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Abstract. Magnetic tunnel junctions with barrier thicknesses of either 1.6 or 2.4 nm have been fabricated from

epitaxially grown La0:8Sr0:2MnO3=SrTiO3=La0:8Sr0:2MnO3 trilayers. For the junctions with 1.6-nm-thick SrTiO3,

tunneling magnetoresistance (TMR) as large as 150% was observed at 5 K. A small TMR was observed even at

270 K, which is close to the ferromagnetic Curie temperature (290 K) of the La0:8Sr0:2MnO3 ®lm. Besides

tunneling conduction, parallel semiconduction through the SrTiO3 barrier appeared to exist, and became dominant

at high temperatures, reducing the TMR ratio and operating temperature, especially for thicker SrTiO3 barriers.

The SrTiO3 barrier thickness is the key to improving TMR characteristics, and fabricating a suf®ciently thin and

uniform barrier layer is essential for achieving a large TMR and a high operating temperature.
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1. Introduction

Large magnetoresistance in a low magnetic ®eld (less

than a few hundreds oersted) has been observed

recently in spin-dependent tunneling through grain

boundaries and heteroepitaxial junctions with perov-

skite-type hole-doped manganates, such as

La1ÿxSrxMnO3 [1±6]. This large tunneling magne-

toresistance (TMR) can be attributed to the nearly

100% spin polarization of conduction electrons in the

manganates, where only a single-spin band crosses the

Fermi level [7±9]. Considering a magnetic tunnel

junction (ferromagnetic electrode/insulating barrier/

ferromagnetic electrode), the TMR ratio is given by

[10]

DRj�H�=Rj�H� � 2P1P2=�1ÿ P1P2� �1�

where Rj�H� is the junction resistance in the ®eld of

H, DRj�H� � Rj�0� ÿ Rj�H�, and P1 and P2 are the

spin polarizations of the two ferromagnetic elec-

trodes. Hence, junctions using the manganates have a

great advantage over those using typical ferromag-

netic metals and alloys, of which the spin polariza-

tions are in the range of 0.2±0.4 [11]. By using the

high degree of spin polarization available from the

manganates, we can make magnetoelectronic devices,

such as highly sensitive magnetic sensors or magnetic

random access memories.

In most of the results reported so far, however,

TMR in magnetic tunnel junctions disappeared at

temperatures far lower than the Curie temperatures

�TC� of the manganates. For junctions of in situ grown

La1ÿxSrxMnO3=SrTiO3=La1ÿxSrxMnO3 (x � 0:3 or

0.33) trilayers [3±5], maximum operating tempera-

tures �Top� are around 200 K, which are far lower than

TCs of the manganate ®lms (350 K for x � 0:3 and

370 K for x � 0:33). In these junctions, the thickness

of STO barriers �tb� were from 3 to 6 nm, which were

much larger than those of Al2O3 barriers (1±2 nm)

used in junctions with typical ferromagnetic metals

and alloys [12]. Although ramp-edge junctions with

thin STO barriers �tb � 2 nm� showed a higher Top

equal to 0.8 of TC [6], these junctions exhibited small

TMR ratios (� 23%) even at low temperatures. These

low TMR ratios might be caused by degradation of the

interfaces between the manganates and barriers due to

the ex situ deposition.*E-mail: obata@frl.cl.nec.co.jp



Such low operating temperatures as well as low

TMR ratios are obstacles to their applications at room

temperature. From these reported results, the thick-

ness of the barrier and the quality of the interface

appear to be the keys to improving TMR character-

istics in junctions with manganates. In this study, we

have fabricated magnetic tunnel junctions comprising

in situ and epitaxially grown La0:8Sr0:2MnO3=
SrTiO3=La0:8Sr0:2MnO3 (LSMO/STO/LSMO)

trilayers with different STO barrier thicknesses,

and we experimentally con®rmed the effect of

the barrier thickness on the TMR characteristics.

The TMR characteristics of the junctions with

suf®ciently thin STO barriers �tb � 1:6 nm� are

signi®cantly improved, and we have observed a

TMR ratio as large as 150% at 5 K under a low

magnetic ®eld (510 Oe). We have also observed a

small TMR even at 270 K, which reaches 0.92 of the

TC of the LSMO ®lm.

2. Experimental

The LSMO/STO/LSMO trilayer was grown by pulse

laser deposition (PLD) in situ to keep the interfaces

free from contamination. The bottom LSMO layer

was grown on a polished SrTiO3 (1 0 0) single crystal

at 650±700�C under the oxygen pressure of 300 mTorr

[13,14]. The TC of the LSMO layer, determined by

magnetization and resistivity measurements (Fig. 1),

was 290 K, which was slightly lower than that

reported for LSMO single crystals (& 310 K) [15].

The resistivity at 5 K�600±700 mOcm� was as small as

that for single crystals. The coercive force �Hc� in the

plane was less than 10 Oe, suggesting high quality of

the crystallinity. The STO barrier layer was grown on

the bottom LSMO at 600�C under 50 mTorr of

oxygen, and then the top LSMO layer was grown

under the same conditions as the bottom LSMO layer

was. Finally, the trilayer was cooled to room

temperature under 760 Torr of oxygen. The top and

bottom LSMO layers were 50 nm thick, and the STO

barrier layer was either 1.6 or 2.4 nm thick. High-

resolution transmission electron microscopy

(HRTEM) revealed that each layer was epitaxially

grown as shown in Fig. 2. Even for tb � 1:6 nm, the

STO barrier layer was uniformly grown between the

top and bottom LSMO layers, and the interfaces were

atomically sharp and ¯at.

Micron-scale junctions (Fig. 3) were fabricated

from the trilayer by conventional photolithography

[14]. The trilayer was patterned to form a large bottom

electrode by using ion milling through a photoresist

stencil. Rectangular junctions with areas �Sj� of

2630; 5630, and 10650 mm were then de®ned by

using another photoresist stencil and ion milling

etching timed to end at the top surface of the bottom

LSMO electrode. Such rectangular shapes were

adopted in order to make the coercivity larger by the

shape-anisotropic demagnetization ®eld effect. Then

the junctions were coated with a 100-nm-thick SiO2

insulation layer by vacuum evaporation. The stencil

was subsequently lifted off to open self-aligned

contact windows. The top LSMO and STO layers

were removed from the contact windows on the

bottom LSMO electrodes to achieve a low base

Fig. 1. Temperature dependence of the spontaneous

magnetization and the resistivity for an LSMO ®lm.

Fig. 2. Cross-sectional lattice image of the interface within an

LSMO/STO/LSMO trilayer by HRTEM.
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resistance. Finally a gold layer was deposited and

patterned to form contact electrodes.

Junction properties were investigated by mea-

suring dc conductance and magnetoresistance in the

temperature range from 4.2 to 300 K using the

conventional 4-terminal method.

3. Results and Discussion

The inset of Fig. 4(a) shows the change in Rj against

the applied magnetic ®eld at 5 K for a junction with

Sj � 5630 mm and tb � 1:6 nm. The magnetic ®eld

was applied along the longitudinal direction of the top

LSMO layer. The magnetic moments of the top and

bottom LSMO layers were aligned in parallel for high

magnetic ®elds, and low Rj was observed. In contrast,

when the magnetic moments were aligned in

antiparallel for low ®elds due to the difference in

the coercivities of the two LSMO layers, a high Rj was

observed. Since Rj was constant above 1000 Oe, the

TMR ratio in the ®eld of H was de®ned by

�Rj�H� ÿ Rj�1500 Oe��=Rj�1500 Oe�. The main panel

of Fig. 4(a) shows a magni®ed view of the inset. The

TMR ratio changed sharply below 25 Oe. Coercivities

for the bottom and top LSMO layers were estimated to

be a few Oe and 15±25 Oe, respectively. The former

value is consistent with the Hc observed for the

individual LSMO ®lm, while the latter larger

coercivity is due to the shape-anisotropic demagne-

tization ®eld effect. ATMR ratio as large as 150% was

observed in the junction. The spin polarization P of

the LSMO layers estimated from Eq. (1) was 0.65.

Although this P is considerably higher than those

for typical ferromagnetic metals and alloys, it is lower

than unity. Also, the peaks of the TMR hysteresis

curve slightly differ in height and location. This

``low'' P value and the asymmetry of the TMR

hysteresis curve suggest incomplete antiparallel

alignment of the magnetic moments of both LSMO

layers. For the top LSMO layer, since the coercivity

was due to the shape-anisotropic demagnetization

effect, it was probable that orientations of magnetic

domains were not uniform, especially near the edge of

the rectangular. To achieve the complete antiparallel

alignment of the magnetic moments, a magnetically

biasing layer, such as an antiferromagnetic layer,

Fig. 3. A planar and a cross-sectional views of a magnetic tunnel

junction using an LSMO/STO/LSMO trilayer.

Fig. 4. Change in the TMR ratio against the applied magnetic

®eld in a junction (Sj � 5630mm and tb � 1:6 nm) at (a) 5 K and

(b) 270 K. The inset of (a) shows the change in the junction

resistance over a wider range of applied magnetic ®elds. The

arrows show the direction of the sweeping magnetic ®eld. The

orientation of the magnetic moments of two LSMO layers is also

shown in (a).
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should be deposited on the top (or the bottom) LSMO

layer to pin the magnetic moment, and thus enable

larger TMR ratio.

Figure 4(b) shows the magnetoresistance at 270 K

for the same junction as in Fig. 4(a). TMR (2%) was

observed even at 270 K. The observed TMR was not

caused by the colossal magnetoresistance (CMR)

effect of the LSMO ®lm. Since the CMR ratio of the

individual LSMO ®lm in low magnetic ®elds was

small (� 0.2%) at this temperature, the observed

TMR ratio of 2% was the result of spin-dependent

tunneling through the junction. Top of 270 K was very

close to the TC (290 K) of the individual LSMO ®lm,

and the Top normalized to the TC was 0.92. These

results clearly demonstrate that both a large TMR

ratio and a high operating temperature can be

achieved in junctions made with perovskite manga-

nates.

Next, we will consider the effect of STO barrier

thickness on TMR. Figure 5 shows the temperature

dependence of the TMR ratios for various junctions

with tb � 1:6 and 2.4 nm. The junctions with

tb � 1:6 nm showed higher TMR ratios than those

with tb � 2:4 nm at the same temperature. In addition,

the TMR ratios for the junctions with tb � 2:4 nm

decayed faster than those for the junctions with

tb � 1:6 nm. A similar fast decay of the TMR ratio

with increasing temperature has been reported, where

thicker STO barriers (3±6 nm) were fabricated [3,4,5].

Although the existence of a magnetically dead layer at

the surface of the LSMO ®lm at high temperatures has

been suggested to explain the previous results [16],

our results demonstrate that spin-dependent tunneling

is observable even at temperatures close to TC if

suf®ciently thin STO barriers are successfully fabri-

cated.

Figure 6 shows the temperature dependence of the

area-scaled junction resistances Rjp6Sj measured

under the parallel magnetic moment orientation of

the two LSMO layers for various STO-barrier

thicknesses. For the present junctions, since Rjp6Sj

was independent of Sj for the same tb, the observed Rjp

represents the intrinsic nature of the junction [14]. The

value of Rjp6Sj for tb � 2:4 nm were, as expected,

higher than those for tb � 1:6 nm in the measured

temperature range, but the temperature dependence

for both thickness showed an unusual feature. Rjp6Sj

®rst gradually increased with increasing temperatures,

reaching a maximum at a characteristic temperature

TRmax, then decreased. A similar behavior was

observed for the junctions with thick STO barriers

�tb � 3±6 nm� by Sun et al. [17] as shown in Fig. 6.

Such a feature can be qualitatively explained in terms

of parallel conduction through tunneling and semi-

conducting paths. The gradual increase in Rjp6Sj up

to TRmax is mainly due to the decrease in a spin

polarization P, which is thought to be proportional to

the spontaneous magnetization Ms of the LSMO

layers, with increasing temperature, because the

junction conductance of the spin-dependent tunneling

Gp � 1=Rjp is proportional to �1� P2�=2 [10].

On the other hand, the parallel semiconduction will

dominate the transport of the junctions above TRmax,

which will reduce Rjp6Sj. Thus, TRmax represents a

Fig. 5. Temperature dependence of the maximum TMR ratios in

the parallel magnetic moment orientation of two LSMO layers for

junctions with various Sj and tb.

Fig. 6. Temperature dependence of the area-scaled junction

resistance Rjp6Sj for junctions with various Sj and tb. Previously

reported data by Sun et al. [17] for thick STO barriers (3±6 nm)

are drawn for comparison.
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crossover temperature where the main conduction

process changes from tunneling to the semiconduc-

tion. As tb increases, the resistance of the tunneling

increases exponentially, while the semiconducting

resistance increases linearly. As a result, TRmax falls

with increasing tb as shown in Fig. 6. Although the

data for thick STO barriers �tb � 3±6 nm� showed

lower Rjp6Sj than those for the present junctions with

tb � 2:4 nm (this may be due to the difference in

junction quality), it showed a similar tendency of the

lower TRmax for the larger tb. We stress that TMR

always disappears just above TRmax. This is consistent

with the dominance of the semiconduction, which

strongly reduces the TMR ratio, above TRmax.

Therefore, fabricating a suf®ciently thin barrier is

essential to achieve a high operating temperature.

To estimate the average barrier height f and the

barrier thickness s from the current-voltage character-

istics, we corrected the observed Gp with the spin-

polarization P. Figure 7 shows the applied voltage

dependence of the corrected tunneling conductance

Gc at various temperatures for a junction with

tb � 1:6 nm and Sj � 2630 mm, written as,

Gc � Gp=
1� P2

2

� �
�2�

� a�1� 3gV2� �3�
where a and g are functions of f and s [10,18]. The

results of the ®tting to Eq. (3) are also plotted in Fig. 7.

(Here, we used the normalized magnetization

Ms�T�=Ms�T � 5 K� instead of P.) The conductance

curves observed at high temperatures are well

reproduced by Eq. (3). From the ®tting, we obtained

estimated barrier thicknesses s of 2.3 to 2.4 nm and

average barrier heights f of 0.24 to 0.27 eV in the

temperature range of 150 to 250 K. For the junction

with a designed barrier thickness tb of 2.4 nm, a

similar ®tting gave s of 3.2 to 3.3 nm and f of 0.27 to

0.29 eV below 150 K. The estimated barrier thick-

nesses were slightly larger than the designed

thicknesses. The differences in the thickness (0.7±

0.9 nm), however, correspond to the two unit cells of

LSMO. Thus, this result indicates that only one unit

cell of each top and bottom LSMO acts as an

insulating barrier at the LSMO/STO interfaces. The

estimated barrier heights (0.24±0.29 eV) are compar-

able to those reported so far [5,17], though they are

lower than those expected from the band gap of STO

(* 3.0 eV). Such a low barrier height may be

explained in terms of the electron doping of the

STO. It is well known that the electron doping caused

by an oxygen de®ciency [19] or cation substitution

[20] leads to semiconduction or even metallic

conduction in STO. An oxygen de®ciency and/or

substitution of Sr2� in the STO with La3� at the

LSMO/STO interfaces are possible origins for the

electron doping because of the rather low oxygen

pressure and high substrate temperature during the

deposition of the LSMO/STO/LSMO trilayers. The

electron doping of the STO can also account for the

parallel semiconduction that dominated the transport

of the junctions at high temperatures.

Although tunneling appeared to dominate the

transport of the junctions, the observed conductance

curve at low temperatures cannot be ®tted to Eq. (3)

completely because of a small zero-bias anomaly. Such

zero-bias anomalies are often observed in magnetic

tunnel junctions. Magnon [21] or metal inclusion [22],

which have been discussed to explain this anomaly,

may have occurred in the present junctions.

4. Summary

We fabricated magnetic tunnel junctions by using

epitaxially grown LSMO/STO/LSMO trilayers with

Fig. 7. Corrected dc conductance Gc vs applied voltage in a

magnetic junction (Sj � 2630 mm and tb � 1:6 nm) at 1500 Oe

under various temperatures. The solid lines show the results of

the ®tting to Eq. (3).
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different STO barrier thicknesses. With the 1.6-nm-

thick STO barrier layer, a large TMR ratio of 150%

was observed in the junction. Spin-dependent

tunneling dominated the conduction process up to

temperatures very close to the Curie temperature of

the LSMO ®lm (290 K), and a small TMR of 2% was

observed at 270 K. The observed current-voltage

curves were well reproduced by a modi®ed expression

of tunnel conduction with correction for the spin-

polarization. The estimated average barrier height was

0.24 to 0.27 eV and the barrier thickness was 2.3 to

2.4 nm, which is slightly larger than the designed

thickness. For the junctions with 2.4-nm-thick STO

barriers, on the other hand, the parallel semiconduc-

tion seemed to be dominant at high temperatures,

which reduced both the TMR ratio and the operating

temperature. These results show that fabricating

suf®ciently thin STO barrier layers is the key to

increasing the TMR ratio and the operating tempera-

ture. These ®ndings are a step towards applying

magnetic tunnel junctions made with spin-polarized

manganates to magnetoelectronic devices.
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