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Magnon-assisted transport and thermopower in ferromagnet–normal-metal tunnel junctions
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Magnon-assisted transport across a tunnel junction between a ferromagnet and a normal~nonmagnetic!
metal is studied theoretically. A finite temperature difference across the junction produces a nonequilibrium
magnetization that drives a charge current, mediated by electrons via electron-magnon interactions, from the
ferromagnet into the normal metal. The corresponding thermopower coefficient is large,S;2(kB /e)
3(kBT/vM)3/2P(P1 ,P2 ,PN) whereP(P1 ,P2 ,PN), 0<P<1, represents the degree of spin polarization
of the current response to a bias voltage, and depends on the relative sizes of the majorityP1 and the minority
P2 band Fermi surface in the ferromagnet and in the normal metal,PN .
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There is intense research of spin-polarized transp
fueled by the desire to develop a form of electronics t
utilizes the spin polarization of carriers.1 A great deal of ac-
tivity has focused on spin injection across junctions betw
ferromagnets and normal metals or semiconductors.2–4 Cur-
rent in the ferromagnetF is carried unequally by majority
and minority carriers so that a current flowing across
interface with a normal conductor is expected to have a fi
degree of spin polarizationP, 0<P<1. Whereas spin injec
tion from a ferromagnetic metal into a normal metalN has
been measured in broad agreement with theory,2,3 there has
been difficulty in achieving large degrees of spin injecti
into a semiconductor at room temperature.5 A possible lim-
iting factor is conductivity mismatch,6 a problem that may be
overcome by introducing a tunneling barrier between the
romagnet and semiconductor.7 Spin injection in all-
semiconducting devices has generally been more succes8

although it is currently limited to relatively low tempera
tures.

Spin injection may be viewed as a current of magneti
tion that is carried by the electric current flowing in respon
to a nonequilibrium electric potential. The subject of th
paper is the opposite effect: the injection of charge cause
the equilibration of magnetization. The magnetization o
ferromagnet held at a finite temperatureT is less than its
maximum value due to the thermal occupation of magno
The reduction in the absolute value of the magnetizat
dm(T) obeys Bloch’s law:

dm~T!5~3.47/j!~kBT/vM !3/2, ~1!

wherej is the spin of the localized moments andvM is the
magnon Debye energy. Therefore, a temperature differe
DT held across a tunnel junction between one or more
romagnetic electrodes is associated with a nonequilibr
magnetization. Recently we found that the equilibration
magnetization in anF-F tunnel junction may be mediated b
electrons via electron-magnon interactions, resulting in
substantial charge current response toDT.9

In this paper we consider a different situation, anF-N
tunnel junction in which the transfer of heat from the ferr
magnet to the normal metal involves simultaneous spin
charge injection. The effect may be understood as follo
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Since a reduction in the temperature of the ferromagne
related to a change of its magnetization, Eq.~1!, thermal
equilibration of theF-N junction is accompanied by a flow
of magnetization across it. The magnetization flow is me
ated by conduction electrons via the electron-magnon in
action, resulting in a charge current response toDT. The
current response toDT is characterized by a contribution t
the thermopowerS dependent on the difference between t
size of the majority and minority band Fermi surfaces in t
ferromagnet,

S'20.48~kB /e!dmP~P1 ,P2 ,PN!, ~2!

and holds in a range of temperatures given by

1@dm@~kBT!/eF , ~3!

where eF is the Fermi energy. The function
P(P1 ,P2 ,PN), 0<P<1, represents the degree of sp
polarization of the current response to a bias voltage,
depends on the relative sizes of the majorityP1 and the
minority P2 band Fermi surface in the ferromagnet and
the Fermi surface of the normal metalPN . The result, Eq.
~2!, does not depend on the direction of polarization or
choice of quantization axis.

To evaluate the thermopower we write down a balan
equation for the currentI (V,DT) response to a bias voltag
V and a temperature dropDT across the junction, by taking
into account competing elastic and inelastic electron tran
processes. Then we determine the thermopower coeffic
S52V/DT by satisfying the relationI (V,DT)50. The
magnon-assisted processes we consider for anF-N tunnel
junction, shown schematically in Fig. 1, are similar to tho
discussed in relation to transport in theF-F tunnel
junctions9,10 and we refer the reader to Ref. 9 for addition
details. In the figure we assume that the majority electr
are ‘‘spin up’’ and the minority electrons are ‘‘spin down’’ in
the ferromagnetic reservoir on the left-hand side~this arbi-
trary choice does not influence the result!, whereas in the
normal ~nonmagnetic! metallic reservoir on the right, the
density of states of the spin-up and spin-down conduct
electrons are equal. A typical process in Fig. 1, process~i!,
begins with a spin-down electron on the right, which th
tunnels through the barrier~without additional spin flip! into
©2003 The American Physical Society04-1
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an intermediate, virtual state with spin-down minority pola
ization on the left. Finally, the electron in the virtual sta
emits a magnon~indicated by a wavy line! and incorporates
itself into a previously unoccupied state in the spin-up m
jority band on the left.

The Hamiltonian of the ferromagnetHF can be written in
terms of Fermi$c†,c% and magnon$b†,b% creation and an-
nihilation operators as9,11 HF5(kaeka

L cka
† cka1(qvqbq

†bq
1Hem where the indexa5$1,2% takes into account split
ting of the conduction-band electrons into majorityek1

L and
minority ek2

L subbandseka
L 5ek

L2aD/2, whereek
L is the bare

energy andD is the spin splitting energy. The electron
magnon interaction term is

Hem52
D

A2jN (
k q

@ck2q1
† ck2bq

†1ck2
† ck2q1bq#, ~4!

whereN is the number of localized moments in the ferr
magnet andj is the spin per unit magnetic cell. We assume
quadratic magnon dispersion,vq5Dq21v0 , D;D, and
v0,kBT!vM , wherevM5D(6p2/v)2/3 is the Debye mag-
non energy,v is the volume of a unit cell, andv0 is the
magnon anisotropy gap. For the nonmagnetic metal on
right-hand sideHN5(kaeka

R cka
† cka where the conduction

band is spin degenerateek1
R 5ek2

R 5ek
R .

Following the tunneling Hamiltonian approach,12–14 the
amplitude for an electron with wave numberkR on the right
and spin orientation parallel to the minority spins of the f
romagnet to finish in a majority state (1,k8) on the left after
emitting a spin wave with wave numberq can be estimated

FIG. 1. Schematic of the four processes of magnon-assisted
neling between a ferromagnet on the left and a normal metal on
right. Process~i! begins with a spin-down electron on the righ
which then tunnels through the barrier~without spin flip! into an
intermediate, virtual state with spin-down minority polarization
the left. Finally, the electron emits a magnon~wavy line! and incor-
porates itself into a previously unoccupied state in the spin-up
jority band on the left. Process~ii ! is the reverse of~i!. Processes
~iii ! and~iv! are the same as~i! and~ii !, respectively, except that th
electronic spin states are opposite and therefore magnon emiss
replaced by absorption~or vice versa!.
17240
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using second-order perturbation theory with respect to
electron-magnon interaction and the tunneling matrix e
ment tkR ,k81q :

AkR ,k81q5
tkR ,k81qD

A2jN~ek81q1
L

2ekR

R 1D)
'

tkR,k81q

A2jN . ~5!

For kBT,eV!D, when both initial and final electron state
should be taken close to the Fermi level, only lon
wavelength magnons can be emitted, so that the energy
cit in the virtual states can be approximated asek81q1

L

2ekR

R 1D'D. As noticed in Refs. 11,15, this cancels out t

large exchange parameter since the same electron-core
exchange constant appears both in the splitting between
nority and majority bands and in the electron-magnon c
pling.

We take into account all four magnon-assisted tunnel
processes depicted in Fig. 1. Process~i! begins with a↓
electron on the right with wave vectorkR @with occupation
numbernR(ekR

R )], which tunnels through the barrier into a

intermediate virtual↓ state on the left (kL). Then, this elec-
tron flips spin by emitting a magnon with wave vectorq @this
process is stimulated by the occupancy factor of therm
magnon excitations 11NL(q)], and, thus, incorporates itse
into the majority spin band on the left, provided the final↑
state (k85kL2q) is not occupied@which has probability 1
2nL(ek81

L )]. Process~ii ! involves transitions between th
same states as~i!, but in the reverse order. It begins with a↑
electron on the left with occupation numbernL(ek81

L ), which
absorbs a magnon@probability NL(q)] to flip its spin and
move into an intermediate virtual↓ state on the left, before
tunneling into an empty final↓ state on the right@which is
unoccupied with probability 12nR(ekR

R )]. The balance be-

tween these two processes contributes to the total curren

I (i,ii) 524p2
e

hE2`

1`

de (
k8kRq

uAkR ,k81qu2d~e2eV2ekR

R !d~e

2ek81
L

2vq!$2nR~ekR

R !@12nL~ek81
L

!#@11NL~q!#

1@12nR~ekR

R !#nL~ek81
L

!NL~q!%, ~6!

which is written in terms of the occupation numbers of ele
trons on the left- ~right-! hand side of the junction
nL(R)(eka

L(R))5„exp@(eka
L(R)2eF

L(R))/(kBTL(R))#11…21 and of
magnonsNL(q)5„exp@vq /(kBTL)#21…21 in the ferromag-
net. HereTL(R) is the temperature on the left-~right-! hand
side,eF

L2eF
R52eV, vq is the energy of a magnon of wav

vector q, and, in the following, we setTL5T1DT and
TR5T.

Processes~iii ! and ~iv! in Fig. 1 are the same as~i! and
~ii !, respectively, except that the electronic spin states
opposite and therefore magnon emission is replaced by
sorption~or vice versa!: ~iii ! and~iv! involve transitions into
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or from a minority state on the left via an intermediate, v
tual state in the majority band. Their contribution to the to
current is

I (iii,iv) 524p2
e

hE2`

1`

de (
k8kRq

uAkR ,k81qu2d~e2eV2ekR

R !d~e

2ek82
L

1vq!$2nR~ekR

R !@12nL~ek82
L

!#NL~q!

1@12nR~ekR

R !#nL~ek82
L

!@11NL~q!#%. ~7!

After combining them together into an expression for t
total inelastic contribution to the currentI in5I (i,ii) 1I (iii,iv) ,
performing summation over wave numbers and integra
over initial electron energies, and keeping only terms lin
in V andDT, we arrived at the following expression:

I in5
e

h

3

4j S kBT

vM
D 3/2H eVGS 5

2D zS 3

2D @T1N1T2N#

2
1

2
kBDTGS 7

2D zS 5

2D @T1N2T2N#J , ~8!

whereG(x) is the gamma function andz(x) is Riemann’s
zeta function. For convenience we have grouped all the
formation about the quality of the interface into a parame
TaN(eF),

TaN~e!'4p2 (
kLkR

utkL ,kR
u2d~e2ekLa

L !d~e2ekR

R !, ~9!

which is equivalent to the sum over all scattering chann
from states with spina on the left to states on the righ
~where both spin channels are equivalent!, of the transmis-
sion eigenvalues usually introduced in the Landa
formula,16–18 although we restrict ourselves to the tunneli
regime in this paper.

In order to find the total current, we also take into acco
the contribution of elastic processes that involve transiti
without any spin flip from either the majority or the minorit
band in the ferromagnet to the normal metal. To lowest or
in V andDT, the elastic contribution is

I el'
e2

h
V@T1N1T2N#1OS e

h

kBT

eF
kBDTD . ~10!

The term linear inV corresponds to the contribution to th
electrical conductanceG5(e2/h)@T1N1T2N# whereas the
term linear inDT is responsible for the Mott formula19 con-
tribution to the thermopower, typically with a small param
eterkBT/eF in metallic systems.

In the regime of temperatures given in Eq.~3! the total
currentI 5I el1I in may be approximated by

I'
e2

h
V@T1N1T2N#2

e

h

3

8j
GS 7

2D zS 5

2D S kBT

vM
D 3/2

3kBDT@T1N2T2N#, ~11!

where the leading term proportional toV arises from the
elastic processes, Eq.~10!, and the leading term proportiona
17240
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to DT comes from the magnon-assisted processes, Eq.~8!.
The corresponding thermopowerS52V/DT, found by set-
ting I 50, is

S'20.48~kB /e!dm~T!P~P1 ,P2 ,PN!. ~12!

The functiondm(T) is the change in the magnetization du
to thermal magnons at temperatureT ~Bloch’s T3/2 law! as
given in Eq.~1! andP is the degree of spin-polarized curre
that flows in response to a bias voltage:

P5~T1N2T2N!/~T1N1T2N!. ~13!

It is a function of the relative sizes of the majorityP1 and
the minorityP2 band Fermi surface in the ferromagnet a
of the Fermi surface of the normal metalPN . Its exact form
depends on the nature of the interface between the e
trodes.

For a uniformly transparent interface of areaA we ac-
count for conservation of the parallel component of mom
tum kL (R)

uu by assuming that the tunneling matrix element h
the form

utkL ,kR
u25utu2L22uh2vL

z~kL !vR
z ~kR!udkL

uu ,kR
uu , ~14!

where vL,R
z (k)5]eL,R(k)/](\kz) are components of elec

tron velocity perpendicular to the interface andt represents
the interface transparency and is independent of momen
This leads to

T aN
flat'4p2utu2

A

h2
min$Pa ,PN%, ~15!

Pflat'
~min$P1 ,PN%2min$P2 ,PN%!

~min$P1 ,PN%1min$P2 ,PN%!
, ~16!

where Pa is the area of the maximal cross section of t
Fermi surface of spinsa in the ferromagnet,P1>P2>0,
andPN is the area of the maximal cross section of the Fe
surface in the normal metal. For an isotropic Fermi surface
three dimensionsPa5p\2kFa

2 , where kFa is the Fermi
wave vector, although the form ofPa may be different for
more complicated Fermi surfaces. Within the model of a u
formly transparent interface, the result does not depend
the form of the electronic dispersion. As an opposite e
treme, it is possible to consider a strongly nonuniform int
face which is transparent in a finite number of points only20

We assume that, in a small-area contact, the bottlenec
both charge and heat transport lies in the tunnel contact
tween the electrodes held at different temperatures an
electric potentials. The magnon-assisted response toDT @Eq.
~8!# results in a nonzero spin current across the interface
corresponds to a flow of magnetization into the norm
metal:3 every electron has a finite magnetic moment as w
as charge2e. The resulting nonequilibrium spin polariza
tion spreads into the normal metal and decays due to s
orbit scattering:
4-3
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~D]x
22tS

21!M ~x!50,

D]xM ~0!52~a/h!dm~T!kBDT@T1N1T2N#,

whereM (x) is the nonequilibrium spin polarization per un
length of the normal-metal wire,tS is the spin-relaxation
time in it, LS5ADtS, and a;1. In the normal metal, 0
<x,`, the magnitude of the nonequilibrium spin polariz
tion is given by

M ~x!'
a

h
AtS

D
dm~T!kBDT@T1N1T2N#e2x/LS.
B

.
l.

g,

J.

A

o

ou

17240
For tunnel junctions, with an interface resistance greater t
the resistance of a piece of metal of lengthLS , the nonequi-
librium spin polarization accumulated near the interface
small. In this limit, it is possible to neglect the back flow
magnetization into the ferromagnet and the current respo
to a temperature gradient is characterized by a large co
bution to the thermopower.
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