>2;,(V)] to the direct cur-

Making use of(14)—(18), we obtain the explicit expres- rents, the parallel, depends mainly on the product of ma-

sions for the conserving spin direct current, in both P and ARority spin bandsW; (V) = NyNy, while the antiparallell p

configurations: depends oW;(V) « Ny N, beingW; >W;. The MR increase
with the applied voltage until the spin-down resonance is
2me hed while the spin-up resonance is turned off. Now that
1P = == Wi (V)31 (V) + Wo(V)S | (V)] 19 ~feacheaw pin-up :
d h [WiV)2; (V) 2V, (V)] (19 the spin-down channel is the dominant contribution to the
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FIG. 2. Neglecting magnon-assisted tunneling we sk@w-V characteristic;(b) differential conductanc&=dl/dV for both P and AP alignments; arid)
the tunneling magnetoresistance defined as TNMIR=lzp)/lp using €, =35 meV andey =47 meV (d), (e), and (f) show the same a&), (b), and (c),
respectively, forey; =47 meV ande, =35 meV, keeping the other parameters the same.

currents, the parallel, depends mainly on the product of occur at the same energy,; ;=€ =€y, Which means

minority spin band$\V,(V) = NyNy while the antiparallel,p % (V)=24,(V)=2(V), explicitly written below:

depends oW,(V) «N,Ny, beingW,>W,. In this way |l p v

>1p and the MR inversion is achieved. For greater voltages (V) :f

both resonances are turned off and the resonant junction be-

haves as a simple MTJ. In the second situation, correspond- V- eq(V) €q(V)

ing to Figs. Za)—2(c), spin-down resonance is reached first X arCtar<l“(\/)) + arctar( T (V)) (22

before spin-up resonance and the behavior is obvious. d d
Consider now that spin-up and spin-down resonance$he band structure parametéiV) are well-behaved func-

\%
dGTTT(G) = J dGTll(G) = Fd(V)
0 0
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tions of the applied voltag¥ being the MR inversion for- 27re
bidden through elastic processemless that <1, which is fdff da(T; (€ @)N[(e =V + 0)N(e)
impossible; by definitions is always greater than unjtyThe
direct currents in both P and AP configurations are given by Xfle=V+w)[l-fr(e)]-T (€ w)
oo XNi(e=V+ w)N{(e)fr(e+V=w)[1~f(e)])
I = = =TWA(V) + Wo(V)JS(V), (23) (25)

2me
lp=—— | de | da(T; (€, w)N-(e=V + w)NR
'E’AP):%m[wg(vwWAV)]E(V). (24) T J ef (Tu(eoNi(e=Vr wIN(e

XfL(E_ V+ a))[l - fR(E)] - TT’L(f’ w)
In fact, even wherk| | (V)=2,(V)=%(V), the MR inver-

sion is provided by another mechanism: the magnon-assisted XN[(e=V+w)NF(e)fr(e+V - w)[1-f(e)]).
tunneling. We will now investigate the MR inversion as a (26)
consequence of inelastic processes. To model the inelastic ) )
transmission coefficients, defined a‘E;_U:|<R,o|H,|L, .Introducmg a low cutoff in the magnon spectrum and
~0)|?, we will adoptLorentzianfunctions of the form taking the low temperature limif—0 K, we getn(w)—0
for the Bose—Einstein distribution. This limit excludes the
n(w) F%l(f) absorption current, leaving only the emission contributions
T (€,w) = p(w) . to the total current:
b NJAIST? (€) + (e~ &1, (V))?
2= 1 (W) + WeV)SHV), (27)
n(w) + 1 2, (e | |
T)1(e0) =p(w)
NA[S T2 () + (e~ & (V)? ap_ 2 51
| = Wi (V) + Wo(V V 28
o = N W)+ WeV)SHY), (29

where p(w) is the magnon density of states)(w)
=(exgw/kgT]-1)"* is the magnon number, following the \where we have defined
Bose—Einstein distribution. The appearance of the number of

magnonsn(w) in the transmission coefficients is due to the  s1(y) :f dwfv de p(w) = V)

magnon creatioridestructiop operatorb] (b,). The magnon T2 (V) + (- €1 (V)?
energyw is a consequence of the overall electron—magnon V-w—e (V)
system energy conservation. A magnon can be absorbed =T (V) f dow p(w){arctar<—ru—)
(emitted with consequent spin-flip and an increaé#e- (V)
creasgin the electron’s energy. The magnon density of states )

p(w) comes from the replacement of an integral in the +arctar( F“(V)> (29

variable to an integral in magnon energy The emission
and absorption currents, integrating over all magnon stated/hen the limitI'(V) — 0 (narrow resonangeis valid, the
allowed, are written as follows: above equation can be simplified, being the result

3V/2-€pm
lT(V)J dw p(w) for T <V< 2€0m,

3HV) = (30

0, otherwise.

We put the magnon density of states in a general form:  differential conductance given ly=Gy+ Gg,,, The total cur-
rents for both P and AP configurations, including elastic and

inelastic terms, are shown below:
p(w) = ¢;0" exd~ Co(w = wy) "]

The above expressiofwhen the exponents andm are ad-
equately choserdiscards the need to introduce a low and a
maximum abrupt cutoff in the magnon spectrum. The differ-
ential conductance due to magnon-assisted tunneling current — =~ [Wa(V) + Wy(V)ZXV) ¢, (31)
is readily obtained througiG,=dl../dV, being the total N|A|S 3 4

|P) = 2’Te{[wl(V) FWo(V)JS(V
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0.0010 ==y T T T T |A| (~10-20 meV with the number of interface atoms
) N(~20-100 atomsis of the order of unity. The spin value is
0.0008 b !\\ (a) i also of the order of unity, so we ma&=3/2. For themag-
=~ N non density of states, we chopéw)=w exd—C,(w—wy)?],
> i | \ 1 being wy,=16 meV andc,=500 eV2 The value of w,
i_'; 0.0006 } \! 4 (which corresponds to the peak in the magnon spedtiam
k< in agreement with the experimental data shown in Ref. 1.
£ Notice that our magnon density of states is not of the form
3 0.0004 . Vo, as one would expect for surface magnons, however
%‘ —--—-P ] eliminating the divergence due tdw) at =0, without the
S 00002 L —AP | need of a lower cutoff in the magnon spectrum. In Fig) 3
o we show the total currents and in FigbBthe TMR, calcu-
lated with (9). The direct tunneling and inelastic tunneling
0.0000 L——t e N —t L resonance energies a#g;=35 meV ande;,,=87.2 meV, re-
0.00 005 010 015 020 025 spectively. The RMTJ behaves as expected: the direct reso-
Applied Voltage (V) nance occurs first, consequentpz> | ,p due to the fact that
0.30 gy S — %(V)>=XV) and the band structure favor the parallel con-
. figuration [W;+W,>W3+W,, lpec(W;+W,o)2 and |up
0.251 = (W5+W,)3]. With the increase of the applied voltage the
0.20 inelastic process resonance is reached and the direct reso-
> o045 - nance has been turned off, being this situation being quite
O different: with 3(V)<3%(V) the band structure favors the
} 0.10 anti-parallel configuratiohW,; + W, >W,+W, due to the fact
o oosl that nowl poc (W3 +W,) 31 andl zpoc (W, +W,)2 ] and, conse-
P | quently,Ip<Ip. The MR inversion is obtained. For greater
& 0.00 voltages, both resonances are turned off; the MR turns out to
E 0.05 [ be positive again and the junction behaves as a simple MTJ.
I We can change the scenario explained above, introducing
0.10 other inelastic mechanisms like phonon excitations at larger
015 [ " : — temperatures and impurity doping of the electrodes. Reso-
0.00 0.05 0.10 0.15 020 0.25 nance levels can be provided by impurity scattering centers

Applied Voltage (V) located inside the insulating barrier of a simple MTJ. How-
ever, the assumption that the tunneling amplitude from left to
FIG. 3. The MR inversion as a consequence of magnon-assisted tunnelingight side tunneling is the same as in the opposite direction is
(@ I-V characteristics andb) the tunneling magnetoresistance defined by not valid. the transmission amplitudes being dependent on
(9), using e5q=35 meV ande;,=87.2 meV. . . . L )
the position of the impurity center inside the barrier.

S

W, (V IV. CONCLUSIONS

|(AP) = 2%(9{ [W5(V) + Wy(V)]2(V) +

We have presented a consistent study of the voltage de-
+W2(V)]21(V)}. (32)  pendence of the “giant” magnetoresistance in ferromagnetic
resonant tunneling junctions. Our approach inclu¢@sa
resonant tunneling coefficient withorentzian shape and
lowering of the effective barrier height with the applied volt-
age, changing the resonance leyb); different variations of
the density of states for each spin band with voltage;@nd
1 magnon assisted inelastic tunneling near zero bias, allowing
(V) < N|A|SE (V). (33 the MR inversion.
The MR inversion is an interesting phenomena that can
Since the resonances for direct and magnon-assisted tunnéle provided by different transmission coefficients for spin-up
ing occur at different electron energies, allowing the condi-and spin-down channels, with spin-up and spin-down reso-
tion (33) to be satisfied, the MR inversion is found in a rangenances occurring at different energies or through inelastic
of voltagesV; <V <\V.. processes entering via magnon excitation. In the last case the
In Fig. 3 the main transport properties of a RMTJ includ- resonance level of the inelastic process is different from the
ing the magnon-assisted tunneling current are shown. Thdirect tunneling resonance allowing the MR inversion. Tem-
following set of parameters have been used0.5 nm,V, perature effects are not discussed in this paper. As shown in
=3.0eV, N,Fnzl.o in normalized units;=2.21,A=0.08, 8  Sec. IV, only magnon emission processes are included at low
=2.9, and »=0.1. We justify the parameteN|A|S=3/2 temperaturgT— 0). At finite temperature, we expect a de-
due to the fact that the product of the exchange energgrease of the resistance near zero bias, due to one-magnon-

The MR inversion provided by an inelastic mechanism is
obtained when the inequality? (V) <14P(V) is satisfied, or,
equivalently,




033708-8 C. A. Dartora and G. G. Cabrera J. Appl. Phys. 97, 033708 (2005)

absorption assisted tunneling. The above should be superinﬁM- Jullire, Phys. Lett.54A, 225(1975.

: : Y S. Zhang, P. M. Levy, A. C. Marley, and S. S. P. Parkin, Phys. Rev. Lett.
posed to the thermal smearing in the Fermi-Dirac 70, 3744(1997.

distribution of tunneling eIeCtrorFS' °J. S. Moodera, J. Nowak, and R. J. M. van de Veerdonk, Phys. Rev. Lett.
80, 2941(1998.
ACKNOWLEDGMENTS 193, S. Moodera and G. Mathon, J. Magn. Magn. Mag80, 248 (1999.

_ o "G, G. Cabrera and N. Garcia, Appl. Phys. Le80, 1782(2002.
The authors would like to acknowledge partial financial *?C. A. Dartora and G. G. Cabrera, J. Appl. Phg@s, 6058(2004.

support fromFundagdo do Amparo a Pesquisa do Estado de"X. Zhang, B. Z. Li, G. Sun, and F. C. Pu, Phys. Rev5B, 5484(1997);
N. Ryzhanova, G. Reiss, F. Kanjouri, and A. Vedyayev, arxiv.cond-mat/

Sao Paulo(FAPESP, SP, Braail through Project No. 2002/ 0401006 v2, 12 January 2004,
09895-6. 143 Zhang and P. M. Levy, Eur. Phys. J. B, 599 (1999.

. Y. Tsymbal, A. Sokolov, I. F. Sabirianov, and B. Doudin, Phys. Rev.
y. Ando, J. Murai, H. Kubota, and T. Miyazaki, J. Appl. Phy&7, 5209 Lett. 90, 186602(2003.

(2000. 1%y, Tsymbal and D. G. Pettifor, Phys. Rev. @}, 212401(2002).

2. H. Xiang, T. Zhu, J. Du, G. Landry, and J. Q. Xiao, Phys. Rev6® YR, Jansen and J. S. Moodera, Appl. Phys. L&8, 400(1999.
174407(2002. 18p LeClair, J. T. Kohlhepp, H. J. M. Swagten, and W. J. M. de Jonge, Phys.
33. J. Akerman, I. V. Roushchin, J. M. Slaughter, R. W. Dave, and |. K. Rev. Lett. 86, 1066(200J.

Schuller, Europhys. Lett63, 104 (2003. 193, M. De Teresat al, Phys. Rev. Lett.82, 4288(1999.

“F. Montaigne, J. Nassar, A. Vaurs, F. Nguyen Van Dau, F. Petroff, A.2X. Ferry and X. GoodnickTransport in Nanostructure€Cambridge Uni-
Schuhl, and A. Fert, Appl. Phys. Let?3, 2829(1998. versity Press, Cambridge, 1997

5T. Miyazaki and N. Tezuka, J. Magn. Magn. Matdi39, L231 (1995. 2y, Imry, Introduction to Mesoscopic Physi¢®©xford University Press,
5G. G. Cabrera and L. M. Falicov, Phys. Status Solid6B 539 (1974; New York, 1997.

Phys. Rev. B11, 2651(1975. 22C. Kittel, Quantum Theory of Solid&Viley, New York, 1963.



