JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 10 15 MAY 2003

Investigations on the nature of observed ferromagnetism and possible spin
polarization in Co-doped anatase TiO , thin films
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High-quality epitaxial thin films of Co-doped anatase Ji(@o:TiO,) were grown epitaxially on
SrTiO; (001) substrates by using pulsed laser deposition with in-situ reflection high-energy electron
diffraction. The oxygen partial pressuieg,, during the growth was systematically varied. Rg,
decreased, the growth behavior altered from a two-dimensional layer-by-layer-like growth to a
three-dimensional island-like pattern. Electrical conductivity and saturation magnetization
increased, seemingly consistent with the picture of carrier-induced ferromagnetism. However, we
also found that the spatial distribution of Co ions became highly nonuniform and the chemical state
of Co ions changed from ionic to metallic. All of the$®,, dependences, even including the
transport and the magnetic properties, can be explained in terms of the formation of cobalt clusters,
whose existence was clearly demonstrated by transmission—electron—microscope studies. Our work
clearly indicates that the cobalt clustering will result in the room-temperature ferromagnetism
observed in our Co:Ti@films. To check the possible spin polarization of carriers in Co;Tilins,

we also fabricated a heterojunction composed of a ferromagnetic Co:@iDinsulating SrTiQ,

and a ferromagnetic half-metallida,BaMnO; layer. When the magnetic field was varied, we
could not observe any changes inlits/ characteristic curves, which suggests that there might be
little spin-polarization effect in the anatase Co:Jil@yer. © 2003 American Institute of Physics.
[DOI: 10.1063/1.1568524

I. INTRODUCTION netism(FM). In spite of extensive efforts in this spintronics
area, there has been a great deal of controversy, especially on

~ The continuous attempts to develop next generation défyndamental issues such as the origins and characteristics of
vices equipped with multifunctions are now being extendedne opserved FM#
to the search for materials that can combine magnetic, elec-

[10.11
tronic, and photonic responsts.One example of such ef-

Recently, Matsumotet a reported the occurrence
of room temperature FM in Co-doped anatase ,TiO
L . . o . aECO:TiOZ) films which were grown by combinatorial laser
can inject spin-polarized carriers into semiconductors. Ferror-nolecular beam epitaxgMBE) techniques. This work gen-
magnetic metals and alloys, such as Fe and FeNi, have been '

. . ) . 7~ erated great interest in the DMS community, since it could
found to be inadequate, since spin-polarized carrier injection

was found to be difficult due to resistance mismatdn open up possibilities to create multifunctional oxides which
. - . . . _20 12-14
attempts to overcome such problems, dilute magnetic semttliZ€ Spin-polarized carriers: Chamberset al."""" re-
conductors(DMS), such as(Ga,MnAs, have emerged as ported magnetic and structural propertles_ of the Co;TiO
good candidate materialsNowadays, numerous materials, films grown by the oxygen plasma-assisted l'\é'BE and
including (Cd,MnGeR,®> (Ga,MnNN,® (zZn,Co0,” and claimed that the FM should be intrinsic. Pagkal.™ also
(Ga,MnP? are claimed to have room temperature ferromag-'epPorted that the polycrystalline Co:TjGilms grown by re-
active co-sputtering of Co and Ti show ferromagnetic behav-

a . __ior at room temperature and claim that the Curie temperature
Present address: Samsung Advanced Institute of Technology, Yongin-shi

Kyungki-do, Korea. should be higher than 400 K for ;amplels7with a Co content
YElectronic mail: twnoh@phya.snu.ac.kr of 12%. On the other hand, Shindd al."" measured the
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ion-channeling spectra and temperature-dependent magneti-
zation of the Co:TiQ films grown by the pulsed laser depo-
sition, and suggested that the FM arises from coexisting con-
tributions of Co metal clusters and that of dispersed matrix-
incorporated Co. More recently, we investigated the
magnetic and microstructural properties of the anatase
Co:TiO, films grown by laser MBE techniques. We found
that Co nanoclusters could be formed at certain deposition
conditions resulting in room temperature ERA.

In this article, we will provide more detailed physical 20 40 60 80
properties and characterizations of Co:Jifdms grown un- 26(deg.)
der various oxygen partial pressurd3ds,. Namely, we will
show that electrical resistivity, magnetic properties, chemical
states, and compositional inhomogeneities can be systemati-
cally varied depending oR,. All of the observedP, de-
pendences in our films can be explained by the formation of
the Co nanoclusters in our epitaxial Hi@ims. In addition,
we will also present results on a multilayer junction com-
posed of ferromagnetic LaBa, ;MnO; (LBMO), insulating s ]
SITiO; (STO), and ferromagnetic iy 00, layers. In 10'2{ (b) 3
some cases doping magnetic impurity atoms into the semi- — 1]
conductor matrix can result in the formation of ferromag- 05 1.0 15 20
netic nanoclusters as well as the incorporation of a small 26 (deg.)
fr.actlon of these in t7hze1 surrqundmg matrix to generate |ntr.|n-F|G. 1. (@ The XRD pattern andb) the x-ray reflectivity curve of
sic DMS properties”?! In this case, although the magnetic TigoCO0/0, film grown at Po,=1.0<10°5 Torr at 600 °C on SrTiQ
moment mostly comes from the ferromagnetic clusters, car02) substrate. The inset showrs situ RHEED patterns of the film.
riers in the matrix can be spin polariz€dHowever, our

junction does not showed any magnetic field dependence, ) ] )
indicating that there should be little spin polarization of car-Properties of the films. Structural properties were analyzed

riers in the anatase Co:TjQayer of our multilayer junction. Py high-resolution and conventional x-ray diffractiofRD).
For micro-structural analysis, cross-sectional transmission

electron microscopyXTEM) and energy-dispersive spec-
Il. EXPERIMENTS troscopy (EDS) were used. Electrical conductivities were
measured with the conventional four-probe method. Mag-
netic properties were measured by a superconducting quan-
tum interference devicé€SQUID) magnetometer. CK-shell
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Thin Tig g¢C0y.0L, (CO:TiO,) films in the anatase phase
were deposited on SrT¥X001) substrates using the pulsed

laser depc_)sition method witi s_itu r.eflection high-energy x-ray absorption near-edge fine struct(QxdNES) was used
e'ec”SZ” d|ffract|on(RHEED), V\.’h'Ch 1S known as the laser to measure chemical states of the dopant using the synchro-
MBE.™ A sintered pqucrystallme blodC 00,040, target. Was  tron source of the Pohang Accelerator Laboratory. Depth
ablated by a KrF excimer lasé@wvavelength, 248 ninwith a profiles of secondary ion mass spectromé8iMS) and Au-
fluence of 1.5 J/ciat 2 Hz. The substrate temperature WaSyar electron spectroscoihES) were also used to character-

- . o . _5
ma|nta|[1$d at 600°CPo, was varied from 18107 1o ize the distribution of Co along the direction perpendicular to
1.0X10 * Torr. The growth rate was controlled to be ex- the film surface

tremely slow, less than 0.2 nm/min, which was reported to be

necessary to reduce the Co inhomogen€itjhicknesses of

the films used in this study were around 75 nm. lll. RESULTS AND DISCUSSION
The Co:TiQ/STO/LBMO multilayer junction was also o Ferromagnetism of Co:TiO , films

prepared by the conventional pulsed laser deposition method

to check the spin polarization of charge carriers of Co;TiO 1. Growth of high-quality epitaxial anatase

All three layers were depositeith situ with the substrate C0: TiO2 film

temperature of 600°C and &g, of 1.0x10 4 Torr. The The Co:TiG films grown at an oxygen pressure of 1.0

relatively highPo, was adapted to maintain proper oxygen X 10 ° Torr showed excellent structural properties. As

stoichiometry of LBMO and STO during thie situ deposi- shown in Fig. 1a), the XRD pattern of the film shows only

tion. The growth rate was also controlled to be 1 nm/min,(00l) peaks of the anatase phase. A rocking curve of the

which is much higher than that of the laser MB&Vith the ~ (004) peak revealed a full width at half-maximu(@WHM)

high deposition rate, we found that the ferromagneticof 0.66°, which is similar to the value reported by Murakami

Co:TiO, films can be formed at highd?o, than in the laser et al?® X-ray reflectivity measurements were also performed

MBE case). with a high-resolution x-ray diffraction system. As shown in
Numerous characterization techniques were used to inFig. 1(b), its x-ray reflectivity curve showed oscillations

vestigate the structural, electrical, magnetic, and chemicatoming from the parallelism of the film surface and the film/
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FIG. 3. Thein situ RHEED patterns of the films which were grown under

A various oxygen partial pressureBg,=1.0x10"° Torr, 3.3x10 ¢ Torr,
Co:TiO, 3.3x107° Torr, and 1.0 10”7 Torr for (a), (b), (c), and(d), respectively.

; We found that the anatase TiGilms could be grown
epitaxially under a wide range of oxygen partial pressure.
SrTiOs onm Interestingly, we found an interesting growth mode change
— depending onPg,: namely, the film growth mode will
change from two-dimensional(2D) layer-by-layerlike
FIG. 2. (a) A high-resolution XTEM picture of the FiggC0q 040 film grown growth to three-dimensionaBD) island growth. Figure 3
at a Pg,=1.0x10°5 Torr. (b) Magnified negative image of the same Shows the final RHEED patterns of the anatase CgTiO
sample. films grown at four different values oPg,. As P, de-
creases, the patterns change from two-dimensional streaky
ones to three-dimensional spotty ones. As shown in K, 3
substrate interface. From the period of the oscillations, Wenhe film grown at 1.x10°° Torr shows a clear streaky
could calculate the thickness of the film to be about 75 nmpyEED pattern, suggesting a smooth surface. With decreas-
Thein situ RHEED pattern of the film, displayed in the inset ing Py, faint spots start to appear along the streaky pattern.
of Fig. 1(b), shows a clear streaky pattern of the<4 o the film grown at 1.810 7 Torr, its RHEED pattern
reconstructlor_?.“ o shows only spots, as in Fig(d®, which is known to repre-
The Co:TiG, thin films grown atPo, of 1.0x107° Torr  sent a rough surface with three-dimensioriaD) island
are of high quality and do not seem to contain observabI%rowth_ The rough surfaces of the films with 3D-island
segregation of impurity phases under XTEM. Figui@2 growth were also confirmed by atomic force microscopy.
shows the TEM image of the Co:TiCthin film grown at The variation inPg, during growth seems to affect the
1.0x10°° Torr. It clearly shows corrugations from the |attice constants of the films along theaxis, as shown in
atomic arrangements of the film and the substrate Withouf:ig_ 4. The film with Pg, of 1.0x10™* Torr has ac-axis
any sign of segregation of impurity phases. Figui®)2 |atiice constant corresponding to the bulk value.Rs de-
shows a magnified negatively printed image, which displaygreases to 101075 Torr, the lattice constant starts to in-
a very sharp interface between the film and the substratgyease initially. This expansion can be explained by the in-
There is no sign of segregation of impurity phases downyodyction of oxygen vacancies that is known to expand the
to an atomic scale in this magnified image. These TEM imattice constant. Further decreaseRy, starts to cause the
ages suggest that our films were epitaxially grown with highg.axis Jattice constant to decrease. This behavior is rather
quality. difficult to understand precisely. However, it should be noted
that the lattice constant could be relaxed due to the small-
2. Effects of variation of oxygen partial pressure

Generally speaking, magnetic properties of DMS are 9.60 rrreeey - : :

known to be strongly dependent on carrier density. They are ] -

thought to have a close relationship with the origins of the 955 | - . -
magnetic exchange interaction that provides the observed . ] "]
ferromagnetic ordering in the DMS. Therefore, it has been < 950 m .
considered important to systematically fabricate numerous ° [ - T
DMS films, which have a large variation of carrier density 845 ]
(and/or electrical conductivifywithout significantly altering 9.40 Lussu . " L
other structural properti€s,and to investigate their physical ’ 107 10  1x10° 1x10¢
properties. For the anatase Ti@ms, their electrical con- Py, (torr)

2

ductivities are known to come from oxygen vacanéfes.
Therefqre, we trleq to change their electrical conductivitiesrig, 4. The variation of lattice constants of the, J&Cop 00, films along
by varying Po, during growth. their ¢ axis vsPg, at which they were grown.
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3 [ , ; T FIG. 6. Magnetization vs. magnetic field curves at 300 K for the
10 0 100 200 300 Tig.06C0p 040, thin films under variou$ ,. The data for the films grown at
1.0x107, 3.3x10 7, 1.0x10°5, 3.3x10°5, 1.0x10°5, and 1.0¢10°*
T(K) Torr are shown as the solid, dashed, dashed—dotted, dotted, short dotted, and

dashed—dotted—dotted curves, respectively. The inset shows temperature de-
FIG. 5. Resistivity vs. temperature curves for thgofCa, /0, films grown pendence of the normalized magnetization for the films growR gt of
at variousPg,. The data for the films grown at QL0 7, 3.3x107, 1.0x10 7 Torr (the squargsand 1.0<10™° Torr (the trianglek
1.0x10°®, 3.3x10°%, 1.0x10°® and 1.0<10 * Torr are shown as the
solid, dashed, dashed—dotted, dotted, short dotted, and dashed—dotted—
dotted curves, respectively.

As Pg, decreasesy . decreases anhll g increases. Assum-
ing that more oxygen vacancies can be generated at lower
angle grain boundary formation in the 3D-island growth re-Po, the systematic behavior gfy. and Mg could be ex-
gime. The FWHM of the anatase TJQ004) peak in the Pplained by the carrier-induced FM mechanism; namely, as
rocking curve also increased to 0.86° Rg,=1.0x10 ' more carriers are induced at lowBg,, the magnetic inter-
Torr, compared to a value of 0.66° for the film grown at action becomes stronger and results in FM. According to the
1.0x10°° Torr. This indicates that the film grown at lower Zener modef/ which explains the exchange interaction be-
Po, has a wider mosaic spread, which is consistent with théween the magnetic impurity atoms in DMS as mediated by
change of thec-axis lattice constant. free charge carriers, the increase in charge carrier density can
Figure 5 shows that most films showed resistivity curvesenhance the magnetic ordering.
which have a metallic behavior near room temperature and However, there are some important behaviors which
an insulating response at low temperature. Rs, is re-  should be taken into consideration before drawing conclu-
duced, resistivity values are drastically lowered. The reducsions based on the carrier-induced FM mechanism. As shown
tion in resistivity (or the increase in conductivitymight  in Fig. 7(b), with decreasing®o,, Mg gradually increases
originate from the oxygen vacancies. With the cation in itsbut approaches the value of bulk cob@lt7ug). Addition-
4+ state, TiQ is a well-known band insulator without elec- ally, the magnetization versus temperature data, shown in the
trons in the 3D bané® The oxygen vacancy could introduce inset of Fig. 6, show that FM persists up to 750 K. In par-
two additional electrons in the Ti ion and they could moveticular, for the film grown aPq,=1.0x 10"’ Torr, the mag-
freely from one Ti ion to another, changing the band insula-netization does not decrease much with temperature. Note
tor into a metal. It is interesting to see that the resistance
curve of the film grown at 1810 7 Torr is quite different
from those of other films, suggesting the possible formation BN i

. . - ~ 006} (a) LI

of severe inhomogeneity in this sample. E . |
Most of our films exhibit ferromagnetic properties at é}’ 0.04 b . i
room temperature. Figure 6 shows magnetization vs mag- ‘é . ]
netic field curves measured by SQUID at 300 K. Most films 8 0.02} .
show clear ferromagnetic hysteresis loops at room tempera- K ]

~ )
ture, except for the one that was grown Rg, of 1.0 S 0.00 |rtmi——tsnl——rrm——tnl—-

X 10 * Torr. Magnetic properties of Co:TiOfilms show a *

systematic change witPo,. As P, decreases, the satura- s 2 i' i .
tion magnetic moment increases. o Siatint St Sl
£ -

B. Discussion on the origin of observed room = (b) #
temperature FM [) T M R - sl
107 108 1x10 1x10*

1. Possibility of intrinsic effects P02 (torr)

As we observed already?o, can result in systematic G. 7. (2) Depend ¢ the value of resistivity of the fi 300 K
variation of the transport and magnetic properties. Figureg - 7 (& Dependence of the value of resistivity of the films at on
. Pop. (b) Dependence of the saturation magnetizatidg, of the
7(3) and qb) show the room temperature values of (Eic I€SISTi; 4&C0y 040, thin films on Po,. The dotted line corresponds to the bulk
tivity (pgo) and saturation magnetizatioM(), respectively.  value of cobalt metal.
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FIG. 8. CoK-edge XANES for the TjgdC0 040, thin films. Normalized Co E |
K-edge absorption vs. effective photon energyK,) curves for the films s
grown atPq,=1.0x10"7 Torr (the dotted ling and 1.0<10° Torr (the — '
dashed ling The solid line is obtained from a reference of Co mekyj. | (d) ]
corresponds to 7708.8 eV. a
that the Curie temperature of metal Co is 1404 K. This high —_—
P 9 0 50 100 150 200

lower bound of the Curie temperature is rather difficult to
explain in terms of the carrier-induced FM.

In the anatase TiOfilms, which are in a metastable FiG. 9. (a) Depth profile of SIMS of the TFigeCay 00, thin films grown at
phase, the effects of inhomogeneous distribution of the C®,,=1.0x10"" (squarel 3.3x 1077 (circles, and 1.0<107° Torr (tri-
atoms should be carefully considered. There are three diffe@ngles for elemental Sr. Same data for elemental Ti, Co, and H are dis-
ent phases of TiQ rutile, anatase, and brookite. The most P@/ed in(®). (©), and(d), respectively.
stable phase is rutile and they are used as optics and sub-

.straFe.s in single crys.talline form. A'”_‘O!Jgh thg .anatase phas?he depth profiles of AES, which are not shown here, show
is difficult to make in a bulk form, it is sufficiently meta-  gjnijar results to those of SIMS. The high density of the Co

stable to be grown in t,h'n film forrr;gon_ lattice matching ions near the interface suggests that they could be segregated
substrates, such as Srgi@nd LaAlO;.~® Since the anatase to form clusters

phase is not thermodynamically stable, defects can be easily The XTEM image in Fig. 10 shows that the film grown
formed with a slight change in the film growth conditions. In underPq, of 1.0x 10" 7 Torr has clusters of impurity phase.
addition, the Co ions are known to diffuse easily at a rela-rpq cjysters are distributed throughout the film but with a

£ 3
“Ye_'_y low temperature, such as 400 ?:_Therefore,_ the pos- higher density at the interface. The observed distribution of
sibility of formation of Co and/or Co-intermetallic clusters clusters coincides with the SIMS result, shown in Fi¢g)9

inside anatase TiOfilm should be considered carefully in o (jysters located near or at the interface were larger in
the case of oxide films grown at relatively high temperaturesjizmeter than those in the middle of the film and the overall

_ ' average diameter is 11£6.0 nm. The density of the clusters
2. Evidence for cobalt nanoclustering is much higher at the interface, which can work as preferen-

One of the critical issues pertaining to the Co-dopedtial nucleation sites due to its instability.

TiO, films is the chemical state of the Co ions. If the Coions ~ To identify the chemical composition of the observed
can exist as segregated metal clusters, we can explain ti§éusters, we applied the EDS mapping technique. The TEM
observed magnetism without recourse to the DMS descripimage in Fig. 11a) shows clusters formed in the interface
tions. In Fig. 8, we show XANES spectra of the ®eshell region. The apparent horizontal dark line, in the middle of
of films grown undePq, of 1.0x 10 ° and 1.0< 10"/ Torr.

In the spectrum of the film grown witfg, of 1.0x10°°

Torr, there is a sharp peak at around 20 eV that indicates a
+2 formal oxidation state for the Co iof%.However, for

film grown under lowerP,, its XANES spectrum is very
similar to that of the Co metal. This indicates that, inside the
film grown under the lowP,, the Co ions do not exist in an
oxidized state, but in the bulk metallic state.

It is also found that the distribution of the Co ions de-
pends strongly on the growth condition. The depth profile of
SIMS shows inhomogeneous distribution of Co, and changes
with Pg,. As shown in Figs. @) and 9b), the distributions
of Sr and Ti ions are almost the same regardless of the
growth condition, respectively. However, Fig(cD shows
that in the films grown at lowPq,, the Co ions are located Frig, 10. An XTEM picture of the TjgeCo 00, film grown at Po,=1.0
mostly at the interface between the film and the substratex10~7 Torr.

Normalized sputtering time (arb. units)
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(@) Co:TiO,

FIG. 11. (a) An XTEM picture and(b) the corresponding EDS mapping of
elemental Co for the film grown at X010~ 7 Torr. Mapping of Ti and Sr are
shown in(c) and(d), respectively. It can be easily seen that Co-rich nano-
clusters were formed.

the Fig. 11a), comes from the strain field induced by the
lattice mismatch between the film and the substrate. With an
EDS mapping, we can identify the distribution of a given
element in Fig. 1da). A mapping of elemental Ti, shown in
Fig. 11(c), indicates that Ti is distributed throughout the im-
age but with a higher density in the film than in the substrate.
We can also see that the interface between high and low
density of Ti coincides with that of the film and the substrate.
In the case of the distribution of Sr, shown in Fig(d)1 we

can only see a dark area with some background noise in the

’ . . . : ; :EIG. 12. (a) A high-resolution XTEM picture of the film with nanoclusters
film side and brlght spots in the substrate side. This result_ I%ear the film/substrate interfacdn) Magnified picture at the film/substrate

readily expected from the fact that Sr can be found only iNpterface showing mosaic spread of the film due to formation of clusters.
the substrate. The Co mapping, in Fig(d)1 shows that the

positions of bright spots exactly coincide with those of thepxide is less stable than TiGrom a thermodynamic point of
clusters, shown in Fig. 18). From this observation we can view. The oxygen vacancies induced by I, will help
conclude that the nanoclusters are mainly composed of Cothe diffusion of the Co atoms, resulting in the formation of

A high resolution XTEM image of a particle located at the nanoclusters. As the number of Co clusters increases, the
the interface region is shown in Fig. (B2 On the left-hand  saturation magnetization will become larger. Although our
side of the image, a circularly shaped particle or the segrefEM and XMCD work suggests that the nanoclusters should
gation of impurity phase can be seen. Below the boundarye mainly composed of Co, the cluster formation of other Co
that meets the bottom of the particle, STO substrate can bgtermetallic compounds is not completely ruled out. As
seen with its lattice fringes. Above the boundary, epitaxialshown in Fig. 7a), the value of saturation magnetization for
TiO, (or Co:TiO,) film surrounds the particle. At the top of the film grown atPq, of 1.0x 107 Torr is somewhat larger
the circular particle, Moirdringes are clearly visible, sug- than that of bulk Co metal, which might be related to the
gesting that two crystals overlap. Moreover, the particle iSormation of Co intermetallic compounds.
found to be single crystalline. Under a higher magnification, It should be noted that there still remains the possibility
the circular cluster is found to have lattice fringes with aof ferromagnetism originated from intrinsic DMS effect in
spacing of 1.92 A, which is equivalent to the spacing bethe Co-doped Ti@anatase filma%~'¢Our work just demon-
tween the (101) planes of the bulk Co. Figure 8 shows strates that room-temperature ferromagnetism should be ob-
mosaic spreads in the film with the nanoclusters. The spread®rved when Co nanoclusters are formed inside the, TiO
come from the lattice distortion by the clusters. This canfilms. In order to verify that the ferromagnetic properties
explain the relaxation of the lattice constants alongdlhgis  observed in the Co-doped TjCfilms are intrinsic, one
and the large FWHM value of th@®04) peak for the anatase should clearly demonstrate that the films have certain physi-
TiO, films grown under lowP,. We can conclude that the cal properties, such as anomalous Hall effects and/or x-ray
observed inhomogeneities in the Co:Jiflims grown under magnetic circular dichroism, which cannot be explained sim-
Poy Of 1.0x10 7 Torr are mainly due to the formation of ply by the Co clustering® To the best of our knowledge, no
single-crystalline Co clusters. such properties have been observed up to this point.

The observed ferromagnetism of our Co:7ifdims and
its dependence on the variation B, during the growth,
shown in Fig. Tb), can be easily understood in terms of the To utilize DMS materials in practical spintronics appli-
formation of the Co nanoclusters. Under I®%,, the cobalt cations, such as a spin injector, it is necessary for the carriers

C. Properties of a Co:TiO , /insulator /FM-metal junction
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FIG. 13. Magnetic hysteresis curve of (TCQy o0,/ SITIOs/

Lay $Bay sMNO; multilayer measured at 10 K. Insets show the configuration
of each layer’s direction of magnetization under corresponding applied mag-
netic fields.

to have a spin polarization. Although the observed magnetic
moments in the Co-doped Tidilms mainly originate from Vs, (V)
the Co nanoclusters, it might still be possible for the ferro- B
magnetic particles to polarize the carriers inside the,TiO FiG. 14. Schematic diagram showing the configuration for measurikg
matrix. To investigate such a possibility, we constructedcurve of the multilayer junction(b) 1-V curves of the junction under the
a muItiIayer junction Composed of ferromagnetic magnetic fiel_ds corresponding to 'fo_ur C(_)nfigurations shown in F_ig. 13. All
. . . - . curves coincide and cannot be distinguished from others. The inset shows
Ti.93C00 0702, 'nSUIatmg SITiQ, and ferromagnetlc the difference between the curve under magnetic fie(d & and that at4).
Lag gBay ;MnO; (LBMO) metallic layers. LBMO is known  This curve shows that there is no difference between the two curves except
to be a half-metal whose carriers are 100% polarized with &or a small amount of noise.
particular direction of spif® At first, the LBMO film with a
thickness of 15 nm was deposited on the STO substrate and
the STO film with 30 nm thickness was deposited as arof Fig. 14b). It shows that there is almost no difference
insulating barrier. Then, the Co:TjQayer was deposited on except for a small amount of noise. In the negative bias
top of them with a thickness of 500 nm. region, thel-V curves show the Zener tunneling behavior. In
Figure 13 shows the magnetic hysteresis curve of théhe positive bias tunneling, the current seems to flow via a
multilayer junction measured at 10 K. This curve clearlyleakage current, showing a usual diffusion current behavior.
shows that both top and bottom layers become ferromag{ there is spin polarization in carriers in Co:THOTMR
netic. With increasing magnetic field, there are rapid in-phenomena should be expected in this structure. We can ex-
creases of magnetic moment around 30 and 60 Oe. Similgrect that the current flows in the configuratiaBsand(1,5)
behavior can be observed in the field-decreasing run. Thishould have smaller resistance than those in the configura-
intriguing magnetic hysteresis curve can be explained byions (2) and (4). If the interfaces between the layers are
alignment of the ferromagnetic layers. Namely, 30 and 60 Oelean, the observed weak magnetic field dependence of the
correspond to values of the coercive fields of the LBMO and -V curves suggests that the carriers in the Co;Ti&yers
the Co:TiQ layers, respectively. As the magnetic field in- should have ndor very little) spin polarization.
creases, the two ferromagnetic layers initially exhibit an an-  The magnetic properties of the thick Co:Tifiim in the
tiparallel alignment, schematically drawn as the configuramultilayer junction seems to be quite different from those of
tion (2) of Fig. 13. With a field larger than 60 Oe, they make the film atPy, grown at the similar conditions by the laser
a parallel alignment, shown as the configurati@n MBE. Namely, the film grown aPg, of 1.0x 10 * Torr by
Figure 14a) shows a schematic diagram to PLD has significant magnetizatidine., about a half of the
measure the magnetic-field-dependénl curves of the full magnetic moment of the metal Goin contrast to the
LBMO/STO/Co:TiO, multilayer junction, which can be in- negligible magnetic moment of its counterpart, shown in Fig.
terpreted as @*—i—n" diode. Note that the LBMO is well 7(b). However, it should be noted that the deposition condi-
known to be a half-metal which has a 100% spin polarizations of these two films were quite different. Chambers
tion. If there is a significant spin polarization in the ferro- et al'® showed that the Co inhomogeneity could occur at a
magnetic Co:TiQ layer, the tunneling currents between the high deposition rate due to the high mobility of Co ions and
layers should depend strongly on the directions of the magelaimed that a very slow deposition rate should be essential
netic moment. Figure 1#) shows thd -V characteristics of to grow homogeneous layer. Note that the deposition rate of
the multilayer junction at 10 K at five different configura- our PLD growth is by a factor of 5 higher than that of the
tions, marked from(1) to (5) in Fig. 13. It is clear that there MBE grown samples. It is not clear at this moment whether
is little magnetic field dependence in theV curves. To see the larger magnetic moment signal for the PLD grown
this more clearly, we plot the difference of theV charac- sample come from clustering or other origins. It should be
teristic curves for the configuratiorid) and (5) in the inset  tested in a future. Even if the magnetic signal in the PLD
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