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Tunneling magnetoresistance in mixed-valence manganite tunnel junctions
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An effective tunneling Hamiltonian including spin-flip effect is proposed to account for the tunneling
magnetoresistand@MR) in mixed-valence manganite tunnel junctions and the current-perpendicular-to-plane
TMR in layered manganite crystals. It is found that the electron spin-flip tunneling plays an important role in
diminishing the amplitude of the TMR ratio. The theoretical results are in agreement with the recent experi-
mental observations in the magnetic trilayer junction structugg;}Sa, 3MnO3 /SrTiO;s/Lag 6751 3dMNO5 and
the bulk crystals La,Sr; Mn,05. It is suggested that reducing electron spin-flip tunneling is a potential way
to gain larger TMR in the manganite tunnel junctiof80163-18288)02225-3

The recent discovery of colossal magnetoresistance Recently reducing the field scale of the magnetotransport
(CMR) in Mn oxides La_,A,MnO; with A=Sr, Ca, or Ba in manganites has been a major goal of research motivated
(Ref. 1) has triggered renewed interest in theseby the latent application of the CMR effect for devices. One
perovskite$® The properties of La ,A,MnO; are usually approach is to incorporate the metallic ferromagnet
explained by a simple double-exchan@E) mechanisni®  La;_,A,MnOj; into magnetic tunnel junction’s:> The epi-

In order to completely understand the transport phenomenaaxial tunnel junction has been fabricated in the form of
the Jahn-Teller electron-phonon couplthggmplex hopping  Lag 6.5t 3MnO3/SrTi0O;/Lag 6.5k, 3:MnO5, and a large tun-
amplitude and electron-electron interactoand nonmag- neling magnetoresistand@MR) as high as 83% was ob-
netic randomne$shave been proposed as necessary exterserved at low magnetic fields of only tens of Oe at 4.2'K.
sions of the DE mechanism. Another approach is to synthesize the layered manganite

In the interesting doping range GX=<0.5, crystal Lg_SK,xMn,0,2¥ in  which the
La; ,A,MNnO; is a metallic ferromagnet at low tempera- ferromagnetic-metallic Mn©bilayers are separated by non-
tures, where it is associated with the simultaneous presenceeagnetic (La,SpO, insulating layers, forming a virtually
of Mn®* and Mrf*. The Mr?" ions have three electrons in infinite array of ferromagnet/insulator/ferromagnet junctions.
thet,q state forming a locab= 3/2 spin, and one electron in In the low-temperature case at 4.2 K, the current-
the ey state which hops between nearest-neighbor Mn ionsperpendicular-to-plane€CPB resistivity drastically decreases
with double occupancy suppressed by the strong Hund coun the low magnetic field region during the magnetization
pling between the local spin and the itineragt electron.  process, and becomes constant when the field exceeds its
The widely used Hamiltonian containing this physics is saturation value about 5 kOe. The field-sensitive tunneling

process gives rise to a low-field<(LkOe) CPP TMR as
large as 240%° Very recently, it was reported that the mag-
H=—1t2 (cl,cjptHC)—IX S0, (1)  nitude of this TMR can be drastically enhanced up to

(i i ~4000% by applying pressure 6f10 kbar at 4.2 K>

Previous spin-polarized tunneling mod&ig8are suitable
where the first term represents thg electron transfer be- to the magnetic tunnel junctions where two metallic elec-

tween nearest-neighbor Mn ions at siteand j, while the  trodes are the ferromagnetic transition metélBue to the
second term stands for the Hund coupling betweenShe almost full spin polarization in the manganites, the tunneling
=3/2 localized spir§ and the mobile electron with spim; probability in a manganite tunnel junction is much more sen-
with J>0 andJ>t. sitive to the relative alignment of the moments of two ferro-

It is well known that the strong Hund coupling dominatesmagnetic electrodes than that in ordinary magnetic tunnel
the basic physics of the mixed-valent manganite systemgunctions. Therefore, it is highly desired to develop a tunnel-
The e, electron spin combines with the located spins to forming theory suitable for the manganite tunnel junctions by
two configurations of the total spif8+ 3 andS— 3, respec- taking into account the basic physics of the manganites. It is
tively, with energies—JS andJ(S+1). In sufficiently large  found that the electron spin-flip tunneling plays an important
J limit, the S— 1 configuration and the doubly occupied staterole in determining the amplitudes of TMR. Its consideration
are forbidden, and there only exists tBe 3 configuration. ~ will be conducive to the explanation of TMR observed both
Also, the largeJ means that the hopping of ag electron in the La_,A;MnO; tunnel junctions and in the layered
from the Mr?™ to the Mrf* ions is sensitive to the relative manganite crystals.
orientation of their located spins. An important fact should Consider a magnetic tunnel junction of which both elec-
be noted that in the mangnites the conduction electrons argodes are the ferromagnetic-metallic LaA,MnO; layers
almost fully spin polarized well below the critical tempera- with perovskite structure. Electron tunneling removes an
ture, which is quite different from ordinary ferromagnetic electron with spiro- from a Wannier state at Mn sijeof one
transition metals such as Fe, Co, and"\i. side and creates an electron in a Wannier state at Mm eite
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the other side with spiwr for spin conservation ot o for
spin flipping. As a generalization of the DE Hamiltonid,
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electron states with spins parallel and antiparalleGtare
labeled witha (spin up and B (spin down, respectively,

the tunneling Hamiltonian describing such an electron tunand those parallel and antiparallel$plabeled witha' (spin

neling process is
2 (T”cwcmrlT c] _sTH.c)

—3(§-0i+S-09), )

whereT;; and Ti’j are the spin-conserving and spin-flip tun-
neling matrix elements, respectively, and the Hund coupling

terms are special for the manganite electrodes.

In order to derive an effective tunneling Hamiltonian, the

semiclassical approatis applied to Eq(2). Take the local
spin quantization axis at Mn sit§]) to be alongS(S;). The

Sa SB
Sa —JS 0
SpB 0 J(S+1)
, 0 L0 0
Sa T,Jcosz— iT/: sm— —Tijsmi—lTijco%
' 0 0
SB Tijsin; — |T,Jc0§ leco%—+|T smi

The secular equation reduces to

b

JS-I—l
2

+A;;(0)
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_Aij(e)} —Bizj(ﬂ)}=0,

S-I—l
2

with
Aij(8)=|Tj;cod 6/2) +iT;sin( 6/2)| (5)

andB;;(0) =|T;;sin(6/2)+iT{;cos(6/2)|. In the strong Hund

coupling case I>Tj; andJ>T i), we can ignore the eigen-

up) and B’ (spin down. The eigenstates on Mn sit§j) are
Sa andSB(Sja’ andS;B’). The spinor transformation is

well known,
(al)
B’

0 [0
( a) cos 5 sin| 5
whered is the angle betwee§ andS;. We can write down

8~ o 0 3
SN E CO E
the secular equatiofH;; —E|=0 with H;; given by

Sja, SJB/

o _, .0 0, 0
Tijco%ﬂTijsmE Tijsm§+|Tijc03

0 0
=T sm—+|T,]co§ T,JCO% iT sm—

4
—-JS 0
0 J(S+1)

Hr=2 {[Tjcod 6/2) +iT/sin(6/2)]dc;+H.c}, (6)
ij

where the angled is the relative orientation between the
moments of the two manganite electrodes.

In the momentum representation, the system Hamiltonian
is given by H=H_+Hg+Hs where H =3 e,clc, and
Hgr=3.&d}d, are the spin-up electron Hamiltonians in the
left and right electrodes of the manganite tunnel junction,
respectively, and

HT=k2 {[TipCOL 60/2) +iT sin(6/2) 1dfc,+ H.cl (7)
P

values with spin down having very high energies and obtains the tunneling Hamiltonian. The electrons that participate in

the approximate eigenvalues with spin up Bs=-JS
*A;(6). It then follows that Eq.(2) can be replaced
by the effective Hamiltonian Heﬁ—[T,Jcos(G/Z)
+iTy, S|n(0/2)]chJ+H c. whered;(c;) is the electron op-
erator with spin parallel to the local quantization a%jS;).

the tunneling current have their wave vectors very near the
Fermi wave vector&g andpg . It is an adequate approxima-
tion to treat the transfer raté%,,|* and|Ty,|* as their aver-
age valuedT|? and|T’|?, respectively. Using the standard
Green’s function methotf, the #-dependent tunneling con-

Such an effective Hamiltonian includes both the spin-ductanceG(6) is obtained at zero bias as

conserving and spin-flip tunneling. Owing to the strong
Hund couling and the DE conduction of electrons, each of
two manganite electrodes is a ferromagnet with almost full @®)
spin polarization and all the local spins on each manganite

electrode are parallel to each other at zero temperature. Aswhere N ; (¢ ) and Ng; (e¢) are the densities of states of
result, for a manganite tunnel junction, the total tunnelingspin-up electrons at Fermi energies on the left and right sides
Hamiltonian can be written as of the tunneling junction, respectively. We have also intro-

G(G)ZZWeZNL T (8F)NRT (8 F)|T|2[CO§( 0/2)
+ ysint(612)],
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160 [ ' ' ' 42040 argument above may account qualitatively for the experi-
— 140 ¢ ' mental result that the TMR decreases with increasing
& 120 | temperaturé?!
& 138 g Next, we turn our attention to the interplane TMR in lay-
?\6 60 & ere_d manganite crystal .ggaszr1+ZXMn207 with x=0.3, _
€ 40 which is viewed as being composed of ferromagnetic-
< ok metallic MnO, bilayers with intervening nonmagnetic insu-
0 0 -5 lating (La,Sr}O, barriers. Since metallic resistances of the

0 (rad) T MnO, bilayers can be ignored, the CPP resistance of the
system is equal to the sum of tunneling resistances of
FIG. 1. Angle dependence of the TMR ratio for several valuestunnel junctions in series connection, i.&=X={",R(6;),
of y in manganite tunnel junctions. where 6; is the angle between the moments of two nearest-
neighbor MnQ bilayers separated by théh insulating bar-
duced a parametey=|T’|?/|T| to character the spin-flip rier. In the low-temperature case, the moments of the MnO
effects in the tunneling process. This parameter is usuallpjjlayers are essentially parallel within domains separated by
smaller than unity and increases with temperature. A tunneiomain boundaries lying on the (La,$8), layers® Recent
junction can be regarded as a simple resi$tanjth the re-  experiments indicate that the low-temperature phase of this
sistance given byR(6) = 1/G(6). system may consist of mostly antiferromagnetic and some
We first focus our attention on the TMR at low tempera'ferromagnetic static order between the adjacent Mno
tures. It is well known that there exist two different defini- bilayers'® Suppose that there exist domain boundaries and
tions for the TMR ratio:AG(6)/G,=[G(0)—G(6)1/G(0)  the angle between the moments of the nearest-neighbor do-
(Refs. 16,18 and AR(6)/R,=[R(6) —R(0)J/R(0).***'% " nains is a constant.’* The CPP resistance is given
They satisfy the simple relation [AG(6)/Gp]™"  =mR(6)+(n—m)R(0) with R(6)=1/G(6). At satuated
—[AR(6)/R,]"*=1. Using expressiof8) for the tunneling  fields, all moments of the Mngbilayers are aligned toward

conductance, we obtain the TMR for the,LgAMNO; tun- the field direction so thaR,=nR(0). It then follows that
nel junction as

AG(6) 0 AR(6) ( 1

=(1— v)sir?| = = —1], (11)

G, 7)5'”2(2)’ © Ro "\ co2(612)+ ysir(612)

AR(6) 1 where p=m/n is smaller than unity. [f§=, as suggested
= - -1. (10 in Ref. 13, one obtains the maximal CPP TMR ratio as
Ry cog(6/2)+ ysir?(612)

In what follows we shall use Eq10) to discuss the TMR in AR\ 7n(1-vy) 12
the manganite tunnel junctions and the CPP TMR of the R_p max_ y (12)

layered manganite crystals, since the definitiod 8% 6)/R,

was used in those experimental works**°Figure 1 shows Eqr layered crystals of La »,Sr, ; ,Mn,O-, the spin flip-
AR(6)/R, as a function off for severaly’s. The greater ping during electron tunneling may take place at domain
AR(6)/R;, the smallery and the greated in the range of poundaries due to electron-magnon scattefinty. follows
O<f@=<m. As 6=, corresponding to the case of both mo- that at low temperatures the spin-flip effects in the layered
ments of two electrodes antiparallel to each other, there is grystals are much weaker than those in the epitaxial
maximum TMR ratio, AR/Rp)max=(1—y)/y. According |5 _ A MnO; tunnel junctions. As a resulty in Eq. (12)

to this formula, one gets an estimate p#0.55 for experi-  should be very small, yielding an extremely high ratio of the
mental data 4 R/R) may=83% in the Ly 67510 3MnO3 tun-  interlayer TMR. For example, taking=0.8 andy=0.02,

nel junction at 4.2 K! If the spin-flip tunneling was not e have AR/R) ma=4000%, which is compatible with the
taken into account ¥=0), one would get an infinite experimental data of Ref. 15. We wish to point out that the
(AR/Rp)max- As a result, the spin-flip electron tunneling ap- incoherent tunneling model under consideration here is very
pears to play an important role in diminishing the amplitudeappropriate to the CPP TMR in the layered manganite
of TMR. This suggests that the effective spin-diffusion| a, , Sr,,,Mn,0;(x=0.3) under high pressure. This is
length in defect-populated SrTiObarrier is much shorter pecause the applied pressure can weaken the interlayer cou-
than the width of the barrier. The spin-flip tunneling may pling and a two-dimentional-like conduction of nearly fully
arise from the impurity state@in ions) inside SrTiQ bar-  spin polarized carries within the magnetically interplane-
rier and the spin-flip scattering events at the interface bedecoupled Mn@ bilayers is highly diffuse or incoheref.
tween SrTiQ and Lg St 3MnO;. This indicates that re-  |f the angle between the moments of the nearest-neighbor

ducing the spin-flip effect is a potential way to obtain higherdomains is assumed to distribute randomly in the range 0
TMR ratio in the manganite tunnel junctions. At finite tem- < g< 7, the CPP tunneling resistance at zero field is

peratures, increasing temperature will make the probability

of spin-flip tunneling increase so as to decrease the maxi-

mum TMR ratio. In addition, the temperature effect will re- R= TIWR( 0)d 0+(n—m)R(0)=(£+n—m
sult in orientation fluctuations of local spins in two mangan- ™Jo Jy

ite electrodes, further decreasing the TMR ratio. The (13

R(0).
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In this case, the CPP TMR ratio is given by incorporating the basic physics of the manganites in tunnel-
ing theory, from which a formula for the tunneling conduc-
AR 1 tance was obtained. The TMR ratio for LgA,MnO; tun-
R_p= n \/—;— (14) nel junctions and the CPP TMR ratio for layered crystals

La,_»,Sh 1 2xMNn,0; were evaluated at low temperatures. It
It is easily seen that for a given, the required value of in ~ was found that the electron spin-flip tunneling plays an im-
Eq. (14) is much smaller than that in E(L2) to fit the same portant role in diminishing the amplitudes of the TMR. Us-

CPP TMR data. ing reasonable parameters, we got good agreement between

In summary we have proposed an effective tunnelingheoretical and experimental results.
Hamiltonian including the spin-flip effect to account for the
tunneling magnetoresistance in the manganite tunnel junc- This work was supported by the National Natural Science
tions. The effective tunneling Hamiltonian was derived byFoundation of China.
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