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Temperature dependence of tunneling magnetoresistance in manganite tunnel junctions
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The mechanism of temperature-dependent tunneling magnetoresist@Be is proposed for manganite
tunnel junctions. Using the transfer Hamiltonian method, we show that the variation of the electronic spin
polarization and the collective excitations of local spins at the interfaces between the insulator and the man-
ganite electrodes are responsible for the drop of the maximum TMR ratio with increasing temperature. The
theoretical result can reproduce the main characteristic feature of the experimental data in the trilayer junction
structure, LggSrp 3 MnO;/SITiO;/Lag 6751 3aMNO;. [S0163-18209)09229-7

. INTRODUCTION totransport of manganites, the J@St 3gMnO3/SrTiO;/
Lag 67Srh 3dMINO5  trilayer structure was proposed and
The mixed-valence manganese oxideg L&MnO; (A investigated:*~® Large tunneling magnetoresistan@R)
=Sr, Ca, Ba, et¢.have been extensively studied in recentwas observed as high as 83% in this tunnel junction at low
years due to their colossal magnetoresistat@MR)  magnetic fields of only tens of Oe at 4.2 K, and the tempera-
effect'™ In the interesting doping range X  ture dependence of the maximum TMR ratio was also
=<0.5, La_,A,MnO; is a metallic ferromagnet below the obtained:* Below 90 K, the maximum TMR ratio decreases
Curie temperaturd . The coexistence of ferromagnetism slowly with increasing temperature. The drop in the maxi-
and metallic behavior is usually explained by the double-mum TMR ratio accelerates above 90 K and the magnetore-
exchange mechanisfi® An important feature in the manga- sistance effect vanishes at about 200 K, which is much lower
nites is the strong Hund coupling between the Mplocal ~ thanTc~347 K for La, :Sf.3MInO;. This temperature de-
spin (S=3/2) and the Mrey itinerant electron, which domi- Pendence of the TMR is very interesting, but is short on
nates the basic physics of this system. Eyeelectron spin theoretical explanations. As a result, it is highly desirable to
combines with the local spin to form two configurations of develop a theoretical model to account for this experimental
the total spinS+ % andS— 1, respectively. As a result of the eSult _ ; _ _
strong Hund coupling, th8— 3 configuration and the doubly I_n the Previous work! we have de_rlved an effec“‘.’e tun-
occupied state are forbidden, so that there exists onlysthe nelmg H_am|lton|an for the manganite tunnel junctions by
+ 3 configuration. At temperatures well beldl. , the rela- co?5|der|_ng the s_trtl)n? Hunr(]j c_oupllr_]g and thefspln—fllp tun-
tively narrow majority carrier conduction bar@andwidth neling arising mainly from the impurity states of Mn fons in

. .~ SITiO; barrier to explain the large TMR ratio at 4.2 K. In
about 1.5 Y is completely s'eparated from the minority y;q work, we focus our attention on the temperature depen-
band by the large Hund coupling energy,

C as well as the exgence of TMR in the manganite tunnel junctions. In the next
change energyXe~2.5 eV), which leads to a nearly com- gection, an inelastic-tunneling model including both the col-
plete spin polarization of the electrofis* The conduction |ective excitations of local spins at the interfaces and the
band of such a half-metallic ferromagnet is substantially d'f'spin-flip tunneling induced by the impurity states of Mn ions

ferent from those of ordinary itinerant ferromagnets such ag, gTio, barrier is presented for the manganite tunnel junc-
Fe, Co, Ni, and their all_oyg_ Also, the opncgl conducthlty _tions. In Sec. Ill, the variation of the electronic spin polar-

spectra measurements indicate that there is a large variatigfution with temperature is obtained in the manganites. In
of the electronic structure for La,AMnOs with  gec v, it is shown that the drop of the TMR ratio with

temperaturé. With increasing temperature from=0, the  jycreasing temperature is attributed to the variation of the
exchange-split energ¥., will be gradually reduced. As the  g|ectronic spin polarization and the collective excitations of

temperature is increased beyond a certain temperdiyre the |ocal spins at the interfaces. Finally, a brief summary is
(To<<T¢), the density of stateOS) for the majority band  given in Sec. V.

begins to decrease while the nonzero DOS for the minority
band appears and increases with further increainghus
the system undergoes a crossover from a half-metallic state
to an ordinary metallic state d,. For T=T, the electron
occupations of the majority and minority bands are equal and The spin collective excitations localized at the interfaces
no spin polarization exists. It is obvious that the electron-between the insulating barrier and the ferromagnetic elec-
spin polarization is sensitively dependent on the variation ofrodes have been taken into account in the tunneling theory
the electronic structure in the manganites. of the ordinary ferromagnet tunnel junctions, such as
The manganese perovskites;LgA,MnO; exhibit CMR  Co/Al,O;/CoFe trilayers, to account for theero-bias
effect when subjected to a high magnetic field of the ordeanomaly using the spin-wave approximation within the
of Tesla. In order to reduce the field scale in the magneframework of the transfer Hamiltonian methtitit is neces-

II. INELASTIC-TUNNELING MODEL
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sary to generalize this model to be suitable for the whole SH(q)=(1\Ng)Z: .,S= exp(+ig-R,)
temperature range. For the collinear magnetization configu- ‘ . e _ :
rations, the system Hamiltonian of the manganite tunneWith S,;=(S;;*=iSY%;)/2, @=L or R Ngis the number of

junctions is written as local spins at the interface amgl is the two-dimensional
wave vector parallel to the interface. The second term of Eq.
H=H_+Hgr+Hr, (1) (4 represents the spin-flip tunneling which has been intro-

duced to the tunneling Hamiltonian for the ordinary ferro-
magnetic tunnel junctions in Ref. 19. For the manganite tun-

nel junctions this type of spin-flip tunneling arises from the

impurity states of Mn ions inside SrTiObarrier!’ The

+ imaginaryi for the spin-flip tunneling matrix elements means
HRZKEU Skodkudko_‘]i.zel Sri SR (3 the incoherence of the elastic spin-conserving and elastic

! spin-flip tunneling processes in any magnetization configu-

rations. The last two terms of Ed4) denote the spin-

Hr= > (Todl,CpotH.C)+ X (iTidl,Cp—,+H.C) conserving and spin-flip tunneling induced by the collective

kpor kpor excitations of the local spins at interfaces. The electron tun-

HL=pE spocgocpg—JijEl S-S, 2

1 neling involving the emission or absorption of the local spin
I E {Tﬂpq[sf(q)JrSé(q)] collective excitations at the left and right interfaces is an
VN fpa inelastic-tunneling process. That the wave vedtds inde-
pendent op in Eq. (4) implies considering only the incoher-
ent tunneling, which is appropriate for the defect-populated
1 insulator and the rough interfaces.
+ 2 { ﬂpq[Sf(qHSE(q)] The electrons that participate in the tunneling current have
\/N—g kpg their energies very near the chemical potential on both sides
T T of the tunnel junction. It is an adequate approximation to
X (dy Cpp + Cpy i) +H.C.f- @ treat the transfer rateTp, |2, [ Tiol?, and|Tyy,l? as their
HereH, (Hg) is the Hamiltonian for freelike electrons plus average value$T?|?, |T'|ZD, and|T"|?, respectively. Using
the Heisenberg ferromagnetic coupling between the locdihe standard Green’s-function technigééshe tunneling
spins at the interface in the leftight) electrode of the junc- current for the parallel magnetization configurations between
tion. dy, (cp,) is the spino electron operator of the right the two electrodes is derived as
(left) manganite electrode.
lp=1py+1py 6)

SL(Q)=(1\Ng) 2. Sh; explig-Ry), with

X (df;cor—dy Cp)) +H.C)

Ipy=2me?V( | TO2+ 2 (ST | [p{" (L) pia(r) + pL (1) PR (11R)]

+27e?V| T2 p{ (L) pR (wr) + o1 (1) PR(1R)], (6)
and

2
o= TS (S (@SE (@) eV Eq eV Eqpli ot )

+(S,(q)S, (a))(eV—Eq) 8(Eq—eV)p!" (u ) p( ur)
+(SL(a)S, (a))(eV—Ey) 6(eV—Eg)p!" (u ) pR(1r)
+(SH(@)S, (A))(eV+Eq) 8(—eV—Eq)p( 1) pu(r)]- (7)

Herelp, is the contributions to the tunneling current from the tion is given by(S;(q)S:(q)):2<S§>(eEq/kBT—1)_1 and
first three terms in Eq4), while I p, is the inelastic-tunneling <S+(q)s—(q)>:2<Sz>exp(Eq/kBT)(eEq/kBT_ 1)~ ! with Eq
culrlrer;tvduext% ttr;enemltstsrllor}n?rr?bs;éﬁtlon ofntgen!ocal Splr}epresenting the spin collective excitation spectrum at the
collective excitations at the interfacqs, (s.,) andp,(#.,) interfaces. For the longitudinal correlation function, we have

are the majority and minority DOS at the chemical potential ) L 2 ez\2
11, in the @ electrode of the tunnel junction, respectiveyy. US€d the simple approximatiofB,(a)S,(q))~(S,)". For

is the applied voltage across the junction wilV= g theMsame materials of the two electrodes, we hal¢s)
— 11 . Itis well knowrf* that the transverse correlation func- =pr (g)=p"(2), p{'(e)=pr(e)=p"(2), (S (A)S ()
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=(Sz(q)S%(9))=(S™(q)S"(q)), (S/(@)S (q))  where we have introduced the parameters|T'|%/|T|? and
=(Sr(a)Sr(a))=(S"(a)S7(a)), and (S)H=(SRHY=(S).  »=|T"|%/[T|? with | T|2=|T°|2+2(S%2|T"|? to characterize
In deriving Egs.(5)—(7), the crossed terms between the firstthe spin-flip effects originating from the impurity states of
and third terms of the tunneling Hamiltonian E@) are  Mn ions inside SrTiQ barrier and the collective excitations
ignored as in Ref. 18 and the Fermi distribution function hasof the local spins at the interfaces, respectively. Siicé?
been approximated to the unit step functiéifx)=1 for x  is one to two orders of magnitude larger thir|?,'® we
>0 andd(x)=0 for.x<0. o _ have|T|2=[T%2, y=|T'|2/|T?2, and 5=|T"|%/|T°. P is
Then, the tunneling conductance at zero bias is obtaineghe electronic spin polarization parameter which is tempera-
ture dependent in the manganites. In the absence of the spin-
excitation-induced spin-flip tunneling, E€(L1) is reduced to
the corresponding result in Ref. 19. At very low tempera-

as

Gp=2me?(|T%?+2(S)?T"[*)[p{"( ) pR( 1)

= 0 =
+ oM () pM ()] tures,P_ 100% and so Eq(.l_l) bepomes AR/IRp) max=1ly .
—1, which can also be obtained in the strong Hund coupling
) , 2 o caset’
+2me?| T2+ T2 (ST (@S™ (@)
" " Ill. ELECTRON-SPIN POLARIZATION

X[l (w)pr () +p (1) pR(1)] (8) IN THE MANGANITES
with u; = ug=pux and the tunneling resistance given By In order to obtain the temperature dependence of the spin-
=1/Gp. polarization parameteP in the manganites, one needs to

For the antiparallel magnetization configurations betweerhave the electron magnetization as a function of temperature.
the two electrodes, one can derive the conduct@geas First, we assume that the electron normalized magnetization
m(T)=M/Mg can be described by

Gpp=2me(| T2+ 2(SH2|T" %) [p[" (1) P (1)

+ oM () pR(1)] m(T)=

T_TO 2 1/2

(14

with To<Tc. This temperature dependence of the electron
magnetization is shown in the inset of Fig. 1, which is very
similar to the experimental data of the bulk magnetization in
X[pl(w)pR() +pl (w)pR ()] (9)  the manganese perovskite -8r, ;MnOj; (Fig. 4 of Ref. 24.

For T<T,, we havem(T)=1 and soP=100%, the system
exhibiting the half-metallic featur&:*2 For To<T<Tc, the
behavior of the electronic normalized magnetizatiofT) is
expected to be similar to that of the normalized ferromag-
netic magnetization for a cubic Heisenberg ferromagnet
since there exists only th®+ 3 configuration for the local
spin and the itinerant electron due to the strong Hund cou-
pling. WhenT>T., the electron spins become disordered
and there is no electronic magnetization.

2
+2me? |T'|2+N—S|T"|2§ (S (@)S™(q))

The corresponding resistance is givenRyp=1/Gzp .

For the two-dimensional Heisenberg ferromagfiethe
collective excitation spectrum of the local spins is given by
Eq= Dsq?+E,, whereDg is the spin stiffness anH, is the
spin gap due to anisotropy, witBbs=D(S") in the long-
wavelength limit. At low temperatures, we ha{&) =S and
Ds=DS, with D taken close to its measured value of the
bulk La,_,A,Mn05.22% In consideration of the above spin
collective excitation spectrum, one can obtain

1 kgT
= — + ___5 _ a—Eq/kgT 100 b
N 2 (S (@S (@)=-5 Fn(1-e =), (10
According to its definition, A R/Rp) max=(Rap— Rp)/Rp, the 80 1
maximum TMR ratio for La_,A,MnO5 tunnel junctions is
i en b N R R P |
g Y e 60 0'00 100 200 30 .
~ ~ T (K)
(AR) B 2(1—y)P? a1 o
Ro/max (1=PH)+y(1+P?)’ 4o ]
with
20 r .
~___ mkeT —Eo/kgT
Y=Y D |n(1 e e ) (12) 0 I I R 1 . I . 1 Ll
0 50 100 150 200 250 300 350
and T(K)

M( )= p™( ) FIG. 1. Electronic spin polarizatioR versus temperature in the
pP= M, (13 manganites. Electronic normalized magnetizatigfT) versus tem-
pM(w)+p™(w) perature is shown in the inset.
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Next, we derive the relation between the spin polarization 100 . .

P and the electronic normalized magnetizatio§T). The
spin-up and spin-down electron numbers are given by

N= oweXF[(SFiN,lL()S/)(iZT)] 1 19
v ;exexrﬂsﬁr:f)e/)(tn]ﬂ (19
with
pM<s>=§(1;;2)NJE, &
pM(e)= ; %JT (18)

wheree¢ is the chemical potential &t=0 andu is tempera-
ture dependent. The majority and minority bands are sep

rated by the exchange-split energy.,. For simplicity,
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FIG. 2. Maximum TMR ratio versus temperature for the man-
ganite tunnel junctions. The points are the experimental data taken
from Ref. 14, and the solid line is the theoretical result calculated
from Egs. (11)—(13) using the parameter©®=5.0 meV, E,
=0.25 meV,y=0.56, andnp=1/15.

4n the range ofT(<T<Tc¢, the spin polarization decreases

with increasing temperature, and there is no spin polarization

pM(s) and p™(¢) are selected as the DOS of freelike elec-for T>Tc. Figure 2 shows our theoretical res(gblid line)

trons per spin direction. FOF<T,, u=¢g has very little

calculated from Eqgs(11)—(13) and the experimental dafa

variation with temperature, regardless of the temperaturedf the maximum TMR ratio for LgeSto3MnO; tunnel

induced decrease ih.. For To<T<T., however, the

chemical potentiajs, as well asp™(x) and p™(u), varies

junctions. We have chosep=0.56 and »=1/15. The vy
value suggests that the effective spin-diffusion length in the

strongly with temperature due to the relative shift of the ma-defect-populated SrTiQbarrier is much smaller than the
jority and minority bands in the manganites. Under the freewidth of the barriett” and the value has the same order of

electron approximation, it follows from Eq$15) and (16)

that
3/2
N;=(1—x)N ﬂ) , (19
€F
—A 3/2
Niz(l—x)N<M8 ex) . (20)
F

The relations betweeN;, N, andm(T) are given by
N;—N,
(1—x)N’

From Egs.(17)—(21) and Eq.(13), the spin polarizatiorP
can be expressed as

m(T)= (L=x)N=N;+N,. (21

+m™-Y1-m(T)
3+ mMm+3Y—m(T)

(22

IV. RESULTS AND DISCUSSIONS

According to Eqs(14) and (22), the temperature depen-

dence of the electronic normalized magnetizatiofT) and

the spin polarizatiof? in the manganites are shown in Fig. 1.

The parameters in Eq14) are taken to b& ;=90 K and
Tc~347 K, which agree with the experimental resdits?

magnitude as that used for ordinary ferromagnet tunnel
junctions*® The material parameted®®=5.0 meV andE,
=0.25 meV used in numerical calculation are taken close to
their bulk values. The theoretical result can reproduce the
main characteristic feature of the experimental data.

At low temperatures, the experimental data are scattered
due to the noise in data, which is a consequence of magnetic
instabilities of the electrodesS.On the average, it is clear
from these data that the TMR ratio decreases slowly as the
temperature is raised. In the present model, this decrease in
the TMR ratio is ascribed to the increasing statistical popu-
lation of the spin excitations at the interfaces while the
electron-spin polarization is unchanged. Hot T, both the
further increasing statistical population of spin excitations
and the steeply decreasing of the electronic spin polarization
are simultaneously responsible for the accelerated drop of
TMR ratio, and then the TMR ratio decreases steadily with
the electronic spin polarization decreasing slower. The mag-
netoresistance effect vanishes at abdut220 K much
lower thanT-~347 K of L& ¢S 3dMn0O;. The factor (1

—7) in Eq. (12) indicates that this loss of the magnetoresis-
tance is due to the joint effect of the collective excitations of
local spins at the interfaces and the impurity states of Mn
ions in SrTiG; barrier. Therefore, the temperature-dependent
behavior of the maximum TMR ratio is dominated by the
variation of the electronic spin polarization with temperature
and the collective excitations of the local spins at the inter-
faces between the insulating barrier and the manganite elec-
trodes.
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V. SUMMARY the main characteristic feature of the experimental data in
We have proposed the mechanism of the temperature'i[_h e tilayer ](l;ncuon structure, - lg37S1o.sMnO;/SITIO, /
dependent tunneling magnetoresistance in_LA,MnO; 20.6750.5MNOs.
tunnel junctions. Using the transfer Hamiltonian method, it
has been found that the variation of the electronic spin po-
larization and the collective excitations of local spins at the
interfaces between the insulator and the manganite electrodes This work was supported by the National Natural Science
are responsible for the drop of the maximum TMR ratio with Foundation of China. P.L. was also supported by the Mo-
increasing temperature. The theoretical result can reproduderola Corporation.
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