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Tunneling magnetoresistance in mixed-valence manganite tunnel junctions
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~Received 2 December 1997!

An effective tunneling Hamiltonian including spin-flip effect is proposed to account for the tunneling
magnetoresistance~TMR! 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 structure La0.67Sr0.33MnO3 /SrTiO3/La0.67Sr0.33MnO3 and
the bulk crystals La1.4Sr1.6Mn2O7. It is suggested that reducing electron spin-flip tunneling is a potential way
to gain larger TMR in the manganite tunnel junctions.@S0163-1829~98!02225-5#
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The recent discovery of colossal magnetoresista
~CMR! in Mn oxides La12xAxMnO3 with A5Sr, Ca, or Ba
~Ref. 1! has triggered renewed interest in the
perovskites.2–6 The properties of La12xAxMnO3 are usually
explained by a simple double-exchange~DE! mechanism.7–9

In order to completely understand the transport phenom
the Jahn-Teller electron-phonon coupling,4 complex hopping
amplitude and electron-electron interaction,5 and nonmag-
netic randomness6 have been proposed as necessary ex
sions of the DE mechanism.

In the interesting doping range 0.2&x&0.5,
La12xAxMnO3 is a metallic ferromagnet at low temper
tures, where it is associated with the simultaneous prese
of Mn31 and Mn41. The Mn31 ions have three electrons i
the t2g state forming a localS53/2 spin, and one electron i
the eg state which hops between nearest-neighbor Mn io
with double occupancy suppressed by the strong Hund c
pling between the local spin and the itineranteg electron.
The widely used Hamiltonian containing this physics is

H52t (
^ i j &s

~cis
† cj s1H.c.!2J(

i
Si•s i , ~1!

where the first term represents theeg electron transfer be
tween nearest-neighbor Mn ions at sitesi and j , while the
second term stands for the Hund coupling between thS
53/2 localized spinSi and the mobile electron with spins i
with J.0 andJ@t.

It is well known that the strong Hund coupling dominat
the basic physics of the mixed-valent manganite syste
Theeg electron spin combines with the located spins to fo
two configurations of the total spin:S1 1

2 andS2 1
2, respec-

tively, with energies2JS andJ(S11). In sufficiently large
J limit, the S2 1

2 configuration and the doubly occupied sta
are forbidden, and there only exists theS1 1

2 configuration.
Also, the largeJ means that the hopping of aneg electron
from the Mn31 to the Mn41 ions is sensitive to the relativ
orientation of their located spins. An important fact shou
be noted that in the mangnites the conduction electrons
almost fully spin polarized well below the critical temper
ture, which is quite different from ordinary ferromagnet
transition metals such as Fe, Co, and Ni.10
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Recently reducing the field scale of the magnetotransp
in manganites has been a major goal of research motiv
by the latent application of the CMR effect for devices. O
approach is to incorporate the metallic ferromagn
La12xAxMnO3 into magnetic tunnel junctions.11,12 The epi-
taxial tunnel junction has been fabricated in the form
La0.67Sr0.33MnO3 /SrTiO3 /La0.67Sr0.33MnO3, and a large tun-
neling magnetoresistance~TMR! as high as 83% was ob
served at low magnetic fields of only tens of Oe at 4.2 K11

Another approach is to synthesize the layered manga
crystal La222xSr112xMn2O7,13,14 in which the
ferromagnetic-metallic MnO2 bilayers are separated by non
magnetic (La,Sr)2O2 insulating layers, forming a virtually
infinite array of ferromagnet/insulator/ferromagnet junction
In the low-temperature case at 4.2 K, the curre
perpendicular-to-plane~CPP! resistivity drastically decrease
in the low magnetic field region during the magnetizati
process, and becomes constant when the field exceed
saturation value about 5 kOe. The field-sensitive tunnel
process gives rise to a low-field (,1kOe) CPP TMR as
large as 240%.13 Very recently, it was reported that the ma
nitude of this TMR can be drastically enhanced up
;4000% by applying pressure of;10 kbar at 4.2 K.15

Previous spin-polarized tunneling models16–18are suitable
to the magnetic tunnel junctions where two metallic ele
trodes are the ferromagnetic transition metals.19 Due to the
almost full spin polarization in the manganites, the tunnel
probability in a manganite tunnel junction is much more se
sitive to the relative alignment of the moments of two ferr
magnetic electrodes than that in ordinary magnetic tun
junctions. Therefore, it is highly desired to develop a tunn
ing theory suitable for the manganite tunnel junctions
taking into account the basic physics of the manganites.
found that the electron spin-flip tunneling plays an importa
role in determining the amplitudes of TMR. Its considerati
will be conducive to the explanation of TMR observed bo
in the La12xAxMnO3 tunnel junctions and in the layere
manganite crystals.

Consider a magnetic tunnel junction of which both ele
trodes are the ferromagnetic-metallic La12xAxMnO3 layers
with perovskite structure. Electron tunneling removes
electron with spins from a Wannier state at Mn sitej of one
side and creates an electron in a Wannier state at Mn sitei of
54 © 1998 The American Physical Society
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the other side with spins for spin conservation or2s for
spin flipping. As a generalization of the DE Hamiltonian~1!,
the tunneling Hamiltonian describing such an electron t
neling process is

Hi j 5(
s

~Ti j cis
† cj s1 iTi j8 cis

† cj ,2s1H.c.!

2J~Si•s i1Sj•s j !, ~2!

whereTi j andTi j8 are the spin-conserving and spin-flip tu
neling matrix elements, respectively, and the Hund coup
terms are special for the manganite electrodes.

In order to derive an effective tunneling Hamiltonian, t
semiclassical approach8 is applied to Eq.~2!. Take the local
spin quantization axis at Mn sitei ( j ) to be alongSi(Sj ). The
-
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electron states with spins parallel and antiparallel toSi are
labeled witha ~spin up! and b ~spin down!, respectively,
and those parallel and antiparallel toSj labeled witha8 ~spin
up! andb8 ~spin down!. The eigenstates on Mn sitei ( j ) are
Sia and Sib(Sja8 and Sjb8). The spinor transformation is
well known,

S a

b D 5S cosS u

2D sinS u

2D
2sinS u

2D cosS u

2D D S a8

b8
D , ~3!

whereu is the angle betweenSi andSj . We can write down
the secular equationuHi j 2Eu50 with Hi j given by
Sia Sib Sja8 Sjb8

Sia

Sib

Sja8

Sjb8

S 2JS 0 Ti j cos
u

2
1 iTi j8 sin

u

2
Ti j sin

u

2
1 iTi j8 cos

u

2

0 J~S11! 2Ti j sin
u

2
1 iTi j8 cos

u

2
Ti j cos

u

2
2 iTi j8 sin

u

2

Ti j cos
u

2
2 iTi j8 sin

u

2
2Ti j sin

u

2
2 iTi j8 cos

u

2
2JS 0

Ti j sin
u

2
2 iTi j8 cos

u

2
Ti j cos

u

2
1 iTi j8 sin

u

2
0 J~S11!

D . ~4!
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The secular equation reduces to

H S J

2
2ED 2

2FJS S1
1

2D1Ai j ~u!G2

2Bi j
2 ~u!J H S J

2
2ED 2

2FJS S1
1

2D2Ai j ~u!G2

2Bi j
2 ~u!J 50,

with

Ai j ~u!5uTi j cos~u/2!1 iTi j8 sin~u/2!u ~5!

andBi j (u)5uTi j sin(u/2)1 iTi j8 cos(u/2)u. In the strong Hund
coupling case (J@Ti j andJ@Ti j8 ), we can ignore the eigen
values with spin down having very high energies and obt
the approximate eigenvalues with spin up asE.2JS
6Ai j (u). It then follows that Eq.~2! can be replaced
by the effective Hamiltonian Hi j

eff5@Ti j cos(u/2)
1 iTi j8 sin(u/2)#di

†cj1H.c. wheredi(cj ) is the electron op-
erator with spin parallel to the local quantization axisSi(Sj ).
Such an effective Hamiltonian includes both the sp
conserving and spin-flip tunneling. Owing to the stro
Hund couling and the DE conduction of electrons, each
two manganite electrodes is a ferromagnet with almost
spin polarization and all the local spins on each manga
electrode are parallel to each other at zero temperature.
result, for a manganite tunnel junction, the total tunnel
Hamiltonian can be written as
n

-

f
ll
te
s a

HT5(
i j

$@Ti j cos~u/2!1 iTi j8 sin~u/2!#di
†cj1H.c.%, ~6!

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

In the momentum representation, the system Hamilton
is given by H5HL1HR1HT where HL5(p«pcp

†cp and
HR5(k«kdk

†dk are the spin-up electron Hamiltonians in th
left and right electrodes of the manganite tunnel junctio
respectively, and

HT5(
k,p

$@Tkpcos~u/2!1 iTkp8 sin~u/2!#dk
†cp1H.c.% ~7!

is the tunneling Hamiltonian. The electrons that participate
the tunneling current have their wave vectors very near
Fermi wave vectorskF andpF . It is an adequate approxima
tion to treat the transfer ratesuTkpu2 anduTkp8 u2 as their aver-
age valuesuTu2 and uT8u2, respectively. Using the standar
Green’s function method,20 the u-dependent tunneling con
ductanceG(u) is obtained at zero bias as

G~u!52pe2NL ↑ ~«F!NR↑ ~« F!uTu2@cos2~u/2!

1gsin2~u/2!#, ~8!

whereNL↑ (« F) and NR↑ («F) are the densities of states o
spin-up electrons at Fermi energies on the left and right s
of the tunneling junction, respectively. We have also int
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duced a parameterg5uT8u2/uTu2 to character the spin-flip
effects in the tunneling process. This parameter is usu
smaller than unity and increases with temperature. A tun
junction can be regarded as a simple resistor,20 with the re-
sistance given byR(u)51/G(u).

We first focus our attention on the TMR at low temper
tures. It is well known that there exist two different defin
tions for the TMR ratio:DG(u)/Gp5@G(0)2G(u)#/G(0)
~Refs. 16,18!, and DR(u)/Rp5@R(u)2R(0)#/R(0).11,13,15

They satisfy the simple relation @DG(u)/Gp#21

2@DR(u)/Rp#2151. Using expression~8! for the tunneling
conductance, we obtain the TMR for the La12xAxMnO3 tun-
nel junction as

DG~u!

Gp
5~12g!sin2S u

2D , ~9!

DR~u!

Rp
5

1

cos2~u/2!1gsin2~u/2!
21. ~10!

In what follows we shall use Eq.~10! to discuss the TMR in
the manganite tunnel junctions and the CPP TMR of
layered manganite crystals, since the definition ofDR(u)/Rp
was used in those experimental works.11,13,15Figure 1 shows
DR(u)/Rp as a function ofu for severalg ’s. The greater
DR(u)/Rp , the smallerg and the greateru in the range of
0<u<p. As u5p, corresponding to the case of both m
ments of two electrodes antiparallel to each other, there
maximum TMR ratio, (DR/Rp)max5(12g)/g. According
to this formula, one gets an estimate ofg.0.55 for experi-
mental data (DR/Rp)max583% in the La0.67Sr0.33MnO3 tun-
nel junction at 4.2 K.11 If the spin-flip tunneling was no
taken into account (g50), one would get an infinite
(DR/Rp)max. As a result, the spin-flip electron tunneling a
pears to play an important role in diminishing the amplitu
of TMR. This suggests that the effective spin-diffusio
length in defect-populated SrTiO3 barrier is much shorte
than the width of the barrier. The spin-flip tunneling m
arise from the impurity states~Mn ions! inside SrTiO3 bar-
rier and the spin-flip scattering events at the interface
tween SrTiO3 and La0.67Sr0.33MnO3. This indicates that re-
ducing the spin-flip effect is a potential way to obtain high
TMR ratio in the manganite tunnel junctions. At finite tem
peratures, increasing temperature will make the probab
of spin-flip tunneling increase so as to decrease the m
mum TMR ratio. In addition, the temperature effect will r
sult in orientation fluctuations of local spins in two manga
ite electrodes, further decreasing the TMR ratio. T

FIG. 1. Angle dependence of the TMR ratio for several valu
of g in manganite tunnel junctions.
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argument above may account qualitatively for the expe
mental result that the TMR decreases with increas
temperature.11

Next, we turn our attention to the interplane TMR in la
ered manganite crystal La222xSr112xMn2O7 with x50.3,
which is viewed as being composed of ferromagne
metallic MnO2 bilayers with intervening nonmagnetic insu
lating (La,Sr)2O2 barriers. Since metallic resistances of t
MnO2 bilayers can be ignored, the CPP resistance of
system is equal to the sum of tunneling resistances on
tunnel junctions in series connection, i.e.,R5( i 51

n R(u i),
whereu i is the angle between the moments of two neare
neighbor MnO2 bilayers separated by thei th insulating bar-
rier. In the low-temperature case, the moments of the Mn2
bilayers are essentially parallel within domains separated
domain boundaries lying on the (La,Sr)2O2 layers.13 Recent
experiments indicate that the low-temperature phase of
system may consist of mostly antiferromagnetic and so
ferromagnetic static order between the adjacent Mn2
bilayers.15 Suppose that there existm domain boundaries and
the angle between the moments of the nearest-neighbor
mains is a constantu.13 The CPP resistance is given byR
5mR(u)1(n2m)R(0) with R(u)51/G(u). At satuated
fields, all moments of the MnO2 bilayers are aligned toward
the field direction so thatRp5nR(0). It then follows that

DR~u!

Rp
5hS 1

cos2~u/2!1gsin2~u/2!
21D , ~11!

whereh5m/n is smaller than unity. Ifu5p, as suggested
in Ref. 13, one obtains the maximal CPP TMR ratio as

S DR

Rp
D

max

5
h~12g!

g
. ~12!

For layered crystals of La222xSr112xMn2O7, the spin flip-
ping during electron tunneling may take place at dom
boundaries due to electron-magnon scattering.21 It follows
that at low temperatures the spin-flip effects in the laye
crystals are much weaker than those in the epita
La12xAxMnO3 tunnel junctions. As a result,g in Eq. ~12!
should be very small, yielding an extremely high ratio of t
interlayer TMR. For example, takingh50.8 andg50.02,
we have (DR/Rp)max.4000%, which is compatible with the
experimental data of Ref. 15. We wish to point out that t
incoherent tunneling model under consideration here is v
appropriate to the CPP TMR in the layered mangan
La222xSr112xMn2O7(x50.3) under high pressure. This
because the applied pressure can weaken the interlayer
pling and a two-dimentional-like conduction of nearly ful
spin polarized carries within the magnetically interplan
decoupled MnO2 bilayers is highly diffuse or incoherent.15

If the angle between the moments of the nearest-neigh
domains is assumed to distribute randomly in the rang
<u<p, the CPP tunneling resistance at zero field is

R5
m

pE0

p

R~u!du1~n2m!R~0!5S m

Ag
1n2mD R~0!.

~13!
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In this case, the CPP TMR ratio is given by

DR

Rp
5hS 1

Ag
21D . ~14!

It is easily seen that for a givenh, the required value ofg in
Eq. ~14! is much smaller than that in Eq.~12! to fit the same
CPP TMR data.

In summary we have proposed an effective tunneli
Hamiltonian including the spin-flip effect to account for th
tunneling magnetoresistance in the manganite tunnel ju
tions. The effective tunneling Hamiltonian was derived b
d

n

g

c-

incorporating the basic physics of the manganites in tun
ing theory, from which a formula for the tunneling condu
tance was obtained. The TMR ratio for La12xAxMnO3 tun-
nel junctions and the CPP TMR ratio for layered cryst
La222xSr112xMn2O7 were evaluated at low temperatures.
was found that the electron spin-flip tunneling plays an
portant role in diminishing the amplitudes of the TMR. U
ing reasonable parameters, we got good agreement bet
theoretical and experimental results.
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