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Giant magnetothermopower of magnon-assisted transport in ferromagnetic tunnel junctions
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We present a theoretical description of the thermopower due to magnon-assisted tunneling in a mesoscopic
tunnel junction between two ferromagnetic metals. The thermopower is generated in the course of thermal
equilibration between two baths of magnons, mediated by electrons. For a junction between two ferromagnets
with antiparallel polarizations, the ability of magnon-assisted tunneling to create thermopowerSAP depends on
the difference between the sizeP↑,↓ of the majority- and minority-band Fermi surfaces and it is proportional
to a temperature-dependent factor (kBT/vD)3/2 where vD is the magnon Debye energy. The latter factor
reflects the fractional change in the net magnetization of the reservoirs due to thermal magnons at temperature
T ~Bloch’s T3/2 law!. In contrast, the contribution of magnon-assisted tunneling to the thermopowerSP of a
junction with parallel polarizations is negligible. As the relative polarizations of ferromagnetic layers can be
manipulated by an external magnetic field, a large differenceDS5SAP2SP'SAP;2(kB /e) f (P↑ ,P↓)
3(kBT/vD)3/2 results in a magnetothermopower effect. This magnetothermopower effect becomes giant in the
extreme case of a junction between two half-metallic ferromagnets,DS;2kB /e.

DOI: 10.1103/PhysRevB.66.134424 PACS number~s!: 72.25.2b, 72.15.Jf, 73.40.Rw, 73.23.2b
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I. INTRODUCTION

Spin-polarized transport has recently been the subjec
intense theoretical and experimental interest.1 The mismatch
of spin currents at the interface between two ferromagn
~F! electrodes with antiparallel spin polarizations produce
larger contact resistance than a junction with parallel po
izations, leading to tunneling magnetoresistance in
junctions2,3 and giant magnetoresistance~GMR! in
multilayer structures.4,5 Systems displaying GMR hav
shown other magnetotransport effects including substan
magnetothermopower6–15 with a strong temperature depe
dence. Thermoelectric effects have also been discussed i
context of spin injection across a ferromagnet
paramagnetic junction.16

The Mott formula17 S52(p2kB
2T/3e)(] ln s(e)/]e)eF

re-

lates the thermopowerS of a system to the derivative with
respect to energy of the electrical conductivity,s(e), near
the Fermi energyeF so that, in metals,S typically contains a
small parameter such askBT/eF . In magnetic multilayers
with highly transparent interfaces, the Mott formula has be
used as a basis for theories of transport that explain the
gin of the magnetothermopower effect as due to either
difference in the energy dependence of the density of st
for majority- and minority-spin bands in ferromagnet
layers13,18 or a different efficiency of electron-magnon sca
tering for carriers in opposite spin states.8 In particular, the
electron-magnon interaction in a ferromagnetic layer was
corporated to explain the observation8 of a strong tempera
ture dependence ofS(T) and gave, theoretically, a muc
larger thermopower in the parallel configuration of multila
ers with highly transparent interfaces than in the antipara
one, SP@SAP . For tunnel junctions, magnon-assisted p
cesses have been studied both theoretically19 and
experimentally20 with a view to relate nonlinearI (V) char-
acteristics to the density of states of magnonsV(v) as
d2I /dV2}V(eV).
0163-1829/2002/66~13!/134424~8!/$20.00 66 1344
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In this paper we investigate a model of the electro
magnon interaction assisted thermopower in a mesosc
size ferromagnet/insulator/ferromagnet tunnel junctio
which yields a different prediction. The bottleneck of bo
charge and heat transport lies in a small-area tunnel con
between ferromagnetic metals held at different temperatu
The thermopower is generated in the course of ther
equilibration between two baths of magnons as mediated
electrons, and in the relatively high resistance antipara
~AP! configuration of a ferromagnetic tunnel junction, it d
pends on the difference between the size of the majority-
minority-band Fermi surfaces. For a momentum-conserv
tunneling model we find that

SAP'2
kB

e

~P12P2!

2P2
dm~T!, ~1!

dm~T!5
3.47

j S kBT

vD
D 3/2

, ~2!

whereP1 (P2) is the area of the maximal cross section
the Fermi surface of majority~minority! electrons in the
plane parallel to the interface (P1.P2). The function
dm(T) is the fractional change in the magnetization of t
reservoirs due to thermal magnons at temperatureT ~Bloch’s
T3/2 law!, j is the spin of localized moments, andvD is the
magnon Debye energy. On the other hand, we find that
contribution of magnon-assisted tunneling to the th
mopower of a parallel configuration is negligible.

As an extreme example, the magnetothermopower ef
is most pronounced in the case of half-metallic ferromagn
where the exchange spin splittingD between the majority
and minority conduction bands is greater than the Fermi
ergy eF measured from the bottom of the majority band a
the Fermi density of states in the minority band is zero.
the antiparallel configuration of such a junction, where t
emission or absorption of a magnon would lift the sp
blockade of electronic transfer between ferromagnetic m
©2002 The American Physical Society24-1
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als, we predict a large thermopower effect, whereas in
lower-resistance parallel configuration thermopower is re
tively weak21:

SAP'20.64
kB

e
,

SP

SAP
;

kBT

eF
. ~3!

This is because the contribution of magnon-assisted trans
to the thermopower in the parallel configurationSP is zero
and the thermopower only arises from the energy dep
dence of the electronic density of states near the Fe
energy.

The magnon-assisted processes that we consider are
lar to those discussed in Ref. 19 in relation to the magn
contribution to the nonlinear conductance. In a ferromagn
tunnel junction in the antiparallel configuration, the elas
contribution to the conductance is suppressed by the m
match of spin currents at the interface. However, it is p
sible to lift spin current blockade while conserving the ov
all spin of the system by emitting or absorbing magnons.
example, the change of spin that occurs when a mino
carrier flips and occupies a majority state is compensated
by an opposite change of spin due to magnon emission. A
result, the spin current carried by electrons crossing an in
face between oppositely polarized ferromagnets is car
further by the flow of magnons~spin waves!.

Microscopically, a typical magnon-assisted process t
contributes to the thermopower in the antiparallel configu
tion, Eqs.~1! and~3!, is shown schematically in Fig. 1. Her
the majority electrons on the left-hand side of the junct
are ‘‘spin up’’ and the majority electrons on the right a
‘‘spin down.’’ The transition begins with a spin-up majorit

FIG. 1. Schematic of magnon-assisted tunneling via an inter
diate minority state. This example shows a transition from an ini
majority state on the left to a final majority state on the right acr
a junction in an antiparallel configuration.~a! The process begins
with a spin-up majority electron on the left, which then tunne
through the barrier~without spin flip! into an intermediate, virtua
state with spin-up minority polarization on the right.~b! The elec-
tron emits a magnon~wavy line! and incorporates itself into a pre
viously unoccupied state in the spin-down majority band on
right.
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electron on the left, which then tunnels through the barr
~without spin flip! into an intermediate, virtual state wit
spin-up minority polarization on the right@Fig. 1~a!#. In the
final step, Fig. 1~b!, the electron emits a magnon and inco
porates itself into a previously unoccupied state in the sp
down majority band on the right. In our approach, we ta
into account such inelastic tunneling processes that invo
magnon emission and absorption on both sides of the in
face, as well as elastic electron transfer processes, in ord
obtain a balance equation for the currentI (V,DT) as a func-
tion of bias voltageV and of the temperature dropDT. In
the linear response regime the electrical current may
written as

I 5GVV1GDTDT, ~4!

whereGV is the electrical conductance andGDT is a thermo-
electric coefficient describing the response to a tempera
difference. Under conditions of zero net current, the th
mopower coefficient is

S52
V

DT
5

GDT

GV
. ~5!

The paper is organized as follows. In Sec. II we introdu
the model and technique used for describing a tunnel ju
tion and we calculate the thermopower in the AP configu
tion. We present a detailed description of two different mo
els of the interface: a uniformly transparent interface wh
the component of momentum parallel to the interface is c
served and a randomly transparent interface. In Sec. III
demonstrate that the contribution of magnon-assisted tun
ing to the thermopower of a parallel~P! configuration is
negligible. In Sec. IV we discuss the magnetothermopow
give an order of magnitude estimate of the size of the effe
and present results for the magnetothermopower of a ju
tion between two half-metallic ferromagnets.

II. THERMOPOWER OF AN ANTIPARALLEL JUNCTION

A. Description of the model

Our initial aim is to write a balance equation for the cu
rent in terms of occupation numbers of electro
nL(R)(eka)5$exp@(eka2eF

L(R))/(kBTL(R))#11%21 and of
magnonsNL(R)(q)5$exp@vq /(kBTL(R))#21%21 on the left-
~right-! hand side of the junction, whereTL(R) is the tempera-
ture on the left-~right-! hand side,eF

L2eF
R52eV, andvq is

the energy of a magnon of wave vectorq. In the following
we setTL5T andTR5T2DT and we shall speak through
out in terms of the transfer of electrons with charge2e. The
indexa5$1,2% takes account of the splitting of conductio
band electrons into majorityek1 and minorityek2 subbands,
eka5ek2aD/2, whereek is the bare electron energy andD
is the spin splitting energy.

In an AP junction, we assume that the majority electro
on the left-hand side of the junction are ‘‘spin up’’ and th
majority electrons on the right are ‘‘spin down.’’ The tota
Hamiltonian of the system is

H5HF
L1HF

R1HT , ~6!
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HT5 (
kk8a

@ tk,k8cka
† ck8ā1tk,k8

* ck8ā
†

cka#, ~7!

whereHT is the tunneling Hamiltonian,22–24which is written
in terms of creation and annihilation Fermi operatorsc† and
c. Hereā[2a and we assume that spin is conserved wh
an electron tunnels across the interface. The tunneling ma
elementstk,k8 describe the transfer of an electron with wa
vectork on the left to the state withk8 on the right. We will
considertk,k8 to be a symmetric matrix of the form

tk,k85 t̃ kuu ,k8uuUh2vL
z~k!vR

z ~k8!

L2 U1/2

, ~8!

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

tron velocity perpendicular to the interface andeL,R(k) de-
notes the electron energy dispersion in the electrodes. In
model fort, we neglect its explicit energy dependence. Ho
ever, t̃ kuu ,k8uu

can describe both clean and diffusive interfac

by taking into account the conservation ofkuu , the compo-
nent of momentum parallel to the interface.

The termHF
L(R) is the Hamiltonian of the ferromagneti

electrode on the left~right! side of the junction in the ab
sence of tunneling. We use the so calleds-f (s-d) model,25,26

which assumes that magnetism and electrical conduction
caused by different groups of electrons that are coupled
an intra-atomic exchange interaction, although we note
the same results, in the lowest order of electron-magnon
teractions, may be obtained from a model of itinera
ferromagnets.27 The magnetism originates from inner atom
shells~e.g.,d or f ) which have unoccupied electronic orbi
als and, therefore, possess magnetic moments wherea
conduction is related to electrons with delocalized wa
functions. Using the Holstein-Primakoff transformation28 the
operators of the localized moments in the interaction Ham
tonian can be expressed via magnon creation and anni
tion operatorsb†,b. At low temperatures, where the avera
number of magnons is small^b†b&!2j (j is the spin of the
localized moments!, the Hamiltonian of the ferromagne
HF

L(R) can be written as follows:

HF
L(R)5He

L(R)1Hm
L(R)1Hem

L(R) , ~9!

He
L(R)5(

ka
ekacka

† cka , eka5ek2aD/2, ~10!

Hm
L(R)5(

q
vqbq

†bq , vq505v0 , ~11!

Hem
L(R)52

D

A2jN (
kq

@ckÀq1
† ck2bq

†1ck2
† ckÀq1bq#.

~12!

The first termHe
L(R) , Eq. ~10!, deals with conduction band

electrons which are split into majorityek1 and minorityek2

subbands due tos-f (s-d) exchange. The Hamiltonian
Hm

L(R) , Eq. ~11!, describes free magnons with spectrumvq
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which in the general case has a gapvq505v0. The third
term Hem

L(R) , Eq. ~12!, is the electron-magnon coupling re
sulting from the intra-atomic exchange interaction betwe
the spins of the conduction electrons and the localized m
ments.

The calculation is performed using standard second-o
perturbation theory.29 We write the total Hamiltonian, Eq
~6!, as H5H01V, where the perturbationV5HT1Hem

L

1Hem
R is the sum of the tunneling Hamiltonian and th

electron-magnon interactions in the electrodes. First-or
terms provide an elastic contribution to the current that
not involve any change of the spin orientation of the itinera
electrons, while second-order terms account for inelas
magnon-assisted processes.

B. Elastic contribution to the current

The first-order contribution to the current, in antiparal
configuration, arises from elastic tunneling without any sp
flip between a majority conduction electron state on one s
of the junction and a minority state on the other. Consider
example an initial state consisting of an additional major
spin-up electron on the left with wave vectorkL and energy
ekL1 . This electron can tunnel, with matrix elementtLR* ,

into a minority spin up state on the right with wave vectorkR
and energyekR2 . In addition there is a second process whi
is a transition between the same two states, but in the rev
order, giving a contribution to the current with an oppos
sign. Together, the two processes give a balance equatio
the first-order contribution to the current between the ma
ity band on the left and the minority on the right. In additio
there are two first-order processes that result in transiti
between the minority band on the left and the majority on
right. Overall, the first-order contribution to the current
I AP

(1) where

I AP
(1)524p2

e

hE2`

1`

de (
kLkR

(
a5$6%

utkL ,kR
u2d~e2ekLa!

3d~e2eV2ekRā!$nL~ekLa!@12nR~ekRā!#

2@12nL~ekLa!#nR~ekRā!%, ~13!

andā[2a. Neglecting terms that contain the small para
eterkBT/eF , the current may be written as

I AP
(1)'

e2

h
V~T121T21!. ~14!

For convenience we have grouped all information about
nature of the interface into a parameterT aa8 ,

T aa8'4p2 (
kLkR

utkL ,kR
u2d~e2ekLa

!d~e2ekRa8!, ~15!

which is equivalent to the sum over all scattering chann
between spin statesa on the left anda8 on the right, of the
transmission eigenvalues usually introduced in the Landa
formula,30–32 although we restrict ourselves to the tunneli
regime in this paper. Later we will employ models of tw
4-3
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EDWARD McCANN AND VLADIMIR I. FAL’KO PHYSICAL REVIEW B 66, 134424 ~2002!
types of interface explicitly: a uniformly transparent inte
face where the component of momentum parallel to the
terface is conserved and a randomly transparent interfac

C. Magnon-assisted contribution to the current

Below we describe processes which contribute
magnon-assisted tunneling. For convenience, we divide t
into two groups that we label as ‘‘electron’’ and ‘‘hole’’ pro
cesses. In electron processes, an increase in the numb
magnons in one electrode is achieved by accepting elect
from the other electrode whereas, in hole processes, an
crease in the number of magnons in one electrode is achi
by injecting electrons into the other electrode.

The electron processes are shown schematically in Fig
The straight lines show the direction of electron trans
whereas the wavy lines denote the emission or absorptio
magnons. The processes are drawn using the rule, appr
ate for ferromagnetic electron-magnon exchange, that
electron in a minority state scatters into a majority state
emitting a magnon. The electron processes in Fig. 2 invo
transitions from majority initial states to majority final stat
via an intermediate, virtual state in the minority band. F
example, process~i!, which is the same as the process sho
in more detail in Fig. 1, begins with a spin-up majority ele
tron on the left with wave vectorkL and energyekL1 . Then,
this electron tunnels across the barrier~without spin flip! to
occupy a virtual, intermediate state with wave vectorkR in
the spin-up minority band on the right as depicted in the ri
part of Fig. 1~a! with energyekR2 . The energy difference

between the states isekR
2ekL

1D so that the matrix elemen
for the transition contains an energy in the denominator
lated to the inverse lifetime of the electron in the virtu
state. ForkBT,eV!D, when both initial and final electron
states should be taken close to the Fermi level, only lo
wavelength magnons can be emitted, so that the energy
cit in the virtual states can be approximated asekR

2ekL

1D'D. As noticed in Refs. 25,33, and 34, this cancels
the large exchange parameter since the same electron

FIG. 2. Schematic of four electron-type processes, across a j
tion in the antiparallel configuration, which involve transitions fro
majority initial to majority final states via a virtual intermedia
state in the minority band:~i! and~iii ! involve magnon emission on
the right and left hand sides, respectively, whereas~ii ! and ~iv!
involve magnon absorption on the right and left.
13442
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spin-exchange constant appears both in the splitting betw
minority and majority bands and in the electron-magn
coupling.

The second part of the transition is sketched in Fig. 1~b!
where the electron in the virtual minority spin-up state inc
porates itself into a state in the majority spin-down band
the right by emitting a magnon, which is shown as a flip
one of the localized moments. The wave vector of the el
tron in the final state isk8 and the total energy of the fina
~many-body! state isek812vq . Similar considerations en
able us to write down the contribution to the current from
the electron processes in Fig. 2. We group the processes
pairs which involve transitions between the same series
states, but in the opposite time order so that they giv
current with different signs; hence their sum gives a bala
equation. The contributions to the current of the processe~i!
and ~ii !, labeled asI AP

(i,ii) , are given by

I AP
(i,ii) 524p2

e

hE2`

1`

de (
kLk8q

utkL ,k8u
2

2jN d~e2ekL1!

3d~e2eV2ek812vq!$nL~ekL1!@12nR~ek81!#

3@11NR~q!#2@12nL~ekL1!#nR~ek81!NR~q!%,

~16!

whereq5kR2k8. The processes~iii ! and ~iv! are similar to
processes~i! and ~ii !, respectively, except that electrons i
teract with magnons in the left electrode:

I AP
(iii,iv) 524p2

e

hE2`

1`

de (
k8kRq

utk8,kR
u2

2jN d~e2eV2ekR1!

3d~e2ek812vq!$2nR~ekR1!@12nL~ek81!#

3@11NL~q!#1@12nR~ekR1!#nL~ek81!NL~q!%,

~17!

whereq5kL2k8. Energies on the right are shifted byeV to
take account of the voltage difference across the junction

An example of a hole process is shown in detail in Fig
3~a! and 3~b!, and Fig. 3~c! shows the same process,~v!, plus
other hole processes~vi!, ~vii !, and~viii !. The hole processe
involve transitions from minority initial to minority final
states via a virtual intermediate state in the majority band
contrast to the electron processes, an increase in the nu
of magnons in one electrode is achieved by injecting el
trons into the other electrode. As an example we describ
detail the calculation of the matrix element for process~v!
shown in Figs. 3~a! and 3~b!. The initial state has an addi
tional spin-down minority electron near the Fermi level
the left @left part of Fig. 3~a!# with wave vectorkL . The first
step in the transition is the creation of an empty state be
the Fermi level in the spin-down majority band on the rig
with wave vectorkR by the absorption of a magnon, wav
vector q, to elevate a spin-down majority electron up to
spin-up minority state above the Fermi level on the rig
with wave vectork8 @right part of Fig. 3~a!#. The second part
of the transition is sketched in Fig. 3~b! where the spin-down
minority electron on the left tunnels across the barrier~with-
out spin flip! to occupy the empty spin-down majority sta

c-
4-4
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on the right. The contributions to the current from proces
~v! and ~vi!, I AP

(v,vi) , and from processes~vii ! and ~viii !,
I AP

(vii,viii) , are

I AP
(v,vi)524p2

e

hE2`

1`

de (
kLk8q

utkL ,k8u
2

2jN d~e2ekL2!

3d~e2eV2ek821vq!

3$nL~ekL2!@12nR~ek82!#NR~q!

2@12nL~ekL2!#nR~ek82!@11NR~q!#%, ~18!

I AP
(vii,viii) 524p2

e

hE2`

1`

de (
k8kRq

utk8,kR
u2

2jN

3d~e2eV2ekR2! d~e2ek821vq!

3$2nR~ekR2!@12nL~ek82!#NL~q!

1@12nR~ekR2!#nL~ek82!@11NL~q!#%, ~19!

FIG. 3. Schematic of hole-type processes of magnon-ass
tunneling from an initial minority state to a final minority state v
an intermediate majority state.~a! A typical process begins with the
absorption of a magnon~wavy line! to elevate a spin-down majority
electron below the Fermi levelEF on the right up to a spin-up
minority state aboveEF , creating an empty state belowEF in the
spin-down majority band.~b! A spin-down minority electron on the
left tunnels across the barrier~without spin flip! to occupy the
empty spin-down majority state on the right.~c! The same proces
~v! plus remaining hole processes:~v! and ~vii ! involve magnon
absorption on the right and left hand sides, respectively, whe
~vi! and ~viii ! involve magnon emission on the right and left.
13442
s

To make our analysis transparent, we rewrite the magn
assisted current as the sum of two parts,

I AP5I AP
(i,ii) 1I AP

(iii,iv) 1I AP
(v,vi)1I AP

(vii,viii) 5I AP
spont1I AP

stim,

the first of which, labeledI AP
spont, does not contain any mag

non occupation numbers and represents spontaneous e
sion processes,

I AP
spont52

e

h

~T111T22!

2jN E
2`

1`

deE
0

`

dv V~v!

3$nL~e!@12nR~e2eV2v!#

2@12nL~e2v!#nR~e2eV!%, ~20!

whereV(v)5(qd(v2vq) is the magnon density of state
that we assume to be the same on both sides of the junc
Since our main aim is to demonstrate the existence of
effect, we choose the simple example of a bulk, thr
dimensional magnon density of states. We assume a
dratic magnon dispersionvq5Dq2 and apply the Debye ap
proximation with a maximum magnon energyvD
5D(6p2/v)2/3 where v is the volume of a unit cell. This
enables us to express the magnon density of states
V(v)5(3/2)Nv1/2/vD

3/2. The termI AP
spont is only nonzero for

finite voltage. We calculate it in two different limits, th
small temperature differenceDT!T and large temperature
differenceDT5T,TR50:

I AP
spont5

e2

h

V

j
~T111T22!S kBTL

vD
D 3/23

4
GS 3

2D zS 3

2D
3H 1, DT!T,

22A2, DT5T,
~21!

whereG(x) is the gamma function andz(x) is Riemann’s
zeta function.35

The second term, labeledI AP
stim, contains all the magnon

occupation numbers and it represents absorption and st
lated emission processes,

I AP
stim52

e

h

1

2jNE
2`

1`

deE
0

`

dv V~v!$@nL~e!

2nR~e2eV1v!#@T11NL~v!1T22NR~v!#

1@nL~e!2nR~e2eV2v!#

3@T11NR~v!1T22NL~v!#%. ~22!

It vanishes in the limit of zero temperature on both sides
the junction, but is nonzero for zero bias voltage in the pr
ence of a temperature difference.I AP

stim may be written explic-
itly for arbitrary bias voltage and temperatures,

I AP
stim5

e

h

3

4jvD
3/2H eV~T111T22!GS 3

2D zS 3

2D @~kBTL!3/2

1~kBTR!3/2#2~T112T22!GS 5

2D zS 5

2D @~kBTL!5/2

2~kBTR!5/2#J . ~23!

ed

as
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D. Calculation of the thermopower

The thermopowerSAP is determined by setting the tota
current to zero,I AP

(1)1I AP
spont1I AP

stim50, and finding the voltage
V induced by the temperature differenceDT, SAP5
2V/DT. In general we find

SAP52
kB

e

C~T112T22!dm~T!

@T121T211B~T111T22!dm~T!#
.

~24!

This is the main result of the paper, describing junctio
between ferromagnets of arbitrary polarization strength ra
ing from weak ferromagnets to half-metals. The factorsC
andB are dependent on the ratioDT/T. We evaluate them in
the limits of small,DT!T, and large,DT5TL5T, TR50,
temperature differences:

C5

zS 5

2D
zS 3

2D 3H 15/8, DT!T,

3/4, DT5T,
~25!

B5H 3/2, DT!T,

~32A2!/2, DT5T.
~26!

The functiondm(T) in Eq. ~24! is the change in the magne
tization due to thermal magnons at temperatureT ~Bloch’s
T3/2 law!,36

dm~T!5
1

jNE
0

`

dv V~v!NL~v!

5
3

2j
GS 3

2D zS 3

2D S kBT

vD
D 3/2

. ~27!

The thermopower is finite because the currentI AP
stim contains a

term @last line in Eq.~23!# that depends on the temperatu
difference. It arises from the difference in the thermal dis
bution of magnonsNL(v)2NR(v) and the process of ther
mal equilibration between two baths of magnons held at
ferent temperatures, which is mediated by electrons, res
in a current. The origin of the factorT112T22 in the nu-
merator of Eq.~24! can be understood in the following wa
In the electron processes in Fig. 2, which contribute toT11 ,
an increase in the number of magnons in one electrod
achieved by accepting electrons from the other electrode
the other hand, in the hole processes in Fig. 3, which c
tribute toT22 , an increase in the number of magnons in o
electrode is achieved by injecting electrons into the ot
electrode. Hence the contributions ofT11 andT22 propor-
tional to DT in the current Eq.~23! appear with opposite
signs.

The sign of the thermopower, Eq.~24!, is specified for
electron ~charge2e) transfer processes and under the
sumption that the exchange between conduction band
core electrons has a ferromagnetic sign. For antiferrom
netic exchange, the overall sign of the thermopower wo
be opposite. For example, processes~i! and ~ii ! in Fig. 2
would involve magnons on the opposite side of the juncti
13442
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hence the currentI AP
(i,ii) would be determined by magnon oc

cupation numbersNL(q). Note also that we considered
bulk, three-dimensional magnon density of states, but in g
eral the magnitude and sign of the thermopower will depe
on the magnon spectrum.

1. Uniformly transparent interface

We model different types of interface by introducing
dependence of the tunneling matrix elementstkL ,kR

on the

wave vectorskL5(kL
uu ,kL

z) andkR5(kR
uu ,kR

z ), wherekL(R)
uu is

the component parallel to the interface andkL(R)
z is the per-

pendicular component. For a uniformly transparent interfa
of areaA such that the parallel component of momentum
conserved, we set the dimensionless tunneling factor, Eq.~8!,
equal to

u t̃ kL
uu ,kR

uu u25utu2dkL
uu ,kR

uu , ~28!

so that

T aa8'4p2utu2
A

h2
min$Pa ,Pa8%, ~29!

wheret represents the transparency of the interface andPa
is the area of the maximal cross section of the Fermi surf
of spins a, P1.P2.0. Then T125T215T22

54p2utu2(AP2 /h2) and T1154p2utu2(AP1 /h2). In the
regime 1@(11P1 /P2) dm(T), the thermopower, Eq
~24!, simplifies as

SAP52C
kB

e

~P12P2!

2P2
dm~T!. ~30!

2. Diffusive tunnel barrier

We use a model34 for describing a strongly nonuniform
interface which is transparent in a finite number of poin
only, randomly distributed over an areaA. Each transparen
point is treated as a defect which causes electron scatterin
the plane parallel to the interface and the tunneling ma
element is a matrix element of the total scattering poten
determined with the use of plane waves,

t̃ k
L
uu ,k

R
uu5

a

A (
j

t jexp@ i\21~kL
uu2kR

uu !•r j #, ~31!

where r j is the position of thej th contact with areaa
;lF

2 . A product of two tunneling matrix elements, averag
with respect to the position of each defect, will be large on
if the total phase shift is zero which corresponds to scatte
from the same defect,

^u t̃ kL
uu ,kR

uu u2&5S a

AD 2

utu2, ~32!

where a/A accounts for a reduced effective area andutu2
5( j ut j u2 is an effective transparency. This means that
4-6
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T aa8'4p2utu2S aPa

h2 D S aPa8

h2 D . ~33!

We assume that the densities of states in the spin banda are
equal on both sides of the junction so thatT125T21 . In the
regime 1@(P1 /P21P2 /P1) dm(T), the thermopower
Eq. ~24! simplifies as

SAP52C
kB

e

~P1
2 2P2

2 !

2P1P2
dm~T!. ~34!

III. THERMOPOWER OF A PARALLEL JUNCTION

For parallel orientation of the magnetic polarizations
the ferromagnets, we find that the contribution of magn
assisted tunneling to the thermopower is zero~upto the low-
est order in the electron-magnon interaction!. We consider
the majority electrons on both sides of the junction to be s
up and the minority electrons to be spin down, and the te
nical details of the calculation of the current are similar
those described previously for the antiparallel orientati
There is a first-order, elastic contributionI P

(1) ,

I P
(1)'

e2

h
V~T111T22!1OS e

h

kB
2TDT

eF
D , ~35!

involving tunneling between majority states on the left a
right, T11 , and tunneling between minority states,T22 ,
without any spin-flip processes. The first term in Eq.~35!
corresponds to a large current response to finite volt
whereas the second term arises from the energy depend
of the electronic density of states near the Fermi energy.

To the lowest order in the electron-magnon interact
there are eight magnon-assisted tunneling processes w
are shown schematically in Fig. 4. The top four proces
~i!–~iv! involve transitions between minority states on t
left and majority states on the right, whereas the lower f
processes~v!–~viii ! involve transitions between majorit
states on the left and minority states on the right. The ove
contribution to the thermopower is zero because the sti
lated emission part of the current does not depend on
temperature difference across the junction,

I P
stim5

e

h

3

4jvD
3/2H eV~T121T21!GS 3

2D zS 3

2D @~kBTL!3/2

1~kBTR!3/2#2~T122T21!GS 5

2D zS 5

2D @~kBTL!5/2

1~kBTR!5/2#J . ~36!

This can be understood by examining the processes in Fi
The top four processes~i!–~iv!, which have minority states
on the left and majority on the right, all produce terms p
portional toT21 . Two of them,~i! and~ii !, are electron-type
processes in which an increase~decrease! in the number of
magnons on the right is achieved by accepting~injecting!
electrons from~into! the left, but the other two~iii ! and ~iv!
13442
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-

are hole-type processes in which an increase~decrease! in
the number of magnons on the left is achieved by inject
~accepting! electrons into~from! the right. Therefore the
term proportional toT21 in the last line ofI P

stim, Eq. ~36!,
does not depend on the temperature difference but a
(kBTL)5/21(kBTR)5/2. The same is true for the lower fou
processes in Fig. 4,~v!–~viii !, which produce terms propor
tional to T12 .

IV. CONCLUSION

As shown above, the thermopower of a tunnel F-F jun
tion in the parallel configuration,SP;kB

2T/(eeF), is smaller
than the contribution of magnon-assisted transport to
thermopowerSAP in the antiparallel configuration, Eq.~1!.
As the relative polarizations of ferromagnetic layers can
manipulated by an external magnetic field, the large diff
enceDS5SAP2SP results in a magnetothermopower effec
As a rough estimate, we takeeF55eV and dm57.5
31026 T3/2 ~for a ferromagnet such as Ni, Ref. 36! to give
SAP;23 mV K21 andSP;0.5 mV K21 at T5300 K.

As an extreme example, we predict a giant magnetoth
mopower for a junction between two half-metallic ferroma
nets. In a half-metal the splittingD between the majority and
minority conduction bands is greater thaneF measured from
the bottom of the majority band so that only majority carrie

FIG. 4. Schematic of magnon-assisted tunneling across a j
tion with ferromagnetic electrodes in the parallel configuratio
Eight processes which, to lowest order in the electron-magnon
teraction, contribute to magnon-assisted tunneling.~i!–~iv! involve
transitions between minority states on the left and majority state
the right via a virtual intermediate state.~v!–~viii ! involve transi-
tions between majority states on the left and minority states on
right via a virtual intermediate state.
4-7
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are present at the Fermi energy. In this caseT125T21

5T2250 in Eq. ~24! and, in the linear regimeDT!TL ,

SAP520.64
kB

e
, SP;

kB
2T

eeF
. ~37!

This result is independent of temperature and of the spe
half-metallic material, and it represents a giant magnetot
mopower effectDS'SAP'255 mV K21.

A strong polarization dependence of the thermopow
DS'SAP , enables one to separate the interface contribu
to the thermopower from effects arising from a finit
temperature gradient in the reservoirs. We assume in
analysis that phonon-mediated heat conduction is m
lower than the electronic one and that a fast tempera
los

.
Re
,

.A

h

J

n

,

,

y

hy

B

.

13442
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equilibration inside the ferromagnetic metal makes a fin
temperature drop across the tunnel barrier possible. Furt
more, the predicted interface magnetothermopower will
most pronounced in a geometry where the bottleneck
electron transport is also the bottleneck for thermal transp
in a small-area mesoscopic junction, ideally, in a suspen
scanning-tunneling-microscope-type~STM-type! geometry.
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