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Properties and microstructure of ultrathin (La,Ca)MnO 5 films under different conditions
of strain
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Ultrathin films of La_,CaMnO; (x=0.33 in a thickness range below 10 nm were deposited by direct
current (dc) magnetron sputtering on different substraté@)1)SrTiO; (STO), (00)LaAlO; (LAO), and
(110NdGaG; (NGO) in order to study the effects of strain in this thickness regime. The combined study of
physical properties and microstructure by high-resolution electron microg¢tRlEM) reveals that ultrathin
(=6 nm) strained films on STO can be grown in a body-centered-tetragonal structure not recognized previ-
ously. Such films do not show an insulator-mét# ) transition. At slightly larger thickness, around 6 nm, the
microstructure is different. Depending on the growth parameters we find either a structure involving
MnQOg-octahedra tilted around two axes, in combination with the occurrence of twin boundaries as reported
previously; or the bulk orthorhombienmastructure. In the latter case an IM transition is found at tempera-
tures close to the bulk value. On lattice-matched NGO, the IM transition and bulk-like magnetoresistance
effects are observed down to the lowest thickness investigatad). On LAO, which compresses the lattice,
no IM transition is found even at a thickness of 15 nm, which is due to island-like growth, as confirmed by
HREM observations.
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[. INTRODUCTION distances within this network. One way to influence these is
by varying the A, B-cation radii with respect to the O-anion
After the discovery of the colossal magnetoresistanceadius. Starting from an ideal simple cubic perovskite, the
(CMR) effect! the mixed-valent manganites;AB,MnO;  structure will change in order to accommodate such a non-
with A, a trivalent rare earth ion such as La, Pr, or Nd, and Boptimal A or B ion, for instance by distorting or tilting the
a divalent alkaline ion such as Ca, Sr, or Ba, have attractedctahedra. This leads to a large number of closely related
renewed interest. They show fascinating physicalstructures with different spacegroup3?® Also, within one
phenomenaas well as technological potential, for instance structure the amount of deformation can vary, leading to the
in the field of spin electronics.Their properties basically well-known tuneability of the physical propertig's!3
derive from the fact that doping the parent compound Another way to influence structure and properties is by
AMNO; with divalent B atoms leads to a mixture of Bin  growing thin films on nonmatched substrates. Given the
and Mrf* ions. This yields an increased hopping probability number of possible structures, it might be expected that the
for the (doped carriers, which leads to a ferromagnetic strain induced by a substrate with lattice parameter different
ground state through the so-called double-exchangérom the material of the film can also lead to variations of
mechanisnt:® In the CMR manganites, the high temperatureproperties and structure. Such strain engineering is of funda-
state is paramagnetic and insulating, but increased ferromagaental interest as well as of practical importance for the
netic interactions when lowering the temperature invoke alevelopment of electronic and magnetic devices using thin
transition to the ferromagnetic metallic state, which is therefilms. However, additional factors now play a role since the
fore basically a magnetically driven insulator-to-metdfl)  electronic properties are also sensitive to, e.g., growth-
transition. Due to the fact that the ferromagnetic interactionsnduced disorder, oxygen inhomogeneities, and obviously
allow only one spin species to hop, such materials essentiallgtrain relaxation. For instance, it was recently shown that
show a spin polarization of 1009Also, the formation of the  inhomogeneously released strain can lead to the occurrence
metallic band is in competition with an electron-lattice cou-of phase separation: in films of }gCa, 3gVinO5 on LaAIO;
pling on the Mn sites, which tends to localize electrons by(compressive strajncoexistence was found of a ferromag-
the Jahn-Teller effect through a deformation of the oxygemetic metallic state in low strain regions and a charge-
octahedra surrounding the Mn atdm. ordered insulator in high strain regiotfs'> Moreover, also
The ABO;-type manganite oxides have a pseudocubiche deposition method and growth parameters are important,
perovskite structure which involves a network of corner-since they determine the growth mode of the film and there-
sharing MnQ octahedra, and it follows that, at constant dop-fore the strain state.
ing, important properties such as the temperature of the IM- In this paper we focus on the question of strain and
transitionT,y, still sensitively depend on the bond angles andstrain relaxation in the archetypical CMR material
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Lag 6C& 3dMNO; (LCMO) by studying the microstructure The films were characterized by x-ray diffraction and high-
and properties of films deposited by high oxygen pressureesolution electron microscopyHREM). Cross-section
magnetron sputtering at very low film thicknesdy = specimens for HREM were mechanically ground by tripod
(<10 nm). We use various substrates but mainly discuss thelirectly down to a homogeneous thickness less thaprh0
case of tensile strain produced by the larger lattice parameté&uring ion milling, the specimen was not rotated and was
of (001 SrTiO; (STO) where the most interesting effects are oriented such that the thin-film side was facing away from
observed. Bulk LCMO has Bnmaorthorhombic structufé  ion gun. More details of the sample preparation were pub-
in which the MnQ octahedra are tilted around all three in- lished elsewheré& HREM and electron diffraction(ED)
dependent cartesian axes. The unit cell of the structure iwere performed with a Philips CM 30UT electron micro-
enlarged with respect to the cubic cell of siggand has unit ~scope with a field emission gun operated at 300 kV. A con-
vectors very close tQ2a,, 2a, | 2a,. The lattice parameter denser aperture of 10m and a small spot size of 5 nm were
of the structure given in terms of theg equals 0.386 nm. In used to obtain ED patterns of the ultrathin films. In specify-
previous work it was shown that for thick filnid, between ing the viewing direction in the HREM experiments, we will
10 and 200 nmdeposited on ST®a,=0.391 nm the film  generally use the substrate direction; viewing along @]
structure is alsdPnma with the (doubled b axis out-of-  direction of STO is denoted 4901]s7o Note that{001]sto
plane. The enlarged in-plane lattice parameter leads to éoincides with the[101], [101], or [010] directions in the
smaller out-of-plane value which only slowly relaxes back toorthorhombic unit cell of LCMO. Transport measurements
the bulk value with increasing thickne¥sFor such strained were performed on unstructured LCMO films using a com-
films, Tyy_is clearly lower than the bulk value of about mercial measurement platform. For this, the substrates were
270 K**17For smaller thicknesses, around 6 nm, a differenicyt in two halves and four Au contacts were sputtered onto
structure was observed. It is a two-tilt structure with the tiltthe film. The distance between the voltage contacts was
around theb axis missing, and distortions of the oxygen about 3 mm. Magnetization was measured with a commer-

squares in thea, ¢ plane combined with a regular twin cjal “superconducting quantum interference device” magne-
structure'® In the present work, we go to even smaller thick- tometer.

ness, and discover that around 3 nm the structure is still dif-
ferent. It has modified. into a one-tilt body—centt_ered— IIl. RESULTS AND DISCUSSION
tetragonalbct) structure with space groug/mcm which is
ferromagnetic below 150 K, but insulating, and does not To study the role of strain on the initial growth of the
show an IM transition down to 5 K. Apparently, the critical films, we first deposited LgCa, 3MNnO; films of 6 and
thickness for this fully strained structure lies at about 5 nm:3 nm on NGO in fast growth mode. The resistarReas
around this thickness, both the one-tilt and the two-tilt strucfunction of temperatur@ is plotted in Figs. {a) and 1b). It
tures can be found. However, this also depends on the sputtir clear that ultrathin films on lattice matched NGO show
current: a higher current and the ensuing faster growth cahulk-like properties, i.e., an IM transition and large magne-
evoke the bulkPnmaorthorhombic structure, with a bulk- toresistancgMR) effects. For the 6-nm filnil,,, =215 K.
like T,y. The bct structure is clearly due to the substrateSome influence of disorder is apparently present, because in
strain. We also deposited ultrathin films on lattice-matchedilms of 50 nm, T, =270 K, the bulk valué® For the
substrates of(110NdGaQ, (NGO) (a,=0.386 nm and  3-nm film the IM transition is still present, althoudh, now
(001)LaAlO; (LAO) (a,=0.379 nm. On NGO, films down drops to 125 K. Note that at room temperature the value of
to 3 nm are of the bulPnmaorthorhombic structure, with a R>d_ only differs by a factor of about 2, which shows that
bulk-like IM transition. The depression @f,, appears due to these films can be grown quite homogeneously at small
growth-related disorder and involvement of small amounts othickness.
a simple cubic phase. On LAO with compressive strain in the The fact that the films are smooth and epitaxial is ob-
substrate plane, no continuous films, but rather an island-likgerved in HREM. The NGO substrate has themaortho-
structure is grown at thicknesses up to 15 nm, and consghombic structure, the same as bulk LCMO. Tt#®D\co
quently no IM transition is observed. surface plane is therefore equivalent(id0)sro. Shown in
Fig. 2 is a HREM picture of the 3-nm film on NGO, viewed
along[100]ygo. In this case, the LCMO grows coherently on
NGO, except for some defects at the interface, one of which
All films were magnetron-sputter deposited from ceramicis marked by an arrowhead. The film consists of mostly
targets of La ,CaMnO; with a nominal composition ok Pnmabulk structure with botfi001]-type superstructurgeft
~0.33 on single crystalline STO, LAO, and NGO substratesside of the picturg and [100]-type superstructurenot
of 10 mm by 10 mm, in a pure oxygen atmosphere ofshowr), while in some small are@ight sidg a simple cubic
300 Pa. The high pressure leads to a very low growth ratephase is found. HREM images of the 6 nm film on NGO
We used two different sputter currents, leading to two differ-show that, for this thicker film, the most part has the bulk
ent rates of 1.4 and 0.8 nm/min, denoted as fast and slownmastructure, with §100]-type superstructure which just
growth, respectively. The growth temperature was chosen dollows the NGO substrate. In general, there are more areas
840 °C. After deposition, the sample chamber was quicklywith bulk structure in 6-nm film than in the 3-nm film, and
evacuated and the grown films were cooled to room temperanost of them have a single orientational relationship with
ture at a rate of 100C/min without further post-annealing. NGO. The(doubled b axis is found parallel to the interface,
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5
10 ' 215K
NGO/LCMO, a
B6nm, fast growth

3nm, fast growth

'(c) &b laoncMo |
qqo 15nm, fast growth | FIG. 3. HREM image of a 15 nm LCMO film on LAO viewed

108 ] along[100], o0 the bright area is amorphous, some smaller areas
] with darker contrast are polycrystalline.
10* A plot of R(T) for a 15 nm film on LAO with compressed

0 100 200 300 in-plane lattice parameter is given in Figicl R increases
T [ K] with decreasingT. Below 100 K, where the measurement
limit of 10° ) is reached, no return to lower resistance values
FIG. 1. Resistance as function of temperature measured at a I\/ﬁ four_][q do_\ll_vr? to 5 K, tWh'fh mdf'(ﬁtes the absenf'gc?f_ an
plied fields ugH, of O T (squarey 4 T (triangles, and 8 T(open ransition. fhe microstructure of fiims grown on IS

circles for films of Lays/CasMnO; deposited in fast growth shown in Fig. 3. It is p_olycwstalline_ and in some areas is
mode.(a) 6 nm on NGO:(b) 3 nm on NGO:(c) 15 nm on LAO.  €Ven amorphous. In this case the disorder precludes an IM
The dashed line in Fig. (&) denotes the limit of the resistance transition and MR effects. On larger scales, an island-like

measurement. structure is found, and thicker films usually show strong co-
lumnar featured? It is worth noting that different results are
which we always find to be the case for films on NGO. Thisreported for the same or similar substrate/film combinations
is probably due to the fact that the bulk LCMB®-axis when the films are grown by pulsed laser depositiott.
lattice parameterb,=0.386 15 nm matches the substrateThese differences between the two deposition techniques
slightly better than thea, c axes (a,=0.386 46 nm¢,  have not been fully explored yet.
=0.386 74 nm?° Therefore, on lattice-matched NGO, epi- Next we turn to the films oritensile STO. As reported
taxial films can be grown down to 3 nm with bulk structure. beforel®18 these films are pseudomorphic and epitaxial.
The observed decrease Bf, in this thickness range, which X-ray diffraction using th€002) and(103) reflections shows
is commonly observetf, appears to be due to small amountsvalues of the in-plane lattice parameter at the substrate value
of a simple cubic structure rather than to other types of disof 3.91 nm, and of the out-of-plane lattice parameter around
order such as twinning. 3.825 nm.

FIG. 2. HREM image(uppe) and Fourier
transform(FT) patternglower) of a 3 nm LCMO
film on NGO viewed alond100]yco. The hori-
zontal white arrows mark the position of the in-
terface. The verical white arrow points to a de-
fect. FT patterngleft) taken from the left part of
the LCMO film and showing §001]-type super-
structure;(middle) taken from the substrate and
showing a[100]-type superstructuréright) taken
from the right part of the LCMO film and show-
ing no superstructurésimple cubig.
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' 135 K "] lows the IM transition. However, even for fast grow(,T)
of the 3 nm film shows insulating behavior without MR ef-
fects [Fig. 5c)], while in the magnetizatioriinset in Fig.
4(c)] onset of ferromagnetism is observed around 150 K.
To explain these differences, we again turn to the struc-
tural information. HREM imageéot shown were taken of
a fast grown 6-nm LCMO film viewed parallel to the inter-
face and alond100]so (equal to[101] of LCMO). By tilt-
ing the specimen from the exact zone axis over about 1°, the
usual 2, fringes appearef: Defects, which show up as a
shift of the 2, fringes over a distanca, were frequently
observed throughout the investigated area. They look very
similar to the defects seen in the earlier slow-growth fiffs,
which were explained as twin boundari@®Bs) where thea
and c directions are interchanged. If this is the case, it is
; : : expected that images taken alofilOlsto should demon-
10 ¢ 1 strate both[100]- and [001]-oriented LCMO. These can be
(c) . STOLCMO easily distinguished since thi20Q] direction has-glide mir-
i L 3 nm, fast growth ror symmetry and thg001] direction hasa-glide mirror sym-
metry. Figure %a) shows a HREM image of the 6 nm fast
growth film viewed alond110]sto Both the[100] and[001]
orientations are found, which can be clearly seen in the en-
larged images shown in Figs(B and Hc), respectively.
This is quite different from the previous work. In that case,
[100)-type images could be found regularly, H@01]-type
T [ K] images were fully absent, which could only be explained by
assuming a structure where rotations of the MwOtahedra
FIG. 4. Resistance as function of temperature in applied fiel®round theb axis are abseritwo-tilt structurg. The conclu-
uoHa of 0 T (squarepand 8 T(open circlesfor Lag gCay3MnO;  Sion now is that this structure only occurs under slow-growth
films of different thicknesses deposited on STO using differentconditions. Fast growth still leads ta,c twinning in the
growth rates(a) fast growth, 6 nm(b) slow growth, 5 nmyc) fast ~ plane of the substrate, but with the bitkree-tily structure.
growth, 3 nm. The inset iric) shows the temperature dependent In very nice correlation with this, the physical properties of
magnetizatiorM at ugH,=0.3 T for the 3-nm film. such films are bulk-like, with strong MR effects and a rela-
tively high value ofT, [135 K for the film shown in Fig.
Figure 4 showdR(T) for films grown on STO with thick- 4(a)]. The reduction with respect to the bulk value can then
ness 3 nmifast growth, 5 nm(slow growth, and 6 nm(fast  be attributed to residual stratf26-28
growth). The fast growth film of 6 nm shows an IM transi-  For fast-growth films thinner than 6 nm, in particular the
tion at 135 K[Fig. 4@]. The 5 nm slow growth film is an 3-nm film shown in Fig. &), neither the 3, fringes nor the
insulator down to 4 K without showing an IM transition TBs were observed. As is shown in Fig. 6, this film exhibits
[Fig. 4(b)] but with a large MR effect in a field of 8 T. This a perfect single crystalline structure and grows coherently on
behavior is the same as we reported previodsffor films  the STO substrate. Absence of the, Zringes[see Fig. 6a),
around 6 nm which were grown at a rate of 0.9 nm/min,where the image is taken alof$00|st¢], indicates that the
very close to the rate we now call “slow growth.” Fast crystalline structure of this film is not thenmaorthorhom-
growth therefore appears to favor a microstructure which albic, but more likely the one-tiltl4/mcm body-centered-

B o R T

6nm, fast growth

STO/LCMO
5nm, slow growth

FIG. 5. HREM image of a 6 nm fast growth
LCMO film on STO viewed alond110lsto (a)
Overview; the white arrowhead marks the inter-
face. Both the[100]- and [001]-type superstruc-
tures are observed throughout the film. The upper
arrows define the enlarged areds, (c) Two en-
larged areas of the overview together with their
FT pattern. In(b) the[001]-type superstructure is
present;c) shows thg100]-type superstructure.

174111-4



PROPERTIES AND MICROSTUCTURE OF ULTRATHIN. PHYSICAL REVIEW B 70, 174111(2004)

difference lies around 6 nm. Also, closedg, slow growth
yields the thin-film two-tilt structure, although this now ap-
pears a somewhat fragile or metastable one. Films ardynd
show mixed physical properties. In four more 6-nm slow
growth films, one showed MR effects and an IM transition,
the other three showed MR effects but no IM transition. The
MR effects may well be due to the two-tilt structure, but a
mixture of the orthorhombic and tetragonal structures cannot
be ruled out. Increasing the thickness, for both growth
modes, leads to a gradual change to the bulk three-tilt struc-
ture. Theb axis now can have both in-plane and out-of-plane
directions. The tetragonal structure, finally, appears to be fer-
romagnetic insulatingFl). As can be seen from the inset in
Fig. 4(c), onset of ferromagnetism is found at about 150 K.
Due to the substrate contribution, it is difficult to estimate the
saturation moment, but comparison with values from 6 nm

FIG. 6. Cross-sectional HREM images of a 3 nm LCMO film on films indicate that the moment per Mn ion is roughly similar,
STO taken along(a) [100lsto and (b) [110lsto directions,  of the order of 25/Mn. Such reduction in moment has been
respectively. ascribed to the onset of orbital orderitfA full crossover to

an antiferromagnetic state may even be expected below a

tetragonala,, 2, a,, 2, 2a, structure. This is confirmed by certainc/a ratio3! In our casec/a~0.97, which is appar-
the image taken alond 10]s7o [Fig. 6(b)] where also only a  ently not enough to invoke full orbital ordering and antifer-
single structure is observed. The details of this structure wilfomagnetism. On the other hand, the compression should
be published elsewhef& HREM observation on the slow invoke Jahn-Teller-like deformations along the out-of-plane
growth 5-nm film(not shown hergalso showed the tetrag- direction, and the ensuing localization effects are probably
onal structure rather than either tRemaorthorhombic bulk ~ responsible for the insulating state. Thin strained LCMO lay-

structure or the “thin-film” two-tilt structure. ers could therefore be used in FI tunnel junctions.
The full description for growth of LgCa 3dVinO3 on
SrTiOz under tensile strain therefore includes the growth rate IV. CONCLUSION

as parameter in determining what structure is formed during
cooling down. It should be noted that the parameter which is In conclusion, we have studied the physical properties and
actually changed is the sputter current. It cannot be excludeohicrostructure of ultrathin films of Lgs/Ca 3MnO3 on sub-
that it is not the growth rate which is determining factor, butstrates with different lattice mismatch. The results emphasize
another one which influences the mobility of atoms on thethe large differences which can be invoked in the physical
growing surface, for instance the plasma potential. Still, weproperties of these materials when biaxial strain is applied, in
will continue to use the growth rate for descriptive purposesparticular in the regime of very thin films. On lattice matched
and we can put all results together in the structural phas&ldGagG;, films down to 3 nm with bulkPnmaorthorhombic
diagram given in Fig. 7. structure show the IM transition and CMR albeit with a re-
The thinnest, most strained film@ nm fast and 5 nm duced value foil}, due to growth related disorder. On com-
slow) show a one-tilt body-centered-tetragonal structure angbressive LaAlQ, no epitaxial film is grown due to island
insulating behavior, sometimes with MR effects. The MRgrowth mode; at least for sputtering deposition, the ortho-
effects may be due to involvement of the orthorhombicrhombic bulk structure is amenable to growth of an expanded
phase. Slightly thicker films have a different structure. Fasbr matched lattice, but growth of a compressed lattice is
growth yields the three-tilt bul®nmaorthorhombic struc- inhibited. This once more emphasizes the differences be-
ture with a-c twinning, but always with thé axis out of the tween deposition by magnetron sputter and pulsed laser ab-
substrate plane. The critical thicknedg for this structural lation. On applying tensile strain using SrkiQve find that

M
o
!’. o
Py 3-tilt Pnma
g a-c twinning . FIG. 7. Phase diagram for the
= ] (IM transition, MR) 3-tilt Pnma different crystal structures with
1-tiit bet EE = il their fundamental physical proper
14/mcm IM transition, MR T ; )
%) (Mitransition, (ME) ties identified for strained LCMO
g (FI, no MR) 2-tilt Pnma a-c twinning films on STO as fgnction of thick-
) or mixture ness, for two different growth
% rates.
=2 1 |
~6nm ~10 nm

Thickness
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strain not only changes the film properties in a quantitativeterial has a stronger tendency dsband formation, which
manner, meaning a lowering @fy; for films below a critical ~ works opposite to electron localization effects, it might be
thickness of about 5 nm we find a qualitative change, namelyhat such films could be grown under strain without struc-
a different crystal structure with different physical propertiestural changes even in the ultrathin film regime.
(ferromagnetic insulating This should be kept in mind when

using strain to engineer specific properties. Moreover, since

this case of LCMO on STO until now provides the only ACKNOWLEDGMENT
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