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Inverse tunnel magnetoresistance in all-perovskite junctions of Lg;SrysMnO 3/SrTiO 3/ SrRuOg4
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All epitaxial oxide magnetic tunnel junctions, §.#1, sMnO3;/SrTiO;/SrRuG; trilayer films, composed of
ferromagnetic and metallic electrodes were fabricated on(80D substrates. Inverse tunnel magnetoresis-
tance (TMR), i.e., higher and lower junction resistance levels in parallel and anti-parallel magnetization
configurations, respectively, was observed, indicating the negative spin polarization of ;SrRed@htrast to
the positive one of Lg;Sry ;MnO;. The TMR action persists up ¢ of the SrRuQ layer due to the robust
spin polarization at the SrTiJSrRuG, interface.
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[. INTRODUCTION normal or inversg TMR for tunnel junctions composed of
two Ni-Fe permalloy electrodes depending on the interface
Tunnel junctions composed of two ferromagnetic and mechemical staté. Thus, it is not straightforward to perform
tallic electrodes separated by an insulating barrier have beewrliable spin-resolved tunneling spectroscopy for junctions
attracting considerable attention not only as the probe of thasing insulating oxide/ferromagnetic metal interface. This is
carrier spin polarization but also as the magnetic sensgperhaps because the interface oxidation of metallic elec-
heads for storage devices and nonvolatile magnetitrodes and/or the defects at the interface between dissimilar
memories- Large tunnel magnetoresistan€EMIR) appears compounds may give rise to additional spin-dependent scat-
when an applied magnetic field changes the magnetizatiotering mechanism. Concerning all-oxide junctions, the in-
direction of the two ferromagnetic electrodes. Using Julliereverse TMR for FgO, (magnetit¢/STO/LSMO was reported,

model? the TMR is expressed as implying the down-spin majority band in §®,.° Since
Fe;0, has spinel type crystal structure and is quite different
Rap—Rp  2P;P, from perovskite, it seems difficult to control the interface
Rp 1= P,P,’ (1) structure on an atomic scale.

Here, we chose SIRUQSRO and LSMO as electrodes
where Rap(py is the junction resistance in the antiparallel having identical crystal structure of perovskite and opposite
(paralle) magnetization state, andl; and P, are the spin  spin polarization. Worledge and Geballe have measured the
polarizations of two electrodes. The spin polarizat®ris  superconducting gap spectrum in a magnetic field for SRO/

expressed as STO/AIl tunnel junction to show that the spin polarization of
SRO is negative { 9.5%).” Although the value oP is much
Nyw;—Njw, smaller than the band calculation value- £ 60%) 2 the

- Nyw;+Nw, 2 negative sign was experimentally confirmed. Therefore,

when an all-perovskite tunnel junction is epitaxially com-

Here N, () is the up(down) -spin density of state¢gDOS) posed of SRO and LSMO as the ferromagnetic electrode
andw;,( ) is the weighting factor that can be expressed bylayers and STO as the barrier layer, it is expected to show
square of the averaged Fermi velocity[(uz) for up (down) inverse TMR due to the opposite sign of spin polarizatiton
-spin electrons in terms of a simple model for the tunnelingbeing free from complicated interface phenomena. We have
process, indeed confirmed the inverse magnetoresistance in LSMO/

When the sign of the spin polarization for the two elec-STO/SRO tunnel junctions and investigated the characteristic
trodes is opposite to each othe?,( P,<0), Rp becomes of spin state and magnetic domains at the interface.
larger thanR,p, Which we callinverseTMR. Recently, Ter-
esa etal. reported on the tunnel experiments for
Coll/Lay 7Sty MnO4 (LSMO) junctions (
=insulator layer)? where the down-spin majority DOS at  The heteroepitaxial structures were fabricated on STO
Fermi level in Co and the up-spin one in LSMO are antici- (001) single-crystal substratéwith a pulsed laser deposition
pated to give inverse TMR. Indeed, they observed inverseystem employing KrF excimer laser pulsgb0 mJ fo-
TMR whenl is SITiO; (STO) or Cg) gd-ag 3101 545, Whereas cused on polycrystalline targets. During the deposition, the
normal TMR emerged fot =Al,0O;. They concluded that substrate temperature was kept at 800°C under the oxygen
the TMR behavior strongly depends on the electronic state giressure of 90 mTorr. The thickness of the LSMO and STO
the interface between Co and insulating oxide. There hakyers was controlled on an atomic scaleibysitu monitor-
been also reported an example of unpredictalbether ing the intensity oscillation of reflection high-energy electron

II. EXPERIMENTS
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diffraction (RHEED),*° while RHEED oscillation could not

be observed for the SRO bhottom layer because of the step-
flow-type growth modé!~3Instead, we deposited the SRO
layer at a constant deposition rate for a prescribed period.
The typical trilayer structure is composed of 30-nm-thick
SRO bottom electrode/ 8-unit-cells-thick STO barrier layer/
40-nm-thick LSMO top electrode. After the deposition, the
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film was cooled in 760 Torr of oxygen. X-ray diffraction was 10°
carried out by a four-circle diffractometer with ®ux !
source. Magnetization was measured by a superconducting 10
guantum interference devi¢8QUID) magnetometer. Tunnel q° iH d HEEE | B
junction devices are fabricated by a standard photolithogra- 020 022 024 026 028 0.30
phy and ion-milling process. 1/dg, [1/A]
1.05
Ill. RESULTS AND DISCUSSION (b) 0
LSMO(114)

A. Structural characterization

f
STO
substrate (114)

We have performed detailed x-ray diffraction analyses for 1.04
the heteroepitaxial thin films before the device processing.
Figure 1 (a) shows a @— 6 scan of a film composed of
LSMO(40 nm/STQ(8 unit celly/ SRA30 nm. There can be
seen sharp peaks of LSM@01) and SRO(00]) in addition
to the STO substrat€001) peak. The full-width of half-
maximum of the rocking curve is as narrow as 0.01°. The
out-of-plane lattice constants are 0.396 nm for SRO and
0.386 nm for LSMO. The former is elongated from the bulk 1.02
value of 0.393 nm and the latter is shortened from 0.388 nm.

As can be clearly seen in the lower angle tail, Laue interfer- =

ence fringes appear due to the finite thickness of a film. It | | 3 A A
can be nicely fit as dotted line by assuming the SRO layer 0.340 0344 0348 0352 0356 0.360
thickness to be 30 nm. Therefore, the bottom layer can be 1/d,,, [1/A]

concluded to be high crystallinity and extremely flat, the lat-

ter of which was also confirmed by atomic force microscope FiG. 1. X-ray diffraction of a LSM@40 nm/STO(8 unit cellg/
images represented by 0.4 nm steps and atomically flat tte6RO30 nm heteroepitaxial thin film.(a) 26— 6 scan for (001
races for SRO single-layer films. Figurébl shows the re- peaks of perovskites. The out-of-plane lattice constants are 0.396
ciprocal space mapping for the heteroepitaxial thin film. Thenm for SRO and 0.386 nm for LSMO layers. The dotted line is a
(114) peaks of SRO and LSMO layers appear at almost tha&imulated curve for a single layer of SRO film with a thickness of
same value of horizontal axis with that of the STO substrate30 nm, agreeing with the observed interference fringlesRecip-
indicating all the consisting layers have identical in-planerocal space mapping for th@14) peaks of perovskites. Epitaxial
lattice constant to that of the substrate. Therefore, one caliims are coherently strained to the substrate. SRO is under com-
expect that there is no dislocation at the interfaces of thé@ressive strain and LSMO is under tensile one.
tunnel junction. This fact makes us free from being bothered
by the issues of interface spin-flipping scattering due to thdor a tunnel junction(junction area of % 20 um?) and the
dislocations at the interfaces. Here we note that the LSMGtrip line lead (36 200 um?) for the bottom electrode. The
layer is under tensile strain so that the spin-canting towardpottom electrode strip line shows a metallic behavior and a
A.type antiferromagnetic Spin ordering may appear at thglnk at 140 K that Corresponds to the ferromagnetic transi-
LSMO/STO interfacé’ This should make spin polarization tion temperaturd ¢ of SRO. The junction resistance is larger
of LSMO reduced from 100%. The compressive strain of thehan the spread resistance of the bottom electrode by two
SRO layer makes the easy magnetization axis to be vertic&irders of magnitude and stays constant at low temperatures.
to the film plane due to spin-orbital couplifSince TMR  Figure Zc) shows the bias voltage dependence of the junc-
response discussed below was measured by applying thi®n current(on the left ordinateand dynamic conductance
magnetic field parallel to the film plane, one must take comd!/dV (on the right ordinatefor the junction at 10 K. The
plicated magnetization process of SRO into account. parabolic dependence di/dV on bias voltage indicates that
the transport process for the junction is most likely the tun-
neling process. By fitting the characteristics to the theoretical
formulal® a mean barrier height of 0:20.3 eV is deduced.
The schematic cross section of the junction is shown irin fact, such a small value as compared with the band gap of
Fig. 2@). The junction size was varied from 9 to 3@dn?.  STO (3.2 e\) has been reported in literatdfé® repeatedly
Figure 2b) shows the temperature dependence of resistander the junctions using a STO barrier. The origin is perhaps

1.03

1/dgy, [1/A]

SRO (114)

B. Junction characteristics
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seen in Fig. 8a), the magnetization for the tri-layer film can

-0.2 0 0.2 be regarded as the simple sum of those for LSMO and SRO,
oleage [V indicating no magnetic coupling between LSMO and SRO.

There can be defined three characteristic magnetic fields as

FIG. 2. (a) Cross-sectional schematic of the tunnel junctidm. - . . . .
Temperature dependence of resistance for amdlc‘f’lte(j in Fig. &); coercive force of LSMO K¢ suo

Lag 7Sr sMNnO3/SrTiO;/SrRu@, tunnel junction with an area of 3 .NO'Ol T), coercive force (_)f SRO—(%SRON.OA T) and the

X 20 um? (solid line, the left ordinateand a bottom electrode strip field (H¢, sro~3 T) at which the magnetization of SRO is
line (dotted line, the right ordinate(c) Bias voltage dependence of gligned to the field directiothe magnetic hard axis

tunnel current(circles, the left ordinadeand dynamic conductance Figure 3b) shows the magnetic-field dependence of the
dldV (a solid line, the right ordinajefor the tunnel junction at 10 TMR (AR/R) at 10 K normalized by the junction resistance
K. The inset shows the relationship between the resistance and jungy 5t 0 T. Clear inverse TMRRp— Rp<0) is observed for
tion area for the 12 junctions fabricated on the same chip. all the junctions:AR/R abruptly decreases #t,, syo and
increases abovHCl,SRo in a magnetic-field scan. Besides

due to the oxygen vacancy related subgap levels of STO, y%e anticipated inverse TMR response, two features are su-

has never been clarified. The inset of Figc)2shows the . o .
relationship between junction resistance and junction area iRterlmposgd on theQg?ge_tlc-flﬁldlddepender%:a fR’<(a)
a device chip. These are inversely proportional to each othet cPWISE Increase In a field range O, sro

and the yield against apparent leakage is pretty high <Hc, sroand(2) almost linear decrease AfR/R as a func-
(~80%). This is probably due to the smooth surface of thetion of magnetic field seen for the parallel magnetization
SRO layer grown in a step-flow mode. The TMR propertiesbranch during decreasing the magnetic field. Figute) 4
for these junctions as observed are quite reproducible and trehows the magnification of inverse TMR action in a low-
representative ones are described below. magnetic-field region. The arrows in schematics represent
Figure 3a) shows the magnetic-field dependence of magthe magnetization direction of the electrodes. Schematics of
netization M-H curve at 10 K for the single-layer films of DOS for parallel and anti-parallel configurations are shown
LSMO (40 nm and SRO(30 nm), and that for the LSMO in Figs. 4a) and 4b), respectively, which will be described
(40 nm/STO8 unit cells/SRA30 nm trilayer film before later. The resistance at the parallel configuration is higher
the device processing. Magnetic field was applied along théhan that at the anti-parallel one. At 0.01 R {, suo), the
[100] direction(parallel to the film plangin all the measure- magnetization configuration switches from parallel to anti-
ments. This axis is the magnetic easy axis for LSMO. Byparallel, resulting in a sharp drop AfR/R. The AR/R stays
contrast, the magnetic easy axis of compressive epitaxialt a low resistance level up to 0.4 Hél,SRd at which the
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of AR/R at 10 K in a low-field region. FIG. 5. (a) Magnetic-field dependence afR/R at various tem-

L . . _peratures. The traces are shifted vertically for clarity. The amplitude
magnetization direction of SRO starts to change from antist tunnel magnetoresistand@MR) is defined by the resistance

parallel to parallel. The stepwise increased¥/R in a field  jump at the coercive force of LSMO layeH(,, syo) indicated by
range ofH; sro<H<H¢, sro cannot be correlated with the arrow. The TMR action persists up to 120 K that is clos&do
rather smooth change of magnetization for the SRO filmof SRO layer(140 K). The temperature dependence of the switch-
[Fig. 3(@)]. We presume that this stepwise changd &R is ing field from parallel to antiparalléb dotted ling agrees well with
due to the magnetic domain-wall motion. The magnetic dothat of H¢, sro. (b) Temperature dependence of the TMR ampli-
main size of the SRO film was evaluated to be 0.1tude normalized by the one at 10 @] for the tunnel junctiorithe
~5 MmZ by Lorentz mode transmission electron left ordinatg. Temperature dependence of the normalized magneti-
microscop)]ig and magnetic force microsco?pﬂ/measure- zation(the right ordinatgis also given for Lg;StyMnO; (A) and
ments. Because the domain size is comparable to the juné/RUQ (O) layers.
tion size, incremental domain wall motion or domain rotation
during the field scan can be sensitively detected as thpinctions where TMR action tends to vanish at a temperature
change ofAR/R in such a small-area junction. On the con- far lower thanT,%?7%* a finite inverse TMR hysteresis is
trary, the individual domain motion is likely smeared out on observed clearly up to 120 K close to tfig of SRO. This
average in the magnetization measurement by SQUID for aesult indicates that the SRO/STO interface is robust in terms
specimen as large as<®% mnt. of spin polarization. The magnetic field at whiahR/R starts

As mentioned above, this inverse TMR behavior indicatedo increaseg(indicated by dotted linedecreases as the tem-
that the spin polarizations of LSMO and that of SRO areperature increases. The temperature dependence of this
opposite. Figures(4) and 4b) show schematic illustrations switching field coincides with that of thel; sro, as ex-
of DOS for parallel and antiparallel Configurations, in which pected. Figure ($)) shows the temperature dependence of the
the DOS of LSMO is assumed as that of a half mef=(  TMR amplitude and magnetization of each layer normalized
+100%) (Ref. 2 and the DOS of SRO refers to a result of py the respective value at 10 K. The TMR amplitude is
theoretical calculatiofIn the parallel configuration, the tun- evaluated fromAR/R at 0.01 T(a field just aboveH | smo)
neling conductance is limited by the small DO& more  as indicated by a vertical arrow in Fig(é. The value of the
preciselyN; Xv?) near the Fermi level of up-spin band in TMR amplitude is approximately proportional to the magne-
SRO. In anti-parallel configuration, the tunneling conduc-tization of the SRO layer. Since the magnetization of the
tance is enhanced by the large DCNZlé<vf) near the Fermi LSMO layer is almost constant in this temperature range
level of down-spin band in SRO. Therefore, the observation{10-140 K, this temperature dependence is governed by the
of inverse TMR agrees qualitatively with the predicted bandtemperature variation of the SRO spin polarization, in accord
structures of the both compounds. with Eq. (2).

The temperature dependence of the TMR action is shown The spin polarizatio® of SRO (Psro is deduced from
in Fig. 5@a). The abrupt change idAR/R at H; syo de-  the present results as follows. We take the maximum value of
creases as the temperature increases. Contrary to previolMR as being—0.065(6.5%) among all the junctions mea-
reports for LSMO! (e.g., STQ/ILSMO magnetic tunnel sured so far. The effective polarization of LSMO is deduced
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from the experimental results of tunnel junctionsRigyo  SRO through STO, giving rise to the linear background in
=+0.80 (+80%) 22> By simply putting these values into the R vs H curve. Such imperfect junctions as reduced spin
Eg. (1), we obtainPggpto be as small as-0.04 (—4%).  polarization of LSMO due to spin canting and the possibility
Here, we note that the reduced magnetization of SRO of pinholes or spin-independent conduction channels in the
(~0.4 ug/B site) at a field just aboveH. | suo. This is  STO barrier limit the lower bound of spin polarization value
because the magnetic field direction is along the magnetiof SRO Psgro as—0.12(—12%).
hard axis of SRO. When we apply the field along the mag-
netic easy axis of SRO or high enough field along the mag-
netic hard axis, we obtain a saturated magnetization of
~1.2 ug/B site for our films which agrees with the previous  We have grown epitaxially all-perovskite LSMO/STO/
results. Therefore, we can consider that 1/3 of the SRO corSRO trilayer films on STQ001) substrates and analyzed the
tributes to theAR/R and that the rest part of the SRO doestunnel junction characteristics. The junctions clearly show
nothing due to the cancellation. By multiplying a factor of 3, the inverse TMR action up to 120 Klose toT¢ of SRO,
we obtain a rough estimate &;gr=—0.12 (—12%). This indicating opposite sign of spin polarization in SRO and
value is comparable to that{9.5%) observed by tunneling LSMO and the robust spin polarization at SrRUSITIO;
spectroscopy for the SRO/STO/Al(superconductor interface. Taking into account the reduced magnetization
junction/ value of the SRO layer, we deduced a value of the lower
The reduced spin polarization of LSMO at the LSMO/ bound of spin polarization in SrRuyOas Psgrg=—0.12
STO interface as assumed above is most likely due to thé—12%).
spin canting as discussed in a previous wirkhis may also
account for the linear background of TMR shown in Fig.
3(b): The linear background persists aboVg of SRO as
seen in Fig. &). Therefore, it should be correlated to the  This work was partly supported by New Energy and In-
LSMO/STO interface. With the increase of magnetic field,dustrial Technology Development Organizati®MEDO) of
the spin canting at the LSMO layer adjacent to STO is supJapan. One of the autho(K.S.T) would like to thank the
pressed, yielding more perfect spin alignment. This may forJdapan Society for the Promotion of Scieri@d8P$ for finan-
ward the tunneling transport of carriers between LSMO andial support.

IV. CONCLUSION
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