AI P Journal of
Applied Physics
Ferromagnetic tunneling junctions at low voltages: Elastic versus inelastic scattering

at T=0° K
C. A. Dartora and G. G. Cabrera

il N/

Citation: Journal of Applied Physics 95, 6058 (2004); doi: 10.1063/1.1703825

View online: http://dx.doi.org/10.1063/1.1703825

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/95/11?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Modification of the 1 and 5 electron states induced by alloying effects in Fe-based alloys for magnetic tunnel
junctions

J. Appl. Phys. 107, 09C713 (2010); 10.1063/1.3358608

Epitaxial growth of MgO and Fe Mg O Fe magnetic tunnel junctions on (100)-Si by molecular beam epitaxy
Appl. Phys. Lett. 93, 142511 (2008); 10.1063/1.2999633

Inelastic tunneling spectroscopy of magnetic tunnel junctions based on CoFeB MgO CoFeB with Mg insertion
layer
J. Appl. Phys. 99, 08T305 (2006); 10.1063/1.2162047

Resonant magnetic tunnel junction at 0 ° K : I-V characteristics and magnetoresistance
J. Appl. Phys. 97, 033708 (2005); 10.1063/1.1846948

Inelastic magnon and phonon excitations in Al 1x Co x / Al 1x Co x -oxide/Al tunnel junctions
Appl. Phys. Lett. 78, 2533 (2001); 10.1063/1.1367882

AI P “ -Lopuglri‘:é cI:fhyﬁics

Journal of Applied Physics is pleased to
announce André Anders as its new Editor-in-Chief



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=C.+A.+Dartora&option1=author
http://scitation.aip.org/search?value1=G.+G.+Cabrera&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1703825
http://scitation.aip.org/content/aip/journal/jap/95/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/9/10.1063/1.3358608?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/9/10.1063/1.3358608?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/93/14/10.1063/1.2999633?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/99/8/10.1063/1.2162047?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/99/8/10.1063/1.2162047?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/3/10.1063/1.1846948?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/78/17/10.1063/1.1367882?ver=pdfcov

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 11 1 JUNE 2004

Ferromagnetic tunneling junctions at low voltages: Elastic versus inelastic
scattering at T=0°K
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Instituto de Fsica ‘Gleb Wataghin,” Universidade Estadual de Campinas (UNICAMP), C.P. 6165,
Campinas 13083-970 SP, Brazil
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In this article we analyze different contributions to the magnetoresistance of magnetic tunneling
junctions at low voltages. A substantial fraction of the resistance drop with voltage can be ascribed
to variations of the density of states and the barrier transmission with the bias. However, we found
that theanomalyobserved at zero bias and the magnetoresistance behavior at very small voltages,
point to the contribution of inelastic magnon-assisted tunneling. The latter is described by a transfer
parametefl”, which is one or two orders of magnitude smaller tidn the direct transmission for
elastic currents. Our theory is in excellent agreement with experimental data, yielding estimated
values ofT? which are of the order oT%/T’~40. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1703825

I. INTRODUCTION cross sections show that the effect is too small to account for

the sharp drop in resistance observed in the whole range of

Recently, the interest in the phenomena of giant magnesng my, In fact, inelastic-electron tunneling spectroscopy
toresistancéGMR) in magnetic tunnel junctionéMTJ) has  (|ETs) measurements at low temperature showed peaks

grown significantly due to potential applications in magne-, vich can unambiguously be associated with one-magnon

toresistive reading heads, magnetic field sensors, nonvolatigepectra at very small voltagéom 12 to 20 mV, with tails
magnetic random access memories, and many othefhe up to 40 mV, and maximum magnon energy not larger than

effect is based on the spin dependent scattering met_:hanisnf 0 meVj.X To go beyond this limit will imply multimagnon
prop(_)sed |n7 the early papers by Cabrera and Faficatich processes, which are negligible at low temperature. This
lead in MTJ_S’ to a strong dependence of the conductance O\ﬂay, the electron-magnon coupling constant coming from
the magnetic polarizatiohTypically, the GMR effect found Ref. 8 is by sure considerable overestimated

in MTJ's is of the order of 25%—30%5; and points to a large The above explanatirhas been challengéd in Ref. 10
ratio of the densities of states for majorityl) and minority where it is shown that the experimental data can be .und'er-

(m) electrons at the Fermi leveke) stood in terms of elastic tunneling currents which conserve
Nm(Eg) spin, by considering effects not taken into account in Ref. 8.
Ny (Ep) ~2.0-25. Those include the lowering of the effective barrier height

. . ) with the applied voltage, as in the classical Simmons’
As usual in MR experiments, one compares the resistancqfieory!! and most important, variations of the densities of

for the cases where the magnetizations at the electrodes aggytes with the bias at both magnetic electrodes. The latter is
antiparallel(AP) and parallelP). In several experiments re- 5 relevant question, since experiments probe depths of the
ported in the literaturésee for example Refs. 1, 2, 8, and 9 order of 0.5 eV from the Fermi surface. The simple calcula-
the junction resistance drops significantly with the appliedion developed in Ref. 10 models the band structure with free
voltages, with a sharp peak at zero biasro-bias anomaly  glectron-like densities of states, since the tunneling current is
This bias dependence shows a rapid initial decrease up Wominated by thes-electron contribution. This approach
voltages of the order 0¥ ~100 mV, then slows down but yje|ds azero biasanomaly which depends on the band struc-
continues decreasing with voltages, up to 60% of the peaére’ and a variation of the MR which has the right order of
value at 500 mV in some caseddany attempts to explain magnitude for the whole range of 500 meV. The above dis-
the above behavior have been done over the last Yé&rS)  cyssion and other experimental results primarily exhibit that
but a complete theory which includes all the observed feage density of states dependence on the applied voltage plays
tures is still lacking. an important rolé?** However, fine details of experiments
~In Ref. 8, scattering from magnons at the electrodet very small voltages are difficult to fit. One may adopt here
insulator interface has been proposed as the mechanism fﬁrpragmatic procedure, with a more intricate band structure
randomizing the tunneling process and opening the spin-flignd more free parameters to improve the fitfing.

channels that re_ducg the MR. \_N_hile this process may explain |y this article we take a different stand, motivated by
the MR behavior in the vicinity of zero-biagvoltages results from IETS experimentswhich show that inelastic
smaller than 40—100 m)y estimations of magnon scattering scattering do participate in the phenomenon at very small

voltages. Also, MR experimerits show clearly a different
dElectronic mail: cabrera@ifi.unicamp.br behavior with applied voltage in the same small bias region
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(up to 100 mV). A complete theory then should include: of the insulating barrier to the other, we follow Ref. 8. Apart
. . . . . from the direct transfer which comes from elastic processes,
(i) Magnon assisted tunneling effects, with maximum_~". : . o -
. we include transfer with magnetic excitations that originates
magnon energies of the order 6100 meV. At low :
from the s-d exchange between conduction electrons and lo-

temperaure, electrons from the electrodes, acceleréalized spins at the interfaces. The excitations are described

ated by the applied voltage, excite magnons at th%y a linearized Holstein—Primakoff transformatithin the

interface. At low temperatgre, on.Iy magnon-emlssmnspirit of a one-magnon theory. We use the following Hamil-
processes should be considered; tonian:

(i)  Variation with voltages of the densities of states for
the different spin bands in the ferromagnets. Here, we d . Lt.R Rt L
will follow closely the approach of Ref. 10, with a Hine= kkz, tir (CkaChr o Cir o Cicor)
simple picture of the band structure. This is motivated 7
by the discussions given in Refs. 14 and 10 over the 1
polarization of the tunneling current. We assume here + W 2 tﬂk'q(ckfcsﬁcmcb)( \/Z_Stba
that the latter is mainly o§-character; skk'g
(iii) Lowering of the effective barrier height with the ap- 1
plied voltage. This effects, as shown in Ref. 11, yields + \/Z_SRb(FfH — tiqu(cﬂcfrﬁ CE,TTCkQ
to a parabolic dependence of the resistance with the WNsiicq
bias. It does not contribute to tleero-biasanomaly, 1
but it is always present and should dominate the be- X(\/Z_SLb(']“r \/Z_SRb(F;TH NC > tiqu(CHCErl
havior at large voltages. Skk'q
Lt.R RTL R LTl
The above program will be developed in the present con- CkiCiry T N-C)[S+ Sp (bgTbg +bg bg) ]
tribution. The content of this paper can be described as fol- 2
lows: In the next section, we formulate the theoretical basigaretd

. ) _ _ ' 1S the direct transmission coefficiemik,q is the
for analyzing tunneling currents, discussing the transfef,o|,iic transmission coefficiefidlepends on the exchange
Hamiltonian which includes all the above mentioned ingre-

integra), S(SR) is the spin value at the leftight) side, N
ideri lasti f s Wiical Sis the total number of spins at the interface, zhxjél (bg) are
considering elastic tunneling processes. Some analytical exg creation(annihilatior) operators for magnons with wave-

pressions are shown. n S_ec. IV, we include contrlbutlon ectorq at each interface between the barrier and the elec-
from inelastic magnon-assisted processes to the tunnehl:;i

d finallv. in the | . ‘ lusi odes. The wave-vectoq is quasi-two-dimensionalthe
current, and finally, in the last section, a few conclusions an agnon wave function is localized at the interfaces, but with
remarks are added.

finite localization length
In general, the total current obtained with Eg) has
Il. THEORETICAL PRELIMINARIES contributions from elastic processes, resulting in a direct tun-

neling which conserves spin, and from the inelastic ones,

MTJTO give '?I descrtlﬁtlotn of tfhe '\H/IR glrld the res'i;?d(frehm th%Nhich involve emission and absorption of magnons with
;, We WIT Lise the fransier Hamilionian me 1N electronic spin flip. In the following we describe the direct

junction is composed by two ferromagnetic electrodes sepa-
rated by a thin oxide film which represents a potential barrier
due to the fact that the Fermi levels of the ferromagnetic _
layers are situated in the gap region of the oxide film. Wegg(gg‘éES%TOTNUSNNELING CURRENT. ANALYTICAL
have considered theband electrons as free particlggane-
waves, being responsible for the dominant contribution to  Considering only the direct part of the tunneling process,
the tunneling process. Thikelectrons, which are more local- which means elastic processes, without involving magnon
ized, enter in the process only via the exchange interactioexcitations, the current is easily obtainedB$°
with s electrons on each ferromagnetic electrode. In the con-

N ) o 2me
text of second quantization and neglecting the magnetization |(C):_f dETd(E,V,d,(I)O)W(C)(E,V)
energy(Zeeman terry) the unperturbed Hamiltonian is given h

by X[f(E-eV)~f(E)] )
Ho= 2 EwoCiaCi, (1) Where
ko,a=(L,R)
with L(R) referring to the left(right) ferromagnetic elec- We)= > NXE)NL(E-eV) (4)

o

trode,c! (c¢,) are the creatiottannihilation fermionic op-

erators for wave vectdk and spino, E,,=%%k?*/2m—oA, andC denotes the configuration schen@s=P for parallel

is the Hartree—Fock energy, anq is the shift in energy due andC=AP for antiparallel,f(E) is the Fermi-Dirac distri-

to exchange interaction in each side of the barrier. bution, andN[} andNy, the density of states at the right and
In writing the interaction part of the total Hamiltonian, left electrodes, respectivelyfd(E,V,d,<I)o):|t'|3k,|2 is the

which makes possible the transfer of electrons from one sideunneling coefficient, being a function of the enefgythe
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applied voltageV, the thickness of the barried, and the Wp = (NJ)Z{(1+12)+ B(1+1N\)(2e - V)
barrier height®,. In fact, TY is a function of the overlap
integral between the left and right wave functions inside the
barrier region.

The resistance is readily obtained R=G~ !, where
G=dl/dV is the differential conductance. In the low bias
regime, we are interested in voltages smaller than the Fermi
energy and only the states near the Fermi level will contrib- W(Ap)=(N,fq)2{2r +B(r+N\)(2e—V)+ BAre(e—V)},
ute to the transport, so we can expand the density of states in (10)
a Taylor series as follows:

+B%(1+\%)e(e—V)}, 9)

and

o

N d"NS(E) N wheree=E—Eg ande andV must be given in eV.
NG(E)= ZO o g | (ETERN ©) There are several possibilities for including the tunneling
Er transmission coefficient? in the theory. One is the approach

followed by Simmong! where the barrier is parametrized by

Now, let us calculateN- for the P and AP configura- . . - .
c d an effective heightb, and an effective thicknegs

tions, using Eq(5). In the P configuration the majority and
minority bands in each electrode corresponds to the same
spin orientation, and in AP configuration the majority band

2
of one electrode is the minority on the other Td(E,V,(I)o,d)zex;{ - %d\/Zm(CDO—sZ)
1 [d'NR(E) d'N(E—eV)
W<P>:§i: 2 i T dE d(E—eV) =exp[—1.024j\/<bo]exp{1dn—i . (1
d'NR(E) d'NL(E—eV)
i —eV)
dE d(E-eV) Er where all energies are measured from the Fermi level and
SC(E—E)(E—eV—Ev.)] given in eV, the barrier Wld.th given in angstr.em).l nm,
(E-Ep)(E-eV=Ep), © and » is some constant relating the eneegwith its compo-
and nent e, perpendicular to the barrier. This latter parameter
‘ . appears due to the fact that we are using a one-dimensional
1 [d'NR(E) d'NL(E—eV) (1D) formula to explain the behavior in the 3D case.
Wiap) = EI 2,: il dE d(E—eV)! Since the Fermi—Dirac functions are step-like at 0°K, we

_ _ can easily obtain the conductance for both configurations.
d'NR(E) d'N5(E—eV)

dE d(E—eV)

Er 2me? d

\Y
— d
X(E_EF)l(E_eV_ EF)J (7) G(C) 7 dv{jo dET (8,V,(D0,d)W(C)(8,V) .

Taking into account identical electrodes and the low bias
regime, we can expand these expressions to first order with  With some simplifications in the integration process
good accuracy. Theband can be represented by a parabolic(taking into account the behavior of the integrand in the
dispersion relation and density of statésx VE— A, where  range of integration, and making use of some geometric ar-
A,(0=1,]) gives the bottom of the spin band, with, gumentg, one obtains
—A||=2A, as in Ref. 10. However, we consider here cases
more general than the parabolic dispersion, with the band

i i . 2me?
structure described through the following set of parameters: Gio= i A(C)Td(V,(I)O,d)

- N_M) L g
Nim/ ¢’ + = 5o lBEVETUV.@0,d)
dN,, /dE
z(—de/dE>F’ ® —C o VATYBVIE D, )]}, (12)
1 dN,
“\Np dE/_’ whereA ), B(c), andC ¢, are constants related to the con-

figuration scheme and the density of states. Following, the
with all quantities evaluated at the Fermi level, anéndM analytical expressions for the conductance in both parallel
stand for minority and majority spin bands, respectively. Weand antiparallel configurations are presented, using(Eg).
get the analytic expressions and considering the expansio(® and(10)
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27762 1.05 T T T T T T T T
G(p=——exf —1.0241®, ][N} ]? AP
h 1.00 |- ---m--- AP (experiment) -
---&--- P (experiment) ;
Vd 1+r\
x{(1+r2)exp{ 7 +B( 3 ) g
2 \ q)o E
o
dVv? vd vd 3
4Dy  [2VDg 2\ P &
©
FAIENY) [ 3pvdf ,  7Vid £
— ex =2
2 10Y®, 10V®,
(13
and 04 03 -02 04 00 01 02 03 04
2 e Applied Voltage (V)
G(AP): fi exy — 1.024 qDO] FIG. 1. Resistance as a function of the voltage bias for the AP and P
configurations: the experimental resultiotted line and symbolsare taken
17Vd ﬁ(r + )\) from Ref. 8 and the theoretical onésolid lineg are calculated with formu-
><[NE:|2 2r ex + las (13) and (14), using the following parametersd=1.0 nm. ®,
2\/‘130 3 =3.0eV, N[, =1.0 in normalized unitsf =2.21,\=0.07, 8=2.7, andy
=0.1. The resistances are given in arbitrary units, normalized to the peak
ndV? nVvd nVd value at zero bias.
X| ——expg ——|+V| exg —| —
4Dy ]2V 2\,
3pvd 7vd ared=1.0 nm andd,=3.0 eV. Estimation of the resistance
— B\ ex 10Jd, V2t 1000 | (14 of such a junction yields resistance-area products of the order
0 0 of RS~3.3x10* [Q um?], where S is the junction area
The expressions above can be easily inverted to obtaigiven in ,umz. This value follows closely the resistance-area
the resistance, with the MR defined as scaling obtained for different junctions in Ref. 17, with val-
ues of the MR ranging from 16% to 22%. Representative
ﬁ _ Rap— RF’_ (15) experimental data of the tunneling resistance dependence on
R Rap bias are given in Refs. 2, 3, 8, and 9. We compare our theo-

retical calculation with results presented in Ref. 8 at 4.2 °K.
There, thezero-biasMR is approximately of the order of
, 25%, which yields for the parameter of Eq98) and (16)
2me the valuer=2.21. In Fig. 1 we show our theoretical results
- _ [ 1 NF 12 2
Gp= 3 ex —1.0240V o ][N (1 +77) for the resistance calculated with formuld$) and(14). The
band structure parameters were taken with the values

Note that the above definition is limited to 100%, since
Rap>Rp. In the limit V—0 we have approximately

% nVd =0.07 andB=2.7, and the tunneling parameter as-0.1.
ex 2 /_‘Do The small value of\ depicts a situation where the majority
spin band is saturated at the Fermi level, while the minority
and one has a large variatidfl.However, the slope of the resis-
2 re? tance near zero bias only depends on the ratio of the densities
Gap = 7 exg —1.024 P, of states, in the form
R. R ( 1 1 )
Vd AP~ Ro| 57 5o X |,
x[N;]Z(Zr)exp{ = 2r 2r
2\d, 1 1 (17)
With the experimental value cfR/R at zero bias, we Re~Ro| 75727 172X

can easily obtain the ratio of the densities of stated the

Fermi level by where x=7d|V|/(2{®,) and Ry=exq1.024l\/®]/

(27e?/4)[NF ]2 is a scale factor related to the absolute re-

_ 1 n 1 1 (16) sistance. Note that we getzaro bias anomalybut a good fit
'=7AR AR 2 = with the experiment is only obtained for the parallel configu-
"R 1‘? ration, as in Ref. 10. One can adequate the theoretical model
V=0 V=0

to a better fit with the data, using more terms in the Taylor
which does not depend on the barrier parameters. In turn, thexpansion ofV ¢, or leaving the densities of states as free
barrier height®, and thicknessd determine the absolute parameterd.However, we interpret the failure of fitting the

value of the resistance. Typical values used in our exampledata for the AP configuration as a hint that points to the
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02— T T T T T 1T 2me
0.25 'Fé)sz dwf de2SgT(e,V,d, )
0.24 i
023 XN[(e=V+hw)NT(2)pE Y @) [ 1+ fge(w)]
% 022
9\.:5_ 0.21 Xf(s—V-l—ﬁw)[l—f(s)],
o
i 0-20 where p™q w) is the density of magnons at the right side
= 01 interface andf g the Bose—Einstein distribution
c 018
€ 0474 . L i 1
< I ) B -
o6  m “m fee hw
015 A L ex KeT -1
0.14 Iy i '
o.13|: ~-m-- Experimental data An identical expression appears when considering the
T T T T T T T T T magnon emission at the left side interface yielding
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Applied Voltage (V) 2me

El
_ _ I(C)_TJ dwf de2[Srpr @)+ SLp " w)]
FIG. 2. Magnetoresistance as a function of voltage. Parameters are kept the

same as in Fig. 1. 3 L
XT(e,V,d,®o)N} (e = V+iw)

XNYE)[1+fge(w)]f(e —V+hw)[1-f(e)].

contribution of an extra mechanism, which affects differently (19
the P and AP resistances. The linear terms in(Ed@). cancel . ) )
out when one gets the MR, as shown in Fig. 2, along with the When th_e Funnellng occurs from right to left with one
experimental data. We pursue our argument further in th&nagnon emission, we have

next section, with the inclusion of magnon inelastic scatter- 2mre

ing processes in the calculation of the MR. |F§):TJ dwf de2[Srpr @)+ SLp " ®)]

XT(e,V,d,®o)N5(e = V+fiw)NF(e)
IV. MAGNON-ASSISTED INELASTIC TUNNELING X[1+ fge(w)]f(e)[1—f(e—V+Hhw)]. (19)

In this section we consider not only the elastgpin  In turn, for magnon absorption we get
conserving processes but inelastic magnon-assisted contri-

butions to the tunneling current. The latter are responsible for |(Acl):@f de' de2[Sepl w) + S_p™ Y w)]
opening the spin-flip channels, substantially reducing the h

MR near zero bias. Magnons are spin-wave excitatfons XT(e,V,d, o)N (e —V—fiw)NR(e)

which interact with electrons, being emitted or absorbed,

thus producing changes in their energy and allowing for X[fge(w)]f(e—V—fiw)[1-1f(e)] (20)

spin-flip scattering. Electrons accelerated by the electric field

relax their energy, producing those collective excitations af’md

the magnetic electrode interfaces. At low temperature, only 2me ma ma

magnon emission processes give a significant contribution to '(chJ d‘”f de2[Sppr A @) + S p A w)]

the resistance. However we analyze in the following the gen-

eral case, describing each one of the eight processes associ- XT)(e,V,d,®o)NJ(e —V—fa)N(e)

ated with emission and absorption or magnons. There is one

extra term related to the overFap betweer? wave functions of X[Teel@)]f(e)[1=f(e=V—fiw)]. (21)

the electrodes, not involving changes in the number of mag- The total current due to one magnon exchange is then

nons. This term is proportional to the exchange transmission

coefficientT”= |tﬁk,q|2, resulting in a very similar formula to

the one found for the direct tunneling in the previous section:  Typical IET magnon spectra are shown by Ando and
coworkers in Ref. 1. They display a strong peak around

_ (N El_,E2 , (Al _ A2
lmag=licyTle)— o)t lie)—lc): (22

N 2me 2 2 12-20 mV and a rapid decrease for energies below the peak,
l(C):Tf de(Sp+S)T (€,V,d,P)Wc)(e,V) due probably to a low energy cutoff, with a vanishing mag-
non density of states at very small energies. Introducing this
X[f(e=V)—f(e)]. low energy cutoff in the magnon spectrum, and taking the

low temperature limitT—0 °K, we get fge—0 for the
Let us consider now the electron tunneling from the leftBose—Einstein distribution. This limit excludes the absorp-
to the right electrode with the emission of one magnon at théion terms in Eq.(22), leaving only the emission contribu-
right side interface tions to the total current
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10— T T 1

47Te V-tiow J ma
mag=—7— | do de{T(&,V,d,®,)[ Sep*Y w) m AP Experimenyy AT
0 ---A--- P (Experiment)

+S.p"™ @) IN(e =V—1iw)NT()O(V—fiw)
~T(e,V,d,®0)[Srpr{ @) + SLp " w)]
X N (s)N (e=V—hw)®(how— V)}+| ) (23

lized Resistance

where®(x) is the step function.

One can use as the magnon dispersion relation a S|mph
isotropic parabolic dependence, i%w=E(q/qy,)?, where
E,, is related to the Curie temperature by the mean field
approximationg,=3kgTc/(S+1), andq,, is the radius of
the first Brillouin zoné® In other wordsE,, is the maximum ] ) ) ) ) ) ) )
magnon energyhigh energy cutoff* Considering the above 04 03 02 01 00 01 02 03 04
discussion, assuming identical ferromagnetic electrodes, an Applied Voltage (V)

after some mathematical simplifications, one finally gets the
FIG. 3. Resistance, in arbitrary units, as a function of the voltage bias for

conductance in the form the AP and P configurations: the experimental requltdted line and sym-

bols) are taken from Ref. 8 and the theoretical oiisslid lines include

magnon-assisted tunneling. Parameters are kept the same as in Fig. 1, with

the addition ofT%/T’=37

rma

No

Gc=GL+ G,

WhereG is given by Egs.(13) and (14), for P and AP
allgnment respectively, an@Z%%is shown below

2 V. CONCLUSIONS

2mwes .
GTas TI(V)[ZSZW(P)-I-A(V)SVV(AP)]a (24

We have presented a consistent study of the voltage de-
pendence of the “giant” magnetoresistance in ferromagnetic
tunneling junctions. Our approach includéa} lowering of

mag_z ; ) the effective barrier height with the applied voltage), dif-
Gap A T (VI[28"Wap) +2A(V)SWp) ], (29 ferent variations of the density of states for each spin band
with voltage; and(c) magnon assisted inelastic tunneling

and

with S=(S*+8")/2 and near zero bias. We found that taking into account all those
VIE. for V<E effects is essential to fully explain experimental results at
A(V)= m low temperature for the voltage range between 0 and 500

2-En/V for V>Ep mV. We have also clarified the role of the different param-

The functionsWp) and Wp) in Egs. (24) and (25) have  eters used in the theory: Some of theth®,, ) determine
been evaluated near zero bias, using form@®sand (10), the absolute value of the resistance at zero bias, which in turn
respectively, substituting by the constant value 0.1 eV. We is a scale factor in the theory; a different set, related to the
point out that magnon processes significantly contribute tdand structurer(,3,\), mainly monitors the global behavior
the conductance only for voltages below 100 mV, and so wavith voltage and the value of the junction MR. To adjust our
can con5|der\N(p) and W,py as almost constant under the

integration sign. The exchange tunneling coefficiehgen-

erally is one or two orders of magnitude smaller than the % T — 7T — T T T T "1
direct coefficient. We found excellent agreement between our %%
theory and the experimental data using the same set of ps %2
rameters of Fig. 1 for the tunneling barrier and the electronic %28
structure, spinS=3/2 and TYT?=37 for the ratio of the = 0.22

direct tunneling to the exchange tunneling coefficient. The 021

magnon cutoffE,, was taken to be 90 meV. The results are '% 020

shown in Fig. 3 for the resistances and in Fig. 4 for the® °'°

corresponding MR. Clearly, the AP configuration is more ¢ %'

sensible to the magnon contribution, since the current forg %"

that configuration is weighted by the prodiiy N, , which 018

is much bigger than the factoh-N® or N5, N7? which ap- o1,

pear in the P current, with the indicesand M referring to 014 F ---M--- Experimental data

minority and majority spin bandsicompare Figs. 1 and)3 018 —r 7
Obviously, minor differences between theory and experimen- 04 08 02 01 00 01 02 03 04
tal data come from the fact that we are using a very simpli- Applied Voltage (V)

fied _mOdel for the band structure and th_e magnon di5p¢r5ioﬁlG. 4. Magnetoresistance as a function of voltage. Parameters are kept the
relation. We comment on these results in the next section. same as in Fig. 3.
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