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Artificially layered superlattices allows manipulation of strain and the study of dimensional
crossover by introducing additional degrees of freedom not found in bulk materials. Superlattices of
the colossal magnetoresistive materialsg §:31; 3MnO3; (LSMO) and Lg gBag 39MinO5; (LBMO)

have been grown by pulsed laser deposition with high-pressurigtu reflection high-energy
electron diffraction or(001) SrTiO; substrates. X-ray diffraction shows several sets of superlattice
peaks indicating 90 A periodicity. A higF for the LSMO and independent switching of LSMO and
LBMO at low temperatures is found. @005 American Institute of Physics
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Colossal magnetoresistivteéMR) materials have been with sharp interfaces. This study is motivated by three goals:
the subject of intense research due to their interesting and exceed the limitations of critical thickness, to create new
potentially useful magnetic characteristics o k#®r, ;MnO;  strain conditions, and to create structures with advanced
(LSMO)* has been the most widely studied due to its highfunctionality. Our approach is to use superlattices to intro-
Curie temperature, 340 K. Because of its lattice parameter gjuce strain, not only at the substrate interface, but throughout
3.871 A, a natural choice for substrate would bethe material. By selecting the interlayering material, the layer
(LaAlO3)q o(SrAly sTay £03)0 7 Which is cubic and has a lat- thickness, and the ratio between the two layers, we have
tice parameter of 3.868 AHowever, SrTiQ (STO) is more  additional degrees of freedom that can be controlled to opti-
attractive because single-terminated, atomically flat surface®iz€ growth. The lattice mismatch at the substrate-film in-
can easily be mad®&* The relatively large lattice mismatch terface is by far the most significant source of strain in the
between STO and LSMO causes in-plane strain in epitaxia?yStem' but the strain introduced by the interlayering mate-

films. This strain is an important parameter contributing to:glaxciir; ncompensate some of the strain energy driving

magnetic properties such as Curie temperature, coercivity, .
. o : . . Superlattices of LggSh 3dMnO3 and Lg gLa 3gMNn0O
turation magnetization, and anisotr@pyHowever, lattice . . 6703 S 6703 3
saturat agnetization SOt p7yH wever ' indicate some of the difficulties faced in superlattice growth.

mismatch is also detrimental to crystalline properties, result- : :
L . . i Because both materials have a lattice parameter smaller than
ing in the formation of a defect region. Wiedenhoestal.

. . 2 . the STO substrate, more strain energy is created, driving the
observed in cross-sectional transmission electron MICroSCORY .\ ~tion of defects. In the initial stages of growth, a layer—
j[hat LSMO films grown on S,TO are fully s’g\alned near the by—layer growth mode is indicated by reflection high-energy
interface, have a defect region about 600 A from the interyje 4ron diffraction(RHEED) oscillations and atomic force

face, and are partially strained through the remainder of th?nicroscopy(AFM) images show smooth surfaces with unit-
film.® The critical thickness has been observed between 200

and 1000 A’ It is desirable to grow LSMO films with the _ _
benefits of strain, without the degradation resulting from re-TABLE I. Summary of material properties.
laxation.

Lattice

Devices compo;ed of LSMO apd similar mate.rlals, suc.h parameter Lattice mismatch Tc
as those based on interlayer coupling and tunneling, require Unit Cell (R) with SITiO; (%) (K)
the ability to grow high quality multilayered heterostructures _ _

SrTiO; Cubic 3.905 — —

Lag 6751 3dMNO;  Rhombohedral 3.871 -0.82 340

dauthor to whom correspondence should be addressed; electronic mail:a, s Ba, 3;MNO;  Rhombohedral 3.91 +0.12 313
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oo | tural compatibility of the two materials; summarized in Table
o | LBMO LSMO I. Because of the difference in Curie temperature, there is a
-0 | regime slightly above room temperature where the LSMO is
6o 4 ferromagnetic and the LBMO is paramagnetic. This is analo-
5o | gous to metallic giant magnetoresistan@MR) devices.

a0 mlnterval P ol The lattice mismatch between LSMO and LBMO is 1.0%.

More importantly, LSMO on STO grows in tension, whereas
LBMO has a slightly larger lattice parameter and grows well
FIG. 1. Reflection high-energy electron diffractidRHEED) intensity os- N compressioﬁ.To a first approximation, assuming volume
cillations from(a) the growth of a single layer of LBMO, ar{#h) and(c) the preservation of the unit cell and neglecting bulk modulus,

growth of an LSMO-LBMO superlattice. Ifa) the transition from layer— . . . . .
by-layer to step-flow growth mode is observed at about 80 s or G@A. this creates a compensating stress in the superlattice which

shows the regularity of the growth, sustained throughout the entire superlad€creases the driving force for relaxation.
tice. In the expanded vievic), step-flow growth is observed in the LBMO We have grown a LBMO single layer and LSMO/LBMO

layer (left), while in LSMO growth(right) oscillations are apparent. superlattices by pulsed laser deposition with high-pressure
situ RHEED' on 0.2° miscu{001) SrTiO; substrates. These
cell high steps. After this first stage, the RHEED signalsubstrates were treated with buffered HF and annealed for
shows a marked decrease in intensity and oscillation ampli¥fiO, surface termination. Depositions were performed at
tude until an abrupt recovery at approximately 200 A. This780 °C, in 120 mTorr oxygen with an energy density of
recovery is believed to coincide with the formation of the 2.2 J/cn? and a laser repetition rate of 5 #2The LBMO
defect-rich region and has been observed at about the sarfien is approximately 200 A thick. The superlattice layers
thickness in single layers of LSMO and LCMO. In AFM were deposited with 200 laser pulses, corresponding to 11
micrographs of these films none of the step or terrace feadnit cells, at a deposition rate, as indicated by RHEED in-
tures are seen due to the surface relaxation and defect struensity oscillations of about 18.2 pulses per atomic layer.
ture. This structure, 11 unit cells of each material, was repeated 64
Superlattices of LSMO and g Ba; 3MnO; (LBMO)  times.
are of particular interest because of the chemical and struc- The initial growth of LBMO, as shown in Fig.(&), is
characterized by distinct RHEED oscillations, indicating a
layer—by—layer growth mode, which is the normal mode for
LSMO films? After approximately 60 A, the oscillations
disappear as the intensity recovery after each pulse becomes
very rapid. This indicates very high adatom mobility on the
surface and is associated with step-flow grO\]ﬁtAFM im-
ages taken after the initial LBMO layer show straight steps
edges without particles as in Fig(a2 The rms surface
roughness is 4.7 A. Although the section analysis shows
some steps higher than one unit cell, the linear spacing of the
step edges is the same for the final surface as for the sub-
strate, therefore the additional height of the step edges is an
FIG. 2. Atomic force micrographs ofa) the surface of a single layer grtifact of the scan.

(200 A) of LBMO on STO and(b) LSMO/LBMO superlattice. The step R
edges of the underlying, miscut substrate are visible and spaced about 120 A The RHEED trace of the superlattl{:lé|g. ]'(b)] shows a

apart, indicating a miscut angle of 0.2 A. Section analysis shows singIéJniform pattern for. Fhe two ma_terials repeated over the du-
unit-cell steps. ration of the deposition, approximately two hours. The inten-

elapsed time (s)
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0.003 . . . The x-ray diffractionf—260 scan shown in Fig. 3 shows
E the 002 reflection of the LSMO/LBMO superlattice along
f with a single layex200 A) LBMO. The out—of—plane lattice
&g 0.002 . parameter of the single-layer LBMO is 3.91 A; equal to the
3 bulk value. The primary superlattice peak shows an out—of—
5 plane lattice parameter of 3.87 A, close to that of LSMO. Six
f; o.001 7 superlattice peaks are seen, indicating a superlattice repeti-
é tion unit of 90+2 A which is consistent with the thickness
= ) calculated from RHEED oscillations. Least-squares fits from
00 00 250"' 300 700 the 002, 011, 111, 012, 021, 112, and 121 reflections show
@) TEMPERATURE (K) that the superlattice is strained to accommodate the substrate.
0.0008 . . . The in-plane lattice parameters are 3.905+0.003 A and the
= out—of—plane lattice parameter is 3.872+0.007 A. The full
g width at half maximum of the rocking curve of the 002 peak
g 0000 is 0.02°.
g The LSMO/LBMO superlattice was measured with a su-
e 0 perconducting quantum interference device magnetometer as
2 a function of temperature and applied fiédeigure 4a)
2 -0.0004 shows theM vs T curve, indicating two transitions. ThHE-
g of LSMO is around 350 K, close to the bulk value. Theof
-0.0008 , , . LBMO is near 250 K which is significantly lower than the
-1000  -500 0 500 1000 bulk value. Figure %) shows the ferromagnetic hysteresis
(b) FIELD (Ce) loop at 290 K, indicating only one transition. At 10 K, two
0.003 . r ) coercivities are observed corresponding to independent
E 0.002 L switching of the LSMO and LBMO layers as seen in Fig.
f 4(c). The ferromagnetism at room temperature and the dif-
g 0001 ference in the Curie temperatures is an important prerequisite
% ol to the fabrication of an all-oxide GMR structure.
s We have fabricated superlattices of LSMO and LBMO
g -0001 by pulsed laser deposition. The RHEED, AFM, and x-ray
é 0002 | ] diffraction confirm epitaxial growth. There is no evidence of
= the relaxation and defect formation seen in similar LSMO/
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LCMO superlattices.
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