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We have fabricated L@gBa, ,MnO; ultrathin films with an atomically flat surface and have
systematically investigated the magnetism for film thickness dependence. The 20-nm-thick film
showed a maximum peak df; (310 K). It was found that even the 5-nm-thick film showed a

of 290 K near room temperature, which opens up the possibility of spin devices working at room
temperature. Furthermore, we have adopted noncontact magnetic force microscopy to evaluate local
magnetization in ultrathin (La,BMnO; films, and confirmed that several tens of nanocale
ferromagnetic domains appear at room temperature2083 American Institute of Physics.

[DOI: 10.1063/1.1599971

Perovskite manganese oxide is a well-known carriermagnetic domain evaluation by using frequency shift mode
induced ferromagnet that shows ferromagnetism above roommagnetic force microscopy with high resolution.
temperaturé, while typical dilute magnetic semiconductors The La ¢Bay ,MnO; (LBMO) thin films were deposited
(DMS) (In,Mn)As? and (Ga,MnAs® show the Curie tem- on etched perovskite SrTY0001) single-crystal substrates
perature T¢) up to 50 and 110 K, respectively, but not at RT. using a pulsed laser depositigRLD) technique(ArF exci-
Recently, some RT ferromagnetic semiconductors, such aser: A=193 nm). SrTiO; is the standard substrate used for
Co-doped TiQ,* Co-doped ZnG, and Mn- or Cr-doped the deposition of functional perovskite compounds and has
GaN'’ have been reported, but it remains unclear whethethe advantages that it is commercially available, has a large
the observed ferromagnetism originated from itinerant carridielectric constant’ is ann-type semiconductor with La or
ers or the segregation of nanoclusters of magnetid\b doping® and has epitaxial growth directly on 8iThe
impurities®® Thus, perovskite manganese oxide is one of theSrTiO; substrates were etched by immersion in a
best candidates for the realization of RT spin electronic depH-controlled solution of NEF—HF (pH=5.0), and whose
vices. Nevertheless, serious problems remain that prevesurfaces were then smooth&d The target employed was a
these devices from working at RT. Thg of the well-known  sintered LBMO pellet prepared by a conventional solid reac-
(La,SPMnO; and (La,CaMnO; are strongly suppressed tion process. LBMO films were deposited at a substrate tem-
with decreasing film thickness, due to lattice mism&tch perature of 630 °C in NQat a pressure of 1104 mbar
and/or the presence of dead lay&$® Such phenomena are with the observation of reflection high-energy electron dif-
also seen in typical DM8Ga,MnAs, whose ferromagnetism fraction (RHEED) oscillation. After film formation, the films
disappears below 6.5-nm-thick filiOnly in (In,Mn)As did  were annealed at 750 °C for 10 h in an @&mosphere at 1
the ferromagnetism survive down to 5 nm thickn&sén atm. The film structures were examined by x-ray diffraction
term of application to devices, for example, in the advancecnd high-resolution transmission electron microsc@giR-
demonstration using this DM8n,Mn)As, Ohno’s group re- TEM, JEOL JEM 3000FIS, operating at 300 k\he mag-
ported on the electric field control of ferromagnetism in anetizations of bulk LBMO and the thin films were measured
5-nm-thick(In,Mn)As thin film field-effect transistor at 22.5 using a superconducting quantum interference device
K through carrier modulatiolf In the practical applications (SQUID) magnetometer. The local magnetizations of LBMO
of this technique, RT ferromagnetism is strongly desired, esthin films were observed by frequency shift noncontact mag-
pecially in the form of ultrathin films. We have previously netic force microscopyNC-MFM, JEOL JSPM-4200using
reported the enhancement B§ up to RT in (La,BaMnO;  a ferromagnetic Co-Cr coating cantilever.
thin films with 400 to 20 nm thickness, but it was still too Figure 1a) shows an atomic force microscopi&FM)
thick for device applications. In this letter, we report the image of the LBMO surfacéwith a film thickness of 12
magnetic properties of lightly doped (La,B&nOs thin films ~ nm). The width of atomically flat terraces was approximately
down to 5 nm. Moreover, we characterize nanoscale ferroi50 nm, and the step height was approximately 0.4 nm, cor-
responding to one unit cell of LBMO. Figurdl shows a
“Author to whom correspondence should be addressed; electronic maifyPical cross-sectional HRTEM image of a LBMO thin film,

kawai@sanken.osaka-u.ac.jp demonstrating the sharp film—substrate interféoélicated
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FIG. 3. (Color) The temperature-dependent NC-MFM image sequence for
cooling. The rms roughnesses de¢ 0.156 nm at 306 K(b) 0.191 nm at
FIG. 1. (Colon (a) AFM image of the epitaxial LBMO thin film on a 303 K, (c) 0.223 nm at 302 K, andd) 0.267 nm at 301 K, respectively.
SrTiO;(001) substrate. The average height is 0.44 nm, almost corresponding

to one LBMO unit cell, and the rms roughness is 0.14 tijh Cross-section . . .
TEM image of the film and substrate. The arrow indicates the fiIm—substraté< near RT. Showmg a h'gher value than bL—"K (=270 K)

interface. It is significant to have achieved RT ferromagnetism in the
LBMO films with low doping carriers and less thickness for
by the arrow without any secondary phases. No defects orSPintronic applications.
dislocations of stacking faults were observed. The RHEED  In addition, the evaluation of nanoscale magnetism ap-
images of the thin films showed clear streak patterns, sug()earing at the surface or interface is also important for the
gesting good crystalline and flat surfaces. These observatiofi§velopment of device applications, especially in film with
confirmed the high crystalline quality and perfect epitaxy ofn@nometer scale or magnetic nanostructure, in which it is
the LBMO thin films. often difficult to decide magnetic state by using a SQUID

Figure 2 shows the thickness dependenceTgf of
LBMO films expanded to an ultrathin region. The values
systematically increased from 270 (€orresponding to the
T of the bulk sampleto 310 K from 390 to 20 nm with

magnetometer or other devices. In techniques used for the
detection of local magnetism, MFM is one of the leading

tools. There are many reports in which perovskite manganite
thin films**~?" have been examined; however, their measure-

decreasing system thickness. This phenomenon of increas8ents neail ¢ were not detailed, which would be important

Tc is peculiar to the La ,Ba,MnO; (0.05=x=<0.2) system,
as reported by our previous papét$30On the other hand, in

in the case of ferromagnetic switching at RT. And the ob-
served magnetic domains were large, with sizes ranging from

<20-nm-thick films,T¢ decreased with decreasing thickness.Séveral hundred nanometers to micrometers. On the other

However, even the 5-nm-thick film still showedTg of 290
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FIG. 2. The thickness dependenceTef in LBMO films. The inset is the
temperature dependence of magnetization of a 5-nm-thick film.

hand, true atomic-scale resolution was achieved for well-
defined clean surfaces by NC-AFM using high-resolution
frequency shift spectroscop¥;° which is able to detect
quite weak forces. We have adopted this method of MFM
using a ferromagnetic cantilever to the atomically flat LBMO
thin film aroundT.

Figure 3 shows the temperature dependence of local
magnetic domain behavior around thg of the LBMO film
with a T¢ of 303 K. The height of their MFM images con-
tains both surface morphologthe van der Waals for¢geand
magnetic force. In the case of the temperature dependence,
the surface morphology remained unchanged. Only the mag-
netic force changed, reflecting the magnitude of sample mag-
netization. No magnetic domains existed aboveTheFig.
3(a)]. Only an atomically flat terrace with one-unit-cell steps
of the LBMO surface can be confirmed. With decreasing
temperature, the magnetic domains with 20 nm width appear
at the flat terraces structure at thig [Fig. 3b)]. Further-
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[x107] 1 —8.0[x 10 local surface magnetism in LBMO thin films and succeeded
4.0~ ] in the detection of small magnetic domain behavior around
; { %o = Tc using NC-MFM. The(M ) temperature dependence
A 3.0 g increased below -, which corresponds to the macroscopic
g g magnetization measured by SQUID. This result supports the
p) 2.0 4.0 § likelihood of creating RT spintronic devices such as field-
v 10'_ - effect transistors controlling ferromagnetism by light and
1 D0 @ electric fields.
o =
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