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Bias dependence in spin-polarized tunneling
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We discuss the transport of electrons through ferromagnetic tunnel junctions. The spin-up and spin-down
chemical potentials are different at the insulator-ferromagnet interfaces by different amounts between the
parallel and the antiparallel configuration. As a result, the tunneling probabilities for the spin-up and spin-down
channels change differently as the external voltages are increased. There is a strong bias dependence of the
magnetoresistance ratio, consistent with experimental re$84.63-18207)04810-9

Several groups have recently observed magnetoresistanobtained. This is illustrated in Fig. 1 where we plotted the
ratio of 18(Ref. 1) and 15.69%(Ref. 2 in ferromagnet tunnel magnetoresistance ratio normalized by the zero-field value as
junctions at room temperature. These follow earlier work bya function of the averaged resistance also normalized by the
Jullieré who observed a ratio of 14% in the conductance atero-field value for a model calculation with different system
4.2 K and zero bias. The magnetoresistance ratio are compgarameters. We next explain what we think is the essential
rable to corresponding values in the giant magnetoresistanghysics.
in ferromagnetic multilayers. Because the resistance of the ope can think of the tunneling junction of total thickness

tunnel junction is much higher than that of the multilayers,| a5 3 trilayer structure of two coupled ferromagnets on the
the power consumed will be much less. This has generateds ond on the right. We assume thedirection to be per-
interest in the practical application of the tunnel junctions. endicular to the interface which is locatedzat0. There is
One of the puzzling features in the tunneling experiments ign interfacial resistance for unit area of. magnitude

the large decrease of the magnetoresistance as the external . B . .
voltage is increased. In a simple picture, one expects thr?l ¥s) for spin channeb=*1 caused by the insulating

conductanc&, for electrons of spins to be proportional to Sarrler between the ferromagneﬁ_husr is the average re-
the tunneling probability G, N=NZ exp(— xd) where N> sistance of the spin-up and the spin-down channgt. g the

is the density of states tostheslefi of the junctiah;is thse d_ifference between these two chann)elﬁnis_int_e rfar(]:}%al re-
thicknessx is the imaginary wave vector in the barrier. Here sistance can be_ obtained from th? transmission iaind

the superscripts<,> denote the left- and the right-hand side shall be approximated as proportional to the product of the

of the junction, respectively. As the external voltage is in-denSIty of states on the left and on the right in this paper.

) . : Thusr, vy is different between the parallel and the antiparal-
creased, the barrier height and herosill decrease, thereby lel configurations. The interfacial resistance is of the order of

T e SO ance: OUSIe s hande S8 ) for an ares of 10'cr and 1= much larer thian he
. . A ) resistance of the ferromagnets. Denote the chemical po-

picture the magnetoresistance ratio is determined by thIE tial f . the left (right) by u= (1> 4 th

product of densities of states and remains unchanged as t g ual for spins on the fettng y ks (is) and the

external voltage is increased. current dgnsﬂy by the symbdl. Because of the high |ntgr-

Theoretical study of the magnetoresistance in tunnelin%amaI resstancq(l—ys), most of the voltage droP will

has mostly not considered the effect of electron interaction?SCur at the interface. We obtain, from Ohm’s law,

As we know from the classic study of the Schottky barfer 2 #s= Ms (2=0)— us (z=—d)=r(1—ys)Js. Nowr, y are

metal-insulator interfade it is essential to include the functions ofAus. We expect, for a model with a barrier

screening of the charges. For the Schottky barrier, a dipolf€ight of U —and a width d, r(1-7ys)

layer is developed because of the difference in work functiori™ rOSexp[d[Ks(d,u)— xs(u=0)]}. Here the imaginary wave

between the insulator and the metal. In the present case, tN8CtOr k7% [odzJU — A ugz/d/2mg (m is the mass of the

external potential can induce a dipole layer with a magnitudetlectron of spirs) from the quantum mechanics of tunneling.

proportional to the voltage in a corresponding manner. Thi€arrying out the integral, we thus getx;

is even more interesting for ferromagnetic junctions because 2xsoU[1—(1—Aus/U) 21/ (3A ), where kg

the charge and spin degrees of freedom are coupled together4m V2mgUI7i2, ros=ro(1— y,5) is the resistance at zero

We have recently analyzed the effect of electron interactiomias.rg, v are constants. If the chemical potentials are dif-

on tunnel junctions using the Boltzmann-Vlasov-Landauferent between the spin-up and the spin-down electrons, from

(BVL) equatior*® In this paper, we explain and explore the spin dependence of the tunneling factor, it is natural to

some of the physical implications of that approach. In par-expect a bias dependence on the magnetoresistance ratio. We

ticular, we found that there is a splitting between the spin-upext point out whyAu  #Aw_ .

and spin-down chemical potential that is proportional to the Associated with the change in the chemical potential,

external field throughout the ferromagnets. As a result théhere is a change of the electron density of spiby an

chemical potential difference and heneds spin dependent. amount given bydps=uNg. This change in turn implies

A large bias dependence of the magnetoresistance ratio éhanges in the net chargep)( and magnetization )
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FIG. 1. Magnetoresistance ratio normalized by the zero-field FIG. 2. The schematic behavior of the chemical potentials of the
value[rp(Js) — rap(Js) /[ rp(Js=0)—r op(Js=0)] as a function of spin-up and_ tht_a spin-down bgndsolid lineg in a sp@n-polarize_d
the averaged parallel and antiparallel resistance also normalized Bynnel junction in an external fieNd=0.25. The chemical potential
the zero-field value[rp(Js) +rap(Js) /[ p(Js=0)+r ap(Js=0)]. is expressed in unlt.s. of the total voltage dﬂgp!r whereJg is the
Hererp(Jg), rap(Js) are the resistance in the parallel and antipar-total current. Quantities that change qualitatively when the magne-
allel configuration for total currenis. The results are for the fol- tizations are changed from parallel to antiparallel are labeled by P
lowing choices of parametergz=0.6, 1 ;=50, A=2, and (solid  and AP for the two configurations. The insulator is assumed to be
line) Ng/N,=3, k,d=2, B=0.8, b=0.8 (dashed Iling from x=—1 tox=0 with its thicknessi=1 in the present unit of
Ng/N,=3, xok=2, 8=0.4, b=0.4 (dotted ling, Ny/N,=3, distance.
ko=3, B=0.8, b=0.8 (dashed-dotted ling Ny/N,=4, kod=2,
p=038,b=0.8. at the interface is small. Recall that the charge density of spin
" . s is a sum of the total charge and magnetization densities
densities given by dp~=68pT+dp==NTuT+N-u=, ; )
g y op Py T OP- =T+ T L- Sps=(p+so)/2. Away from the interface, the magnetiza-

So~=8pS—6p==NTus—NZu= with similar expres- ;
sions for the right-hand side of the junction where the super’Elon decays at a rate proportional to the renormafizgain

script < is replaced by>. 8p.=(p+s0)/2. diffusion lengthlg (of the order of 100 A whereas the

We argue in the next paragraph that the physics require%harge density decays at a faster rate proportional to the
that the net charge induced becomes very small, of the ord@creening length\ (of the order of a few A Since the
of re/r times Nous. This implies that the shifts in the charge density dies off much faster than the magnetization
chemical potentials are opposite in sign. More preciselydensity, the rate of change 6ps is approximately equal to
5p=0.550ps=0.52uN~0. u,~—N_u_/N, . Since that of 0.9/\. Jg is thus of the order of magnitude
the voltage drop across the barrier is nonzero, the chemicaipTS/m§A~6p/(X0p3F>\), on using the definition of the re-
potential change is thus different between the spin-up and thsistivity pgr.
spin-down bands. As we explain below one of the essential There are two resistance(unit area that enters into con-
physics is that the charge- and the spin-fluctuation decayjderation: the interfacial resistancéunit arear and that of

lengths are different. Spin accumulation can also cause fe ferromagnetsg = pgl. For problems of practical interest,
splitting of the chemical potentidThe large induced charge tor an areaa of 104 cm? ra is of the order of K 1

and spin densities described here are due to shifts in tk\‘l?/hereas pela is of the order of 10%Q. Thus

Fermi level and not to spin accumulation. For spin accumu—r>pF|>pF)\. We expect that unless there is a cancellation,

lation, an additional magnetizatiodo’ of the order of : ;
i : . Ops and hencedp is of the order oNgu < NgrJg. Substitut-
ImT,/{) is created on the right-hand sidef volume()) due ing this estimate obp into the estimate ofg; in the previ-

to the injection magnetization curreht, from the left-hand ous paragraph, we found thal, is of the order of

side Wh'.Ch tak¢§ a finite t|m§2. to relax. Thiséo’ |s.also rds/peN and is much larger than the current due to the ex-
present in addition to théo discussed above b“t_ is of a ternal field. Because of the rapid decay of the charge densi-
much small_er magnitude. We Now turn our attention to the[ies, an electric field is created that may become much larger
net charge induced at th_e |.nterface. . than the external field. This cannot be self-consistently sus-
For an external electric fleI_Ell, the current density can_be tained and Eq(1) cannot be satisfied unless the change in
expressed as a sum of a tepzi- E due to the external driv-  the charge densities of each spin component are such that the
ing field in the metal and another terdy, due to the poten- ¢ charge density is much smaller thislg.
tial caused by the difference between the induced charge |, summary, the net charge induced is smaller than ex-
densities an4d that due to the self-consistent screeningected. This implies a splitting of the chemical potential of
potential W:" Js=Jg+pspE/2; Jg*— 2750 Ops/Ms  the spin-up and the spin-down electrons right at the interface.
—xsW]/ms. Herepgg, the resistivity of the ferromagnet, is Because of this splitting, there is a bias dependence of the
given by pod=-3,7x0/2Mm;, xo=[Zs7sdefos(€)/  spin-dependent tunneling factor and hence the magnetoresis-
m2]/(Se7s/2m?) is a density of states factofo is the  tance. We next provide for the numerical detail of this paper.
Fermi distribution functionyg, mg are the relaxation time in Inside the ferromagnet, the relationship between the cur-
the ferromagnet and the effective mags=d.fos/Mms. We  rent and the charge densities can be obtained from the BVL
argue below thaf; cannot be conserved unless the chargesquatior®
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(ms_lp'VR)fs(p,R)—f drf dp’exdi(p’ —p)-r1/(i(2m)*)[ Uen(s,R+1/2) ~[Uer(s,R—1/2)]1f(p",R)

= af/3t|collision-

Here f is the distribution function for electrons with spin of the magnetoresistance ratio. Poifit$ and (2) have been
s, momentump and located atR. The self-consistent explained previously. That poin@3) is reasonable can be
potential is given by Ug(S,R)=UegqstW, W  appreciated from the fact thdds=NZ(Ng=NZ,) in the
=[dR'V(R—R')[dp'=Sf(p’,R")/(27)3. V(R)=€*R is  parallel (antiparalle) configuration. This point was recently
the Coulomb interactionU, s is the external potential. emphasized by us.
9t1dt| conision IS the phenomenological collision term that in-  In Fig. 1 we show the magnetoresistance ratio normalized
cludes the relaxation of the electrons. We assume that they the zero-field value,[rp(Jds)—rap(Jdg)]/[rp(Js=0)
potential drop occurs mostly at the interface. Inside the fer—r ,p(Js=0)], [rp(Js),r ap(Js) are the resistance in the par-
romagnet, the potential drop is not strong. The BVL equatiorallel and antiparallel configuration for total currely] as a
can be solved in a linear approximation by expressing théunction of the resistance averaged between the parallel and
distribution functionf as a sum of, and a change which is the antiparallel configurations, also normalized by the zero-
linearly proportional to the external field. The details of thisfield value, [rp(Jg)+rap(Js) /[rp(Js=0)+rap(Js=0)],
were described previousty and we summarized it briefly for different values of the input parameters. There is a sub-
here. The current for spin componesitcan be written as stantial change of the magnetoresistance ratio as the aver-
Js=0.5Js+sJp) in terms of a mean 0% and a difference  aged resistance is decreased. The trend and the order of mag-
Jp . After some calculations, from Eq2) we found that nijtude of our result is the same as that of the experiment, for
Jp can be expressed in terms df at the interface as which the magnetoresistance ratio decreases by about 50%
Jp=BJs where B=(b"G~+b~G")/(G=—-G~). Here \hen the resistance has decreased by 50%. Our decrease is
G= —O.5(bf,8_)/_[)\2pp(1—,82)] where we have assumed |arger than the experimental values of Moodetal but is
that the resistivity of the ferromagnet for spin chansel  cqngjstent with recent unpublished results of the IBM-Brown
pse, can be written ape(1l—sp). b is a parameter that g5yn The experimental junctions contain additional thin
measures the difference in transport properties between thgy o g of Al or Mg between the ferromagnet and the insula-
spin-up and the spin-down electrons given by, pecayse of the simplicity of our model, we do not expect
T L e Bt o 1 .0 528 qaniaive agreement benueen he o, n . 1
ion asB— — 3 7. /2m2/3 .. /2m2 . From Eq.(1) we obtain different points cprrespond to increments of the applleq volt-
A in terms ;fJS ; Sandsys Thesllast WO quantities i turn age by 0.05. Whllg the dependence of the.magnetoresstance
d:psends o tSh'I’Ol,J h thé imaginary wave vecta. . In ratio and the resistance on the voltage is changed as the
Ks 9 ginary s ystem parameters are changed, the dependence of the mag-

the presence of a finite external driving force, the system of | = .. " w0 il resistance ratio depends onl
equations can be solved self-consistently by iteration. Typi- P y

cal calculations converges to within 1% after two iterations.Strongly on the ratio of density of states between the spin-up

We have performed calculations for different choices of pa&d the spin-down bands. For this reason, the magnetoresis-

rameters. The results are similar. For illustrative purposes wiaNCe ratio is plotted against the averaged resistance ratio.

describe below calculations performed for parametersince the density of states ratio also controls the magnetore-
Ng/N,=3, y—0.6, B8=0.8, I,=50, b=0.8, =2 sistance, our result suggests that the higher the unbiased
u il Uy =y S H Yy il

Kkod=2. magnetoresistance, the less the bias dependence.

In Fig. 2, we show the chemical potentials on both sides Becausey is a function of the external voltage, the chemi-
of the interface as a function of the position in the junction atcal voltage can be a nonlinear function of the driving poten-
a finite external voltag¥ = 0.25 when the magnetizations on fial. The ratio of the chemical potential to the external driv-
opposite sides of the junction are parallel and antiparallel td"9 Voltage when the magnetizations on opposite sides of the
each other. The highlights of our results af#); There is a junction are parallel is |IIus_trated in Fig. 3. As we can see,
splitting of the chemical potential proportional to the exter-the dependence of this ratio on the external voltage is quite
nal voltage even at the interface. This suggests that the vol¥veak. When the magnetizations are antiparajjet0 in our
age drop and henoe, is a function of the spis. The change Model, the nonlinear behavior disappears.
in the chemical potentials is mostly controlled by the spin !N this paper we have focused on the cases when the mag-

diffusion length, the net charge accumulated at the interfacBetizations are parallel and antiparallel to each other. It is
is quite small.(3) When the magnetizations are paralieh- posslble to calculate the geperal situation where the magne-
tiparalle) the chemical potentials of the spin-up and spin-tizations are at an anglé with respect to each other. One
down bands are switchetbf the same signon opposite €xpects Eq. (1) to be replaced by the equation
sides of the junction. When an external magnetic field turngts — s ='ssJs Where the generalized resistancg can

the magnetizations from a parallel to an antiparallel configube calculated from the transmission maftikrom symmetry
ration, the voltage drops and, are changed by different considerations we expect the dependence to be a power se-
amounts. This provides a reason for the voltage dependencis in cod.



55 BRIEF REPORTS 5603

: : lel configuration. These effects affect the tunneling in a non-

] linear manner and provide for a change in the magnetoresis-
tance ratio that agrees with experimental observations in its
trend and order of magnitude.

] We also found that the charge induced at the insulator is
r ] much smaller than expected. Devices are often operated in
the ac mode. The capacitance of the capacitor that is formed

—_— ] from the metal and the insulator is a quantity of interest. The
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[ small induced charge implies that the capacitance is also
-0.6 ‘ ‘ ‘ . smaller than expected.
000 0.10 020 0.30 0.40 0.50 In real experimental systems, the barrier layer may con-
Voltage/Barrier Height tain impurity and surface states. If these states are nonmag-

netic, they will not affect the magnetoresistance. If these
FIG. 3. Difference of chemical potential in the parallel configu- States are magnetic in nature, they would seriously degrade
ration for the spin-up(solic) and spin-down(dotted-dashed line ~ the zero-bias magnetoresistance already. The possible effects
bands in units ofls/r as a function of the external voltage. of these impurities were not included in the present calcula-
tion for this prejudice and also because its study depends on

-~ . details of the experimental sample, which is not available to
In summary, we found a splitting of the chemical poten-y. o Juthor

tial between the spin-up and spin-down electrons propor-
tional to the applied voltage at the metal-insulator interface. S.T.C. is supported in part by the Office of Naval Re-
The splitting changes between the parallel and the antiparasearch under Contract No. NO0014-94-1-0213.
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