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We describe a principle for designing double-barrier magnetic tunneling structures that
could produce a spin current with controllable spin direction or have an optimal spin valve
effect. The principle is based on the finding tha, by tuning the energy positions of the spin-
dependent resonant tunneling of a double-barrier junction, a fully spin-polarized current and
optimal magnetoresistance could be achieved. This is illustrated by numericd cdculations
within a 3-dimensi onal eff ective single-d ectron model of the spin-dependent currents in several
tunneling structures.

PACS. 73.40.Gk — Tunneling.
PACS. 73.40.Sx — Metal-semiconductor-metal structures.
PACS. 73.50.% - Galvanomagnetic and other magnetotransport effects.

I. Introduction

Spin-dependent trangport through a tunneling junction currently atracts much atention
due to its possble gpplications in magnetic and magnetod ectronic devices [1-3]. For example,
a trilayer junction with high magnetoresistance (MR) is a current switch controlled by flipping
the spin of one magnetic dectrode. This spin valve effect can be utilized in magnetic sensors
and magnetic random access memory [4]. A tunnding structure that produces a spin-polarized
tunnding current is a spin current source and is useful in, eg. spin-resolved dectron tunnding
microscopy. These exciting progoects have in recent years stimulated considerable efforts in
searching for tunneling structures with high MR (e, eg. [1-4] and references therein).

Resonant tunneling (RT) is known to give rise to fascinating phenomena such as negative
differential resistance tha have been utilized in, eg. vaious double-barier RT devices In a
double-barrier structure, dectrons with energy at the energy leved of a quasibound well gae
can have unit transmisson probability while the transmisson probability of eectrons with other
energies is severd order of magnitude smaler. Thus, if the energy leve of the quasibound states
in the double-barrier dructure is spin-dependent, the tunneling current would have a substantia
dependence on the spin direction of the tunneing dectrons. In this paper, we propose to exploit
this spin-dependent RT to design magnetic tunne junctions that could have alarge MR or a pure
in-polarized current with controllable spin direction.

Physically, there are two origins that can cause the spin-dependent RT in a double-barrier
junction. Oneis the spin-orbit coupling. The coupling between the transverse (in-plane) motion of
an dectron and its spin can lead to RT at the energy that depend on the spin direction [5]. However,
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this spin-spliting is generdly smdl (meV) [5]. Theother is due to the use of a ferromagnet (FM)
as the wdl layer between the two barriers in the tunnel dructure. In this case, dectrons with
different spin states would experience different potentids in the well region, leading to RT a
different energies This spin-spliting is proportional to the exchange field of the FM and is
generally large (eV, see below). The enegy postions of the wdl states are mainly determined
by the barrier heights and the wel width. Thus, for a double-barrier junction (NM/I/FM/I/NM)
with athin well layer where NM, | denote, respectivey, a nonmagnetic metd and an insulaor, the
dectrons with spin pardld to the magnetization of the FM would experience RT at severd energy
levels bdow the Fermi level (Eg) while the dectrons with oppodte spin might have no RT. If
the magnetization of the FM is flipped, the opposite would be true. Clearly, this concept can be
utilized to design a spin current source with spin direction control led by rotating the magnetization
of the FM. If, further, one uses a ferromagnet as the dectrodes to form a FM/I/FM/I/FM junction,
a nearly optimal MR effect can be achieved when the magnetization of the well ferromegnet is
flipped from that paralld to the magnetization of the electrodes to the antiparalld one. Bdow we
present our free-dectron modd calculations to demondrate these remarkable spin-dependent RT
effects.

Congder adouble-barier junction grown in the z direction. The junction condsts of five
different regions (layers). The dectron effective mass and band potentid within each layer are
asumed to be congant, but can differ in different regions. The transverse motion of the dectrons
isalso taken into account by solving athree-dimensiond one-dectron Schrodinger equation which
for the longitudina wavefunctionsin the jth region is

~2 H d2 zﬂ # .

iﬁ d?i ki +Vji hj% i eFjzi E A(z) =0 D
where the constants Vj, hj and Fj are the band edge, exchange fidd and dectric fidd in the
Jth region respectively. Kk is the transverse wave vector, and the Pauli matrix % is taken along
the magnetization direction h;j in the jth region. By meatching boundary conditions A (z) and
[A%z)=m"] & each interface using a 4-by-4 transfer matrix method [6], we obtain the overall
transfer matrix of the junction. The transmisson probability T is given by the transfer matrix
eements and the tunneling current can be obtained by an integraion of T [6].

Let us condder a spin vave based on the FM/I/FM/I/FM structure.  Assume the FM is
a 3d transition metd. Stearns has andysized tunneling spin-polarization of Fe, Co and Ni, and
found that spin-dependent tunnding is domi nated by the itinerant d-like electrons having a nearly
free-dectron band [ 7]. We thus assume that the FM has an exchange fidd of 1.9 eV, an efective
mass of 1 m,, and Eg of 2.1 eV, similar to that of Fe [7]. We further assume that the insulator
(1) hes a barier height of 3 eV (0.9 eV aove Eg) and an effective mass of 04 me [3]. For
dmplicity, the width of both the barriers and well is set to 10 A. Nonetheless it is possible to
meke such thin barrier and well layers [8]. In Fig. 1 we plot the calculated T at zero bias and
zero transverse wave-vector for the paralld magnetization dignment (pardlel case) and dso for
the magnetization of the well layer being antiparalld to that of the two dectrodes (antiparalld
case). Fig. 1 showsthat in the pardlel case, the first RT levd for the spin up and down eectrons
islocated at -1.55 eV and 2.23 eV, regpectively and there are three resonant levels below Eg. In
comparison, in the antipard le case, the first spin up and down resonant levels are located a 2.23
and 2.55 eV, regectively, both being above EF. This explains the interesting behavior of the
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FIG. 1. Zero bias transmission coefficient (T) FIG. 2. Tunnding current (a) and magnetoresis-
vs. electron energy (zero transverse tance (MR) (b) vs. bias voltage. In
energy) for a double-barrier tunneling (@), solid line is for the paralld case and
junction: (a) the paralel and (b) an- dashed line, for the antiparallel case (see
tiparalld cases (see text). Solid line is text).

for T and dashed lineisfor Tg. The
Fermi energy is 2.1 eV (vertical line).

calculated tunnding current and MR ratio vs. bias voltage plotted in Fig. 2. Because there are
three RT leves bdow Ef in the paralld case the tunneling current goes up monotonicdly as
the bias voltage increases (Fig. 2a). In contrast, in the antipardld case, the tunneling current is
extremely small at bias voltages below 0.15 V (Fig. 2b). The current then goes up aruptly a
0.15 V due to the appearance of the firg RT levd bdow Eg, thereby contributing to the current
integration. Clearly, the MR of the junction, defined as the rdative conductance change due to
the magnetization flip of the wel FM, will be large when the bias voltage is bdow 0.15 V. Indeed
Fig. 2b shows that the MR is near the optimd vaue (100%) at these smdl bias voltages. Above
0.15 V, the MR decreases with increasing bias voltage, but is still larger than the MR reported for
the single barrier tri-layer structures [3, 9].

A strategy for desgning an optimal spin vave using double-barrier structures thus follows.
Because the transmisson probability T of the tunneling dectrons is extremdy smd | unless their
energies are near a RT levd, the dominant contribution to the current comes from those electrons
having an energy close to a RT level. Thus, the tunnding structure should be made such that the
numbers of resonant levels bdow Er in the two spin dignments have a maximum difference.
In particular, if only one dignment has RT leves bdow Er, the MR would be optimd and a
perfect spin valve can be achieved for amall bias voltages as shown above. For a carefully made
double-barrier structure with athin well and flat interfaces such that in the antipardlel case there
isno RT levd bdow Eg, the optimal condition would be satisfied since a least one RT leved
(spin up state) in the paralld case gppears beow EFf.

Condder now the spin polarization of tunnding current of a saven layer structure [NM/Is/I/
FM/I./Is/NM]. The spin-polarization (P) is defined as
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FIG. 3. (a) Zeo bias transmission coefficient (T) vs. electron energy (zero transverse energy) for a
seven layer tunneling junction (see text). Solid line is for T-- and dashed line is for Ty:. The
Fermi energy (2.8 eV) and the side barrier (Is) height (2.5 eV) areindicated by the vertical lines,
respectively. (b) Tunnding current spin-polarization vs. bias voltage. Solid line is for the paralld
case and dashed line, for the antiparallel case.

_Ji Ju

P_J--+J#

@

where J~ and Jy are the tunneling currents for the spin up and down states, respectivey. The
same parameters of the FM as above except Ex of 2.8 eV are assumed. The band edge of 0 eV
and effective mass of 1 me for the NM are used. The centrd bariers (Ic) have a barrier height
of 45 eV and an effective mass of 0.4 me, while those of the sde insulator (Is) are 2.5 eV and
04 me, respectivdy. The width of all the barriers and the well is set to 10A. The RT staes are
determined mainly by the central barrier height. The role of the sde barriers (Is) will become
goparent shortly.

In Fig. 3awe plot the trangmission coefficient of this Sructure. Note that there are three RT
peaks bdow EF but only one of them (spin up state) is aove the side barrier height. This latter
resonant peak is much fatter than the other two RT pesks Thus one can expect that the tunneling
current will be dominated by this spin up RT pesk and have a 100% spin-polarization. If the
meagnetization of the central FM is flipped with the magnetization of the two dectrode layers fixed
vig, eg., the exchange biasing [3], the spin date of those RT dates will be reversed. Thus fully
polarized current with the oppasite spin can be obtained. In other words, one can select the in
direction by flipping the magnetization of the central FM. This is demonstrated by the numerica
results displ ayed in Fig. 3b which showsthat the current polarization at andl bias voltages (bd ow
0.3 V) is 100% and -100%, respectively, before and after flipping. When the bias voltageis larger
than 0.3 V, the other RT peak (spin down state) is pulled down beow Eg, thereby destroying the
optimal spin-polarization. The effect of the side barriersis to diminish the srength of the minor
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FIG. 4. Tunnding current polarization for aseven layer junction with semiconductor el ectrodes (see text).
The Fermi energy is 0.01 eV.

RT peaks (below the Sde barrier height) so that the main RT pesk (above the sde barrier height
but bdow Eg) would dominate the tunneling current. Without the sde barrier, the minor RT
peaks can have a contribution comparable to that of the main RT pegk, thus reducing the spin
polari zati on.

Findly, one can design ancther type of spin current sourceswith the spin direction controlled
by bias voltage, based on the SI/FM/I/S gructures where S denotes a semiconductor. To illustrate
this, we use the same parameters as in the preceding example except that the band edge and
effective mass of the semiconductor € ectrodes are et to 2.6 eV and 0.1 respectivey. We plot
the polarization vs. bias voltage in Fig. 4 for a small E¢ of 0.01 eV. The polarization is initidly
+100% when the spin up resonant date is bdow Er. As the bias voltage increases this dae
gradudly fdls below the band edge of the electrode. On the other hand, the spin down RT dae
comes down below Eg a 0.72 eV, leading to -100% spin-polarizetion. Thus one can control the
tunneling current polarization by adjusting the bias voltage instead of applying a megnetic fid d.
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