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We have conducted a comparative study of the strain effect on the anisotropic low-field
magnetoresistandg FMR) in ultrathin Pg ¢St 39MnO; films epitaxially grown on LaAIQLLAO),
NdGaQ(NGO), and SrTiQ(STO) substrates. Distinctive LFMR effects have been observed on
films with compressivéon LAO), tensile(on STQ, and nearly zergon NGO strains. The films

with compressive strain show very large negative LFMR and MR hysteresis when a magnetic field
is applied perpendicular to the film plane, while those with tensile strain show positive LFMR for
the same field orientation. All samples show negative MR in a parallel magnetic field. These results
can be qualitatively interpreted based on the strain-induced magnetic anisotrop$99%®
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The doped manganese oxides exhibit a variety of interthat strain-induced anisotropic magnetization plays a major
esting properties, such as the colossal magnetoresistano@e in determining the LFMR properties of the films.
(CMR) effect, which are potentially useful in device appli- Epitaxial PSMO films were grown on LAO, NGO, and
cations. Most of the proposed applications involve thin filmsSTO substrates by pulsed-laser deposition. Details of the film
in which the physical properties can be quite different frompreparation and MR measurement have been described
their bulk counterparts due to strain. It has been shown thaireviously? LAO is nearly cubic with a lattice constant of
in bulk materials, the Curie temperatufg and the CMR in  a=3.79A, STO is cubic witha=3.905A, and NGO is
high magnetic fields are extremely sensitive to stoichiometryrthorhombic with the lattice parameters cd?-b?)Y%2
and hydrostatic pressuté.Recently, several groups have re- =3.862 A andc/2=3.854 A. Bulk PSMO is orthorhombic
ported that lattice strain affects the peak resistance temperasith a/v2=3.879A, b/v2=3.866 A, andc/2=3.856 A°
ture T, and the CMR properties of baSthaMnO;,®  Therefore, among the three types of films studied, the
Lag /Cay aMnOs,* Lag §Cay MnO;° thin films, and the strain- PSMO/NGO films have the smallest film-substrate lattice
induced magnetoelastic interaction plays a dominant role imismatch(~—0.3%), and hence the smallest lattice distor-
the magnetic anisotropy®” We have previously reported tion. Both PSMO/LAO(~—2%) and PSMO/STQ~1.0%
that a large low-field magnetoresistan@d=MR) has been films have large lattice mismatches with their in-plane lattice
obtained in compressively strained ultrathip B8Brp ;MnO;  parameters compressed and expanded respectively. X-ray
(PSMO films 8 These results demonstrate that lattice distorgiffraction (XRD) experiments reveal that the films are
tions in manganite films can dramatically alter their physicalc-axis oriented. Thes-axis lattice parameter of the PSMO/
properties. NGO film is essentially thickness independent and very close

In this letter, we report a systematic study of strainto the bulk value, while those of the ultrathin PSMO/LAO
effect on the anisotropic LFMR properties of ultrathin and PSMO/STO films are enlarged to 3.95 A and reduced to
Prlo.67510.3Mn0O; films grown on LaAIQ (001 (LAO),  3.82 A, respectively. The resistivities of all the samples show
SrTiO; (001) (STO), and NdGaQ (110 (NGO) substrates, g crossover af, from a high temperature semiconducting
which impose compressive, tensile, and nearly zero straingate to a low temperature metallic state, typical for manga-
respectively in the films. We have focused our attention tyjtes.
ultrathin films (5—15 nm in which the strain distribution is The anisotropic LFMR properties of the three different
relatively uniform. We have found very different effects of types of samples are shown in Figs. 1-3. Figure 1 shows the
compressive and tensile strain on the magnetic and thgir results of a 7.5-nm-thick PSMO/LAO film measured
LFMR properties. The compressive strains cause the easyjth the field parallel and perpendicular to the film plane at
magnetization axis to be perpendicular to the film planegg k. In the perpendicular-field geometry, a very large MR
whereas tensile strains result in an easy axis parallel to thgith pronounced hysteresis is observed. The peak resistance
plane. When a magnetic field is applied perpendicular to th‘ERp) occurs at a field of about 800 Oe. The temperature
film plane, the compressive-strain films show a very 'argedependence of the LFMR, defined a$R(5 kOe)
qegative LFMR, while the t_ensile-s.train films show a posi—_Rp]/R(5 kOe), is shown in the inset. In contrast, in the
tive LEMR. The nearly strain-free films show a very small yapa)jel-field geometry, the MR hysteresis is much weaker
negative LFMR. All samples show negative MRs when the;g the | FMR ratio is less temperature dependent. Figure 2
field is applied parallel to the plane. The results demonstratgn s the MR hysteresis loops of a 7.5-nm-thick PSMO/
NGO film in different field and current directions. The MR
¥Electronic mail: gli@phys.psu.edu characteristics are very different from those of the PSMO/
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FIG. 1. The magnetoresistanB¢H), normalized to its value at 5 kOe, of a FIG. 3. Normalized magnetoresistance of a 15-nm-thick PSMO/STO film

7.5-nm-thick PSMO/LAO film measured with the magnetic field parallel measured with the magnetic field normal to the film plaki X, in-plane

(H;) and perpendicularH,) to the film plane. Inset is the temperature and parallel to currentH, ,H,l) and in-plane but perpendicular to current

dependence of the LFMR as defined in the text. (H,,H,1). Inset is the temperature dependence of the LFMR for the cases
of (H,) and H,Hyl).

LAO, in particular, the MR ratio is orders of magnitude

smaller. Note that the MR hyst_eresis was observed in_ _auneasured MR properties depend strongly on the film thick-
three cases, although the magnitudes and the peak POSitiopS<s |n Fig. 4, we showRl,— Ro)/R, as a function of the

are different. . . )
- ., film thickness for a group of PSMO/LAO films, where the
PSlv?g?g]o'?.lF'g'Sts.l?relthihMRMéeﬁunsd.cg a 1t5—r)m—th]c|ck MR ratio decreases rapidly with increasing film thickness.

diff L Id'(;‘.‘- t.” mgI%/,_ € itivef asih ieren s:jgns] " For a 20-nm-thick sample, the LFMR is reduced to less than
merent field directions. 1L 1Ip0SHvetor the perpendicuiar 4 5o, -y thicker PSMO/STO films, the positive MR behavior

field and negative for the parallel field. Also, the MR ratios :
are different for the two field directions and both are ordersaISO disappears. These effects are probably due to the gradual

of magnitude smaller than those of the PSMO/LAO sampIesir.:?lc(izlzgeoslc strain and size effect as the thickness of the sample
The positive MR effect in the perpendicular-field geometry '

is only present in small magnetic fields. When the applied In bulk manganites, there is essentially no MR
yp 9 ' PP anisotropy'® The striking difference of the MR hysteresis

field is larger than 1-2 T, the MR becomes negative. Th . . .
. ehaviors of the films on different substrates are closely re-
positive MR also has a strong temperature dependence. It |S : : L ; )
ted to their strain state and magnetization properties. Figure

readily observable when the temperature is about 20—-30 (a) and 5b) show the magnetization curves of a 6-nm-thick

belowT, . ApproachingTy, the positive MR Crosses overto. pay o, Aq film and a 10-nm-thick PSMO/STO film mea-
a negative MR as shown in the ingéere the definition of . . ) . .
sured in two different field directions. The nearly square

the LFMR is the same as in Fig. 1, excép now represents - . .
9 ot P shaped magnetization hysteresis loop for the perpendicular

for the minimum resistange . T . Lo
It should be noted that the MR curves presented in Figsf.'eId (H.) in F!g. 51‘(at)hls §sc|\|/|eg/r|_l,2(d)lc1i'i|tlon |0f thetoutt-o;
1-3 are not at the same temperature, but at the temperatJr) ane easy axis ot the 'm. In contrast, "he

where the largest LFMR is obtained for each sample. At lowFurves In Fig. %) demonstrate an in-plane easy axis of the

temperatures the qualitative features of the MR results anl-?SMO/STO film. We were unable to determine the easy axis
similar to those in Figs. 1-3. of the PSMO/NGO samples due to the very large paramag-

With the exception of the PSMO/NGO samples thenetic signal from the NGO substrate. However, since the
' demagnetization field is in the film plane and the strain an-
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FIG. 2. Normalized magnetoresistance of a 7.5-nm-thick PSMO/NGO film
measured with the magnetic field normal to the film plahg ), in-plane FIG. 4. Thickness dependence & R,)/R, of PSMO/LAO films, obtained
and parallel to currentH, ,H,l) and in-plane but perpendicular to current from theR—H loops with perpendicular field at temperatures where the MR
(Hy H. ). hysteresis is the largest for each sample. The solid line is guide to the eyes.
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o) 3 ] LAO samples, the domains in this case do not cause a large
[ PSMOISTO | <E MR as the anisotropic MR in usual ferromagnetic materials.
=omm A For the PSMO/NGO samples, though we expect the
spontaneous magnetization to lie in the plane, we did not
observe a positive MR in a perpendicular field in most of the
"""""""""""""""""""" samplegexcept one at very low temperatuyeshis is prob-

M(10 *emu)
o

2f i 1 ably because of the small; due to the small anisotropic
4t 1 at '::ﬁi 1 field Hk (caused by the small compressive straufich par-
7 ] N —— tially cancels ouHp .
6 o ¥ o’ | —a—Hy S Al ; Hi [ A D ) ) o
3 fﬁ"""'"‘ 1 " [frl"' ] Based on these considerations, the strain-induced mag-
0B 6420246810 B rerErar A netic anlsotro_py .plays a cru.mal role in determining the
H(kOe) H(kOe) LFMR properties in the ultrathin PSMO films. However, this

mechanism alone may not be sufficient to account for all
FIG. 5. Magnetization curves ¢&) PSMO/LAO and(b) PSMO/STO films  aspects of the experimental results such as the thickness and
]r;r:easlured with magnetic field perpendiculét,( and parallel ;) to the temperature dependencies of the LFMR. Other factors such
i plane. as structural defects and spin disorder must also be consid-

ered in order to analyze quantitatively the LFMR properties
isotropy field is rather small, it is reasonable to expect thabf films on different substrates. Due to the large lattice mis-
the easy axis lies in the plane. match, structural disorder may be introduced during film pro-

The anomalous anisotropic LFMR properties of the dif-cessing. Our XRD experiments have in fact shown that the

ferently strained samples can be explained in part by thegiffraction peaks of the ultrathin PSMO/LAO and PSMO/
magnetic anisotropy and the domain movement. In thesTO films are broader than those of the unstrained PSMO/
PSMO/LAO films, the strain-induced anisotropy field, which NGO films. However, the distinctive features we have ob-
favors an out-of-plane magnetization, is larger than the deserved in different samples are mainly due to the strain-
magnetization field, resulting in an out-of-plane easy &xis. induced magnetic anisotropy.
Under a large perpendicular field, all magnetic domains are  |n summary, we have studied the strain effects on the
aligned along the field direction, and hence the resistance i;agnetoresistance of the ultrathin PSMO films. Dramatic
low. When the field is near the coercive field, oppositelygifferences in the low-field MR properties have been ob-
aligned domains are present. The resulting high resistance igrved in films with different types of strains. The anomalous
most likely due to spin dependent scattering from the oppoanjsotropic MR effects are mainly attributed to the strain-

sitely aligned domains. On the other hand, when the field ighqyced magnetic anisotropy caused by lattice distortions.
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