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Spin-polarized tunneling and magnetoresistance in ferromagnet/insulatgsemiconductop single
and double tunnel junctions subjected to an electric field
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Based on the two-band model, we present a transfer-matrix treatment of the tunnel conductance and mag-
netoresistance for tunneling through ferromagnet/insul@emiconductgrsingle junctions and double junc-
tions subject to a dc bias. Our results are qualitatively in agreement with the experimental measurements for
the single junction. For the double junction, we find that there exists, spin-polarized resonant tunneling and
giant tunnel magnetoresistance. The highest value of the magnetoresistance in a double junction can reach
90%. We anticipate that our results will stimulate some interest in experimental efforts in designing spin-
polarized resonant-tunneling devicgS0163-182807)00633-4

I. INTRODUCTION through FM/[S)/FM and FM/KS)/FM/I(S)/FM tunnel junc-
tions under an electric field. Our treatment still relies on the

Since the early seventies, spin-polarized tunneling studietsee-electron model of the conduction electrons as in Ref. 10,
have been performed in order to access information abodor this model is relatively simple and has been adopted with
spin-dependent electronic stafgsln recent years, with the success to study the spin-polarized tunneling between iron-
progress in the research on magnetic multilayers, spingroup ferromagnetic metals and superconductbes)d the
polarized  tunneling  through  ferromagnet/insulatortunneling through metal-barrier-metal junctioisOur goal
(semiconductgrferromagnetFM/I(S)/FM) junctions has re- is not limited to explaining experimental phenomena for the
ceived increasing attention® This is mainly due to its wide- FM/I(S)/FM single junction, but we hope also to obtain the
spread prospects of these multilayers for use as high-densitteoretical predictions for the FM8)/FM/I(S)/FM double
nonvolatile storage media or as field sengdts. junction.

Recently, a few experimerits have been done to mea-  The organization of the rest of this paper is as follows. In
sure the tunnel conductance and magnetoresistance of tigec. Il we describe the transfer-matrix approach of tunneling
FM/I(S)/FM junctions. To explain the experimental results, through single and double junctions. In Sec. Ill we present
two theories have been presented. A simple model proposealir calculated results on tunnel conductance and magnetore-
by Jullieré assumes that the spin is conserved in tunnelingsistance. A brief summary is given in Sec. IV.
and tunnel current is dependent on the density of states of the
two electrodes. Another theory proposed by Slonczefski
analyzes the transmission of charge and spin currents Il. THEORY

through a rectangular barrier separating free-electron-like i . )
FM metals by means of a two-band model. These theories Ve first consider the FM(E)/FM/I(S)/FM double junc-

are successful in explaining some aspects of experimentdPn in the presence of dc bias. The state densities of spin-up
phenomena for FM(B)/FM junctions. However, they ne- and spin-down electrons in a ferromagnet and the schematic

glect the effect of the electric field on the transmission coefPotential are shown in Figs(d and 1b), respectively. We
ficients and tunnel conductance; thus, other aspects of eSSume that both the positive bidg and the electric field
perimental phenomena, such as the decrease of tpaelded by it across the barriers are con_stant. In a free-
magnetoresistance with dc bfagemain to be explained. As €lectron approximation of the spin polarized conduction
for the FM/I(S)/FM/I(S)/FM double junction, to our knowl- elect'rons', the Iongltudlnal part of the effective one-electron
edge, neither experimental or theoretical investigation hakl@miltonian may be written as
been performed so far.

In this paper, we present a transfer-matrix treatment of the
tunnel conductance and magnetoresistance for tunneling H=(-#4%2m*)(d*dZ)~F(z2)+U(2)~h(2)-o, (1)
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FIG. 1. (@ The state densities of spin-up() and spin-down
(p,) electrons, showing positions of Fermi energigs=Eg; and
Er=E, for the two-band model of a ferromagnét) A schematic
potential for the FMAS) double junction in an applied positive bias
V,. U is the barrier height antd the width of the double-barrier
structure.b andd are, respectively, the width of the left and right
barriers,c is the width of the middle ferromagnet, aiM} the ap-
plied constant bias voltage.

where
0, z<0,
eV,z/(L—c), 0<z<b,
F(z)={ eVyb/(L—c), b<z<b+c, 2

eVy(z—c)/(L—c), b+c<z<b+c+d,
eV,, z>b+c+d,

where
K1 o=2m} (E+hoo)/t,
k3,=\2m3 (E+eVyb/(L—c)+hoo)/f
or

Ks o= \2mE (E+eVy+hoo)/fi

is the electron momentum along tkeaxis. o= *1 corre-
sponds tar=T, |, respectivelyA;, andB;, are constants to
be determined, while

Wherem}* , j =1~5, stands for the electron effective masses

in the five regions labeled in Fig(ld). L, ¢, b, andd are the

widths of the double-barrier structure, the middle ferromag- Noj=

netic layer, and the left and right barrier, individually(z)
represents the barrier-potential profile, namélgz)=U in
barrier regionsU(z) =0 otherwise.—h(z) is the molecular

field and o is the conventional Pauli spin operator. We as-

sume thath=0 inside the barriers anth|=h, within each
ferromagnet. Although transverse momentigmis omitted
from the above notations, the summatibaverk; is carried
out in our calculations.

The Schrdingder equation for a biased barrier layer can

Z
pj,g(Z):)\—meﬁOi,a' @
- (L—C)ﬁz 1/3
{_W , (5
(L-c)(E-U)
ey 7
Boj,o= (L—c)[E-U—eVe/(L-c)] ©
eva)\oj 1 J_4

be written by a simple coordinate transformation whose so-

lutions are the Airy functiomAi[ p(z)] and its complement
Bi[p(2)].*® Considering all five regions of the double junc-
tion shown in Fig. 1b), the general solution to the Scliko
ingder equation is thus

lﬂ] a'( Z)

Al(reik1[TZ+ B1(re7ik1”zy Z<0,
AZUAi[pZU(Z)]+BZO'Bi[pZO'(Z)]r O<Z<b,

={ Aj,e*?+B, e ks? b<z<b+c,
A4eAi[pas(2)]1+ByBilpas(2)], b+c<z<b+c+d,
A, e'K50?+ B e kse?, z>p+c+d,

)

A. The transmission coefficients

Upon applying the continuity of the wave functiaf,
and its normalized derivative (m/}‘)(dzjxjgldz) at the
boundaries, we can derive a matrix formula that connects the
coefficientsA,,, and B4, with the coefficientsAs,, andBs,,
as follows:

[Alo' (7)

Blo':| = Sotal

A50’
BSO’ '

where
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m
ki, — | .
S NooMy || Ailp2,(z=0)]  Bi[p2,(z2=0)] «ST(2)
" kg | mi |[Ai'lps0(z=0)] Bi'[py,(z=0)]
iki, — "
NooM;
m* -1
; ; -1 iKs o - —ikg 4(b+c+d -1
Ai[ps(z=b+c+d)] Bi[ps,(z=b+c+d)] 7 Noam} g Ksg(btcrd) 0
X :
Ai'[ps(z=b+c+d)] Bi'[ps.(z=b+c+d)] ‘ m3 0 S
| 50
AoaMmy
)
ST(2)=S p2,(2=b)]X T[ks,c]X L psq(z=b+0)], 9
Ailpj ,(2)]  Bilpj,(2)]
S:pj,o'(z)]: 0 i ' (10)
Ai'[pjo(2)] Bi'[pj.(2)]
m¥
cogk;z —— 1 sink
) KimGj+ X +1) i)
T(kJ lz): * * (11)
KimG oA -1 _ Nj-nMG-1)
— = sin(k;z) VI cogk;z)
i (G+DM+1)
|
Then, the transmission coefficient of the spirelectron for B. Tunnel conductance and magnetoresistance
the double-barrier structure shown in FigblLis The tunnel current per unit area for the double or single
K 112 junctions at a given applied bias, can be calculated with
0:% i (12  the stationary-statéfree-electron modet®
lo otall

_enkaT

11 — *
JO’ 2772,‘}:L3 fO PO’(EIV)

where S, is the left-upper element of the matrg,, de-
fined in Eq.(7).

Here we would like to point out that although E42) is 1+ex (EZ—E)/KgT]
derived for the double junction, we can also extend it to the XIn =
single junction and superlattice by modifying &) and Eq. 1+exf (Ef—E—eVa)/ksT]
(9) as follows. LetST(z) =1, ps,(z=b+c+d) be replaced  wherekg is the Boltzmann constanf, the temperature, and
by pas(z=b), mj by m3, Nos by Nop, ks by ks, and @ EZ the Fermi energy of the spim electron. According to the
+c+d) by b in Eq. (8); then Eq.(12) gives the transmission  two-band model of Refs. 10 and 11, the tunnel conductance

coefficient of the spirr electron tunneling through the single per unit area iG=3,J,,/V,. The tunnel magnetoresistance
junction. Similarly, letn be the total number of barriers,  (TMR) can be expressed as

the distance fronz=0 to thekth interface,c,, the width of
the mth ferromagnetic layer in the FM®) superlattice, I( TMR=(G;—G;))/G;y, (15
—c) replaced by(—E”m;llcm), andc by ¢, in Egs.(5) and
(6). Let py,(z=b+c+d) be replaced by,, ,(z=15,-1),
m3 by m3,, Noa BY Nogany, Ks by Kizns1y, (b+c+d) by
l,h-1 In EQ. (8) and let

dE, (14

whereG,, andG; represent the tunnel conductance of the
FM/I(S) double or single junctions for parallel and alter-

nately antiparallel alignments of the magnetizations in ferro-
magnetic layers, respectively.

ST(2)=S "poo(z=11)]1X T[ks,(I2—11)]
XS p3,(z=12)1X S pags(z=1,)]

11l. NUMERICAL RESULTS AND DISCUSSION
Taking the Fe/AJO3(MgO)/Fe single junction as an ex-

XX S pon_14(2=127-3)] ample, we calculate the tunnel conductance and magnetore-

sistance by making use of Eg4.2) and (13). In the calcu-
XT[Kn-1),(loan-2=12n-3)] lation Ef andhg are taken according to Refs. 12, 13, and 2.
XS pano(2=lon-2)]; (13  The barrier heights are considefeabove ~1 eV, and for

convenience, we first neglect the difference of electron effec-
then Eq.(12) gives the transmission coefficient of the spin tive masses in barriers and ferromagnets, i.e.,“pmj
electron tunneling through the FM8) superlattice. =m,.
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FIG. 2. Tunnel conductance as a function of dc bias for a Fe/ F|G. 4. Transmission coefficient P(E) vs energyE for a Fe/
I/Fe junction withb=15A andU=1eV atT=4.2K. The solid  |Jre double junction(b=d=5A, c=10A) with V,=0.4V and

curve is for the two-band model and the dotted curve is Only fOrU:132 eV. The solid curve is for para”e' a"gnment of magneti_
spin-up electron. zations in three ferromagnetic layers and the dotted curve is for the
alignment where the magnetization in the middle ferromagnetic
Figures 2 and 3 show the tunnel conductance and magnéayer is antiparallel to that in the exterior ferromagnetic layers.
toresistance as a function of dc bias. At low bias the conduc- ) ) )
tance varies only slightly with the bias, whereas at high biaglomain quls, electron—el_ectron correlation, etc., which are
a nearly parabolic dependence of conductance on the bid¥glected in our calculations. We also calculate the tunnel
appears. The experimental result that TMR decreases with dgonductance and TMR of the Fe/Ge/Fe junction with the
bias can be understood from our calculation; see Fig. 3. Thelectron effective masses being taken as different values in
reason is that with increasing dc bias the conductance dfé and Ge(mge=m, and mg.=0.082m,). We find that in
tunneling through the junction increase significantly; hOW_thIS case the calculated results are similar to those shown_ln
ever, the difference between the conductance for paralldfigs. 2 and 3. These show that the two-band model, despite
magnetization alignment from that for alternately antiparallelits simplicity, can indeed embody the main aspects of phys-
magnetization alignment increases only slightly. This leaddCs in tunnel junctions at low temperature. It should be
to the decrease of TMR monotonously with increasing ddgpointed out that a numerical instability is encountered in
bias. Our results are qualitatively in agreement with the exSome of our calculations at very low values of incident en-
perimental measurements of Refs. 3 and 4. Quantitativelyergy and electric field due to our use of exact Airy functions.
however, there are some discrepancies between our resufg$!Ch an instability is overcome by using numerical analyti-
and experimental results. This may involve many factorsCal techniques and asymptotic forms of Airy functidfis.

such as the surface roughness, spin-flip scattering, magnetic- For double junctions, we consider two cases. In one case,
the magnetizations in all three ferromagnetic layers are par-

allel, while in another case the magnetization in the middle
ferromagnetic layer is antiparallel to that in the exterior fer-
romagnetic layers. The comparison of the transmission coef-
ficients for spin-up electrons in these two cases are shown in
Fig. 4. The results show that resonant tunneling exists in the
FM/I(S) double junction as in the semiconductor double-
barrier structure. However, the tunneling of either spin-up or
spin-down electrons in the two cases are different from each
other. Thus, we call such a type of tunneling “spin polarized
resonant tunneling.” This leads to an essential distinction
between the behaviors of tunnel conductance in double and
single junctions. The tunnel conductance in the Fe/Ge double
junction versus the dc bias is plotted in Fig. 5 and exhibits
peaks of conductance under bias in contrast to the paraboli-
0 Lo e L cally increasing of conductance with the bias in the single
0 0.1 0.2 03 0.4 0.5 junction as shown in Fig. 2.
BIAS(volts) In Fig. 6, we plot the TMR as a function of the bias in the
Fe/Ge double junction, for which the TMR varies with the
FIG. 3. TMR in the two-band model as a function of dc bias for electric field. In contrast, the TMR for the single junction
a Fe/l/Fe junction wittb=10 A (solid curveé andb=16 A (dotted ~ decreases monotonously with the electric field as shown in
curve for U=1.2 eV atT=4.2 K. Fig. 3. This kind of phenomenon is obviously caused by

TMR(%)
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FIG. 5. Tunnel conductandévo-band modselfor parallel align- FIG. 6. TMR in the two-band model as a function of dc bias for

ment of magnetizations as a function of dc bias for a Fe/Ge/FeA Fe/Ge/Fe/Ge/FM double junctiofp=d=5A, c=15A) with
Ge/FM double junctionb=d=5A, c=15A) with U=1.0eV U=1.0eV atT=8K.
(solid curve andU=1.2 eV (dotted curve¢ at T=8 K.

are qualitatively in agreement with the experimental mea-
spin-polarized resonant tunneling. The TMR under a certaisurements; in particular, the monotonous decrease of TMR
bias can be improved greatly by using the double junction awith bias can be explained from our results. For double junc-
compared with the single junction. The highest value of thetions, we find that spin-polarized resonant tunneling and gi-

TMR for the double junction can reach 90%. ant TMR exist. We hope that our results can stimulate inter-
est in experimental efforts in designing spin-polarized
V. SUMMARY resonant tunneling devices.

Based on the two-band model, we presented a transfer-
matrix treatment of the tunnel conductance and TMR for
tunneling through FMAIS) double and single junctions sub-  This work was supported by the National Foundation for
jected to the electric field. For the single junction, our resultsNatural Science in China.
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