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Spin-polarized transport in ferromagnet—marginal Fermi liquid systems
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Spin-polarized transport through a marginal Fermi ligUdFL) which is connected to two noncollinear
ferromagnets via tunnel junctions is discussed in terms of the nonequilibrium Green function approach. It is
found that the current-voltage characteristics deviate obviously from the ohmic behavior, and the tunnel current
increases slightly with temperature, in contrast to those of the system with a Fermi liquid. The tunnel magne-
toresistancd TMR) is observed to decay exponentially with increasing bias voltage, and to decrease slowly
with increasing temperature. With increasing coupling constant of the MFL, the current is shown to increase
linearly, while the TMR is found to decay slowly. The spin-valve effect is observed.
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Spin-polarized transport in magnetic hybrid nanostrucfunction formalism, the spin-dependent transport in FM-
tures has been an active subject under investigation in th®IFL-FM tunnel junctions is investigated. It is observed that
last decades, which is mainly motivated by potential applithe current-voltage characteristics in this spintronic structure
cations in information technology. A new field coined asshow non-ohmic behaviors, and the tunnel current increases
spintronics is thus emergir{pr review, see, e.g., Refs. 15 slowly with temperature, which are in contrast to those of the
The well-known character in spintronics is that the currentstrycture with a Fermi liquid, showing that the interactions
flowing through the structures depends sensitively on thgetween electrons in the normal metal have remarkable ef-
relative orientation of the magnetization directions due to thgects on the transport properties. The TMR is found to decay

spin-dependent scattering of conduction electrons. Among, ,onentially with increasing magnitude of bias voltage and
others, the magnetic tunnel junctiéMTJ) is an important " qecrease slowly with increasing temperature. With in-
family of spintronic device&. For these structures, Julliére creasing coupling constant of the MFL, the current is
\(’)Vfai th&)ei::rls:tet?eoeb_sggv%:]tl?iél;r;n:;l 2"3 gKn eltr?rfggga?/lwizj er ashown to increase linearly, while the TMR is seen to decay
J N ' slowly, implying that the interactions of electrons tend to

et al® made a breakthrough by observing reproductively a . ; :
large TMR as high as 24?% a): 492 K angd 15% at 295yK_suppress the TMR. In addition, the spin-valve effect is ob-

Recently, clear spin-valve signals at 4.2 K as well as at roont€ved: , _ _
temperature have been observed in ferromagnet-normal L€t us consider a MTJ in which the two FM electrodes,
metal—ferromagnetFM-N-FM) all-metal structure? Ear- ~ connected with the bias voltagd2 and -V/2, respectively,

lier theories on the spin-dependent transport in FM-N-FMare separated by a normal metal which is described by the
junctiong! are based on the Fermi liquid theory, where inter-MFL, as schematically depicted in Fig. 1. The molecular
actions between electrons in the normal metal are treated dield h. in the left(L) FM is assumed to be parallel to tze

a mean-field level. There has been recent studies on the spéxis, while the molecular fieldhg in the right (R) FM is
transport in FM-Luttinger liquid—FM tunnel junctions where parallel to thez' axis which deviates the axis by a relative

the interactions between electrons are taken into account arghgle 6. Ty,q (e=L,R) stand for the elements of the tunnel-
applied directly to carbon nanotub¥st3but they are prima- ing matrix between thev electrode and the central region.
rily aimed at one-dimensional interacting quantum wires.The tunnel current flows along theaxis and perpendicular
Besides, spin-polarized transport through an interactingo the junction plane. In the central region, the interactions
guantum dot that is described by the Anderson model habetween conduction electrons are supposed to be described
also gained much attentidfiOn the other hand, there appear phenomenologically by a retarded one-particle self-energy
intriguing experimental and theoretical works on the spin-due to the exchange of charge and spin fluctuatiéns:
polarized transport in FM-high Tc superconductor tunnel
junctions recently(e.g., Ref. 15 It is thought that the
anomalous normal state properties of high Tc cuprates in the

optimally doped regime can be well described by the mar- \'7) yhk V2
ginal Fermi liquid (MFL),'® where the interactions between O— FM 0
electrons in the cuprates are phenomenologically included in

a one-particle self-energy due to exchange of charge and spin

fluctuations. Therefore, the study on the spin-dependent g, 1. (Color onling Schematic illustration of the double

transport in FM-MFL-FM tunnel junctions would be inter- tunnel junction consisting of two ferromagnet&éM) and a

esting, as it would be useful for understanding the transpofiarginal Fermi liquid(MFL) separated by insulating films, where

properties of FM-high Tc cuprate junctions in the normalT,,, (a=L,R) stand for the elements of coupling matrix between

state. the a electrode and the central region, and both magnetizations are
In this paper, by using Keldysh’s nonequilibrium Greenaligned by a relative anglé.
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2(8):)\|:8|ngc_|axi|. (1) |L(V)=—%IZTTF{I‘L(£+?+UML>
where x=maxe|,kgT), E. is a cut-off energy, and is a x{f (e)[G'(e) —Ga(s)]+G<(s)}}, (4)
coupling constant. When=0, the MFL junction recovers

the conventional Fermi liquid. For simplicity, the spin-orbital \heref (¢) is the Fermi function of ther electrode and Tr is
coupling in the MFL will be ignored. Itis worthy of note that the trace over the momentum and spin space. Note that in
the exact Hamiltonian of the MFL is not yet available. How- gq. (4) all Green functionss"#<(¢) are for electrons in the

ever, since the single-particle Green function is explicitly peL of the central region, wher&"4(¢) are known with the

written down, the concrete form of the microscopic Hamil- y.oc;med self-energ®(s) in the MFL [Eq. (1)], say.

tonian is irrelevant. In the calculations, we just need to adop "(e)=[s-8—3h—3(s)+i 7]}, where3!, S(s) denc’>te th:e
- 0 ’ 1

a formal Hamiltonian such as a Fermi liquid with the elec-
tron operators understood as those of quasiparticles. Becau§glf-energy of the MEL, respectively, whil§=<(e) is un-
the final results are all expressed by Green functions, Wﬁnown and needs to be,obtained ’

only need to use the MFL Green functions to replace the To get the lesser Green -functi0|G<(s) of the

quasiparticle Green functions. . : , LN<_vy<
By means of the nonequilibrium Green function, the tun-\fve;]rgrrzl rezgf(r;’)_‘i"[’f (;;‘ll")(ti (e'\\'/9/125)+ir|1/5|3§%-f2(:)—éoz

nel current through the left electrode can be obtained b ot/ —ILTL L LUTIR R
k Y (V12 +oMRT], B=(Sh-38) 1 (S1-39), Si(e) - S(e)=

=i[[ (e+(eV/2)+oM)+RIg(e=(eV/2) +oMg)R'], 3'(e)

ReD TaqGakot), (D ~3%e)=Zf(e)=3§(e)-ikmx, with R=(“G%, 50, 7%) the
A o rotation matrix, andMr=gughg/2. Under this presumption,
one may find eventually that E¢¢) becomes

where N, is the occupation number of electrons in the
left electrode,G;I,Lk(r(t,t’)zi(ala(t’)cq,,,(t)) is the lesser |L(V):Ef d—sTr{(fR—fL)FL<s+Q/+aML>
Green function,a,, and ¢, are annihilation operators of h) 2m 2
electrons with momenturk and spino (=+1) in the left and eV
central region, respectively. In order to get the lesser Green X Gr(S)RFR<8 -5t UMR> R'BGYe) (. (5)
function, we define a time-ordered Green function
G;U,Lko(t,t’):—i<T{al0(t’)ch,(t)}). In terms of the equation The TMR ratio can be defined according to the current as
of motion, we have usual*®

coupling of MFL to the two ferromagnets and the retarded

- 2
LV =e(N) = - =

_1(0=0)-1(6=m)
G' (t—t')z}‘,fet (t=t) Ty qOy (t; —t))dt TMR = 1(6=0)
qo’Lko qgo'q’o 1 qugkLU' 1 1
q/

When the magnetizations of the two FMs are noncollinearly
arranged, the TMR ratio can be described by

(6)

where gl (1) =(i%(3/ t) — e ,) "t With & ,=& (K)—(eV/2)
-oM_, . (k) is the single-particle dispersion in the left elec- [(0)-1(6)
trode andM, =gugh, /2 (g, Landé factor;ug, Bohr magne- TMR(6) = W
ton), andG;U,q,U(t—t’) is the time-ordered Green function in _
the central region. By applying Langrenth theotérand  Obviously, TMRm)=TMR, and TMR0)=0.

Fourier transform, one may obtain formally In the following, for the sake of simplicity for numerical
calculations, and considering that the electrons near the

Fermi level in metals are dominant in the tunneling process,

(7

< _ r
Gaorika®) = 2 Tiaq[Corqro()kis(e) we may Supposd’q(e)qriqi=Lats Lale)qriq=Ta)» and the
4 polarization P,=(I',; =T, )/ (I'y; +I',)). If the two ferro-
+Gq<(r,q,(r(g)gﬁl_g(g)], (3) magnets are made of the same materials, tRgnPr=P,

FLT:FRTEF’ FLéZ:FRl:(l_Pll-‘-P)F We will take

' . . lo=€el'/h andGy=e“/# as scales, respectively, for the tunnel
where qu’a_’o(g) is the Fou_ner transform of the retard(_ad current and the differential conductance, and hereafterltake
Green function of electrons in the MFL of the central region ¢ 4 energy scaf8.

and G, .,(¢) is the corresponding lesser Green function, The bias and temperature dependence of the tunnel cur-
and gy, ,(¢) andgf, ,(¢) are the lesser and advanced Greenrent in the parallel and antiparallel configurations of magne-
functions for the uncoupled electrons in the left electrode. Bytizations are presented for different coupling constaruf
defining I \(€)q oqor = 27D (€) Tkaq Tkaq' 9ver With D(e) the  the MFL, as shown in Fig. 2. It is seen that wherO,
density of state§DOS) in the « electrode and using the namely, the MFL recovers to the normal Fermi liquid in this
Fourier transform, after a tedious but direct derivation, Eqcase, the tunnel current is proportional to the bias voltage at
(2) can be rewritten as small bias, suggesting that the system behaves as an ohmic
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00 02 A 06 0'00%.0 0z o4 os FIG. 3. (Color online Differential conductance as a function of
kTT kT bias voltage in paralleG(0) and antiparallelG(#) configurations

for different coupling constarx=0.1,0.2,0.3,0.5,0.8 at tempera-
FIG. 2. (Color onling Tunnel current as a function of the bias ture T=0 (&) and(b) andT=0.2"/kg (c) and(d), where the param-
voltage (a)—(d) and of temperaturée) and (f) in parallel1(0) and  eters are taken the same as in Fig. 1.
antiparallell (7) configurations of magnetizations for different cou-
pling parametein=0,0.1,0.2,0.3,0.5,0.8, where the polarization
P=0.5.

is smaller (e.g., A=0.1). This observation is manifested
in Figs. 4e) and Zf). We notice that the linear bias depen-
dence of the differential conductance in various junctions
law in this case, in agreement with the conventional result ifwith Lay gsSf16Cu0,-In (Ref. 22 and even YBCO
the Fermi liquid. With increasing coupling constant| -V films?® have also been observed. It is worthy of note that
curves deviate obviously from linear relation, and non-ohmicthe differential conductance of a contact between an ordinary
behaviors appear, i.e., the current increases quadraticallyetal and a MFL is shown to depend linearly on the applied
with the bias voltage. The larger the coupling the more  voltage?® where due to the asymmetry of electrodes,
obvious the distinction from the ohmic behavior, as illus-the conductance for positive and negative biases is asymmet-
trated in Figs. 2a)-2(d). This observation shows that the ric. This result is compatible with our observation. The
interactions between electrons in the normal metal wouldrigin of the linearity between the conductance and the
have a remarkable effect on the current-voltage characteridias voltage could be explained by assuming charging
tics where the Ohm's law no longer holds. An alternativeeffects?® the voltage-dependent tunneling penetration
reason for the nonlinearity £V characteristics may be that probabilities?® DOS effects'®27 inelastic scattering? and
the energy dependent self-energy of the MFL in the centraso on. Our present study might offer a different possibility,
region leads to a renormalization of the density of state;iamely, such a linearity betwee@ and V could result
which becomes energy dependent, thereby resulting in a noifrom strong interactions between conduction electrons via
linear voltage dependence of the current. Wheis small,  exchanging the charge and spin fluctuations. The real part
the tunnel current almost does not change with temperaturef the self-energy gives the correction of the single-particle
while N becomes larger, the current increases slowly withenergy, describing the elastic scattering of quasiparticles,
temperature, as shown in FigdeRand 2f). This behavior whereas the imaginary part determines the lifetime of
also differs from that in the usual Fermi liquid where thethe quasiparticles, reflecting the inelastic scatterings.
current decreases slowly with increasing temperature, aSherefore, the linearity betwee@ and V could also be
thermal fluctuations enhance scatterings of conduction ele@dominated by the inelastic scatterings between conduction
trons and thereby contribute to the resistance of the systerelectrons.
It is interesting to note that the typicktV characteristics of The TMR ratio as a function of the bias and temperature
NigoFe,o/ Co/Al-oxide junction(Figure 3.10 in Ref. 2llare  for different coupling constarX is shown in Figs. @&)—4(c).
very similar to the shapes of the curves shown in our Figslt is seen that the TMR decreases with increasing absolute
2(a)—2(d). magnitude of the bias and is symmetric to the zero-bias axis.
The differential conductance can be obtained byThe larger the coupling constant the more rapidly the
G=dI(V)/dV. The results are shown in Figs.(@-3(d). TMR decreases, as presented in Figs) 4nd 4b). It sug-
As \=0, the conductance is independent of the bias voltagegests that the strong interactions between conduction elec-
which is nothing but the Ohm’s law. Whex is nonzero, trons tend to suppress the TMR ratio, which is a disadvan-
the differential conductance behaves @sGy+G;V with  tage for the application of the FM-MFL-FM tunnel junction
Gy, and G; being nonzero constants at low biases. Theas a possible magnetic random access menibiiRAM ).
non-ohmic behavior ofG comes from the interactions This property of the TMR has also been observed in various
between conduction electrons via the exchange of charg@nctions(see Figure 3.7 in Ref. 210ne may observe that
and spin fluctuations in the central region. The differentialthe TMR decreases slowly with increasing temperature, as
conductance is observed to increase slowly with increasinghown in Fig. 4c).
temperature at largex and almost does not change when The current and the TMR ratio as functions of the cou-
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FIG. 6. (Color online Tunnel current as a function of the rela-
tive orientation angle at T=0 (a) andT=0.2"/kg (b); tunnel mag-
netoresistance as a function of the relative orientation afighe
T=0 (c¢) and T=0.2A"/kg (d), where the coupling constant
A=0,0.1,0.2,0.3,0.5,0.8/=5I"/e, and the other parameters are
taken the same as in Fig. 1.

FIG. 4. (Color online Tunnel magnetoresistance as a function

of the bias voltage as a function of bias voltageTatO (a) and . . .
T=0.2/kg (b) and as a function of temperatute) for different detrimental to the TMR effect. This may be because the in-

coupling constant=0.1,0.2,0.3,0.5,0.8 av=5[/e, where the elastic scatterings of electrons via exchanging the charge and

parameters are taken the same as in Fig. 1. spin fluctuations weaken the spin-dependent scattering of
electrons, leading to the TMR ratio that decreases with in-
creasing\.

pling constantx in the MFL for different temperatures are
presented in Figs.(8-5(d). It is found that the current de-
pe’?ds Iinearly_ on the coupling cqnst@nﬁn the.parallel or in Figs. Ga)—6(d). The current as a function of shows a
antiparallel alignment of magnetizations. This behavior is = -~ e~

also manifested in Figs(@-2(d). It can be understood that, c0Sine-like shapeG(0)~Go+G, cosd with G, G, con-

with the increase of the coupling constant, the single-partici$tants, i.e., it decreases with increasthjom zero tow, as
scattering rate which is proportional loincreases, leading illustrated in Figs. ) and @b) for T=0 and 0.2'/kg, re-

to the quantum well levels in the MFL that could be broad-SPectively. The TMR ratio as a function éfshows a shape
ened. Such a level broadening could make more electror@milar to (1-cosé). These results display nothing but the
tunnel through the barrier, thereby resulting in an increase o$Pin-valve effect. However, as discussed above, the coupling
the current with\, as observed in Figs.(® and §b). In  constant\ tends to suppress the TMR effect.

either caseT=0 or T>0, (0) is greater thah(zr), implying In summary, we have disgussgd the spin-dependent trans-
a spin valve effectsee below. The TMR ratio is found to  Port in FM-MFL-FM tunnel junctions. It is found that the
decay with increasing coupling constantas shown in Figs. current-voltage characteristics in this system deviate obvi-

5(c) and §d), suggesting that the interactions of electrons are?usly from the ohmic behavior, and the tunnel current in-
creases slightly with temperature, which are in contrast to

those of the system with a Fermi liquid where the Ohm’s law

The relative angl®@ dependences of the current as well as
the TMR ratio for different coupling constant are presented

0.0030 ———-1(0) g 40 © is_ sa.tisfied. _The TMR is observed to decay expongntiglly
Rt B M~ 4 @3] T~ with increasing bias voltage, but to decay slowly with in-
0.0015 // e 30 o T - creasing temperature. These results are qualitatively consis-
0 @ 2 25 tent Wlth the experlmental observations found_ln various
0.0000 - 3 junctions, suggesting that the present study might of_fer a
0.0030 _—i(o) el N 351 @ possible different route to understand the unusual experimen-
RN (/”)// & ~—— tal results of thd —V and G-V characteristics. With increas-
= 00015]_— . 024 /0 T ing coupling constant of the MFL, the current is shown to
KT=028  (b) & 25 k,T=0.2T increase linearly, _Whlle the TMR is seen to deca_y slowly. It
0.0009 appears that the interactions between electrons in the central

20
00 025 0.50 075 1.00 0.00 025 050 0.75 1.00 . X . i
b X normal metal via exchanging the charge and spin fluctuations

tend to suppress the TMR effect. In addition, the spin-valve
FIG. 5. (Color online Tunnel current as a function of the cou- effect is also observed.
pling constant\ at T=0 (a) andT=0.2I"/kg (b); tunnel magnetore-

sistance as a function of the coupling constanat T=0 (c) and This work was supported in part by the National Science
T=0.2T'/kg (d), whereV=5I"/e and the other parameters are taken Foundation of China(Grants Nos. 90403036, 20490210,
the same as in Fig. 1. 10247002 and by the Chinese Academy of Sciences.
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