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Tunneling through a spin-polarizing barrier: Boltxmann-equation study

M. J. De%'cert' and S. M. Ciirvin
Surface Science Diuision, National Bureau ofStandards, Gaithersburg, Maryland 20899

(Received 20 July 1987; revised manuscript received 5 October 1987)

%'e 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 divers 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 (p+eV/2} and (p —e V/2), respectively, we
And 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 trode

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 Seld in the tunneling electrodes. Nev-
ertheless, the tunneling barrier will have difrerent 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 dift'erences 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
difrerence 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-Rip 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 sho~s this depth to be approximated by
A=(uFrorsR/3)', where uF is the Fermi velocity. ro is
the scattering lifetime, and v&+ is the spin-relaxation

0
time. If we take uf ——10' A/s, so=10 ' s, and rsF
=10 ' s, then A=6000 A. Electrodes much thinner
than this can easily be fabricated, so our approximation is
reasonable.

II. SGLUTIQN

%'e take the energy to depend only on the magnitude
of the momentum and the electric potential in each elec-

gR (k)=(A k /2m) ls eV—/2—,

(L (k)=(R k /2m) —ls+eV/2 .

(la)

(lb)

The chemical potentials p relative to the band bottom of
the two electrodes are taken to be equal. In equilibrium,
the distribution functions g„ i (E) on the two sides (8 for
right, L for left) would be independent of spin, and would
reduce to Fermi functions g„ t (E) with the energies
given in (1).

%hen 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

g (rR (E, t ) =—( 1 /rsR )(g R gR }—
—(1/rrR )(g R

—g t ),
g L(E,t}=—(1/rsL)(g t. g —L)

(1/&rL )«L —g —R» (2b)

where ~zz and ~&L are the spin-relaxation lifetimes in the
right and left electrodes, and rrR and crt are tunneling
lifetimes for tunneling from right to left and left to right,
respectively, for an electron of spin 0.. The lifetimes ~rz
and ~rL 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

&n. ~&r~ =dL~d~ .

This can be seen from conservation of current. If the
tunneling current is thought of as corning 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 lo~er for the thicker elec-
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trode, so that, on average, electrons reside longer in a
thicker film. Though Eqs. (2a), (2b), and (3) have fairly
obvious forms, we have included a justi6cation of them in
Appendix A.

%e have assumed that tunneling preserves the direc-
tion of spin, which wi11 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

l

high Geld if the net spin 5 of its atoms is much greater
than that of an electron. Note that there is no non-spin-
Aip scattering term because me 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)(4 matrix. Since we are really interested
in number and current densities, we assume the ~'s are in-
dependent of E (k) and integrate over A: vectors to obtain

' —(aii+ba, ) ~R

—(aa+bii i)
0 —«z. +bc t) nL)

—(aL+bL{) nr i

(4)

l

straints. The first constraint is

«SR

aL =1«sL,

4 =1«ra
&L =&«n.

%e mil1 use the ratios

rRe bRn/at

(5b)

(5c)

n 'tR +n fR 2nOR

n &L+n &L
——2nor ~

(Sa)

(sb)

nr ) =nL ) =nL

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 damn tunneling rates were the same:

I'L =br /aL

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 suScient 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 me must impose con-

(

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

Within the free-electron approximation at lom temper-
ature, the no's are

np& ~L ~
np[1+——( —)eV/2p]'~'=np[1+( —)3eV/4p],

5n p = (n pz &

n—
pr {) = (—n pa i —n pL i ) (3n p /2p )e V .

(10)

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

—2QR noR

2~R noR +2&R 15no
—2aL noL

20L nOI —2&L )5no

' —(2am +bit l)
(2a~ +ba i }

bL)
—bL)

O
'

nR)

0 —(2ar +bi i) —1 ni t

0 (2aL +bL{) —1

The solution of this is straightforward, and together
with (3), yields

PR ) —PR
5nR =5no

4+~L&+~L&+~R t+~R &

nR ), I =noR+5nR

nL l i =nPI +5nL

(12a) I'L) —7L g
5nL = —5no 4+ "I.&+"I,r+ "R &+"X &

(13b}



3430 M. J. DC%EERT AND S. M. GIRVIN

2na = —2nL = —5no(1/rr„ t+1/rTa i )

—(I/~„„t
—I /rr„i )(5nn —5nL ),

In Eq. (14), the first term represents the current density
which would How 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 5no 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 mode1ed as Fermi functions with
difFerent chemical potentials pz L for the two spin popu-
lations, then the chemical potential shifts

be estimated from

v =p&H = (5.8 X 10 meV /kG)H .

In Appendix 8, we estimate tunneling parameters. If we
have rL&=r&&=0. 15, rLlr&l=0. 1, and V=10 mV, we
get vz = —vL =0.12 meV. This would correspond to a
field 0=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. CASK OF FINITE APPI.IKD FIEI.D

Since we are interested in Zeernan-type splittings, we
take the films to be thin enough that the e8'ect of the A
field on the canonical momentum can be neglected. Then
the efFect of an external field 8 is to shift the energies to

2vti, r. = (pz, I. t &a.& i )—

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

gz (k)=(fi k /2m) —p —eV/2+geo"H,

g~ ( k ) = ( iri2k 2/Zm ) —p +e V/2+ pz o"H,
so that Eq. (9) becomes

(19b)

n„=n, (1+3eV/4p+ 3v„ /2p), (15a)
novi(L) =no[1+3paaH/p+( —)3eV/4p] (20)

nL =no(1 —3eV/4p+3vL /2p),

4+rL)+rLl+rg )+rg l

(15b)

(16a)

and 5no 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

g.ii «, &) = (1«s—R )[(goR g —crR ) —(g'.z g'—oR )]

rL f rLl
vL) ———vLl ——vL = —eV

4+rL &+rL &+r& &+r& & g L(E,t)= —(1/rsL)[(g L
—g L, ) —(g L

—g' L)]

(21a)

(16b) —(I/&rI. )(g.L —g z) . (21b)

VL /vR dR /dL (17)
Constraint (8) is unchanged, but instead of (7) we assume
that reservoirs supply the equilibrium polarization to the
electrodes

The maximum magnitude of the splitting occurs when
one of the r's, say rz &, is much greater than both unity
and the other r's. Then vL = —eV, and vz =0.

III. DISCUSSION

n~ t nz i =po—(nn t+n~ i »
"L.t —"I. i =po(nl. t +nL i )

~here

(22a)

(22b)

The efFect of the difFerent tunneling rates for the two
spins resembles the Zeeman splitting which would occur
in an applied magnetic field. The major difFerences are
that the splitting has opposite signs and possibly difFerent
magnitudes on the two sides of the tunneling barrier.
The field H which would yield an equivalent splitting can

po=(no{ no( )/(not+no( )

Defining

q =(1—po)/(1+po),

(11)becomes

(23)

—2Qg Ilog y

2Qg P10g ) +2&@l5Plo

—2QLnoL )

2al noL ) —2bL l57lo

' —(2a~+ba t)

(2aa+4 &)

bL)
—bLl

0 (2aL+bL t ) —1 nL t—
0 (2aL+bl i) —q n

(25)

The solution of this is again straightforward, yielding
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gP'g )
—fg )

vg ) = —vg g
=vg pgH +2e V

2(1+q)+q (rL t +rtt t )+rLi+rR i
(26a)

qrL &

—rJ ~

vLt ———vL&=—vL =p&H —2eV
2( 1+q)+q (rLt+rti t )+rL i+rtt i

(26b)

The main efFect of the difFerent tunneling rates is to add a
correction to the Zeeman splitting. Since q is close to
unity for all practical fields, this correction is not much
diFerent from Eqs. (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 10I"ger 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 6eld 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.
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APPENDIX A: DKRIVA'IION
OF BOLTZMANN EQUATION

, SCSt tunn

(A 1)

The subscript 8 denotes the right electrode. An analo-
gous equation applies in the left electrode. Our first
approximation is to assume that g & I is independent
of position within a given electrode. Then the gradient
term in (A 1) vanishes. We also assume that negligible
electric field can be supported by the electrodes, so
F 8/Bk also vanishes, leaving only the scattering and
tunneling terms:

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

ling p
g „(r,k, t)= —v Vg tt

—F.

[g „(r,k, t)]„„=—f dr' f dk'g IW (r, k, r', k')g „(r,k, t)[1—g, „(r',k', t)]

—W (r', k', r, k)g tt(r', k', t)[1—g „(r,k, t)]], (A2a)

[g tt(r, k, t)],„„„=—f dr' f dk'gI T (r, k, r', k')g „(r,k, t)[1—g L(r', k', t)]

—T (r', k', r, k)g L (r', k', t)[1—g tt(r, k„t)]I .

If we assume that the scattering and tunnehng matrices are invariant when the indices (r, k, o ) and (r', k', o') are inter-
changed, then

g ~(r, k, t)= —f dr' f dk'g W (r, k, r', k')[g „(r,k, t) g~(r', k', t)]—
—f dr' f dk'g T .(r, k, r', k')[g tt(r, k, t) —g t (r', k', t)], (A3a)

g L(r, k, t)= —f dr' f dk'g W .(r, k, r', k')[g L{r,k, t) gL(r', k', t—)]

—f dr' f dk'& T (r, k, r', k')[g L{r,k, t) —g .~(r', k', t)] . (A3b)

%e are now ready to make the 6nal approximations.
The scattering is taken to be local and independent of the
momenta, so that

W (r, k, r', k')=6(r —r')W

The distributions g are assumed to depend on momentum
only through the energies E{g„ t (k), cr ), where
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g„t (k)=(A' k /2m —pa L) .

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

I

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

f dr' f dk'g IV (r, k, r', k')[g „(r,k, t) g—„(r',k', t)]=NolV~~ [g~~(E) g~—.„(E)], (A4)

where No is the density of states at the Fermi surface. If
cr =o', (A4) vanishes. Thus, only the spin-flip scattering
remains, and we characterize it with a lifetime

&st, L =1/(No~ )tt, t. .

The tunneling is somewhat difFerent from the scatter-

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

f dr' f dk'gT (r, k, r', k')[g „(r,k, t) —g t(r', k', t)]=VLNo&T [g tt(E) gL(E—)],
a'

(A5)

g.tt « t) = (1/&sR )(g.—a g.tt )—
—(1«m }(g tt

—g L, »
g t (E,t)= —(1/~sL )(g~L g~t. )—

—(1/rTt. )(g L
—g R),

&rL&/&rtt&

(A6a)

(A6b)

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, cr } and (k', r', o');
(4) tunneling preserves spin direction; (5) tunnehng elec-
trons can be considered as coming from and going to the
entire volume of each electrode; and (6) eV and ks T are
much less than the tunneling barrier. The disappearance
of the non-spin-(lip scattering term in (A3) does not mean
that non-spin-Aip scattering is unimportant. In fact,
scattering justifies assumptions (1), (2), and (5). Put
another way, we have assumed non-spin-Rip scattering to
be so important that these assumptions completely de-
scribe its effects.

APPENDIX 8: ESTIMATES GF PARAMETERS

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

where VL~„~——AdL ~it~ is the volume of the left (right}
electrode, and 3 is its area. If tunneling preserves spin,
then T ~ = T5 .. We define the tunneling lifetime from
right to left (left to right) for spin cr as

~=1/(dL(tt) ANoT)

Thus, we arrive at the desired result

rg )+rg ) —rL )+rl (
X 1+ 4+ "I.&+rl. &+r~ t+rz l

I i = V(3noe'Vtt /—4p~rtt i)

rz ) + rz &
—rL. t

—"I.t
X 1+ 4+r„+r„+r„,+r„,

(8 la)

(Bib)

where Vz ——dz A is the volume of the right electrode and
A is the area. If we take the r's to be much less than one,
we have the resistances R

R =(4peo/3noe Cotd~ )sr~

where the area has been eliminated in favor of a capaci-
tance Co ——(eoA /t), where t is the thickness of the barrier
and eo is the vacuum dielectric constant. This is solely a
convenience, since the actual dielectric constant appears
nowhere in Eqs. (Bla) or (Blb), allowing us to eliminate
conversions from mks units to electrostatic units. For
@=10eV, no ——0.2 A, and dz ——50 A, we have

=0.69 8 Co[t/(1 A)] .

Conduction-electron spin-resonance data for aluminum
yields an intrinsic spin-relaxation time =10 ' s, and
more recent data from superconducting tunneling' gives

I

tances must be small enough for ~rz L to be not much
longer than ~~F, and the resistances 8

~
and 8

&
must be

large enough to differ signi6cantly. 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 ~T+ and vTL 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

It ———V(3noe Vtt /4prrtt t )

T
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R, ~ exp[($, /Ec)' ], (83a)

10 s. To get ~z =IO s for t=5 A, R Co must be
=3&10 ' s. For R =1 KQ, the area of the junction
would then be =1.7/10 cm .

%'e can also estimate the e8'ect of the barrier-height
di8'erence on the tunneling lifetimes. Using a %KB ap-
proximation, we have

R t ~ exp[(gt/Ec)' ], (83b)

where cp is the barrier height for spin o and
Eo=(fi /4mr ) .For a 5-A barrier, En=7. 7)&10 eV.
For EuS, Pt=1.32 eV and $&=1.08 eV. This leads to
8 t /8 t rq~——t /reit t = 1.5.

'Present address: Condensed Matter and Radiation Sciences
Division, Code 4680, Naval Research Labs, Washington,
D.C. 20375.

tPresent address: Department of Physics, Swain Hall %est 117,
Indiana University, Bloomington, IN 47405.

'P. M. Tedrow, J. E. Tkaczyk, and A. Kumar, Phys. Rev. Lett.
56, 1746 (1986); F. Stageberg„R. Cantor, A. M. Goldman„
and G. B.Arnold, Phys. Rev. 8 32, 3292 (1985).

26. Baum, E. Kisker, A. H. Mahan, %'. Raith, and B. Reihl,
Appl. Phys, 14, 149 (1977).

A. Thompson, F. Holtzberg, T. R. McGuire, and G.
Petrich, in Magnetism and Magnetic Materials 1971 (—Chi

cago), Proceedings of the 17th Annual Conference on Magne-

tism and Magnetic Materials, AIP Conf. Proc. No. 5, edited

by C. D. Graham, Jr. and J. J. Rhyne (AIP, New York,
1972).

I. Giaever, in Tunneling Phenomena in Sohds, edited by Elias
Burnstein and Stig Lundquist (Plenum, New York, 1969).

~P. C. van Son, H. van Kempen, and P. %'yder, Phys. Rev. Lett.
58, 2271 (1987).

This approach has been used with a relaxation-time approxi-
mation to study the role of final-state blocking in zero-bias

anomalies, see J. G. Adler, H. J. Kreuzer, and J. Strauss,
Phys. Rev. B 11,2812 (1975).

~See„ for example, R. P. Feynman, R. B. Leighton, and M.
Sands, The Eeynman Lectures on Physics, (Addison-Wesley,

Reading, MA, 1965), Secs. 21-15.
SN. %', Ashcroft and N. D. Mermin, Solid State Physics

(Saunders College, Philadelphia, 1976).
~D. Lubzens, M. R. Shanabarger, and S. Schultz, Phys. Rev.

Lett. 29, 1387 (1972}.
'OT. R. Lemberger and J. Clarke, Phys. Rev. B 23, 1088 (1981}.


