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Tunneling through a spin-polarizing barrier: Boltzmann-equation study
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We investigate the nonequilibrium distribution functions for electrons in the electrodes of a
metal-insulator-metal junction where the insulator is a ferromagnet with its domains aligned paral-
lel to the interfaces. In this geometry, the tunneling barrier for spin-up electrons differs from that
for spin-down electrons, so that the two spins tunnel at different rates. If the junction is biased so
that the Fermi levels on the right and left are shifted to (u+eV /2) and (u—eV /2), respectively, we
find that the electrons are spin polarized in the steady state. Electrons in the right electrode are po-
larized in the direction opposite those on the left. The spin polarization increases with voltage and
tunneling conductance and decreases as the spin relaxation time falls.

I. INTRODUCTION

There has recently been renewed interest! in metal-
insulator-metal tunneling in the case where the insulator
is a ferromagnet. If the barrier is thin enough, its magne-
tization M is parallel to the interfaces, so that it produces
a negligibly small field in the tunneling electrodes. Nev-
ertheless, the tunneling barrier will have different heights
for spin-up and spin-down electrons (quantization axis in
the direction of M), as shown in metal-insulator-vacuum
tunneling experiments,? where the tunneled electrons are
up to 85% spin polarized. This is due primarily to the
exchange interaction JS-s in the barrier, which can pro-
duce differences in barrier height on the order of a few
tenths of an electron volt for the two spins.’ In a
Wentzl-Kramers-Brillouin (WKB) approximation, this
difference then appears in exponential factors in the tun-
neling matrix elements.*

Our hypothesis is that the polarization of the tunneled
electrons leads to a steady-state polarization of the elec-
trons in the electrodes. This polarization should be limit-
ed by the amount of spin-flip scattering in the bulk of the
electrodes. We demonstrate this for normal metals with
a Boltzmann equation calculation in the limit in which
the electrodes are thin enough that the distribution func-
tions throughout each are homogeneous. If the elec-
trodes are not so thin, we expect our results to hold
within some homogenization depth determined by the
properties of the electrodes and the amount of scattering.
Recent work by van Son et al.’ on ferromagnet-metal in-
terfaces shows this depth to be approximated by
A=(v}rorsp /3)1/%, where v is the Fermi velocity. 7 is
the scattering lifetime, and 7 is the spin-relaxation
time. If we take vf=1016° A/s, =107 s, and g
=107 s, then A=~6000 A. Electrodes much thinner
than this can easily be fabricated, so our approximation is
reasonable.

II. SOLUTION

We take the energy to depend only on the magnitude
of the momentum and the electric potential in each elec-
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trode
Ero(K)=(#k2/2m)—p—eV /2, (1a)
Er (k) =(#k?/2m)—p+eV /2 . (1b)

The chemical potentials p relative to the band bottom of
the two electrodes are taken to be equal. In equilibrium,
the distribution functions gg ; (E) on the two sides (R for
right, L for left) would be independent of spin, and would
reduce to Fermi functions gg,(E) with the energies
given in (1).

When tunneling is allowed, the system is out of equilib-
rium unless the voltage is zero. The tunneling and
scattering processes can be cast into scattering and tun-
neling lifetimes by assuming that g is independent of posi-
tion within a given electrode and using Fermi’s golden
rule, so that only states of equal energy are connected.
This allows us to write Boltzmann equations for the tun-
nel junction®

8or(E,t)=—(1/Tsp N8y —8 _or)

—(1/TrRo N8or —80L) » (2a)
ot \E;)=—(1/75, Ngor —8 _o1)

—(/Tr0o) 8oL —8or) » (2b)

where 7gp and 7g; are the spin-relaxation lifetimes in the
right and left electrodes, and 71z, and 74, are tunneling
lifetimes for tunneling from right to left and left to right,
respectively, for an electron of spin . The lifetimes 715,
and 17, , are not necessarily the same. If the electrodes
are the same material, these lifetimes still depend on the
thickness d, being longer for thicker electrodes so that

TrLo/TTRo =41 /dg - (&)

This can be seen from conservation of current. If the
tunneling current is thought of as coming from
throughout the volume of one electrode and going to the
entire volume of the other, then the density of tunneling
events per volume must be lower for the thicker elec-
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trode, so that, on average, electrons reside longer in a
thicker film. Though Egs. (2a), (2b), and (3) have fairly
obvious forms, we have included a justification of them in
Appendix A.

We have assumed that tunneling preserves the direc-
tion of spin, which will hold true for a ferromagnetic in-
sulator far below its Curie temperature, since the spin
directions in the insulator are held rigid. It should also
be approximately true for a paramagnetic insulator in a

Airt —(ag +bgy) ag bgt

AR, ag —(ag +bg,) 0

Apy = by 0 —(a; +bp¢)

Aip 0 by, ap

where

ar=1/7sg , (5a)
ap=1/rg , (5b)
bro=1/TrR¢g » (5¢)
b=/, - (5d)

We will use the ratios

rro=bg,/ag , (6a)
and

rre=bi./a; . (6b)

In the steady state, the n’s and their time derivatives
are taken to be constant in time. This is a familiar ap-
proach, used, for example, in a simplified derivation of
the Josephson effect.” It is a way of taking into account
the fact that there exist reservoirs of particles in contact
with each electrode which are sufficient to keep their
electron distributions constant despite the steady transfer
of particles from one electrode to the other, and we do
not concern ourselves with the exact mechanisms by
which the contact is effected.

Thus, Eq. (4) really represents a system of four equa-
tions with eight unknowns, and we must impose con-
|
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high field if the net spin S of its atoms is much greater
than that of an electron. Note that there is no non-spin-
flip scattering term because we have assumed the distri-
bution functions to be constant across each metal’s thick-
ness.

The four equations (2) can be expressed compactly in
the form of a 4 X4 matrix. Since we are really interested
in number and current densities, we assume the 7’s are in-
dependent of E (k) and integrate over k vectors to obtain

0 nRT
bg, ngy
, 4)
ap npy
(GL +bLl) n“
f ..
straints. The first constraint is
ﬁerﬁklzﬁR , (73)
ﬁLTZﬁLlEﬁL . (7b)

Equations (7a) and (7b) constrain the electrodes to have
spin polarizations which are constant in time. The
second constraint is that the total (spin up plus spin
down) density of electrons in each metal is the same as if
the up and down tunneling rates were the same:

nig+n g =2n0g , (8a)
n”_+nlL=2n0L . (Sb)

That is, the effect of the difference in tunneling rates is to
redistribute the density between up and down without
changing the total density.

Within the free-electron approximation at low temper-
ature, the ny’s are

Nog Lo =Mol14+(—=)eV /2ul?=no[1+(—)3eV /4u] ,
9)
dng=(ngpy —nor1)=(ngg, —nop)=3ng/2uleV .
(10)

We now can combine Egs. (4), (7), and (8) into the final
set

—zaRHOR —-(2(1R +bRT) -1 bRT 0 nRT
ZGRHOR +2bR18n0 (2aR +le) —1 —le 0 ﬁR
_2a,ny; = by 0 —Qag+byy) —1||ng, |- (an
ZaLnOL —2bLL8n0 '.bLl 0 (ZGL +bLi) —1 f;L
[
. .. . For—F
-The sol_utlon of this is straightforward, and together Sng =bn, R1—TR] (13a)
with (3), yields d+rprtrp +rri+rey
nR1, =hop+Ong , (12a) rLr—re,
n; =—=8n, , (13b)
npy =ng t8n; , (12b) 4+rpr+rp +Hrrr+rRy
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2np=—20; = —8nog(1 /T 1+ 1/Tr5})
—(1/7p1— /77 N(Ong —8n,) ,
(14)

In Eq. (14), the first term represents the current density
which would flow if the up and down tunneling rates
were the same, and the second term is a correction.
Equations (12) for the electronic densities show a shift of
the spin-up and spin-down densities in opposite direc-
tions away from their equilibrium values. This shift de-
pends on the voltage through 6n, and on the ratios of
spin-relaxation lifetimes to tunneling lifetimes. If we as-
sume that the system is close enough to equilibrium that
the densities g can be modeled as Fermi functions with
different chemical potentials uy ; , for the two spin popu-
lations, then the chemical potential shifts

2vp=(pg 1 —HrL})

can be inferred from Eq. (12) within the approximation of
Eq. (9):

nge=ng(l+3eV/4u+3vg,/2u), (15a)
np,=nyg(l—3eV/4u+3v;,/2u) , (15b)
TR1 TR
SRS TR =ve=eV d+rpp+rp trritrey
(16a)
vir=—vp =V~ —eV LT
d+rppt+rp trritrey
(16b)
and
vy /vg=—dg/d| . a7n

The maximum magnitude of the splitting occurs when
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be estimated from
v=upH =(5.8x 1073 meV/kG)H . (18)

In Appendix B, we estimate tunneling parameters. If we
have r; ;=rp;=0.15, rp ;rg,;=0.1, and V=10 mV, we
get vp = —v; =0.12 meV. This would correspond to a
field H~=20 kG, much greater than, for example, the
1.1-kG magnetization of an EuS insulator. In an experi-
ment, this could mimic the effect of the barrier magneti-
zation leaking into the electrodes.

IV. CASE OF FINITE APPLIED FIELD

Since we are interested in Zeeman-type splittings, we
take the films to be thin enough that the effect of the A
field on the canonical momentum can be neglected. Then
the effect of an external field H is to shift the energies to

Erolk)=(#k2/2m)—p—eV /2+pugo-H , (19a)

£ (K =(#Kk2/2m)—p+eV /24pgo-H,  (19)
so that Eq. (9) becomes

nogL)e =NMol1+3pugoH /u+(—)3eV /4u] (20)

and 6n is unchanged. To account for the fact that, in
the absence of tunneling, the g’s would relax to Fermi
functions with the energies given by (19), we make a
relaxation-time approximation for the polarizations in
each electrode

8or(E,0)=—(1/7sg (8or —8 _or ) —(89r —8% or )]

—(1/77Re N8R —805L) » (21a)
Eor (E;t)=—(1/75 )[(8yr —8 _or)— (8oL —8° 51 )]
— (/7o N8or —8or) - (21b)

Constraint (8) is unchanged, but instead of (7) we assume
that reservoirs supply the equilibrium polarization to the
electrodes

one of the r’s, say r;, is much greater than both unity figt—hg =polig;+hig,), (22a)
and the other ’s. Then v; = —eV, and v; =0. hip—rp =polhip +iL,) s (22b)
III. DISCUSSION where
The effect of the different tunneling rates for the two Po=(ngy —ng )/ (ngy +ng;) . (23)
spins resembles the Zeeman splitting which would occur .
in an applied magnetic field. The major differences are ~ Defining
that the splitting has opposite signs and possﬁ.xly dlﬂ"ergnt g =(1=py)/(14p,) , 24)
magnitudes on the two sides of the tunneling barrier.
The field H which would yield an equivalent splitting can (11) becomes
J
—2aRn0RT —(2aR+bRT) —1 bRT 0 nRT
2agnort +2bg 8ng (2ag +bgr)) —¢q —bg, 0 | |7g
—2apnoy - byt 0 —Qap+byy) —1 ]| |ng|" @3
2aLn0LT—'2bL18n0 —bLl 0 (2(1L +bLl) —q ﬁL

The solution of this is again straightforward, yielding
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qrr1—rry
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VR1=—VR | =Vg =UugH +2eV

qrpr—rpy

2014q)+q(rps+rg)+rp +rgy

(26a)

vipr=—vp =V, =ugH —2eV

The main effect of the different tunneling rates is to add a
correction to the Zeeman splitting. Since g is close to
unity for all practical fields, this correction is not much
different from Egs. (16a) and (16b). It enhances the Zee-
man effect on one side of the junction and suppresses it
on the other. The discussion in Sec. III shows that, as
the voltage increases, the correction becomes larger than
the equilibrium splitting.

V. CONCLUSIONS

We have constructed a Boltzmann-equation model
of single-electron tunneling through a ferromagnetic
insulator which predicts that spin-polarized tunneling
leads to a steady-state spin polarization of the electrons
in the metals of a metal-insulator-metal tunnel junc-
tion. This polarization increases with voltage. At an
applied voltage of 1 mV, this effect causes a splitting
equal to that produced by a 1-kG field when the tun-
neling rate is on the order of a few percent of the spin-
relaxation rate in the electrodes. Because the tunneling
lifetimes increase with the thickness of the electrode,
the splitting decreases with electrode thickness, or with
the homogenization depth, if it is less than the thick-
ness.

J

2(1+9)+CI(’LT+"RT)+"L1+"R1

(26b)
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APPENDIX A: DERIVATION
OF BOLTZMANN EQUATION

The purpose of this section is to justify Egs. (2a),
(2b), and (3). Our starting point is the semiclassical
Boltzmann equation for the distribution function for
electrons of spin ¢ and momentum k in each electrode®

] 19g,p
g,r(r,k,t)=—v-Vg_p —F- ﬁa;
9 5)
g R 8 oR (A1)
at scat at tunn

The subscript R denotes the right electrode. An analo-
gous equation applies in the left electrode. Our first
approximation is to assume that g, ; is independent
of position within a given electrode. Then the gradient
term in (A1) vanishes. We also assume that negligible
electric field can be supported by the electrodes, so
F-3/3k also vanishes, leaving only the scattering and
tunneling terms:

[¢or (kD ]eu=— [ dr' [ dk’ 2§W (r,k,r',K')g, g (r,k,0)[1—g -z (r',K',1)]

— W (K, ,k)g (0, k' )1 —g r(r,k, )]},

[8or (KD umm=— [ dr' [ dk' 3 (T, (r,k,1',K g 5 (r,k, 1)1 =g, (r',Kk',1)]

=Ty (0, K, 1,K)g o (K [ 1 —g o (1K, 1]

If we assume that the scattering and tunneling matrices are invariant when the indices (r,k,o) and (r’,k’,0’) are inter-

changed, then

gorink,t)=— [dr [ dk ZW (r,k, 1,k )[g,r (1, K, 1) —gyr (', k', 1)]

_ fdr'fdk'zTa,,,u,k,r',k')[g,,R(r,k,t)—ga,L(r',k',t)],
gonk,t)=— [dr fdk'z W, 6,k k) [g, (r,k,t)—g, . (r',k',0)]
~ [ar fdk'zr (r,k, ',k )[g,.(r,k,1)—gr (r, K, 1)] . (A3b)

We are now ready to make the final approximations.
The scattering is taken to be local and independent of the
momenta, so that

(A2a)

(A2b)

(A3a)

oo (0K, K )=8(r—1r" W,

The distributions g are assumed to depend on momentum
only through the energies E(§y ; (k),0), where
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§R,L(k)=(ﬁ2k2/2m —/'LR,L) .

By neglecting the dependence on the direction of k, we
are assuming that scattering very rapidly redistributes

f ar’ f dk’z Waa’(r:k7rl;k'){gaR(r’ka')“‘ga’R(r"k”t)]zNOWaa‘[goR(E)"gu’R(E)] ’

where N, is the density of states at the Fermi surface. If
o=0"', (A4) vanishes. Thus, only the spin-flip scattering
remains, and we characterize it with a lifetime

TSR,L = 1/(N0Waal )R,L .

The tunneling is somewhat different from the scatter-
]

f dr’ f dK' 3 Ty (r,k, ', K or (k1) =g oy (P, K, D]=VNg 3 Ty o [8or (E) 8o (E)],
o' o'

where V; g,=Ad ) is the volume of the left (right)
electrode, and A4 is its area. If tunneling preserves spin,
then T',, =T8,,. We define the tunneling lifetime from
right to left (left to right) for spin o as

TR (Lo =1/(dy gy AN, T) .
Thus, we arrive at the desired result

gaR(E9t)=_(1/TSR )(gaR —g_[,R)

—(1/TrRro X8or —80oL) » (A6a)
o (E\t)=—(1/75; N8ur —8 _o)

— (/T o X801 —86r) > (A6b)
TrLe/TrRe =dy /dg . (A7)

In summary, the approximations we are using are the
semiclassical Boltzmann equation and Fermi’s golden
rule, and the assumptions required to obtain the (stan-
dard) forms (2a) and (2b) are: (1) g depends only on |k |,
not on direction; (2) within a given electrode, g is in-
dependent of position; (3) the scattering and tunneling
matrix elements are symmetric in (k,r,o) and (k',r’,0’);
(4) tunneling preserves spin direction; (5) tunneling elec-
trons can be considered as coming from and going to the
entire volume of each electrode; and (6) eV and kg T are
much less than the tunneling barrier. The disappearance
of the non-spin-flip scattering term in (A3) does not mean
that non-spin-flip scattering is unimportant. In fact,
scattering justifies assumptions (1), (2), and (5). Put
another way, we have assumed non-spin-flip scattering to
be so important that these assumptions completely de-
scribe its effects.

APPENDIX B: ESTIMATES OF PARAMETERS

For the spin polarization to be significant, two
conflicting conditions must be met: the tunneling resis-

M. J. DeWEERT AND S. M. GIRVIN 37

any nonisotropic distribution of k directions. Finally,
Fermi’s golden rule allows only states of equal E to be
connected by scattering or tunneling events. Thus, the
scattering term becomes

-
ing in that is manifestly nonlocal. In fact, we will take it
to be so nonlocal that T (r,k,r’,k’) will be independent of
the coordinates as well as the momenta. Assuming T to
be independent of k and k’ requires that the temperature
and the voltage across the insulator be very small com-
pared to the barrier height. Then the tunneling term
reduces to

(AS)

[
tances must be small enough for 775 ;, to be not much
longer than 7gz, and the resistances R and R | must be
large enough to differ significantly. Of course, raising the
voltage will increase the polarization, according to Eq.
(16), but high voltages invalidate our assumption that
tunneling lifetimes are independent of electron energy.
The tunneling lifetimes 7, and 74, , can be estimated
in terms of the tunneling resistance for each spin and the
thickness of the metals. Separating (14) into spin-up and
spin-down currents, we have

I, =—V(3nee’Vy /4utrgry)

rri+rri—rpr+7r
< 14 Rt HTRI—TL1+7L , (Bla)
4+trpptrp trri+rry
I, =—V(3nee*Vg /4utrg )
r +r —r —r
% |14 R1FTRI—FL1—TL) , (Blb)
4+rpptrp trritrery

where Vi =dy A is the volume of the right electrode and
A is the area. If we take the »’s to be much less than one,
we have the resistances R ;:

Ra z(4ﬂ50/3noe ZCOth )TTRU s (B2)

where the area has been eliminated in favor of a capaci-
tance Cy=(€yA4 /t), where t is the thickness of the barrier
and ¢, is the vacuum dielectric constant. This is solely a
convenience, since the actual dielectric constant appears
nowhere in Egs. (Bla) or (B1b), allowing us to eliminate
conversions from mks units to electrostatic units. For
u=10eV,n,=0.2 A 73, and dg =50 A, we have

TRe=0.69 R, Colt/(1 A)] .

Conduction-electron spin-resonance data for aluminum’®

yields an intrinsic spin-relaxation time ~107'° s, and
more recent data from superconducting tunneling'® gives
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10~°s. To get 7p,~107° s for t=5 A, R,C, must be
~3x107'%s. For R=1 KQ, the area of the junction
would then be =1.7x 1077 cm?.

We can also estimate the effect of the barrier-height
difference on the tunneling lifetimes. Using a WKB ap-
proximation,* we have

R, o« exp[(¢,/Ey)' ], (B3a)
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and

R, « exp[(¢,/Ey)'?], (B3b)

where ¢, is the barrier height for spin o and
Eo=(#*/4mt?). For a 5-A barrier, Ey=~7.7Xx 1072 eV.
For EuS, ¢;~1.32 eV and ¢, ~=1.08 eV. This leads to
RT/R1=TTRT/TTR£z1'5'
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