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Tetragonal domain structure and magnetoresistance of La_,Sr,CoO4
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La;_,Sr,CoO; (LSCO) has recently been found to exhibit large magnetoresistédé® effect. In this
paper, microstructures of LSCO thin films, which may provide important clues for understanding the unusual
MR characteristics in these intrinsic magnetic oxides, were determined by transmission electron microscopy.
An ordered, anisotropic perovskite-type structnfeSCO was observed and its atomic model was determined.
The ordered structure has a tetragonal cell with a La-Co-Sre0i} layered atom distribution along the
axis. This structure is intrinsic for the LSCO system and is resulted directly from the lattice substitution
between La and Sr. The entire film is composediadfl], [010], and[100] anisotropic domains of sizes in the
order of 30—200 nm. Microstructures (¥11)- and(001)-type domain boundaries were determined. Although
n-Lag sSry sCo0;5 is the dominant structure, a tetragonal phasea, ;:Sr, 2005 has also been identified,
which is produced by both the lattice substitution between La and Sr and the variation of local chemical
composition. These structures could play a key role in determining the MR properties of the materials which
are believed due to the intrinsic coupled spin scattering of Co atoms in different atomic I[g5@t&3-
182996)09726-3

[. INTRODUCTION the grown LSCO film is largely influenced by the lattice and
structure compatibility of the substrate. It is thus essential to
Recent research has shown thousandfold improvements gxamine the microstructure of the grown film and the inter-
magnetoresistance performance with a type of intrinsic magface between the substrate and the film.
netic oxides,(La,A)MnO; (A = Ca, Sr, or Bal™ These In this paper, microstructures of LSCO thin films grown
type of materials are referred to eslossal magnetoresistive on LaAlO3(001) (LAO) by a liquid source metal-organic
(CMR) oxides because of their huge magnetoresistancehemical-vapor depositiofMOCVD) technique are ana-
(MR) ratio. CMR’s were observed in a group of manganesdyzed using high-resolution transmission electron micros-
oxides. A very large magnetoresistance ratibR(R(H)  copy (HRTEM). An ordered, anisotropic perovskite-tyfar
> —100 000%) was reported in epitaxially grown {gCa  tetragonal structure, denoted asLa,sSrosC00;, is iden-
03Mn0O; (LCMO) films.! More recently, a large MR ratio tified and its structural model is determined. The grown film
has been reported in another group of intrinsic magnetoresigxhibits domain structure and the structural anisotropic di-
tive oxides,(La,A)CoO; (A = Ca, Sr, or Ba® These CMR  rection(or ¢ axis) changes from domain to domain. A type
oxides offer exciting possibilities for improved magnetic Of structure denoted as-Lag 3351 6/C00; is also observed
sensors, magnetoresistive read heads, and magnetoresistdfed its atomic structure is determined. These structures are
random access memory. The potential for integration witformed owing to site substitution between La and Sr and the
silicon technology makes these oxides particularly attractivehange of local chemical composition. Finally, the LSCO/
for applications in advanced technologies. Magnetic sensor$AO and domain interfacial structures have been examined,
as one of the potential applications of CMR’s, play importantand the results indicate that the LSCO film starts to grow
roles in many commercial markets and scientific researcffom a Co-O layer. The roles played by the observed micro-

activities. structures in determination of the MR ratio are discussed.
La;_,Sr,Co0; (LSCO) thin films are also conductive,
and they can be used as electrodes for fuel cells and nonvola- Il. EXPERIMENTAL METHOD

tile memories. The LSCO electrode is particularly interesting

for nonvolatile memories because it exhibits isotropic, low The LSCO films were grown on polished LaA{®01)
electric resistivity and good lattice and structural compatibil-substrate by a liquid source MOCVD technique. Details of
ity with the ferroelectric Pb-Zr-Ti-O film&.Epitaxial LSCO  the liquid source MOCVD technique have been reported
films have been grown on both sides of Pb-Zr-Ti-O ferro-elsewheré! ' Briefly, the requisite3-diketonate complexes
electric film to make ferroelectric capacitor® which ex- [M(thd),,, thd = 2,2,6,6-tetramethyl-3,5-heptanediondtt,
hibit superior fatigue and retention characteristics to capaci= La, Sr, Cd were dissolved in an organic solvent and the
tors using conventional Pt electrodes. For LSCO, thesolution was injected by a liquid pump into a heated, stain-
variation of the chemical composition has a great impact orless steel vaporizer which was maintained at 220 °C during
the quality and physical properties of the film, since the high-deposition. The film composition was controlled by varying
est electric conductivity is found at=0.5. The quality of the molar ratio of the organometallic complexes in the solu-
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FIG. 1. (8 A [100] electron-diffraction pattern from a cross-
section LSCO/LAO specimen, showing the epitaxial growth of N . ) ) .
LSCO. The(001) and (010 reflections, which should be extinct, [OOl]_dlrecnonaI domain st_ructure. A Foune_r specimen of the. im-
appear in the diffraction pattern, corresponding to the formation of'9¢ :stsgo_wn at Lhe Ic()jw-rlgtr;]t cotrne:. The IZSTt E’ a th_eoretlcglly
ordered anisotropic structure in LSCCh) A cross-section TEM simulated image based on the structure model shown in .

image of LSCO showing anisotropi601] and[010] domain struc- for thﬁ]folllowin% pBa;r5ameteLs: electron-beam erE)e;gy 300? KV, shpegi- |
tures. A few stacking fault§SP confined in the(010) plane are men thickness 3. nm, béam convergence L. mrad, mechanica

vibration of the microscope 0.03 nm, objective lens defocus 15 nm,
also seen. o ; -
focus spread 10 nm, objective lens spherical aberration 0.6 nm, and

) ] objective aperture radius 1.0 Al. The atoms show bright contrast
tion. The precursor vapor was carried upstream of the reactQqer this defocus condition.

inlet by nitrogen carrier gaéflow rate =50—100 sccmand

the vaporization process took place on a continuous basigs | Sco/LAO. Since the lattice constant of LSCO is 0.7668
The reactor pressure was maintained at 1.5-2.0 Torr. Thgn, yice the lattice constant of LAO being 0.7576 nm, the
deposition temperature was controlled at 600-700 °C. Theyice mismatch is so small that the splitting between the
nominal composition of the film is La:Sr:Co:© 1:1:2:6(0r  eflections of LAO and those of LSCO is hardly seen in the

Lag.s5r0.5C003). _ _ electron-diffraction pattern. The LAO substrate and the
The LaAlO; substrate has the distorted-perovskite strucy gco film apparently have an epitaxial relationship of
ture with lattice constanta=b=c¢=0.3788 nm and

a=B=y=90.066°22 The structure is referred to a face-

centered-rhombohedral cell, in which the 1ion locates at (00D 1x0]|(00B5c0 and[100] Laol[ 100, sco-

(000, the Al™2 ion at (333), and the O 2 ions at the face In addition to the allowed reflections of LSCO, a remarkable
centers{330}. Recently{001} surfaces of annealed LAO in phenomenon is the presence(001) and(010) reflections of

air have been studied using reflection electronLSCO, which should be extinct if the ideal, isotropic
microscopy:**> The surface is atom flat, but exhibiting perovskite-type structure remains. Tf@01 reflections are
many atom-high100) steps. These steps are the lowest surproduced by the periodic projected structure of the crystal
face energy steps. along(001) with a periodicity ofc, the lattice constant of the

Cross-sectional TEM specimens were prepared using the axis.
standard procedures of cutting, gluing, slicing, grinding, and To find the origin of the observe{D01} reflections, a
ion milling. The specimen was cooled to liquid-nitrogen tem-cross-section TEM image of the LSCO film is shown in Fig.
perature during ion milling to avoid any structural transfor- 1(b). It is apparent that the film exhibits domain structure,
mation and damage. High-resolution transmission electroand thec-axis direction changes from domain to domain.
microscopy (HRTEM), select-area electron diffraction Therefore, thé001) and(010) reflections are generated from
(SAD) and dynamical image simulations were used to deterthe domains exhibiting [001] and [010] anisotropic
mine the microstructure. HRTEM experiments were pern-LSCO structure, respectively. £011) boundary between
formed at 300 kV with the use of a charge-coupled devisahe two [001] and [010] anisotropicn-LSCO domains is
(CCD) camera for digital data recording. The recorded dataseen. The three-dimensional structure of the film is com-
can be digitally processed in order to be compared to th@osed of domains witfi001], [010], and[100] directional
theoretically calculated images. anisotropicn-LSCO structure.

The real-space correspondence of {81} reflection is
directly seen in the HRTEM image. Figure 2 shows a cross-
section TEM image of the LSCO film, exhibitincraxis di-

The grown LSCO film is single crystalline and has anrectional, anisotropic structure of periodicity The domain
epitaxial relationship with the LAO substrate. Figuré)l size is approximately 50—-300 nm. The Fourier transform of
shows an SAD pattern recorded from a cross-section samptais image does show th@01) reflection but the010) re-

FIG. 2. An HRTEM image recorded from a region exhibiting

Ill. STRUCTURES OF LSCO FILM
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(a) LaosSro5Co0s (b) n-LagsSrosCo0s
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FIG. 3. Atomic models for(@) isotropic perovskite-type struc-
ture and (b) the proposed anisotropic perovskite-typeL SCO
structure. For clarity, these models are drawn to schematically show
the atom distribution in the unit cell, and the sizes of the balls in
these figures may not represent the real sizes of the cations.

flection is extinct. This observation indicates tl{@10 and
(001) do not belong to the same family of reflections of the
same crystal. For the convenience of following discussion, _ ) _
the observed anisotropic structure is denoted as FIG. 4. Simulateda,9 [100] electron-diffraction patterns and
n-Lag<Sro £C00; (of N-LSCO) (b,d corresponding lattice images for the isotropic perovskite-type
Inobsrdgf to pr%pose a lattice model of the newly observediructre of LSCO and anisotropic perovskite-type eL.SCO
. . - shown in Figs. 8) and 3b), respectively.
anisotropic structure, the lattice model of ds5ry;Co03,
with space groupFm3m, is examined first. The ideal _ ) _ _
LagsSro«C00; has the pseudocubic perovskite-type struc-dence to thg experimental observation. The image contrast is
ture with lattice constant of 0.7668 nm, as shown in Fig. &S0 very different for the two models. Thus, the ordered
3(a).1517 The {001 reflections are extinct for this atomic lattice substitution between La and Sr can be easily deter-

model, and an identical structure is preserved regardless tﬁB'ned expenmgntally because of the large difference be-
beam direction i§100], [010], or [001]. The structure, how- Ween the atomic numbers. .

ever, does allow001) reflection but does not allowl100 ) From. the structure m‘?d?' shown In Figibd the atom
and(010) reflections. Moreover, the chemical composition of distribution along thec axis is not equivalent to that along
the structure must match the measured overall film compot€@ axis (or b axis). Thus, the lengths of tha andc axes
sition of La:Sr:Co:O= 1:1:2:6, becausa-LSCO is the &€ expected_ to be different. In order to verify thls_predlctlon,
dominant structure. With consideration of all these factors, &2V diffraction was performed on the as-grown film and the
structural model is shown in Fig.(®. The model is built esult is shown in Fig. 5. Tha-LSCO (00Y) reflection, al-
based on the ideal model shown in Figasby rearranging thqugh weak, does shc_)w up in the diffraction s.pec.trum. Itis
the Sr and La sites so that the Sr atoms located arthe  hoticed that the reflection angle ofLSCO (200) is slightly
plane are entirely replaced by La and the La atoms located 4SS than that ofn-LSCO (002, indicating that the
z=c/2 plane by Sr, and the Co atom sites remain unchanged.
Thus, the La and Sr atoms are distributed in differ@l)
atomic planes, exhibiting La-Co-Sr-Co-La-Co-Sr-@d1)
layered structure.

In order to verify the atomic model, image simulations are
performed based on the lattice model shown in Figp),3a
calculated[100] image is shown in the inset of Fig. 2. The
calculations were based on the dynamical electron-
diffraction theory with considerations of the contrast transfer
of the objective lens as well as the practical operation con-
ditions of the electron microscope. The image contrast is
approximately scaled according to the atomic number. The
La atom shows the strongest intensity, the Sr atom weaker, o LALLM Ll L . SR A s AT S
and the Co atom the weakest. It is apparent that the simu-  1.0. 1. 1. 6. 18 20, 22, 24. 26 28 30
lated image shows an excellent agreement with the observed 2@ (in degree)
image.

Figures 4a) and 4c) are the dynamical calculated  F|G. 5. X-ray-diffraction spectrum of LSCO/LAO showing the
electron-diffraction patterns and Figsibf and 4d) are the  presence of001) reflection. This result indicates thatLSCO is
calculated HRTEM images based on the ideal perovskite anghe native structure of the as-grown LSCO film. It is important to
anisotropic perovskite-type structural models shown in Figsnote that the reflection angle afLSCO (200) is slightly less than
3(a) and 3b), respectively. Thel001) reflection which is that of n-LSCO (002), indicating that then-LSCO has tetragonal
extinct in Fig. 4a) does appear in Fig.(d) in correspon-  structure.

500

n-LSCO (200)

n-LSCO (001)

Intensity  (arb. unit)

n-LSCO (002)
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FIG. 6. (a) A high-resolution TEM image of cross-section
LSCO film showing a type df001] anisotropic structure. A Fourier
spectrum of the image is also showh) A schematic cation atomic
model of a Lg 35Sr; /L0035 perovskite-type tetragonal structure, FIG. 7. A cross-sectiofil00] HRTEM image ofn-LSCO show-
where the sizes of the balls may not represent the real sizes of thag the (011)-type domain boundary. The inset is an atomic model
cations. A simulated HRTEM image based on this model is showrof the domain boundary constructed using the information provided
in the inset of(a). by the image and the model shown in FigbBas well.

e
=
.‘r
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n-LSCO has a tetragonal cell. The ratio @fa is measured Fig. 6(a), which shows reasonable agreement with the ob-
directly from the x-ray-diffraction data and the result is gerved image. The contrast of the La atoms has a good
0.945. More importantly, the presence of 001) reflection  match. The contrast of Sr and Co atoms shows reasonable
in the x-ray-diffraction spectrum does indicate that the ob-3greement with the observed image. In the simulated image,
servedn-LSCO structure is the as-grown structure of theit js interesting to note that the contrast of the Co atoms in a
specimen. unit cell is not identical because of the nonsymmetric scat-
Composition fluctuation in La ,Sr,CoO; can dramati-  tering of the neighbor atoms. The first-nearest neighbors of
cally change the local atomic structure. Figute)&hows an  the Co atoms located at=0.5 are all Sr, but those of the Co

HRTEM image Of LSCO/LAO, eXh|b|t|ng anisotropic struc- atoms located a#=0.167 (Or equiva'ent'yz: 0833) are Sr
ture of periodicity approximately 3¢2along[001], wherec  gnd La.

is the c-axis lattice constant of LSCO. The image contrast
approximately characterizes the atom type of each column
under particular defocus condition. The Fourier transform of
the image, shown in the inset, shows the presence® df The tetragonal structure of-LSCO can produce domain
2/3) and (0 0 4/3 reflections, as indicated by arrowheads. structures in the grown films. The typical domain boundaries
These reflections characterize a newly ordered structurgbserved in LSCO ar¢011) and (001). The two adjacent
along[001]. Since the(010) reflection is absent in the Fou- domains are oriented with a rotation angle of 90°. Figure 7
rier spectrum, the projected structural periodicity al@80]  shows an HRTEM image of é11)-type domain boundary.
is a/2. It can be seen from the image that the same type of element
Several factors must be considered to build an atomigneets at the interface. Based on the structural model shown
model of the observed anisotropic structure. First, the periin Fig. 3b), the projected atom arrangement at the boundary
odicity of the structures is 32along[001] and isa along  can be determined, as shown in the inset of Fig. 7. The
[010/[100]. Second, the total charge of the ionic structuredashed line indicates tH@11) domain boundary. This struc-
must be zero. Since the oxygen vacancies associated with thgre model satisfies the symmetry of both domains.
structure is unknown, at least based on the HRTEM data, we The (001) domain boundary has also been obser(fid.
assume that the total oxygen content is the same as that ). The atom arrangement at the boundary is schematically
the isotropic LSCO. Third, the concentrations of La and Srshown in the inset of Fig. 8. The La atom at a position
atoms have to be complimentary in {8Sr,CoO3, so that marked by an arrowhead is indicated in the image, showing
the atomic concentrations obey,+ ng,= 1. Finally, the site  bright contrast. No second phase is seen at the domain
distribution of each element must approximately match theboundary. The domain structure is a major structural phe-
symmetry and contrast observed in the HRTEM imagenomenon in LSCO, bu the mechanism forming the domain is
shown in Fig. 6a). Based on these principles, a structurenot yet clear.
model shown in Fig. @) is built, where only cations are
shown for clarity. The anion distribution around each cation V. LSCO/LAO INTERFACE
is assumed to be the same as that in the isotropic perovskite
LSCO structure in order to preserve the charge neutrality of Lattice mismatch at the interface is a source for creating
the entire unit cell. The ratio of the’ anda’ lattice con- interfacial dislocations. From the symmetry of the structure
stants of this structure is’/a’=1.62, which is determined model for isotropic LSCO, two LAO unit cells tend to match
from the Fourier spectrum shown in the inset of Figg6A  an LSCO unit cell. Since the lattice constant for LAO is
simulated image based on this model is shown in the inset ad;=0.3788 nm, half of the lattice constant of LSCO being

IV. DOMAIN BOUNDARIES
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Co is expected, resulting in the growth of LSCO. Interface
microstructure of LSCO with Mg@100) has been reported
previously?®

VI. DISCUSSION
A. La g55rysCo04

The structure model proposed in FiggbRis based on an
assumption that lattice substitution between Sr and La is per-
mitted in LSCO for the following reasons. First, bothi'a
and SP™* cations have the same ionic radii, thus, a site ex-
change will not introduce any significant lattice distortidn.
Second, the site distribution of G anions around either
La®" or Sr?" is equivalent, permitting lattice substitution
between L&" and SFP*. Third, substitution of St* by
La®" introduces a local charge compensation, but the local
_ ) p-type charge carrier is balanced by the conversion of
FIG. 8. A cross-sectiofil00] HRTEM image ofn-LSCO show- Co** into Co®*. Finally, the loss of local charge due to

Ing the(om)'type domain boundary. The Inset Is an atomic mOOIeIsubstitution of L&" by Sr*" is balanced by creating oxygen
for the domain boundary constructed using the information pro_vacancies as well as the conversion of*Cdnto Co**. as
vided by the image and the model shown in Fi¢h)3as well. ’

proposed by Jonker and van SantgiThe ionic structure of

d,=0.385 nm, a lattice mismatch less than 2% at the inter—l‘SCO IS

face is expected. Figure 9 shows an HRTEM image of 34 w2~ 34 44 2- L0

LSCO/LAO interface, where the dashed line indicates the Lad*,SE Calt, 5, Cal 5 057, VP, @
last La-O layer of the LAO substrate. Recent studies have

shown that thé100} surfaces of LAO are terminated entirely Where \{) stands for the ratio of oxygen vacanciés??°
with either the La-O layer or the Al-O layer, but not the This formula has been applied to interpreting the electric
mixture of both* From the image shown in Fig. 9, the LAO conductivity of LSCO as a function of Sr contefit'®
substrate is terminated with the La-O layer. No interfaciallf there is no oxygen vacancyy(0), the ionic state of
reaction is seen. The LSCO film is grown coherently on the-SCO is L&', Sri*Co}’,Coi"05™ or equivalently
LAO lattice and the interface dislocations are rarely seen[La®*Co3"],_, [Sr*"Co*"],05 . For x=0.5, the
Strain fields associated with the interface are rather weak sonic  state of LgzSro<CoO; is [La®"Co3"]ys
that the atom positions near the interface can be clearly rgSr>*Co**],4035 . Therefore, the lattice substitution be-
solved. The dark spots are the atoms because the image wageen La and Sr is possible because of the double valence
recorded under the Schertzer defocus conditfoftom the  states of CdCo** and C&™). The conductivity of LSCO is
symmetry of the LSCO structure, it can be concluded that thgjue to the transfer of electrons between®tand Cd*+,%*
LSCO film starts to grow from a Co-O layer, as indicated.and the transfer probability of the electrons is directly related
This is natural because the Al sites in LAO are equivalent tqg the angled;; between the spins of the iifs24

those of Co in LSCO, thus, the lattice substitution of Al by

tij:bijcoi®ij/2)v (2)

whereb;; is a constant depending on the isolation between
the ions. Structural evolution introduces changes not only in
the intrinsic isolation but also in the spin-coupling between
Co ions. The angle between the spins of two ions will be
changed under an external magnetic field. Thus, the electron
transfer probability across the iofsr equivalently the con-
ductivity) is affected according to EQR), possibly leading to

the observed CMR effect.

However, the CMR ratio may be critically affected by the
domain structure. In fact, the MR ratio of LSCO is much
lower than that of LCMO, and the LCMO film does not
exhibit domain structur& However, LSCO films are com-
posed of domains exhibitingl00], [010], and[001] direc-
tional anisotropic structure. Although each domain may ex-
hibit high MR ratio due to the tetragonal structure, the

FIG. 9. A cross-sectiofil00] HRTEM image of LSCO/LAO  overall MR ratio of the entire film may not be high because
interface showing the nonreactive, coherent growth of LSCO. Thdéhe small size anisotropic domains are distributed with equal
dark spots are the projected atomic columns under Schertzer focgyobability along thea or b axis, the spatial average may
condition. reduce the MR ratio.
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B. Lag/5r0.34C003 Sincen-LSCO is the most popular structure in LSCO, the

From the model shown in Fig () the structure is formed Physical properties of the grown film is determined by the
not only due to lattice substitution between La and Sr, bufiz€ of the domains and the anisotropicity of the tetragonal
also composition variation so that La:Sr:€b:2:3. Based on domains. The CMR effect is believed due to the intrinsic
the same assumption that the lattice substitution betweegoupled spin scattering of Co atoms in different atomic lay-
La®" and SP* is compensated by the valence state converers. Therefore, the newly observed tetragonal domain struc-
sion between C&" and Cd'*, for x=0.67, the ionic struc- ture may provide important clues for understanding the low

ture of Lag33Sro6/C005 is thus La 5,513 5/C05 5005 MR ratio of LSCO in comparison to that of LCMO.
2~ or equivalently[La®*Co%"]q 35 [Sr?TC0* o605 . A structure denoted as-Lag 3551, 7C003, has been ob-
Therefore, the LA™ ions are packed with Cb ions and Sr  served and its atomic structural model is determined. It must
2+ with Co**. Thus, the observed phase is stable. be pointed out that this structure is the minor phase. The
structure is the result of lattice substitution between La and
VIl. CONCLUSION Sr as well as the fluctuation of the local chemical composi-

tion. The lattice substitution between $aand SP* is pos-

In conclusion, a MOCVD grown LSCO film is dominated sible because of the conversion of Co valence state between

by an ordered, anisotropic perovskite-type structuré,a

3+ +
0.55r0.sC00;. This structure is intrinsic and is the direct re- COTh a:%ggl/LAo interf h I latt . tch
sult of lattice substitution between La and Sr. The atomic € intertace has a smail fatlice mismatch,

model of the structure is determined. The entire LSCO filmresulting in almost perfect, coherer?t growt.h of LSCO. The
is composed 0f001], [010], and[100] directional aniso- LAO [001] substrate tends to terminate with a La-O layer
tropic structure domains of sizes in the order of 30—200 nmand a LSCO film starts to grow from a Co-O layer.
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