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By lifting an epitaxial thin film off its growth substrate, we directly and quantitatively demonstrate
how elastic strain can alter the magnetic and electrical properties of single-domain epitaxiaf SrRuO
thin films (1000 A thick on vicinal (001) SrTiO; substrates. Free-standing films were then obtained
by selective chemical etching of the SrEiQX-ray diffraction analysis shows that the free-standing
films are strain free, whereas the original as-grown films on SySiMstrates are strained due to the
lattice mismatch at the growth interface. Relaxation of the lattice strain resulted in a 10 K increase
in the Curie temperature to 160 K, and a 20% increase in the saturation magnetic moment to
1.45u5/Ru atom. Both values for the free-standing films are the same as that of the bulk single
crystals. Our results provide direct evidence of the crucial role of the strain effect in determining the
properties of the technologically important perovskite epitaxial thin films. 198 American
Institute of Physicg.S0003-695(198)02008-7

Over the last decade, the scientific and technological im-  In order to determine the intrinsic strain effect on the
portance of perovskite oxide materials has grown tremenproperties of epitaxial perovskite thin films, all other effects
dously because they possess a wide range of unusual antentioned above need to be removed or kept constant. An
useful physical properties, such as high superconductiv- ideal method is to study the same thin-film sample before
ity, colossal magnetoresistan@MR), and ferroelectricity. and after strain relaxation. In this report, we present exactly
Both electronics applications and many scientific experi-such direct measurements on how strain changes the mag-
ments focus on synthesizing these oxide materials in thaetic and electrical properties of epitaxial SrRudin films
form of epitaxial thin films or heterostructures. However, asby using a lift-off technique to obtain strain-free films.
is true for most cases of heteroepitaxial film growth, theSrRuQ, is an isotropic metallic perovskite with a
lattice mismatch and the thermal expansion mismatch beSdFeQ-type structure undergoing a ferromagnetic transition
tween the thin film and substrate materials cause consideat 160 K. Unlike other oxides such as YRarO; and
able microstructural strain in films. As a result, the propertied a; g/ Ca 3gMNO,, STRUQG is chemically very stable, which
of epitaxial perovskite thin films can be quite different from allows us to prepare lift-off or free-standing thin films by
the intrinsic properties of the corresponding bulk crystallineselective chemical etching of substrates. Since there is no
materials. For example, Jiet al. first observed “colossal” lattice coherency requirement in the films after they are lifted
MR values 10°%) in epitaxial perovskite off the substrate, the elastic strain should be relaxed, i.e., the
Lag 5.Cay 3MNnO, thin films on LaAlO; substrates.In con-  lift-off thin films should be strain free.
trast, bulk polycrystalline LggCa 3dMNO, exhibits a rela- The SrRuQ thin films were deposited by 90° off-axis
tively low MR value (40%—-100%. sputtering under the conditions described elsewhsfieinal

The influence of strain on the properties of epitaxial per-(001) SrTiO; substrates with 2°, 4°, and 8° miscut toward
ovskite thin films has been actively studied recently. Thg010] axis were used. The thickness of the thin films was
most commonly used approach is to grow epitaxial thin filmsabout 1000 A. Due to the small lattice mismatch with SiFiO
of varying thickness on substrates with different lattice mis-(~0.64% smaller than SrRuf) epitaxial SrRu@ thin films
matches to induce different strain state$.However, this  should coherently grow on the substrates, and thus, are sub-
method cannot isolate strain effects from property changefcted to a compressive stress in the plane. X-ray analysis
due to other mechanisms such as variation of crystallinéndicated that these epitaxial SrRy@hin films grown on
quality with substrate, presence of impurities arising fromvicinal (001 SrTiO; substrates are single domain withiL0J
interdiffusion with the substrate, thickness dependence of theormal to the substrate surfat&Scanning tunneling micro-
strain distribution, as well as possible stoichiometry changescope study of the surface morphology suggests that these
resulting from strain stabilizationThere are also other indi- thin films grow in a step flow growth modeé.After deposi-
rect methods which explain the property changes of theion, the as-grown SrRufOthin films on 0.25inx0.25 in.
strained thin films based on studies of hydrostaticallySrTiO; substrates were diced into two rectangular-shaped
pressure-strained bulk perovskite materfafs.However, pieces of almost equal sizes. One piece from each pair was
bulk samples under hydrostatic pressure are subjected to arsed to establish the reference characteristics for as-grown,
isotropic compressive strain whose effects can be quite difstrained samples. The other was used to prepare a lift-off
ferent from the anisotropic mixture of compressive and tenthin-film sample by selectively etching the SrEi®ubstrate
sile strains that result from heteroepitaxial film growth. with an acid(50% HF: 70% HNQ:H,0O=1:1:1) solution.
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FIG. 1. X-ray d_iffraction norma(solid line) and _grazing i_ncident diffraction The strain effect on magnetic properties was investigated
(GID) (broken ling 920 scans, and schematics of lattice arrangements for i, 5 snerconducting quantum interference device magne-
(A) an as-grown(elastically strainedSrRuG; thin film on a vicinal (001) S .
SITIO, substrate andB) a lift-off strain-relaxed SrRu@thin film. The ~ tOMeter. The magnetizatidiM) was measured as a function
vertical line indicates the @angle ford ) of bulk SrRuQ. of magnetic-field(H) applied parallel to the surface. Single-
domain epitaxial SrRug¥ilms showed an anisotropic behav-

This etchant does not chemically affect the SrRu@he ior in the plane with[110] being the easy axis and01]
free-standing lift-off thin film was then settled onto(@021) being the hard axis for magnetizatibhThe M versusH
LaAlO; substrate for mechanical support. The top surface o€urves measured at 10 K witth along the easy axis for both
the lifted-off SrRuQ thin film was slightly roughened, prob- strained and strain-relaxed films originally grown on 8° mis-
ably due to the strain relaxation. cut SrTiO; substrates are shown in Fig. 2. The saturation

The complete strain states of the films were studied bymagnetic fields are almost the same for both samples, in the
using a four-circle x-ray diffractometer. The out-of-plane lat-range of 25—30 KDe, but the saturation magnetization is sig-
tice parameterd 10, Wwas determined by normaé—2¢  nificantly increased {20%) in the strain relaxed film. At
scans. The in-plane lattice parameters were determined =40 KDe, the calculated saturated moments are
both a least-squares method using several off-axis reflectiorls45uz /Ru atom for the strain relaxed filfwhich is the
and by grazing incidence diffractiofGID). The data from same as that for bulk single crystdisand only 1.15«5/Ru
both methods were consistent. Figuré\ L shows a typical atom for the strained film. There is-a5% uncertainty in the
normal 6—26 scan and a GID9—26 scan of(002) or (220) above values due to the difficulties in accurately determining
plane for the as-grown thin film on 8° misc(@01) SrTiOs. the volume of the films. We also notice that the shape of the
For comparison, the 2value corresponding td,,o) of the M versusH hysteresis loops are quite different. For example,
bulk material is represented by a vertical line. The in-planeat zero field, the remnant magnetizatid () is about 75%
lattice parameters of SrRuyOwere found to be 3.90 of the saturation magnetization moment in the strain-relaxed
+0.01 A, very close to that of SrTi)3.905 A). Therefore, film, while it is only 50% in the strained film. However, the
epitaxial SrRu@ thin films grow coherently on SrTiQsub-  strain-relaxed film is easy to “switch” due to its smaller
strates, which is consistent with cross-sectional transmissioooercive fieldH. of 3 KDe as compared to H. of 7 KDe
electron microscope studiés.The in-plane lattice param- for the strained film. Normally, these magnetic quantities are
eters, which are smaller than that of bulk SrRU®.93 &),  sensitive not only to lattice strain, but also to impurity, grain
indicate that the film is subjected to a biaxial compressiveboundary, and defect structures. However, because these fac-
strain in the plane of the filme,= €,,=—0.67%). From tors are identical in the strained and strain-relaxed sample
the 29 value of the normal scan in Fig(A), the out-of-plane  pairs, the differences in magnetic behavior are directly attrib-
lattice parameter was found to be 3.95 A, larger than that ofitable to the strain relief.
bulk materials, demonstrating a uniaxial tensile strain along We also measured the magnetization as a function of
[110] direction (e,,=0.50%) in the film. This tensile strain temperature in an applied field of 500 De along the easy axis.
is due to the in-plane biaxial compressive stress. These data were taken after thg(H) curves of Fig. 2, so

The strain state of lifted-off SrRuCthin-film samples the magnetization follows the upper branch of the hysteresis
was also determined by x-ray diffraction. Figurd8lshows curve. As shown in Fig. 3, the strain-relaxed SrRu@in
both normal and GI¥—26 scans for the lift-off thin film. As  film shows a sharp magnetization onset at about 160 K and

can be seen, both the in-plane and out-of-plane lattice parangloes not saturate with temperatureTaspproaches 0 K. The
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tic strain inherent to all lattice-mismatched epitaxial film
unsaturated magnetization is attributed to the strong magngrowth.
tocrystalline anisotropy of SrRuJ® The functional form of In summary, our results provide unambiguous, quantita-
M(T) and theT, of the strain-relaxed film are also similar to tive evidence for the defining role played by strain in altering
those of the bulk single crystalé However, the strained film the important macroscopic electrical and magnetic physical
has a broader ferromagnetic transition with an onset at 150properties of epitaxial perovskite thin films. It is clearly evi-
154 K, and its magnetization becomes temperature indepe@ent that strain arising from lattice mismatch with the sub-
dent at low temperatures. The broad magnetic transition instrate is responsible for reducing the Curie temperature,
dicates that the strain state is inhomogeneous in the strainddoadening the ferromagnetic transition, and reducing the
film, resulting in magnetic domain alignment over a wide saturation magnetic moments by significant amounts. All
temperature window. Unlike the strain-relaxed films wherethese properties recover to bulk values once the strain is
only the magnetocrystalline anisotropy plays a role in deterrelieved, showing the strain effects to be truly elastic. Be-
mining the magnetization in a given crystallographic direc-cause the chemical and physical concerns in SrRi®-
tion, additional residual stress anisotropy also should be corfilm heteroepitaxy are very similar to most other perovskite
sidered in the strained thin films. This may explain why theoxides, it is expected that strain plays a similarly important
magnetization saturated only in the strained film as shown iffiole in degrading or in some cases possibly enhancing the
Fig. 3. The suppression of boffi, and magnetization mo- interesting scientific and technological properties of this
ment in the strained thin films is believed to result primarily class of materials.
from a change in the spin—spin coupling since this coupling
is very sensitive to interatomic distances. The change of th(/i
lattice parameters affects the overlapping of t2g: and )
O:2p orbitals to which form a narrowr* band that is re-
sponsible for the ferromagnetisth.
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