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Magnon-assisted transport and thermopower in ferromagnetnormal-metal tunnel junctions
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Magnon-assisted transport across a tunnel junction between a ferromagnet and a(nommegnetic
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 Brge,(kg/e)
X (kgT/wy)¥2P (11, I1_ II,) whereP(I1, ,II_,II,), O<P=<1, represents the degree of spin polarization
of the current response to a bias voltage, and depends on the relative sizes of the ilajaity the minority
IT_ band Fermi surface in the ferromagnet and in the normal mdtal,
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There is intense research of spin-polarized transportSince a reduction in the temperature of the ferromagnet is
fueled by the desire to develop a form of electronics thatrelated to a change of its magnetization, E#), thermal
utilizes the spin polarization of carriet9\ great deal of ac- equilibration of theF-N junction is accompanied by a flow
tivity has focused on spin injection across junctions betweemf magnetization across it. The magnetization flow is medi-
ferromagnets and normal metals or semiconduc@t€ur-  ated by conduction electrons via the electron-magnon inter-
rent in the ferromagnef is carried unequally by majority action, resulting in a charge current responseAfb. The
and minority carriers so that a current flowing across thecurrent response tAT is characterized by a contribution to
interface with a normal conductor is expected to have a finitehe thermopoweB dependent on the difference between the
degree of spin polarizatioR, 0<P=<1. Whereas spin injec- size of the majority and minority band Fermi surfaces in the
tion from a ferromagnetic metal into a normal mekbhas  ferromagnet,
been measured in broad agreement with thédihere has
been difficulty in achieving large degrees of spin injection S~—0.48kg/e)omP(IL, ,IT_ ,IIy), (2
into a semiconductor at room temperatti.possible lim-
iting factor is conductivity mismatcha problem that may be
overcome by mtroduc[ng a tunnelmg ba_rr!er k_)etwe_en the fer- 15 6ms (kgT)/ e , 3)
romagnet and semiconductor.Spin injection in all-
semiconducting devices has generally been more succéssfulyhere e is the Fermi energy. The function
although it is currently limited to relatively low tempera- P(II, ,II_,II), O<P=1, represents the degree of spin
tures. polarization of the current response to a bias voltage, and

Spin injection may be viewed as a current of magnetizadepends on the relative sizes of the majoiify, and the
tion that is carried by the electric current flowing in responseminority I1_ band Fermi surface in the ferromagnet and of
to a nonequilibrium electric potential. The subject of thisthe Fermi surface of the normal mefdl,. The result, Eq.
paper is the opposite effect: the injection of charge caused b), does not depend on the direction of polarization or the
the equilibration of magnetization. The magnetization of achoice of quantization axis.
ferromagnet held at a finite temperatureis less than its To evaluate the thermopower we write down a balance
maximum value due to the thermal occupation of magnonsequation for the currerit(V,AT) response to a bias voltage
The reduction in the absolute value of the magnetization/ and a temperature drapT across the junction, by taking

and holds in a range of temperatures given by

om(T) obeys Bloch’s law: into account competing elastic and inelastic electron transfer
processes. Then we determine the thermopower coefficient
SM(T)=(3.47k) (kg T/ wpy)*? (1) S=-VIAT by satisfying the relationl (V,AT)=0. The

magnon-assisted processes we consider foFdw tunnel

where¢ is the spin of the localized moments ang, is the  junction, shown schematically in Fig. 1, are similar to those
magnon Debye energy. Therefore, a temperature differenagiscussed in relation to transport in thE-F tunnel
AT held across a tunnel junction between one or more ferjunctions*® and we refer the reader to Ref. 9 for additional
romagnetic electrodes is associated with a nonequilibriunaetails. In the figure we assume that the majority electrons
magnetization. Recently we found that the equilibration ofare “spin up” and the minority electrons are “spin down” in
magnetization in afr-F tunnel junction may be mediated by the ferromagnetic reservoir on the left-hand sitids arbi-
electrons via electron-magnon interactions, resulting in drary choice does not influence the regulvhereas in the
substantial charge current response\fb.® normal (nonmagnetit metallic reservoir on the right, the

In this paper we consider a different situation, BN density of states of the spin-up and spin-down conduction
tunnel junction in which the transfer of heat from the ferro- electrons are equal. A typical process in Fig. 1, process
magnet to the normal metal involves simultaneous spin antiegins with a spin-down electron on the right, which then
charge injection. The effect may be understood as followstunnels through the barriéwithout additional spin flipinto
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() (i) using second-order perturbation theory with respect to the
electron-magnon interaction and the tunneling matrix ele-
k' k' mentth'qu:
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(iii) (iv)
k : K : For kgT,eV<A, when both initial and final electron states
ko \*‘\ k kR‘ should be taken close to the Fermi level, only long-
5 q + ; v wavelength magnons can be emitted, so that the energy defi-
Lf R (flj Lf R cit in the virtual states can be approximated ¢s+q+

- eER+A~A. As noticed in Refs. 11,15, this cancels out the

FIG. 1. Schematic of the four processes of magnon-assisted tur|1grge exchange parameter since the same electron-core spin-

neling between a ferromagnet on the left and a normal metal on th xc_hange Con.stant appears bOt.h in the splitting between mi-
right. Procesdi) begins with a spin-down electron on the right, nquty and majority bands and in the electron-magnon cou-
which then tunnels through the barriewithout spin flip into an pling. . . )
intermediate, virtual state with spin-down minority polarization on ~ VV& take into account all four magnon-assisted tunneling
the left. Finally, the electron emits a magn@vavy line) and incor- ~ Processes depicted in Fig. 1. ProcéBsbegins with a|
porates itself into a previously unoccupied state in the spin-up maglectron on the right with wave vectdr; [with occupation
jority band on the left. Proced#) is the reverse ofi). Processes numbernR(eER)], which tunnels through the barrier into an
(iii) and(iv) are the same &$) and(ii), respectively, except that the - jntermediate virtual, state on the leftK ). Then, this elec-
electronic spin state§ are Qpposite and therefore magnon emissionjg,n flips spin by emitting a magnon with wave vectpjithis
replaced by absorptiofor vice versa process is stimulated by the occupancy factor of thermal
magnon excitations £ N, (q)], and, thus, incorporates itself
an intermediate, virtual state with spin-down minority polar-into the majority spin band on the left, provided the final
ization on the left. Finally, the electron in the virtual state state k' =k, —q) is not occupiedwhich has probability 1
emits a magnotiindicated by a wavy lineand incorporates —n (e, ,)]. Process(ii) involves transitions between the
itself into a previously unoccupied state in the spin-up masame states a#), but in the reverse order. It begins with a
jority band on th.e let. . . electron on the left with occupation numbmr(er, . ), which
The Hamiltonian of the ferromagnkt: can be written in bsorbs a magnofprobability N, (q)] to fli il'Es+s in and
terms of Fermi{c',c} and magnor{b',b} creation and an- a . 9 . Y NiLAd P P
nihilation operators 41 H.=3, fk Cl Gt S b'b move .|nto.an |ntermed|atg virtudl state on the Ieft,.bef'ore
+H,,, where the indexe={+,~} ?akgs ﬁltoaaccgugt% 1it- tunneling into an empty final state on the righfwhich is
em ' P unoccupied with probability inR(eER)]. The balance be-

ting of the conduction-band electrons into major&y'er and h X h |
minority e- subbands’, = e-— aA/2, wheree: is the bare tween these two processes contributes to the total current as

energy andA is the spin splitting energy. The electron-

magnon interaction term is e [+
’ | (D) = —47r2—f de >, | At i+l *8(e—eV— eER) S(e
7 K'kra
A L R L
Hem:_—z [Cl—q+ck—bg+cl—ck—q+bq]a (4) _6kr+_wq){_nR(ekR)[l_nL(ek/+)][1+NL(Q)]
V2EN «q . )
+[1-ng(eg )N, N}, (6)

where AV is the number of localized moments in the ferro-

magnet and is the spin per unit magnetic cell. We assume awhich is written in terms of the occupation numbers of elec-
guadratic magnon dispersioququJr wg, D~A, and trons on the left- (right) hand side of the junction
wo<kgT<wy , Wherewy =D(67%/v)*3is the Debye mag- n (k™) = (exp (k™ — ek ™)/ (kg T (r)1+1) "t and of
non energyy is the volume of a unit cell, and, is the magnonsN,_(q)=(exr[wq/(kBTL)]—1)‘1 in the ferromag-
magnon anisotropy gap. For the nonmagnetic metal on thget. HereT (g, is the temperature on the leftright-) hand

right-hand sideHN=2kaeEaclacka where the conduction side,eF— ef=—eV, wq is the energy of a magnon of wave

band is spin degenerat, = ef_=ef. vector g, and, in the following, we sef, =T+AT and
Following the tunneling Hamiltonian approath*the  Tg=T.
amplitude for an electron with wave numbeg on the right Processesiii) and (iv) in Fig. 1 are the same &$) and

and spin orientation parallel to the minority spins of the fer-(ii), respectively, except that the electronic spin states are
romagnet to finish in a majority state-(k’) on the left after  opposite and therefore magnon emission is replaced by ab-
emitting a spin wave with wave numbgrcan be estimated 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, vir-to AT comes from the magnon-assisted processes(&q.
tual state in the majority band. Their contribution to the totalThe corresponding thermopow8r —V/AT, found by set-
current is ting 1=0, is

e+ -
| iiv) — _47725]_00 di? Ay 10+ 28 e—eV— el ) dle S~—-0.48kg/e)sm(T)P(IT, IT_ IIy). (12
R The functioném(T) is the change in the magnetization due
— et wg{— nR(eER)[l— n.(es )INL(Q) to thermal magnons at temperatufeBloch’s T32 law) as
given in Eq.(1) andP is the degree of spin-polarized current
+[1—ng( eER)]nL(et,_)[le N (a)]1}- (7)  that flows in response to a bias voltage:
After_combi_ning th(_am _together into an exp(rit?i)ssio(r?ii iflt))r the P=(T.n—T TN+ T 0. (13)
total inelastic contribution to the currehg,=1"" + 1"

performing summation over wave numbers and integrationy js a function of the relative sizes of the majorify, and
over initial electron energies, and keeping only terms lineagne minorityIT_ band Fermi surface in the ferromagnet and

in VandAT, we arrived at the following expression: of the Fermi surface of the normal mefd), . Its exact form
a2 depends on the nature of the interface between the elec-
e 3 [kgT 5\ (3 trod
ln=r 2zl 0| 18V 3¢ 5] [ Ten+ Tl fodes. _
h4é\ wy 2)°\2 For a uniformly transparent interface of ar@awe ac-
1 7\ /5 count for conservation of the parallel component of momen-
_ EkBATF(§> g(z) [T+N_TN]] , (8) tum kH(R) by assuming that the tunneling matrix element has
the form

whereI'(x) is the gamma function and(x) is Riemann’s
zeta function. For convenience we have grouped all the in- |tkL,kR|2=|t|2|-_2|hzvf(kL)v§(kR)|5kﬂ,leL, (14)
formation about the quality of the interface into a parameter
Ton(€r), where v{ (k) = de_r(K)/d(fik,) are components of elec-

tron velocity perpendicular to the interface ancepresents
To(e) =472 > |ty  |28(e—ek )8(e—ef), (9) theinterface transparency and is independent of momentum.
Kkg -'R L R This leads to

which is equivalent to the sum over all scattering channels,

from states with spine on the left to states on the right at A

(where both spin channels are equivaleof the transmis- ﬁaN%4W2|t|2ﬁm'n{Ha’HN}’ (15
sion eigenvalues usually introduced in the Landauer

formulal®~*although we restrict ourselves to the tunneling _ ,

regime in this paper. flat, (min{TI, Ty} —min{IT_, ITy})

- - , 16
In order to find the total current, we also take into account (min{IT, ,TT}+min{T1_ TT\}) (16)

the contribution of elastic processes that involve transitions

without any spin flip from either the majority or the minority wherell, is the area of the maximal cross section of the
band in the ferromagnet to the normal metal. To lowest ordeFermi surface of sping in the ferromagnet[l =I1_=0,

in V andAT, the elastic contribution is andIlIy is the area of the maximal cross section of the Fermi
surface in the normal metal. For an isotropic Fermi surface in
three dimensiondlI = whzkﬁa, where kg, is the Fermi
wave vector, although the form &1, may be different for
more complicated Fermi surfaces. Within the model of a uni-

The term linear iV corresponds to the contribution to the o iy transparent interface, the result does not depend on
electrical conductanc&=(e“/n)[7;y+7_n] whereas the ne form of the electronic dispersion. As an opposite ex-

term linear inAT is responsible for the Mott formutdcon-  yreme, it is possible to consider a strongly nonuniform inter-
tribution to the thermopower, typically with a small param- t4ce which is transparent in a finite number of points GAly.

e? e kgT
h h €r

eterkgT/er in metallic systems. _ We assume that, in a small-area contact, the bottleneck of
In the regime of temperatures given in H§) the total  p4th charge and heat transport lies in the tunnel contact be-
currentl =l¢+1j, may be approximated by tween the electrodes held at different temperatures and/or
o2 e 3 (7\ /5\[kaT\32 electric pote_zntials. The magnon-assisted respoth@Eq.
~ [Tt T o 1— ——Tl =l 2] 2B (8)] results in a nonzero spin current across the interface that
| VITin+T\] ¢ N
h h8& 12/712)\ wy corresponds to a flow of magnetization into the normal

X keAT[ T, n—T ], (11) metal’ every electron hag a finite ma_lgm_etm mo_ment as well
as charge—e. The resulting nonequilibrium spin polariza-
where the leading term proportional 1 arises from the tion spreads into the normal metal and decays due to spin-
elastic processes, E(L0), and the leading term proportional orbit scattering:
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(Daf(_ Ts HM(x)=0, For tunnel junctions, with an interface resistance greater than
the resistance of a piece of metal of lengit, the nonequi-
Do,M(0)=—(al/h)m(T)kgAT[ T nT7_n], librium spin polarization accumulated near the interface is

small. In this limit, it is possible to neglect the back flow of
magnetization into the ferromagnet and the current response
to a temperature gradient is characterized by a large contri-
bution to the thermopower.

whereM (x) is the nonequilibrium spin polarization per unit
length of the normal-metal wirers is the spin-relaxation
time in it, Ls=yD7s, and a~1. In the normal metal, 0
<x< o, the magnitude of the nonequilibrium spin polariza-
tion is given by The authors thank J. F. Annett, B. L. Gyorffy, T. Jung-
wirth, A. H. MacDonald, and G. Tkachov for discussions,
and EPSRC and EC Framework 6 Project No. STREP

~ E T_S —x/L
MO~ \/;5m(T)kBAT[T+N+T‘N]e > 505587 for financial support.
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