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Structure characterization and magnetic properties of oxide superlattices
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Oxide superlattices composed alternatively of ferromagnetic metal layers,@bkaMnO; and antiferro-
magnetic insulator layers of kgSr, J/e0; were fabricated on SrTiQsubstrates by pulsed laser deposition
with controlling each layer thickness on an atomic scale. The near-perfect superlattice structure with atomically
flat interfaces was verified by multiple peaks from Laue function in x-ray diffraction patterns with use of
synchrotron radiation. An increase of antiferromagnetig S sFeO; layer thickness from 2 to 5 unit cells
induces strong magnetic frustration around the superlattice interfaces, leading to reduction in magnetic transi-
tion temperature and ferromagnetic volume, while increasing the resistivity and magnetoresistance at low
temperatured.S0163-182609)15025-7

Perovskites of transition metal oxides are quite suitabl€LSFO), as another constituent layer to be combined with a
for fabrication of the artificial superlattice structure com- ferromagnetic layer of LgSr MnO; (LSMO) to explore
posed of ultrathin films with different compositions becausenew magnetoelectronic properties arising from the competi-
of its chemical stability as well as the almost common latticetion between the magnetic ordering structures. The choice of
spacing. Making use of, for example, the carrier confinementioping level atx= 0.4 in the LSFO layer, namely, 40%2%3r
effect, specific magnetic interaction at the interface, andsubstitution on L&' sites, comes from twofold reasons. The
some lattice strain effect, such a tailor-made material systerdoping makes antiferromagnetic interaction weaker as indi-
based on the perovskite superlattice may open a new field afated by the decrease of the élleemperature fromT
materials physics. For example, KTaKNbO; superlat- =700 K for undoped LaFeto 320 K for doped LSFO,
tices containing paraelectric and ferroelectric layers wergvhich is comparable withTc=310 K for LSMO thin
demonstrated to show higher ferroelectric transition temperafilms.>® Furthermore, the commonrA-site composition
ture than that of bulk KNb@' superlattices composed of (Lag S, 0 in constituent perovskite layers enables us to for-
antiferromagnetic layers of LaFg@nd LaCrQ showed a get the surface terminating atomic layer problem during
ferromagnetic behavidr,and DyBaCu;O,/Sr_,CaRu0; making heterointerface€specause Mn@ and FeQ atomic
superlattices were fabricated to study vortex dynamics in sulayers are to be assembled in theD atomic layers without
perconducting layers sandwiched with ferromagnetic Ia?ers.compositional modulation. We have already optimized the
Here, we fabricated oxide perovskite superlattices composegrowth condition for the pulsed laser deposition of high-
of ferromagnetic = metal/antiferromagnetic  insulator, quality epitaxial Lg ¢St ,MnO;5 thin films on SrTiQ (001)

Lag ¢Sl sMNO5/Lay Sty sFe0;, to explore new magneto- substrat€. The thickness can be controlled on an atomic
electronic properties. scale byin situ monitoring of the intensity oscillation of

La; ,SrMNnO; is a prototypical half metali.e., 100% reflection high energy electron diffractiofRHEED). The
spin polarization in the ground statehaving rather surface morphology is represented by 0.4 nm height steps
high Curie temperatureTc, of 360 K* By combining and atomically flat terraces even when the film is as thick as
La; _,Sr,MnO; with other perovskite compounds in a form 100 nm.
of superlattice, we can control new artificial degrees of free- LSMO/LSFO superlattices were fabricated by pulsed la-
dom other than bandwidth or doping level. In this study, weser deposition onto SrTiQ(001) single crystal substrates
have chosen an antiferromagnetic insulatorg §Sx, /€0;  which were etched by a buffered fluoric afi@he thickness
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20 22 24 26 28 30 32 FIG. 2. Experimentalupper paneland calculatedlower panel
-1 SRXRD patterns for af(LSMO)10 u.c./(LSFO)4 u.¢, super-

lattice on SrTiQ (001 with various wavelengths: 0.175 12 nifre
FIG. 1. Upper panel: Logarithmic contour plot aroufiil4)  absorption edge 0.189 87 nm(Mn absorption edge and 0.182 01
diffraction for an[(LSM0O)10 u.c./(LSFO)4 u.3,, superlattice.  hm (off-resonant position The calculation was done using the one-
LSMO and LSFO stand for lg@St, ;MnO; and Lg ¢St €0, re- dimensional step model, in which abrupt interface and ideally ho-
spectively. CuK« radiation was usedQ, and Q, correspond to  mogeneous distribution of layer thickness are assufgee text

[110] and[001] directions, respectively. In-plane lattice parametero.390 nm, as verified by four-circle XRD. Resistivity at

for the supt_arla}ttlce_a estimated as \_/EIQX is identical to.that of the room temperature was 0.08 cm and increased almost ex-
substrate, indicating coherent epitaxy. Lower panel: SRXRD pat- onentially with lowering the temperature to 100cm at
tern for an [(LSMO)10 u.c./(LSFO)4 u.g¢. superlattice. The P y 9 P

wavelength of SR was fixed at the absorption edge of Mn, 0.189 8 elrg Ié.raISreerer;\rgase n(I):rgﬁ:e(tzﬁzblteer[nnaegrgig?éeﬂzta:ﬁdee'nncéhlcs)f
nm. The scattering direction was fixed[&®0 ] direction. The sat- P ge. P P

. : . » MmagnetizationTy was estimated to be 250 K.
ellite peaks are assigned to thin superstructure peaks. Inset: A - . : .
scheme of superlattice unit cell During the deposition of superlattices, clear RHEED in-

tensity oscillation was observed routinely. Surface morphol-
of each LSMO layer was fixed at 10 unit cellsc), whereas ogy of superlattices was also very smooth as examined by
that of the LSFO layer was varied from 2 u.c. to 5 u.c. TheAFM images which showed 0.4 nm height steps correspond-
growth condition of superlattices was identical to that re-ing to the unit cell height of perovskite. These results indi-
ported previously for LSMO thin film depositionSynchro-  cate that not only the surface but also the interfaces are
tron radiation x-ray diffractiofSRXRD) measurement was atomically flat.
performed at the Photon Factory, KEK. The surface mor- We first carried out off-axial XRD measurements around
phology was analyzed by an atomic force microscopehe (114 diffraction by using a four-circle diffractometer
(AFM). Magnetization was measured by a superconductingvith a Cu Ka source. The upper panel of Fig. 1
quantum interference device magnetometer. Magnetoresishows the reciprocal lattice mapping for an
tance was measured by a conventional four probe method.[(LSMO)10 u.c./(LSFO)4 u.¢,o superlattice. The same
Prior to the superlattice experiment, we fabricated 100 nnQ, values for the substrate and superlattice indicate that the
thick LSFO thin films under the same deposition condition.in-plane lattice constant of the superlattice is expanded to fit
The surface showed an atomically flat step-and-terrace stru¢hat of the substrate. Since SrEi@®as a cubic crystal sym-
ture in the observation of AFM. The crystal symmetry of themetry, the crystal structure of the superlattice is modified to
thin film is tetragonal with the identical in-plane lattice con- the tetragonal one to keep the coherency at the interfaces in
stant with that of SrTiQ, and out-of-plane lattice constant of the superlattice.
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FIG. 3. Temperature dependence of resistivigft panel3, temperature dependence of magnetization at 50Qn@edle panels and
magnetic field dependence of magnetizatioght panel$. LSFO thickness is 2 u.¢top panelg 3 u.c.(middle panels and 5 u.c(bottom
panel3, while the thickness of the LSMO layer was fixed at 10 u.c. Resistance was measured ald@tltérection in the cubic setting.
Resistivity was evaluated by assuming that only LSMO layers are conductive. Magnetic fields were applied dlb@g].thdeasurements
of temperature dependence of magnetization were performed during warming after zero-field cooling as well as during cooling in magnetic
field with the magnetic field of 500 Oe applied along fA€0] direction.M-H curves were measured & K after ZFC.

Weak satellite peaks originating from the superlattice pedimensional step model. The structure fack(K) of the
riodicity were barely observed between the fundamental persuperlattice as a function of scattering vedtois given as:’
ovskite peaks along thp0d] direction in XRD measure-
ment. LSMO and LSFO have the same perovskite structure .
and there is a little difference in lattice parameters between F(K)= FLSMO(K)SEO exp(iKsdysyo)
them®® In addition, atomic scattering factor of Fe is very

m-1

close to that of Mn. Therefore, to obtain detailed informa- n-1

tion, we carried out SRXRD studies. SR provides us not only + FLsrol K)exp(iKmdisyo) 2, exp(iKsdysro),
with very brilliant x-ray but also with tunability of the wave- =0

length. When the wavelength is fixed at an absorption edge 2

of a constituent element, the relevant atomic scatterin
factor largely changes. Corrected atomic scattering fafctor
is given as

Svherem andn are layer numbers of LSMO and LSFO, re-
spectively.d is the unit cell length along thigddl ] direction
evaluated from XRD results for single-component thin films;
d smo=0.383 nm andd, sr=0.390 nm. F(K) for each
f=f0+Af" +iAf", (1) compound is calculated using atomic scattering factgys
and f. given by Eq.(1). The diffraction intensityl (K) is

where Af’ and Af” are real and imaginary parts of the 9iven by
anomalous scattering factor, respectivelis shown in the
lower panel of Fig. 1, clear and sharp satellite pe@esoted
as £3,=2,=1) show up around the fundamental peak ofwherel, andL(K) are the Thomson factor and Laue func-
perovskite(denoted as 0 tion, respectively. When repetitigm of the superlattice unit

We also compared the wavelength dependence of XRIs small enoughp—2 submaximum peaks should appear
patterns with calculations. The upper panel of Fig. 2 showslue to the Laue function. As shown in Fig. 2, an excellent
XRD patterns between the fundamental peak arfd satel- agreement between the observed and calculated results can
lite peak measured at various wavelengths. Although all thée obtained, including the envelope shape of Laue function
measurements show similar results, the envelope of multiplpeaks near the-1 superlattice peak. The one-dimensional
peaks near the-1 superlattice peak shows appreciable dif-step model is based on the assumption that the thicknesses of
ference depending on the wavelength. The lower panel odlternating layers are well defined and that the interface is
Fig. 2 shows calculated results using the following one-atomically flat and rigid. Therefore, we can conclude that the

I(K)=1FA(K)L(K), ()
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fluctuation of thickness and the interdiffusion between Mn 4 Volums Fraction (%) 3 10°
and Fe are small enough to be ignored. 5 100 3

Let us proceed to magnetic and electronic properties of A 104 T 10
the superlattices. We concentrate on three samples composed C = 123 :H 7] 3

of ferromagnetic LSMO layers with the common thickness 3t §> 102k / 4 410
of 10 u.c. and antiferromagnetic LSFO layers with various F—7 g o'k 4 3

thicknesses of 2, 4, and 5 u.c. The resistivity shown in the 10° Ml liln] ] 10
left panels of Fig. 3 was evaluated by assuming that the 01 2 3 4
M(ug/Mnsite) 3

current flows only in the LSMO layers, since the resistivity
of LSFO in this temperature range is orders of magnitude
higher than that of LSMO. Th& of the superlattice evalu-
ated from the resistivity maximum decreases as 220 K, 200
K, and 185 K with increasing the LSFO layer thickness as 2
u.c., 4 u.c., and 5 u.c., respectively. In addition, the resistiv-
ity value itself also increases significantly and large magne-
toresistance tends to subsist down to low temperatures with |
increase of the LSFO thickness. The results are obviously 0 1 9 3 4 5
different from those of LSMO bulk crystals, which shaw

of 350-360 K and negligibly small magnetoresistance
at low temperatures far below¢.* The T¢ of thick

10"

(wag5)AnAnsisay

102

Magnetization(tz/Mn site)
[\

103

10*

(>10 nm) epitaxial LSMO film on SrTi©(001) is reduced LSF
to 310 K because of coherent strain induced from substrate LSFO

: X . LSMO
as previously reporte However, T¢'s of superlattices are LSMO
much lower than that of LSMO single-component thin film LSFO g LSFO

P

and they depend on the LSFO layer thickness even without
changing thickness of the conductive LSMO lay&0 u.c). o o .
Thus, the antiferromagnetic interaction of LSFO should FIG. 4. Magnetization and _re3|st|vny of the superlattices,
. . . [(LSMO)10 u.c./(LSFOh u.c.(n=0, 2,4, and 5),y, as a func-
strongly Influen_ce the mag”eF'C .propert_les of the LSMO_Iay'tion of LSFO layer thickness. Magnetization was obtainedvbyd
ers, perhaps via the magnetic interaction through the intefs; e measurements & K and 2000 Oe. Resistivity was measured
faces. at 20 K along th¢100] direction in the simple cubic setting without
The middle panels of Fig. 3 show temperature depenapplying magnetic field. Figures shown in lower panel are sche-
dence of magnetization. Since the magnetic moment of theatic illustrations of the superlattices. LSFO layers are shown as
antiferromagnetic LSFO layers is expected to be small, thélack areas. Hatched areas indicate spin-canting region due to the
magnetization is assumed to originate from the LSMO layergxistence of antiferromagnetic interaction at the interfaces. The vol-
alone and tentatively displayed as a quantity per Mn siteume of the spin-canting region increases with increasing the LSFO
Significant difference between the samples is seen not onllayer thickness. Inset: Plot of conductivity versus magnetization.
in the onset temperatures, which are consistent Wigs Volume fraction in the upper abscissa means the magnetization of
obtained from the results of resistivity, but also in the mag.superlattices divided by 3u6; which is saturation magnetization of
nitude of magnetization for field coolingC) at low tem-  fully ferromagnetic LSMO single layer film.
perature. The magnetic hysteresis curves measured at 5 K
after zero-field coolingZFC) are shown in the right panels at the interface, corresponding to the antiferromagnetic or-
of Fig. 3. Coercive force H) increases from 250 Oe to dering of LSFO in the film plane.
1000 Oe as increasing the LSFO thickness from 2 u.c. to 5 To substantiate the above picture, we show in Fig. 4 the
u.c. The largeH as observed is the origin of thermal hys- magnetization and resistivity of the superlattices as a func-
teresis between FC and ZFC measurements. tion of LSFO layer thickness. Since the observed magnetiza-
On the basis of these transport and magnetic propertie§ion is presented as per Mn site, the decrease of magnetiza-
the LSMO layer is considered to change gradually from ation is due to the antiferromagnetic order or spin canting of
ferromagnetic metal to an antiferromagnetic insulator as inthe originally ferromagnetic LSMO layer at the interface.
creasing the thickness of the adjacent LSFO layers. AntiferThe increase of LSFO layer thickness makes the ferromag-
romagnetically ordered spins of bulk LSFO direct alongnetic volume fraction small as represented by the change in
[111] in the simple cubic setting® Thus it is anticipated that the magnetizatioriM) value (open circle and also shown in
the square lattice of LSFQ)01) plane at the interface be- the schematic illustration in the lower panel of Fig. 4. There-
tween alternating layers contains antiparallel spin orderindore, the robustness of the antiferromagnetic spin structures
along[110] direction. Therefore, strong frustration of spin in the LSFO and effective penetration depth of spin canting
arrangement should be produced at the LSMO/LSFO interregion of the LSMO layer may depend on the thickness of
faces. According to preliminary results of Monte Carlo simu-the LSFO layers in the superlattice structure. Such a change
lation on the classical spin model, the spin moment of LSFGn magnetic coupling seems to be reflected in charge trans-
layer aligns in the direction which is almost perpendicular toport in the LSMO layers. The inset to Fig. 4 shows the rela-
the net LSMO moment: The originally ferromagnetically tion betweenM and conductivity ¢) at a low temperature
ordered spin moments of the LSMO layer cant alternatively(20 K): Logo is almost proportional té1, namely, the con-
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ductivity increases exponentially with the effective thicknessthe magnetoresistance down to low temperature. These re-
of the ferromagnetic layers. Magnetic field can increase theults indicate that antiferromagnetic spin arrangement in the
magnetization of superlattices gradually as a result of redud-SFO layer modifies the ferromagnetic spin arrangement of
ing the volume of the antiferromagnetic or spin canting re-the LSMO layer via the frustrated magnetic interaction at the
gion, and hence increase conductivity via an increase of felinterfaces. The effective strength of antiferromagnetic inter-
romagnetic volume fraction of LSMO layer. This can explainaction caused by the LSFO layer seems to depend on its
the observed large magnetoresistance at temperatures enodgyer thickness.
lower thanT.. We are grateful to N. Nagaosa and R. Maezono for stimu-
In summary, we have fabricated high-quality coherentlating discussions and for informing us of the Monte Carlo
LSMOJ/LSFO superlattices. XRD measurements indicatedesult prior to publication. This work, partly supported by
that the superlattices have a well-defined superlattice strudNew Energy and Industrial Technology Development Orga-
ture on an atomic scale. With increasing thickness of thenization (NEDO) of Japan, was performed in the JRCAT
antiferromagnetic LSFO layel,- and magnetization at low under the joint research agreement between the National In-
temperature are lower. Weakening of ferromagnetism alsetitute for Advanced Interdisciplinary Resear®AIR) and
makes resistivity higher and insulating, but in turn, enhancethe Angstrom Technology PartnersHiaTP).
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