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Spin-dependent thermal and electrical transport in a spin-valve system
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Within the framework of Bttiker's gauge invariant and charge conservation dc transport theory, the spin-
dependent thermal and electrical transport in a ferromagnet-insulator-ferromagnet tunnel junction is investi-
gated at finite bias voltage and finite temperature. It is observed that the relative orientations of magnetizations
in the two ferromagneti¢FM) electrodes as well as temperature have remarkable effects on the differential
conductance, thermopower, Peltier effect, and thermal conductivity. At low temperature the quantum resonant
tunneling is predominant, leading to the deviation of classical transport theory, while the transport of electrons
are crucially governed by thermal processes at high temperature. The so-called spin-valve phenomenon is
clearly uncovered for both the differential conductance and the thermal conductivity at low temperature. The
Wiedemann-Franz law is examined, and the inelastic tunneling spectroscopy is also discussed. Our findings are
expected to be measured in the near future.
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[. INTRODUCTION It is the purpose of this paper to present a direct calcula-
tion on thermal and electrical transport properties such as the
During the past decade, the thermal and electrical trandifferential conductance, the thermopower, the Peltier coef-
port in various microstructures, an important yet fundamenf{icient, the thermal conductivity as well as the inelastic tun-
tal question in mesoscopic systerfsee, e.g., Ref.)L has neling(IET) spectra of a spin-valve system within the frame-
been intensively explored both experimentally and theoretiwork of Blttiker's gauge invariant and current conservation
cally. Among others, the quantum oscillations of the ther-formalism. As is known, a spin valve is formed when two
mopower, the quantum size effect on the thermal conducferromagnetic conductors are separated by an insulating or
tance and the Peltier coefficiéhthe diffusive thermopower semiconducting barrier. Such a system was first established
in the Coulomb blockade nonlinear regithand so on, have when studying the spin-polarized electrons in ferromagnets
been successfully measured for a quantum point contacfunneling across an insulator barrier by Meservey and
There are also a lot of measurements done concerning theagrow!? and then the relative orientation of the magnetiza-
B e i s s eert ot s o, 1 2 1gh eroagpelc lecodes dependen
the quantum-mechanical princip?es and the size effect pls%nnelmg, was_obserl\ied by Ju-Hé _and subsequenﬂy by
. . i X aekawa and (faert,”* and the junction magnetoresistance
?enmesesrzpu“rzlsrme in the transport in microstructures at Ic"'\fJMR) in ferromagnet-insulatésemiconductgrferromagnet
P ) [FM-1(S)-FM] junctions was measured. Recently, a large

Theoretically, a multichannel Landauer formula for the . .
thermoelectric transport when studying the thermopoweiJMR_WaSlsOb'@\neOI at room te_mperaFure in FM,8k-FM
junctions.” Julliere was first to give a simple model based on

near the mobility edge has been deriedhich was later _ s . ;
extended to account for the case when temperature changie classical tunneling theory to predict the existence of a
JMR in FM-I-FM films'® By considering the barrier

in the reservoirs and heat flux in the terminals, where thea'9e ,
thermoelectric transport coefficients are given in terms of th@nd the electrodes as a quantum mechanical system, Slonc-

scattering matrix of the microstructuteBased on Bttiker's zewski developed a theory on the electrical conductance of a
formalism proposed for the dynamic conductafidewhich ~ Magnetic valveé® The tunneling magnetoresistan¢eMR)
guarantees the current conservation and the gauge invariang@s analyzed by Bratkovsky for ferromagnet-insulator-

by taking the contributions of displacement current origi-ferromagnet junctions, including half-metallic systems.
nated from electron-electron interactions into account, the ddhere are also some approaches based on the linear-response
and ac low frequency linear and weak nonlinear thermoelectheory and Landauer formula for spin-valve systems; see
tric response in a multiprobe mesoscopic system wer&ef. 11 for a review. In this paper, we shall present a ther-
studied” Despite all that, direct calculations of the spin- moelectrical transport theory to study the bias voltage and
dependent thermoelectric transport in ferromagnetic tunngkemperature dependences of thermal and electrical transport
junctions, to our knowledge, are still sparse, as the recerroperties for FM+S)-FM junctions on the basis of the
experimental studies on spin tunneling in ferromagnetidramework of Bittiker's current conservation and gauge in-
junctions have yielded a plenty of results and applications/ariance formalism which has been successfully applied to a
(see Refs. 10 and 11 for excellent reviews is therefore few interesting mesoscopic systetfisSince there are few
guite necessary to pay attention to this intriguing microstrucexperimental measurements appeared in literature on the
ture. thermoelectric transport quantities of the ferromagnetic tun-
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nel junctions, we expect that our calculated results would béerential conductance, is defined as the derivative of the

tested in realistic systems. electrical current with respect to the bias voltage. The ther-
The outline of this paper is arranged as follows. In Sec. I,mopower,S, is defined as usual as

a general formalism for the thermal and electrical transport

guantities at finite bias voltage will be presented. In Sec. I, S=-G L. (5)
the dependences of the differential conductance, ther-

mopower, Peltier effect, thermal conductivity, and IET spec-The Peltier coefficient, labeled by, and the thermal con-
troscopy on the bias voltage and the relative orientations ofluctivity «, are defined by

magnetizations between the two ferromagnetic electrodes at

finite temperatures will be investigated. The Wiedemann- m=MG ! (6)
Franz law will also be examined. Finally, a summary and
discussion of our results will be given. and
_ =1 _
Il. GENERAL FORMALISM k=MG™L—N, @

Consider a spin valvg.e., a FM/[S)/FM junction] which respectively. It is noteworthy that the differential conduc-
is connected by two reservoirs at contaeté=1,2) with the ~ tance, thermopower, Peltier coefficient, and thermal conduc-
chemical potentials,, . It is presumed that the thermalization tivity, as defined above, arormally the same as those in
of electrons by inelastic scattering and the Joule energy didaulk solids. In terms of Eq(1), the differential conductance
sipation happen only outside the system but not inside. Foe can be found to be
the sake of simplicity, in the following we suppose that the

bias voltage is very slowly tuned onto the system, and the of (E—us)
temperature gradient along the junction is not so large. The Gap= h 2 2 . E Ags,ss'(E)dps
transport properties of the system are described by the scat- p s

tering matrixS,s g+ Which relates the outgoing current am-
plitude at contactr with spin s to the incident current am- +i5(E—wys) 2 f dx
plitude at contacp3 with spins’. We start by writing down
the electric current through contaetad®

&Aas os’ (E)

“aeux) WX @

where  8A g gs /€ U(X) = = (Sl 5[ 8S,s s/ 5€U(X)]
+[(SSTS 1 6eU(x)]S 1), and U(x) is the electrostatic
_ Bs as, s
“h Zl j dEf(E '““B)z, Aus,ps' (E), 1) potential. The characteristic potential,(x), defined by

dU(x)=u,(x)dV,, satisfies the Poisson equafion
where f4(z)=[1+ exp(z/kBTﬁ)] 1'is the Fermi function,

as,ﬁs (BE)= 501[3555’ as gsr(E)Sas Bs' (E), Mp= M 5 , , , 2dna(X)
+eVg, andTz=T+6z. WhenB=1, we haveu,=u and ~dela(X) +Ame” | dXTI(X,X ) U,(X') = 4me” — =,
T,=T. The thermal current flowing towards the junction 9)

through contactv may be obtained by
where dn,(x)/dE=— (1/477|)2B5t( s,Bt[ 0Sys,pt/ SU(X)]
—[8S! s, ptl OU(X)1S,s ), is the injectivity, characterizing
h = f dE(E—up)fo(E- “ﬂ)z Aas,ps'(B). the partéll local densﬁy of states at contactThe Lindhard
2 polarization function I1(x,x"), in the Thomas-Fermi
. . linear screening model, is the sum of local density of
In analogy to the bulk solids, the electric curréniand the  giatag (x,x')==,[dn,(x)/dE]s(x—x'). To compute

energy currenQ, can beformally expressed ds A s, ps' (E)/ 52 U(X), we use the Fisher-Lee relation and the

a

I=G-V+L-6, (3 fact
Q=M-V+N- 6, (4) 0S5 (Xa 1 Xp)
SU(X)

where G, L, M, andN are tensors, with matrix elements

being G35, Log, Mz, andN,;, respectively. It is seen o

that the Lz:ontri[lgaution[sg to the glectric and energy currents UaUﬁE Gsm( X4 1 X)Gmg (X,Xg),

come from two processes, hamely one from transport of elec-

trons driven by the difference of the chemical potentials bein which v=(1/4)(JE/dk) , andk is the wave vector. We
tween the two electrodes and the other from the diffusivevould like to point out here that Eq8) justifies the differ-
motion of electrons driven by the temperature gradient beential conductance at finite bias voltage and at finite tempera-
tween the two electrodes, thereby leading to each currerntre. If one sets the biag;=0, by the current conservation
comprised of two parts. Consequently, the thermoelectricelation X z5/A s s (E)=0, the second term of the right-
transport properties of microstructures such as spin valvelsand side of Eq(8) is identically zero, while the first term is
can be investigated based on these two equations. The difiothing but the ddinear conductance given by Biiker. One
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may notice that although the first term also includes the bias
voltage Vz, which originates from the contribution of the

direct injected charge, the second term is from the contribu-
tion of electron-electron interactions, which contains the
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(E=myp)

1 N

Jf (E—
5 o “s)

characteristic potential that describes the variation of the in- F
B

ternal potential landscape due to a change of the electro-

)Z As. 55 (E) 855
s,s’

chemical potential at contacts and is determined by the Pois- 5.0 (E)
son equation. It is this electron-electron interaction that +fs5(E— ,u5)2 f dx ;:_}U ug(x) |,
induces the internal potential. The differential conductance at

finite bias voltage should include contributions both from the (11)
first term and from the second term.

In the similar spirit and physical reasons, we find that theand
tensorsL, M, andN, which are related to the thermoelectric
transport properties through Ed$), (6), and( 7), take the
following forms:

E
E_ M&)( fa aﬁﬂa))ﬁw

N,s= hEde

XD As.os(E)+ 5 E— )

N ’
e — Mg S,S
Lap=17 2 de (—— Oef 52 Aus,s(E)
h 5=1 T+9,3 s,s’ Xz fd &Aas,és’(E) 12
T+ aﬁ X eur) U (12
Fi(E—pg) D E E-rp where the notions are the same as in @8). The IET spec-
B Mg T+6 L .
ss € B troscopyG,g,, Which is usually defined as the second de-
rivative of the electrical current with respect to the bias
655 (E) voltage®® is also quite crucial of importance. It can be mea-
f dx &an( X ug(Xx) |, (10 sured experimentally, as done for a few FMBFFM junc-
tions. Based on above equations and analyses, we obtain

df (E—Er—eVs) XaAas,és’(E)
Npg deU(Xx)

U,(X) s

N 2
e I fTs(E—Ep—eVy)
Gaﬂy_ﬁ 52::1 f dE{( 5VBO7Vy SZS, Aas,ﬁs’(E) 5ﬁ§576+§s’

It (E—Eg—eVy) IA 45,55 (E) (f PPA s, 55 (E)
+ X : Ug(X)3S, s+ fS(E—Eg—eV, . Ugu.,dx,dx
SZS, v, deU(x)  Us(X) % zf AE~Er=eVol | FeUixy deUixy) Uetva*adxe
aAas,&s’(E)
| sty e | 13

whereuy, is the second-order characteristic potential tentorsecond-order weakly nonlinear coefficient. It is worthwhile
defined asug,= aZU(x)/aVB&Vy, satisfying to emphasize that the first term comes from the direct in-
jected charge, while the rest comes from the contributions

dn from electron-electron interactions, manifested by the first-

— 32U gyt ATeR—— order and second-order characteristic potential.

dE Equationg1)—(13) comprise of the general formalism for
d2n d2n 42n d2n the spin_—dependent thermal gnld ele_ctrical transport prop_e(ties
— Ame? Bs. — Y U Bu-+—u.u of a spin-valve system at finite bias voltage and at finite
dez ?7 de2 ? de2 7 d 2 7 temperature. Consequently, for a given model, if the scatter-

ing matrices or Green'’s functions of the system are gained
In comparison to the second-order weakly nonlinear coeffiwithin certain approximations, the thermal and electrical
cient of the dynamic conductance at zero bias, this abov@ansport quantities can in principle be obtained. We would
formula for finite bias voltages includes terms associatedike to mention that these equations, with properly slight
with the second-order characteristic potential and the secondnodifications, can also be applicable to studying the thermo-
order variation ofA .5 s/ (E). If the biasV =0, the last term  electric transport properties of various microstructures with
in Eq. (13) is identically zero, and Eq13) recovers the dc  multiterminals in mesoscopic scales.

224419-3



ZHENG-CHUAN WANG, GANG SU, AND SONG GAO

PHYSICAL REVIEW B3 224419

I1l. THERMAL AND ELECTRICAL TRANSPORT 0.8
PROPERTIES —
07 | s TEX PN _:;2 /3
Now, let us apply the general formalism developed in the = S | N -
preceding section to a specific model, i.e., a spin-valve sys- & 06 F S B P e
tem, to investigate the corresponding thermal and electrical § © oaas Fr=m = ST
transport properties at finite temperatures. As mentioned be- g 05 0.14r//\/\
fore, to calculate Green’s function appeared in the foregoing B 013 _
equations, we assume a tight-binding model for ferromag- S 04 e o1
netic conducting layers for simplicity. Then, Green’s func- S 3t Bias V VA
tion with spin can be formally expressed &= (E—H, g RPN
—3) 1 whereH, represents the Hamiltonian of the isolated & 02—~ _A / !
system:® which involves with the electric potential in the a L e A
insulator and the molecular fields in ferromagnets. The tight- 01 N~ =T T=K
binding dispersion relation is supposed to bg =2t(1 o i o
— cosk; |a) andt=#?%/2ma?, where we denot&; | as wave 1 05 0 05 1

vectors in the leads. If the spin polarization directions in two

leads differ by an angl®, the self-energie€; and 3,

which originate from the influence of the leads and only have FIG. 1. The differential conductand&) versus bias voltage at

contributions at the contacts, take forms of 1 K for different polarization directions. Shown in the inset is for
the case at 295 K.

—texpik,a) 0 R
1= 0 —texpik a))’ 3=ME N, polarization'” within our framework we find that this sim-
! (14) plification would not cause a qualitative change in results. In
the following we shall take &.=e=kg=%A=1. The system
where the rotation matrifk is consists of left and right two FM layers with width 2.0 nm
, and 6.0 nm, respectively, and an insulatieg semiconduct-
_ cog6/2)  sin(6/2) 15 ing) layer with thickness 4.0 nm between the two FM con-
—sin(6/2) coq6/2))° ducting layers. The magnitude of the molecular fiethg,

associated with the left and right FM layers are assumed to

In our practical calculation, the molecular fields in the leads,, 13 Ry and 8.0 Ry, and the barrier height in the insulator

are assumed to be zero so as to simplify the self-energy g,,h0sed to be 0.02 Ry which is a convenient choice for

terms. Here we would like to point out that although the bias ,, purpose and can be of course taken larger. This is an

dependence of the transport quantities should be in prinCipISsymmetric junction. In order to ensure the validity of re-

calcrt]JIated by meagshof thhe nt())_neqw:lbnum C;reen’s functiongits e have numerically checked the unitary properties of
we have supposed that the bias voltage and temperature g{g, gcaitering matrix as well as the consistency of the total

slowly added to the junction and the temperature gradient ige gty of states from two methods, namely the current con-
quite small so that we can obtain the thermoelectric transpoll,ation and the gauge invariance condition.

properties for not so large bias voltage and temperature gra-
dient by invoking the equilibrium Green'’s function. This can
be in some sense viewed as an approximation. Since this
present paper is based on Buttiker's scattering matrix theory The results for the differential conductan&@=£G,,) as a
which is suitable for near-equilibrium system, our assump4function of bias voltage for different polarization directions
tion of equilibrium instead of nonequilibrium Greemfunc-  at two temperatures 1.0 and 295 K are presented in Fig. 1. At
tion is reasonable. However, we would like to mention thatl.0 K, we find that wher9=0, the differential conductance
this approximation has its limitations. It is suited to the casds the biggestbesides small oscillations wheh= 7/3), and
in low frequency ac fields and in small bias voltage. Besideswhen 6=, the conductance eventually becomes vanish-
the bias voltage should be slowly added to the junction, othingly small however. This observation shows that the parallel
erwise it violates the near-equilibrium condition. Within the polarization in the two FM layers makes electrons easy to
low frequency and small bias case, this approximation willtunnel, while the antiparallel polarization inhibits electrons
not cause major changes in our prediction. The work basetb transmit, clearly suggesting spin-valveeffect. Here we
on the nonequilibrium Green’s function is under way. reproduced this remarkable effect proposed by Jellie
In the next subsections, we shall report our calculatedwenty-five years agd based on a more general formalism.
results of the thermoelectric transport quantities using thdhe underlying mechanism for it comes from the spin con-
formalism developed above for a FNB)/FM single junc-  servation during tunneling, as assumed by Jwdlie and
tion. For simplicity, we shall neglect the difference of the Slonczewskt® namely, the electrons with spin up and spin
effective masses of electrons between in barriers and in fedown tunnel through the barrier in the junction indepen-
romagnets, and treat them as the bare electron mmss dently, and the tunneling currents flow in corresponding spin
Though the ignorance of difference of effective masses irup and spin down channels. When spin polarizations in the
different layers would sometimes bring about negativetwo FM layers are parallgle.g., aligning up giving rise to

A. Differential conductance
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the current flowing the biggest, while if the polarizations are 6
antiparallel(e.g., aligning up in the first FM layer and down
in the second FM layey then a vanishingly small conduc-
tance is observed. Here we should point out that although for
antiparallel alignment of magnetization there is a current
flow experimentally observed for usual FMs, this could be
caused by incomplete alignments of magnetizations in the
incident FM layer, while in our calculation we have assumed
that the incident FM layer is fully polarize@.e., aligning
up), leading to a small current flow observed. Whéris
changing from 0 andr, the magnitudes of the conductance
are decreasing, as seen from Fig. 1 wétk /3 and 27/3
for examples. The bias-voltage dependence of the differential
conductance are diverse for different anglesnd the quan- ;
tum oscillations appear at a few voltages. It deviates obvi- -

. . -1 -0.5 0 0.5 1
ously from the classic ohmic law, namely, a few resonant .
peaks appear at some bias voltages. For exampleg§ at Bias V

= /3 the resonant peaks appear-a0.2, 0.2, and 0.7 V, FIG. 2. The thermopowetS) versus bias voltage at 1 K for

which manifests itself the quantum effect. The physical reaifferent polarization directions. Shown in the inset is for the case at
son for this feature is that a proper combination of parametepos K.

values(e.g., the height and width of barrier in insulator and

in FMs) forms a resonant structure, and at particular voltagegort of electrons are primarily driven by the thermal process,
the electrons overcome the barrier and take resonant tunnqéa\,ing the conductance almost unchanged when the bias
ing, thereby resulting in the resonant peaks observed. For th@y|tage is altered. Here we would like to mention that in
set of parameter values assumed by us, around 0.7 V th&yme experiments the spin-valve effect in tunnel junctions
electrons have energies comparable to the barrier height anéin be observed even beyond 550 K. Since in our calcula-
thus easily transmit through the barrier, leading to a resonanfons we have adopted a simplified model and utilized some
peak OCCUrring in the curve of the conductance regardless (gpproximationS, we have found that for our chosen param-
the polarization directiofiexcept foro= ). Our result indi-  eter values which may be different from the realistic values
cates that at low temperature the conductance in a FM-I-FMissumed by experiments, the spin-valve effect disappears at
junction is mainly governed by quantum tunneling processespgs K, but this does not mean that our result is incompatible
and theG-V relation no longer obeys the Ohmic law. Inter- with experiments. Actually, as stated above, our result is

estingly enough, such quantum resonant behaviors of thgualitatively consistent with experimental observations.
conductance at low temperatures in FM-I-FM junctions have

been observed experimentalfy:> Our findings are qualita-
tively consistent with the experiments.

The situation changes when temperature is increasing. At The bias-voltage dependence of the thermopow®r (
intermediate temperature, the shapes of ¥ curves re- =$S;;) for different angles of spin polarizations at finite tem-
main similar, but the quantum resonant peaks become blunperatures are calculated, as shown in Fig. 2TAt1 K, we
and the magnitude of the conductance with bias voltage anay see tha® exhibits quantum oscillations at certain volt-
0= become bigger. At higher temperature, an example ofges for different, showing the quantum tunneling process
295 K is shown in the inset of Fig. 1. From it we may seeplays a considerable role in the thermoelectric transport of
that the spin-valve effect disappears in this situation, and thelectrons at low temperatures. Fdwarying from 0 to 27/3,
conductance is almost independent of the bias voltage, albetite magnitudes o§, though a few resonant peaks existing,
very small resonant peaks are seen, showing that at higthange not so much, while whet+ 7, Sis obviously larger
temperature the spin polarization direction does not have rghan the values ab<<2w/3. This result indicates that the
markable effect on the conductance, and the antiparallel pantiparallel spin polarizations of electrons enable the ther-
larization makes only a few percent smaller than the paralleimopower to be the strongest, which is certainly caused by
polarization. This observation implies that the conductancehe spin valve effect, because the thermopower is inversely
recovers the classic Ohmic law at high temperatures, indicaproportional to the differential conductance which is vanish-
ing that it is not determined by the quantum tunneling pro-ingly small in this case. When temperature is increasing, the
cess, but determined dominantly by the thermal activated anshapes of the curves & remain almost unaltered, but the
diffusive process. The fact that the spin-valve phenomenomagnitudes are decreasing. At high temperature, we have
cannot appear at high temperatures, is easily understood, bealculatedS for different § at T=295 K, as shown in the
cause in this case the thermal fluctuations upset the spimset of Fig. 2. One can observe that regardless of few small
alignments in the two FM electrodes and make spin flipsyesonant peaks the thermopower keeps almost unchanging
leading to spin up and spin down channels, despite perfect avith the bias voltage, and does not depend so much on the
partial perfect, are always connected through, causing thepin-polarization directions, suggesting again that at high
current flowing through the junction. As a result, the trans-temperature the thermoelectric transport of electrons in the

Thermopower S

B. Thermopower
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FIG. 4. The thermal conductivity«) versus bias voltage at 1 K

FIG. 3. The Peltier coefficientrf) versus bias voltage at 1 K for for different polarization directions. Shown in the inset is for the

different polarization directions. Shown in the inset is for the case afase at 295 K.
295 K.

D. Thermal conductivity

spin-valve system is predominantly governed by thermal Another important transport quantity, namely the thermal
processes, and the classic results are recovered. conductivity («=x14), as a function of the bias voltage and
the spin polarization directions at finite temperature, has
been investigated. The calculated results are shown in Fig. 4.
C. Peltier effect At T=1 K, the thermal conductivity displays a few resonant

Based upon the formalism presented in Sec. II, we hav@82kS Wwith increasing the bias voltage f6r=0~2m/3,

calculated the bias voltage dependence of the Peltier coefﬁ:‘-howing the thermal transport is primarily governed by the

cient (m=1rq,) for different spin polarization directions at quantum tunneling process. Wheh- ”’.the thermal con-
finite temperature, as shown in Fig. 3. A& 1 K, it can be dUCtIVI.ty belcom?fs vamshhmglyé srlngll, being a.cor}seqﬁ_encr? of
seen that the Peltier coefficient has quantum oscillations %re spin-valve effect. The underlying reasoning for this phe-

. | for diff howing th | omenon is the same as that explained when discussing the
certain voltages for differert, showing the quantum tunnel-- e rential conductance. At high temperature, as shown in

ing process plays a cons.iderable role at low t_emperatL_lrc_as. ﬁﬁe inset of Fig. 4 foff =295 K as an example, the thermal
§=0~2m/3, the magnitudes of the Peltier coefficient conquctivity varies only a few percent with the bias, and it
change not so much apart from a few resonant peakgjoes not depend much on the spin polarization directions of
whereas at)=, the Peltier coefficient is obviously larger electrons in FM layers, suggesting the thermal effect plays a
than the values a#<<27/3 , which indicates that the anti- dominant role in the transport process in this situation. Once
parallel spin polarizations of electrons enable the Peltier efagain, one may notice that the curves presented in Figs. 1
fect to be the strongest, which is closely related to the spinand 4 are very similar except for the diverse differences of
valve effect, for the Peltier coefficient is inversely magnitudes between them. The cause for this accidental fact
proportional to the differential conductance. At high tem-may be resulted from the small temperature gradient as-
perature, we have uncovered that regardless of few sma#iumed during our calculations. In a word, the thermal con-
resonant peaks the Peltier coefficient keeps almost unchangictivity exhibits the qualitative similar behaviors as the dif-
ing with the bias voltage, and also does not depend so mudierential conductance both at low and high temperatures in
on the spin polarization directions, as shown in the inset ofhe present model.

Fig. 3 atT=295 K for an example, which illustrates that the It is known that in conventional metals the Wiedemann-
thermoelectric transport of electrons in this junction is pre-Franz law, i.e.x/GT=L, whereL is the Lorentz constant
dominantly governed by thermal processes at high temperaaumber, is obeyed. How about the situation in the spin-valve
ture, and the magnitudes are greatly increasing comparesystem? Let us now examine the quankfy{s T as a function
with 1 K case while the shapes of the curves remain almostf the bias voltage and the spin polarization directions at
unvarying. It is worth noting that the curves shown in Figs. 2finite temperature, and the results are presented in Fig. 5. Itis
and 3 for the thermopower and the Peltier coefficient lookseen that at low temperatufe.g., T=1.0 K) the ratiox/GT

very alike, albeit the magnitudes between them differ. If oneslightly changes with the bias voltage, namely, wiésn0
recalls the definitions of both, one may find this result isand 7, it remains almost constant with the bias, but when
understandable, as the temperature gradient was assumedéte 7/3 and 27/3, it shows a few round peaks and dips. At
be small in our calculations. T=295 K, this ratio varies with the bias only on the scale of
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FIG. 5. The ratiox/GT versus bias voltage at 1 K for different Bias V

polarization directions. Shown in the inset is for the case at 295 K. FIG. 6. The IET spectroscopy,y) versus bias voltage at 1 K

] ) o ~ for different polarization directions. Shown in the inset is for the
a few per ten mille, suggesting that it is almost unchangingease at 295 K.

Within our approximationsig/GT depends much weakly on

the bias voltage and spin polarization directions in the twovhich implies that the polarization charge has been omitted.
FM electrodes at finite temperature. However, this ratioBesides, in order to make clear which contribution is domi-

changes drastically with temperature, i.e., it might decreasBant in G11(V) spectra, we have calculated separately the
with increasing temperature. Consequently, the Wiedemanr?—ontr'bu“.Ons from direct injected charges and frpm glectron-
Franz law is violated in this spin-valve system in the SenS(‘glectron interactions, and found that the contribution from
that the ratiok/GT is no longer a constant number. electron-eleciron interactions dominates.

IV. SUMMARY AND DISCUSSION

E. IET spectroscopy To summarize, we have extendedtfiker's gauge invari-

The IET spectroscopy is usually defined as the derivativeant and charge conserving dc transport theory to a spin-valve
of the differential conductance with respect to the bias volt-System at finite bias voltage and finite temperature for the
age, which can be measured in experiments. We have calcfitst time. Within a tight-binding model, the electrical and
lated it for the present spin valve system. The result§gf ~ thermal transport properties of the magnetic junction system,
as a function of bias voltage for different polarization direc-including the differential conductance, thermopower, Peltier
tions are given in Fig. 6 at temperature 1 and 295 K, respeceffect, thermal conductivity, and IET spectroscopy, are cal-
tively. It is seen that the spectra depend on the spin po|arizagulated. It has been observed that the relative orientations of
tion directions at a given temperature. For instanceT at magnetizations in the two ferromagnetic electrodes as well as
=1 K, there are two peaks occurring fée=0, while there ~temperature have remarl_<ab|e effects on the electrical and
appear to be six peaks fat==/3, and four peaks fo® thermal transport properties. At IQW temperature the quan-
— 1, as showed in Fig. 6. Away from the resonant regime lum resonant tunneling is predominant, leading to the devia-
the background of the spect@y;,(V) seems to decrease 1N of classical transport theory, while the transport of elec-
with increasingd. At =, the background is almost van- trons are crucially governed by thermal processes at high
ishing. When temperature is increasing, apart from that th&mperature. The so-called spin-valve phenomenon is clearly
weights of some peaks have slight changes, the shape of tigcovered for both the differential conductance and the ther-
derivative of conductance as a function of bias voltage reMal conductivity at low temperature, namely, the parallel

mains unchanged, showing that the IET spectra in Fmprientation of magnetizations in the two FM electrodes
I(S)/FM junctions areinsensitiveto temperature. This char- Makes the maximal electrical and thermal currents observed,
acter is qualitatively consistent with the experimentaIWh”e the antiparallel orientation inhibits electrons from
observatiort? The inset of Fig. 6 is an example Bt=295 K.~ ransporting, giving rise to vanishingly small currents ob-
Here we would like to point out that to simplify the calcula- served. It has been seen that the dlffergnt|al cpnductance and
tion we have adopted a quasineutrality condition in the Poisthe thermal conductivity have qualitatively similar depen-

son equation obeyed by the second-order characteristic p§€Nc€s on the bias voltage and temperature, while the ther-
tential ug,,, resulting in mopower and the Peltier coefficient share similar behaviors

with bias voltage as well as temperature. The Wiedemann-

Franz law was found to be violated, and the inelastic tunnel-
/ﬂ ing spectroscopy was observed to be temperature indepen-
dE’ dent. Some of our observations are found to be qualitatively

d’ng d’n,  d’ng d?n
I = = T= A A =l
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consistent with experiments. The physical reasonings convation during tunneling. These factors are also crucial to the
cerning these features were also discussed. Since the mespin-polarized tunneling. On the other hand, our obtained
surements on the thermoelectric properties of spin-valve sysesults on the differential conductance as well as the IET
tems are scarce, we expect that the features we observed spectroscopy are still not able to be used to directly quanti-
this paper would be detected experimentally in near future.tatively compare with the existing experimental findirgs,
Finally, we would like to point out that although the pre- where the effect of magnon scatterings were emphasized.
ceding observation was obtained on the basis of a tightHow to develop a theory including the above-mentioned fac-
binding model, and the electron-electron interactions entetors to fit into experiments on a spin-valve system within
into the system only through the characteristic potential, ouButtiker's gauge invariance and charge conserving transport
framework might be suitable for more complicated modelsframework, is still an open question, which is now in
The only problem for a complicated model is to find a reli- progress.
able way to get Green’s function. A generalization of our
treatment to include the effect of external fields is straight-
forward, which can be used to study the JMR ratio of the
spin-valve system. Furthermore, we should mention that in We thank Dr. Q.R. Zheng for useful discussions. This
our model we have neglected the effects of disorders, spinvork was supported in part by the National Science Founda-
wave scatterings, band structures, Coulomb blockade, and $ion of China, the State Key Project for Fundamental Re-
forth on transport properties, and have assumed spin consesearch in China, and by the Chinese Academy of Sciences.
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