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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 thermapow@epends on
the difference between the sitk, | of the majority- and minority-band Fermi surfaces and it is proportional
to a temperature-dependent factd{/wp)*? where wp 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 T%2 law). In contrast, the contribution of magnon-assisted tunneling to the thermor&sef a
junction with parallel polarizations is negligible. As the relative polarizations of ferromagnetic layers can be
manipulated by an external magnetic field, a large differeA@=Syp—Sp~Spp~ —(kg/€)f(IL; ,II))

X (kg T/ wp)*? results in a magnetothermopower effect. This magnetothermopower effect becomes giant in the
extreme case of a junction between two half-metallic ferromagnieds; — kg /e.
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[. INTRODUCTION In this paper we investigate a model of the electron-
magnon interaction assisted thermopower in a mesoscopic
Spin-polarized transport has recently been the subject gfize ferromagnet/insulator/ferromagnet tunnel junction,
intense theoretical and experimental intefeBhe mismatch ~ which yields a different prediction. The bottleneck of both
of spin currents at the interface between two ferromagneti€harge and heat transport lies in a small-area tunnel contact
(F) electrodes with antiparallel spin polarizations produces &etween ferromagnetic metals held at different temperatures.
larger contact resistance than a junction with parallel polarIn€ thermopower is generated in the course of thermal
izations, leading to tunneling magnetoresistance in F-Fequilibration between two baths of magnons as mediated by
junctiong® and giant magnetoresistancéGMR)  in eIectrons,_ and_ln the relatively hlg.h resistance gntlparallel
multilayer structure4® Systems displaying GMR have (AP) configuration of a ferromagnetic tunnel junction, it de-

shown other magnetotransport effects including substantlaﬁendsf on the dlffere_nce between the size of the majority ?‘”d
15 . minority-band Fermi surfaces. For a momentum-conserving
magnetothermopow®t'® with a strong temperature depen- . :
. . . .tunneling model we find that
dence. Thermoelectric effects have also been discussed in the

context of spin injection across a ferromagnetic- kg (1, —T1_)

paramagnetic junctiotf. Spp~— — o om(T), (€N)
The Mott formuld” S=— (7?k5T/3e) (3 In o(€)/de)., re- © -

lates the thermopowes of a system to the derivative with 3.47(kgT) 32

respect to energy of the electrical conductivity,e), near om(T)= T(w_o> ) 2

the Fermi energyg so that, in metalsS typically contains a
small parameter such dgT/ex. In magnetic multilayers wherelIl, (I1_) is the area of the maximal cross section of
with highly transparent interfaces, the Mott formula has beerthe Fermi surface of majorityminority) electrons in the
used as a basis for theories of transport that explain the orplane parallel to the interfacell(, >I1_). The function

gin of the magnetothermopower effect as due to either th&m(T) is the fractional change in the magnetization of the
difference in the energy dependence of the density of statagservoirs due to thermal magnons at temperafu@och’s

for majority- and minority-spin bands in ferromagnetic T2 law), ¢ is the spin of localized moments, aag, is the
layers>*8 or a different efficiency of electron-magnon scat- magnon Debye energy. On the other hand, we find that the
tering for carriers in opposite spin stafel particular, the  contribution of magnon-assisted tunneling to the ther-
electron-magnon interaction in a ferromagnetic layer was inmopower of a parallel configuration is negligible.

corporated to explain the observaffanf a strong tempera- As an extreme example, the magnetothermopower effect
ture dependence dB(T) and gave, theoretically, a much is most pronounced in the case of half-metallic ferromagnets,
larger thermopower in the parallel configuration of multilay- where the exchange spin splittiny between the majority
ers with highly transparent interfaces than in the antiparalleand minority conduction bands is greater than the Fermi en-
one, Sp>S,p. For tunnel junctions, magnon-assisted pro-ergy e measured from the bottom of the majority band and
cesses have been studied both theoretithlland the Fermi density of states in the minority band is zero. In
experimentally® with a view to relate nonlinear(V) char-  the antiparallel configuration of such a junction, where the
acteristics to the density of states of magndRéw) as emission or absorption of a magnon would lift the spin
d?1/dVZ=Q(eV). blockade of electronic transfer between ferromagnetic met-
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electron on the left, which then tunnels through the barrier
® + /:\ (without spin flip into an intermediate, virtual state with
spin-up minority polarization on the rigfFig. 1(a)]. In the
- final step, Fig. 1), the electron emits a magnon and incor-
Rz 7 KA porates itself into a previously unoccupied state in the spin-
NG e down majority band on the right. In our approach, we take
' ' into account such inelastic tunneling processes that involve
0 P DO A A magnon emission and absorption on both sides of the inter-
o\ \4 N face, as well as elastic electron transfer processes, in order to
obtain a balance equation for the curré(¥,AT) as a func-
\\ // \\ 7/ tion of bias voltageV and of the temperature drapT. In
E; \ et the linear response regime the electrical current may be
\\/ \/ written as
+ ¢
tret Rty OV CardTy @

whereGy, is the electrical conductance a@d ; is a thermo-
FIG. 1. Schematic of magnon-assisted tunneling via an intermeelectric coefficient describing the response to a temperature

diate minority state. This example shows a transition from an initialdifference. Under conditions of zero net current, the ther-
majority state on the left to a final majority state on the right acrossmopower coefficient is

a junction in an antiparallel configuratiofe) The process begins

with a spin-up majority electron on the left, which then tunnels V Gt

through the barrietwithout spin flip into an intermediate, virtual S=— AT = Gy ()
state with spin-up minority polarization on the rigkib) The elec- . . v .

tron emits a magnofwavy line and incorporates itself into a pre-  1N€ paper is organized as follows. In Sec. Il we introduce
viously unoccupied state in the spin-down majority band on theth€ model and technique used for describing a tunnel junc-
right. tion and we calculate the thermopower in the AP configura-

tion. We present a detailed description of two different mod-

als, we predict a large thermopower effect, whereas in th&ls of the interface: a uniformly transparent interface where
lower-resistance parallel configuration thermopower is relalh® component of momentum parallel to the interface is con-

tively weak®: served and a randomly transparent interface. In_Sec. " we
demonstrate that the contribution of magnon-assisted tunnel-

K S KaT ing to the thermopower of a paralléP) configuration is
Spp~—0.642, — B (3)  negligible. In Sec. IV we discuss the magnetothermopower,

e Sap  €F give an order of magnitude estimate of the size of the effect,

d present results for the magnetothermopower of a junc-

o I . a
This is because the contribution of magnon-assisted transpo[rign between two half-metallic ferromagnets

to the thermopower in the parallel configuratiSp is zero

and the thermopower only arises from the energy depen—I THERMOPOWER OF AN ANTIPARALLEL JUNCTION
dence of the electronic density of states near the Fermi"

energy. A. Description of the model
The magnon-assisted processes that we consider are simi-

lar to those discussed in Ref. 19 in relation to the magnon Our_ initial aim Is to write a palance equation for the cur-
contribution to the nonlinear conductance. In aferromagneticgent n t:erms of _och(:F%p;altll(or_}_ numbirs_l of glect:cons
tunnel junction in the antiparallel configuration, the elasticn(R){€ka) {exf (e — e )/ (KeTur) 1+ il and o
contribution to the conductance is suppressed by the midN@gNONsNy (g)(Q) ={exfwy/(ksTL(r)]—1} " on the left-
match of spin currents at the interface. However, it is pos!"ght-) hand side of the junction, vI\_/heﬂ'g_(R) is the tempera-
sible to lift spin current blockade while conserving the over-tureé on the left{right-) hand sideeg — = —eV, andwg is

all spin of the system by emitting or absorbing magnons. Fohe energy of a magnon of wave vectprin the following
example, the change of spin that occurs when a minorityve SetT =T andTg=T—AT and we shall speak through-
carrier flips and occupies a majority state is compensated fdut in terms of the transfer of electrons with charge. The

by an opposite change of spin due to magnon emission. As i#dexa={+,—} takes account of the splitting of conduction
result, the spin current carried by electrons crossing an intef?and electrons into majorityi, . and minoritye,_ subbands,
face between oppositely polarized ferromagnets is carriedka= €k— @A/2, whereey is the bare electron energy and
further by the flow of magnonéspin waves is the spin splitting energy.

Microscopically, a typical magnon-assisted process that In an AP junction, we assume that the majority electrons
contributes to the thermopower in the antiparallel configuraon the left-hand side of the junction are “spin up” and the
tion, Egs.(1) and(3), is shown schematically in Fig. 1. Here majority electrons on the right are “spin down.” The total
the majority electrons on the left-hand side of the junctionHamiltonian of the system is
are “spin up” and the majority electrons on the right are LR
“spin down.” The transition begins with a spin-up majority H=Hg+Hg+Hy, (6)
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‘ . t which in the general case has a gag-,=w,. The third
Hy= Z [tk CkaCkat b ki ChraCials (7 term HL® | Eq. (12), is the electron-magnon coupling re-
ki sulting from the intra-atomic exchange interaction between
whereH is the tunneling Hamiltoniaf?~>*which is written  the spins of the conduction electrons and the localized mo-

in terms of creation and annihilation Fermi operatotsand ~ ments.
c. Herea= — o and we assume that spin is conserved when The calculation is performed using standard second-order
an electron tunnels across the interface. The tunneling matriRerturbation theor§” We write the total Hamiltonian, Eq.
elements, ., describe the transfer of an electron with wave (6), as H=Hq+V, where the perturbatiov=H++Hg,,
vectork on the left to the state witk’ on the right. We will +HE . is the sum of the tunneling Hamiltonian and the
considert, - to be a symmetric matrix of the form electron-magnon interactions in the electrodes. First-order
terms provide an elastic contribution to the current that do
not involve any change of the spin orientation of the itinerant
, (8 electrons, while second-order terms account for inelastic,
magnon-assisted processes.

h2? (K)oi(k')| "

L2

Bk = g e

where v (k) =de r(k)/d(k,) are components of elec- _ o
tron velocity perpendicular to the interface aadg(k) de- B. Elastic contribution to the current

notes the electron energy dispersion in the electrodes. In our The first-order contribution to the current, in antiparallel
model fort, we neglect its explicit energy dependence. How-configuration, arises from elastic tunneling without any spin
ever,tkH Ky can describe both clean and diffusive interfacesflip bemeep a majority_con_duction electron state on one side
by taking into account the conservation kyf, the compo- of the junction and a minority state on the other. Consider for
nent of momentum parallel to the interface. example an initial state consisting of an additional majority
The termHE® is the Hamiltonian of the ferromagnetic SPiN-up electron on the left with wave vector and energy
electrode on the leffright) side of the junction in the ab- €k +- This electron can tunnel, with matrix elemetft,
sence of tunneling. We use the so caltefl(s-d) model?®?®  into a minority spin up state on the right with wave vedtgr
which assumes that magnetism and electrical conduction a@nd energy, . . In addition there is a second process which

caused by different groups of electrons that are coupled Vigs a transition between the same two states, but in the reverse
an intra-atomic exchange interaction, although we note thagrder, giving a contribution to the current with an opposite
the same resullts, in the lowest order of electron-magnon insign. Together, the two processes give a balance equation for
teractions, may be obtained from a model of itinerantthe first-order contribution to the current between the major-
ferromagnet$’ The magnetism originates from inner atomic jty hand on the left and the minority on the right. In addition,
shells(e.g.,d or f) which have unoccupied electronic orbit- there are two first-order processes that result in transitions
als and, therefore, possess magnetic moments whereas th&tween the minority band on the left and the majority on the

conduction is related to electrons with delocalized waveright. Overall, the first-order contribution to the current is
functions. Using the Holstein-Primakoff transformatfithe | (1) here

operators of the localized moments in the interaction Hamil-

tonian can be expressed via magnon creation and annihila- ) ,e [ )

tion operatord’,b. At low temperatures, where the average IAp=—4m ﬁf dsz < |tkL,kR| o(e— EkLa)
number of magnons is smab'b)<2¢ (¢ is the spin of the — Kkra=iE)

localized moments the Hamiltonian of the ferromagnet X 6(e—eV—e N (e o) [1—Nr(€x o) ]

HE® can be written as follows: ® ) ®

—[1-n (e o) IR €k} (13

anda=—a. Neglecting terms that contain the small param-
eterkgT/eg, the current may be written as

HER=HL R 4 HLR L HER) (9)

HIé(R) - % €kaclacka ’ €ka= €k aA/Z' (10)

e2
|glg,~FV(T+,+T,+). (14)
L(R) _ t _ . . .
Hm _% ®qPgPg,  @g-0=wo, (1D For convenience we have grouped all information about the
nature of the interface into a parametgy,, ,
A

HLR=— > [cf .. e bl+c] cr_qsbgl. Py 25(e— _

em \/WKEQ [ k—g+“k—"q k—“k—q+ q] ( ) Taa 4 k%R |tk|_rkR| 5(6 ekLa)5(€ EkRa')’ (15)
12

which is equivalent to the sum over all scattering channels,
The first termH5® , Eq. (10), deals with conduction band between spin states on the left ande’ on the right, of the
electrons which are split into majoris . and minoritye transmission eigenvalues usually introduced in the Landauer
subbands due tes-f (s-d) exchange. The Hamiltonian formula°-32although we restrict ourselves to the tunneling
Han(R), Eq. (11), describes free magnons with spectrarp  regime in this paper. Later we will employ models of two
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. . spin-exchange constant appears both in the splitting between
0 ; .| D minority and majority bands and in the electron-magnon

: K : K
K Pk K Pk ;
RS IP. i BV Y] A coupling.

T T The second part of the transition is sketched in Fig) 1
: q B q
LR LL'“> Lt FL"L

where the electron in the virtual minority spin-up state incor-

porates itself into a state in the majority spin-down band on

(iif) (iv) the right by emitting a magnon, which is shown as a flip of

X : " : one of the localized moments. The wave vector of the elec-
ko ke Ko ke tron in the final state i&’ and the total energy of the final

q L + q 2 $ (many-body state ise, , —wy. Similar considerations en-

JP : )—fﬁ ; able us to write down the contribution to the current from all
L*f‘R Lffh{ the electron processes in Fig. 2. We group the processes into

pairs which involve transitions between the same series of

FIG. 2. Schematic of four electron-type processes, across a jungtates, but in the opposite time order so that they give a

tion in the antiparallel configuration, which involve transitions from current with different signs; hence their sum gives a balance

majority initial to majority final states via a virtual intermediate equation. The contributions to the current of the proce@iges

state in the minority bandi) and(iii) involve magnon emission on  and (ii), labeled ad g'g) , are given by

the right and left hand sides, respectively, wheréasand (iv)

involve magnon absorption on the right and left.

[ti rl?

e[+
|§3|\'|I:I,)=—4'7TZHJ‘73c de 2 2§—/\/5(G_EKL+)

. .. . . ki k'q
types of interface explicitly: a uniformly transparent inter-

face where the component of momentum parallel to the in- X 8(e—eV— ekur—wq){nL(ekL+)[1—nR(ekr+)]
terface is conserved and a randomly transparent interface.
X[1+Ngr(@)]=[1=n. (e +)INr( €+ )NR(A)},

C. Magnon-assisted contribution to the current (16

Below we describe processes which contribute towhereq=kgr—k’. The processe§ii) and(iv) are similar to
magnon-assisted tunneling. For convenience, we divide theffocessesi) and (ii), respectively, except that electrons in-
into two groups that we label as “electron” and “hole” pro- teract with magnons in the left electrode:
cesses. In electron processes, an increase in the number of P lter |2
magnons in one electrode is achieved by accepting electrons; (iiiv) — _4772_f de >, ———5(e—eV— €

from the other electrode whereas, in hole processes, an in- h)-= "\ icq 28N

crease in the number of magnons in one electrode is achieved

by injecting electrons into the other electrode. X (€~ €~ wg){ —Nr(ex )1 ()]
The electron processes are shown schematically in Fig. 2.

The straight lines show the direction of electron transfer, X[1+NL(q)]+[1_nR(ekR+)]”L(6k’+)NL(Q)}’

whereas the wavy lines denote the emission or absorption of (17)

magnons. The processes are drawn using the rule, appropri-

v . . .
e fo fertomagnetc electon-magnon exchange, tat LIS K. K Ereies o e IO 2 e ko
electron in a minority state scatters into a majority state b 9 J '

emitting a magnon. The electron processes in Fig. 2 involv% An example of a hole process is shown in detail in Figs.
transitions from majority initial states to majority final states (&) and 3b), and Fig. &) shows the same process), plus

| x i . | i th inority band. F other hole processesi), (vii), and(viii). The hole processes
via an intermediate, virtual state In the minority band. Forjn gye transitions from minority initial to minority final

example, process), which is the same as the process showngiates via a virtual intermediate state in the majority band. In
in more detail in Fig. 1, begins with a spin-up majority elec- contrast to the electron processes, an increase in the number
tron on the left with wave vectdr, and energye, . . Then,  of magnons in one electrode is achieved by injecting elec-
this electron tunnels across the barrfeithout spin flip to  trons into the other electrode. As an example we describe in
occupy a virtual, intermediate state with wave vedtgrin detail the calculation of the matrix element for procéss

the spin-up minority band on the right as depicted in the righshown in Figs. &) and 3b). The initial state has an addi-
part of Fig. 1a) with energy e - The energy difference tional spin-down minority electron near the Fermi level on

between the states is_— €, + A so that the matrix element 1€ left[left part of Fig. 3a)] with wave vectoik, . The first
R L step in the transition is the creation of an empty state below

for the transition contains an energy in the denominator rethe Fermi level in the spin-down majority band on the right
lated to the inverse lifetime of the electron in the virtual yith wave vectorkg by the absorption of a magnon, wave
state. ForkgT,eV<A, when both initial and final electron vector g, to elevate a spin-down majority electron up to a
states should be taken close to the Fermi level, only longspin-up minority state above the Fermi level on the right
wavelength magnons can be emitted, so that the energy defjjith wave vectoik’ [right part of Fig. 3a)]. The second part
cit in the virtual states can be approximated @§— € of the transition is sketched in Fig(l§ where the spin-down
+A~A. As noticed in Refs. 25,33, and 34, this cancels outminority electron on the left tunnels across the bartveith-

the large exchange parameter since the same electron-casat spin flip to occupy the empty spin-down majority state
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FIG. 3. Schematic of hole-type processes of magnon-assiste
tunneling from an initial minority state to a final minority state via

an intermediate majority staté) A typical process begins with the
absorption of a magnofwavy line) to elevate a spin-down majority
electron below the Fermi leve: on the right up to a spin-up
minority state abovés,, creating an empty state beld®g in the
spin-down majority bandb) A spin-down minority electron on the
left tunnels across the barriéwithout spin flip to occupy the
empty spin-down majority state on the riglt) The same process
(v) plus remaining hole processesr) and (vii) involve magnon

.. PHYSICAL REVIEW B6, 134424 (2002

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

— (i iii, IV V,Vi vii,viii) _ spont, |stim
|AP_|(AP)+|(AP )+|(AP)+I(AP )_lApP tlap
the first of which, labeled3™, does not contain any mag-
non occupation numbers and represents spontaneous emis-

sion processes,

e(T. . +T ) (+= (=
spont_ _ 27T T

X{n (e)[1-nr(e—eV-w)]

—[1-n(e—w)]ng(e—eV)}, (20)

where()(w) =2 ,6(w— ) is the magnon density of states
that we assume to be the same on both sides of the junction.
Since our main aim is to demonstrate the existence of an
effect, we choose the simple example of a bulk, three-
dimensional magnon density of states. We assume a qua-
dratic magnon dispersion,= Dg? and apply the Debye ap-
proximation with a maximum magnon energyop
=D(672/v)?® wherev is the volume of a unit cell. This
enables us to express the magnon density of states as
Q(0)=(312)No % »¥?. The termI$F™is only nonzero for
finite voltage. We calculate it in two different limits, the
all temperature differenc&T<T and large temperature
differenceAT=T,Tg=0:

2

e’V keT \%?3 (3| (3
weg e sl
1, AT<T,
X
2—\2, AT=T, 21)

whereI'(x) is the gamma function and(x) is Riemann’s

absorption on the right and left hand sides, respectively, whereaseta functiort®

(vi) and (viii) involve magnon emission on the right and left.

The second term, labeldd™", contains all the magnon
occupation numbers and it represents absorption and stimu-

on the right. The contributions to the current from processesated emission processes,

(v) and (vi), |§1g‘>, and from processesvii) and (viii),
, are

|§§gi>=—4w2§jj:dek§q%5(5—EKL)

X o(e—eV—ew_+wg)

X{n (e —)[1—nr(€c-)INR(Q)

—[1-n.(e ) Inr(ew-)[1+Ng(a)]},  (18)
Vi = —4w2§f+wde > hzg—k]fflz

~*  K'kra

X S(e—eV—g__) e €+ wg)
X{—nr(e - )[1-n (e -)INL(q)
+[1-nr(ex,-) I (e )[1+N(@)]}, (19

stim e 1 o -
IAP :—Hm » dffo do Q(w){[nL(e)

—nNr(e—eV+w)]|[7; N (w)+7  _Ng(w)]
+[n(e)—ngr(e—eV—-w)]

X[ T, +Nr(w)+T__Ni(w)]}. (22

It vanishes in the limit of zero temperature on both sides of
the junction, but is nonzero for zero bias voltage in the pres-
ence of a temperature differendétg“ may be written explic-
itly for arbitrary bias voltage and temperatures,

jsim_ © 3 eV(T, ,+T. )r§§
AP h4§w%/2 ++ —-= 2

3

E)UkBTm’Z
3/ S S 5/2

+(KeTr) 2]—(T++—T——)F(§)§(§)[(kBTL)

- (kBTR)S’ZJ] . (23
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D. Calculation of the thermopower hence the current{) would be determined by magnon oc-

The thermopowesS,p is determined by setting the total cupation numbersN, (q). Note also that we considered a
current to zerolglF)ﬂL@Pgnm/S;g“:o, and finding the voltage bulk, three-dimensional magnon density of states, but in gen-

V induced by the temperature differenc&T, Sxp= eral the magnitude and sign of the thermopower will depend
—V/AT. In general we find on the magnon spectrum.
s kg C(7y4—7__)6m(T) 1. Uniformly transparent interface
AP e [T+ T  +B(T. +T_)om(T)]’ We model different types of interface by introducing a

(24) dependence of the tunneling matrix elemethskR on the
This is the main result of the paper, describing junctionswave vectorskL=(kH,kf) andkR=(k|FL,k§), WherekU(R) is
between ferromagnets of arbitrary polarization strength rangthe component parallel to the interface aufds is the per-
ing from weak ferromagnets to half-metals. The fact6rs pendicular component. For a uniformly transparent interface
andB are dependent on the ratiol/T. We evaluate them in  of areaA such that the parallel component of momentum is

the limits of small, AT<T, and largeAT=T,_ =T, Tg=0,  conserved, we set the dimensionless tunneling factordkg.
temperature differences: equal to

T 2_|4]2

15/8, AT<T, il “= 10 el (29)
X

[3/4, AT=T, @9 5 that

A
312, AT<T, Taar~4w2|tlzﬁmin{ﬂa,Har}, (29
— 26

(3—+/2)/2, AT=T. (26)

The functiondm(T) in Eg. (24) is the change in the magne-
tization due to thermal magnons at temperattiréBloch’s

wheret represents the transparency of the interface ldnd
is the area of the maximal cross section of the Fermi surface
of spins «, II,>I1_>0. Then 7, =7 ,=T7_ _

32 36
T law), —477t|2(AIT_ /h?) and T, , =4=2|t|%(AIl, /h?). In the

1 [ regime B (1+11,/11_) ém(T), the thermopower, Eqg.

M(M=—] do Q(w)N (o) (24), simplifies as
ENJo
3 3 3 kBT 3/2 S ——CkB (H+_H_) s
S o B 1 Bl ap=—C— ——57—— om(T). (30)

The thermopower is finite because the currléﬁf‘ contains a 2. Diffusive tunnel barrier

term[last line in Eq.(23)] that depends on the temperature
difference. It arises from the difference in the thermal distri-. L . - .
interface which is transparent in a finite number of points

bution of magnon#\, (w) —Ngr(w) and the process of ther- s
mal equilibration between two baths of magnons held at dif-on!y' randomly distributed over an aréa ol transparent
oint is treated as a defect which causes electron scattering in

ferent temperatures, which is mediated by electrons, resul e plane parallel to the interface and the tunneling matrix

in a current. The origin of the factdr. , —7- in the nu- element is a matrix element of the total scattering potential
merator of Eq(24) can be understood in the following way. . ) gp
determined with the use of plane waves,

In the electron processes in Fig. 2, which contribut&ta ,
an increase in the number of magnons in one electrode is

achieved by accepting electrons from the other electrode. On Tl = a > tjexqih—l(k“_ kll) - ril, (31)
the other hand, in the hole processes in Fig. 3, which con- LR A

tribute to7_ _, an increase in the number of magnons in one ) - ) _
electrode is achieved by injecting electrons into the othetvherer; is the position of thejth contact with areaa

We use a modét for describing a strongly nonuniform

electrode. Hence the contributions &f . and7_ _ propor- ~ ~Ag . Aproduct of two tunneling matrix elements, averaged
tional to AT in the current Eq(23) appear with opposite With respect to the position of each defect, will be large only
signs. if the total phase shift is zero which corresponds to scattering

The sign of the thermopower, Eq4), is specified for from the same defect,
electron(charge —e) transfer processes and under the as-
sumption that the exchange between conduction band and ~ o[ @ 2 2
core electrons has a ferromagnetic sign. For antiferromag- <|tk“vklp‘z| )= A It
netic exchange, the overall sign of the thermopower would
be opposite. For example, procesggsand (i) in Fig. 2  wherea/A accounts for a reduced effective area dtid
would involve magnons on the opposite side of the junction;=21-|tj|2 is an effective transparency. This means that

(32
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all,)\ [ all, (ii)
Taa/%4’ﬂ'2 t ] qu— 33 k'
t hz) - &) L A
. . : ¢ ¥
We assume that the densities of states in the spin haac: : “\‘LZ
equal on both sides of the junction so that. =7_ ., . In the Lff?R
regime &> (I1,/I1_+1I1_/IT,) ém(T), the thermopower (iv)
Eq. (24) simplifies as N
k, ke
S Sl L (T) (34) o
A=~ oL oM I
* N L4 4R

. THERMOPOWER OF A PARALLEL JUNCTION

For parallel orientation of the magnetic polarizations of
the ferromagnets, we find that the contribution of magnon-
assisted tunneling to the thermopower is zempto the low-
est order in the electron-magnon interacjiowe consider

the majority electrons on both sides of the junction to be spin (vii) (vii)
up and the minority electrons to be spin down, and the tech- K 5 K :
nical details of the calculation of the current are similar to \f\ ki ke \0\ k¢ ke
' v
q

those described previously for the antiparallel orientation. jr‘i *; v S,f' : v
There is a first-order, elastic contributiof”, L 4r L 4R

h

e? (e K3TAT

I(Pl)~ F\/(7—++ +7 H)+0O ) , (35) FIG. 4. Schematic of magnon-assisted tunneling across a junc-

tion with ferromagnetic electrodes in the parallel configuration.
. . . . Eight processes which, to lowest order in the electron-magnon in-
mvolvmg tunneling betv_veen majority S_tate_s on the left andteraction, contribute to magnon-assisted tunneliig(iv) involve
“thy Ty, a”‘?' tu,nnel'ng between m!nor'ty Sta}teﬁ — transitions between minority states on the left and majority states on
without any spin-flip processes. The first term in E85)  he right via a virtual intermediate statez)—(viii) involve transi-

corresponds to a large current response to finite voltaggons petween majority states on the left and minority states on the
whereas the second term arises from the energy dependenggnt via a virtual intermediate state.

of the electronic density of states near the Fermi energy.
To the lowest order in the electron-magnon interaction
there are eight magnon-assisted tunneling processes whi

336 (isvh)om v hi??lmi:t?”r)ll b F’[:/% , Inhlﬁ op fot“: ProcesSetaccepting electrons into(from) the right. Therefore the
- olve transitions betwee ority states on e, ., proportional to7_ ., in the last line ofl3'™, Eq. (36),

left and majority states on the right, whereas the lower fourdoes not depend on the temperature difference but a sum
processes(v)—(viii) involve transitions between majority P P

5/2 5/2 ;
states on the left and minority states on the right. The overalqligzélse: (iﬁBl-:riR) 4'\/;?5"36‘?\,%5 tr;f dfj?:re treemlq?swerg f%ls_r
contribution to the thermopower is zero because the Stimugonal 0T 9. = ' P prop
lated emission part of the current does not depend on thid o

temperature difference across the junction,

re hole-type processes in which an incre@&creasgin
e number of magnons on the left is achieved by injecting

IV. CONCLUSION

e 3 3\ (3
|§'mzﬁ —3/2[eV(7'+_+T_+)F<§> g"(z)[(kBTL)y2 As shown above, the thermopower of a tunnel F-F junc-
4¢wp tion in the parallel configuratior8p~kéT/(eeF), is smaller
5\ (5 than the contribution of magnon-assisted transport to the
+(kBTR)3’2]—(T+_—T_+)F(§) g( E)[(kBTL)S’Z thermopowerS,p in the antiparallel configuration, Eql).
As the relative polarizations of ferromagnetic layers can be
manipulated by an external magnetic field, the large differ-
+ (kBTR)Slz]] : (36)  enceAS=S,p— Sp results in a magnetothermopower effect.
As a rough estimate, we taker=5eV and ém=7.5
This can be understood by examining the processes in Fig. 4 10~ T%2 (for a ferromagnet such as Ni, Ref.)3® give
The top four processe$)—(iv), which have minority states Sap~—3 uVK ! andSp~0.5 uVK ™! at T=300 K.
on the left and majority on the right, all produce terms pro- As an extreme example, we predict a giant magnetother-
portional to7_ . . Two of them,(i) and(ii), are electron-type mopower for a junction between two half-metallic ferromag-
processes in which an increa@kecreasein the number of nets. In a half-metal the splittiny between the majority and
magnons on the right is achieved by acceptiimgecting minority conduction bands is greater thanmeasured from
electrons from(into) the left, but the other twdiii) and(iv)  the bottom of the majority band so that only majority carriers

134424-7
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are present at the Fermi energy. In this c&&e =7_ . equilibration inside the ferromagnetic metal makes a finite-

=7__=0 in Eq.(24) and, in the linear regimAT<T,, temperature drop across the tunnel barrier possible. Further-
more, the predicted interface magnetothermopower will be

kg k%T most pronounced in a geometry where the bottleneck for

Sap=— 0.64€, Sp~ e_eF' (37) electron transport is also the bottleneck for thermal transport:

in a small-area mesoscopic junction, ideally, in a suspended

Th|S result iS independent Of temperature and Of the Speciﬁgcanning_tunne|ing_microscope_ty@TM_type geometry_
half-metallic material, and it represents a giant magnetother-

mopower effectA S~Syp~—55 uVK 1,

A strong polarization dependence of the thermopower,
AS~S,p, enables one to separate the interface contribution
to the thermopower from effects arising from a finite- The authors thank A. Geim, C. Marrows, |. Mazin, and
temperature gradient in the reservoirs. We assume in ous. Tkachov for discussions. This work was supported by
analysis that phonon-mediated heat conduction is muckEPSRC, the Royal Society, and the EU High Field Infra-
lower than the electronic one and that a fast temperaturstructure Cooperative Network.
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