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In this paper, we investigated the influence of strain on anisotropic magnetoresistance (AMR) in

La0.67Ca0.33MnO3 (LCMO) films epitaxially grown on BaTiO3(001). For 250-nm-thick LCMO film,

the AMR shows a peak near the metal-insulator transition (MIT) temperature, which is similar to that

in bulk LCMO. When the thickness of LCMO is decreased to 150 nm, the AMR value achieves a

maximum at low temperature. For 80-nm-thick LCMO film, in addition to the appearance of the

maximum AMR at low temperature, the symmetry and sign of AMR are also changed, associated

with interface strain in the different phases of BaTiO3. In comparison, the AMR for the reference

LCMO films grown on SrTiO3(001) shows a maximum value near the MIT temperature regardless of

the thickness of film. Our experiment results suggest that not only the strain value but also the

distortion type can considerably tune the AMR of LCMO films. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4795841]

Anisotropic magnetoresistance (AMR) effect has

attracted much interest for decades due to their applications

in data storages and magnetic sensors.1–5 Recently, an anom-

alously large AMR has been found in La0.67Ca0.33MnO3

(LCMO) single crystal, polycrystalline, and thin films,6–9

which is caused by the magnetic field tunable metal-

insulator transition (MIT). Previous works indicated that the

unusual AMR in epitaxial manganite films9–11 depends on

the lattice constant,12 film thickness,13 crystalline direc-

tion,14,15 and state of strain.16,17 Therefore, to control and

tune the AMR of perovskite manganites for the potential

applications, the effect of mechanical strain on the AMR

needs to be known in detail. Technologically, for epitaxial

thin films, the variables such as lattice relaxation, stoichiom-

etry, crystalline quality, and microstructure, which strongly

affect the strain status produced by the lattice mismatch

between the films and the substrates, are very difficult to be

reproduced in different samples.18 Therefore, it is hard to

discriminate the different strain states from sample to sample

and systematically study the effect of strain on AMR of per-

ovskite manganite films. On the other hand, BaTiO3 (BTO)

single crystal possesses rich structural transitions taken

placed at different temperatures, for example, the rhombohe-

dra to orthorhombic structural phase transition occurring at

183 K and the orthorhombic to tetragonal structural phase

transition at 278 K.19 The structural phase transitions of BTO

can serve as the strain source for films grown on BTO single

crystals. In this way, by changing temperature, the different

strain states can be easily achieved in magnetic films. In the

present investigation, LCMO thin films were epitaxially

grown on BTO single crystal substrate and the effect of

strain produced by the structural phase transitions of BTO

substrate at different temperatures on AMR behaviors of

LCMO thin films was studied. The LCMO films grown on

STO substrates were chosen as the reference samples

because STO possesses no structural phase transition in the

range of our measurement temperature. The unusual AMR

effect was observed under various magnetic fields and tem-

peratures for LCMO/BTO thin films, which suggests that not

only the strength but also the type of strains could consider-

ably change the AMR behavior of LCMO films.

Different thicknesses of LCMO films were epitaxially

grown on both BTO(001) and STO(001) substrates by using

pulsed laser deposition (PLD) method, and the corresponding

lattice mismatches between films and substrates are 2% and

1.7%, respectively. All the LCMO films are in a single phase

with a perovskite structure as confirmed by X-ray diffraction

(XRD). The angular dependence of magnetoresistance was

measured by means of a Physical Property Measurement

System (PPMS, Quantum Design). The geometries of the

magnetic field (H) rotating in the yz plane and the current (I)
applied in the experiments are shown in the inset of Fig. 1. h
is the angle between the field and c-axis in the yz plane.

During the measurements, H was kept perpendicular to the

current flow direction in order to minimize the ordinary mag-

netoresistance caused by the Lorentz force acting on the con-

duction electrons, and the resistance was measured as a

function of the angle (h) at different temperatures. The AMR

amplitude is defined as the maximum of [R(h) - R(0)]/R(0),

where R(h) and R(0) are the resistance for the magnetic field

orientations at angles of h and 0, respectively.

The temperature dependence of resistance for the LCMO/

BTO with different thicknesses is shown in Fig. 1. For the
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250-nm-thick LCMO film, the temperature dependent resist-

ance shows a maximum at the MIT temperature of 280 K,

which is in good agreement with LCMO single crystal.

However, for the 150-nm-thick sample, in addition to the

peak at the MIT temperature of 270 K, two sudden drops of

resistance are observed at 190 and 275 K. For the 80-nm-thick

LCMO film, the R-T curve shows a maximum at the MIT

temperature of 263 K and two much significant drops at 190

and 275 K. These two temperatures where the resistance drops

occur coincide well with the structural phase transition tem-

peratures of BTO. Therefore, the resistances drop at these

temperatures in LCMO/BTO films can be attributed to the me-

chanical strain which is caused by the phase transitions of

BTO. Moreover, compared with the thicker films, the 80-nm-

thick LCMO film exhibits an R-T curve with much slow

slopes, indicating that the temperature for the occurrence of

phase separation, i.e., the coexistence of paramagnetic and fer-

romagnetic phases, is broadened from the MIT temperature to

the low temperature. Our experimental observations demon-

strate that the strain which comes from the BTO phase transi-

tion can greatly change the transport properties of LCMO

films, and the stain-transfer effect shows more effective in

thinner LCMO films.

Figure 2 shows the AMR behaviors of LCMO/BTO and

LCMO/STO heterostructures at different temperatures with

the magnetic field fixed at 5 kOe. The AMR of LCMO/BTO

film with 250 nm in thickness reaches a maximum value of

about 6% at 265 K, as shown in Fig. 2(a), which is close to

the MIT temperature of 280 K. The AMR curves show the

cos2 h behavior regardless of the measuring temperatures.

Currently, the mechanism for AMR measured in our current

geometry has not yet been fully understood. As reported in

our previous work,6 the anomalously large AMR observed in

LCMO single crystal is likely due to the dissimilar response

of Jahn-Teller lattice distortions to external magnetic field,

thus, creating distinct effects on the transport properties

through different couplings with the double-exchange inter-

action. For the 150-nm-thick LCMO/BTO film, the AMR

value is decreased with increasing temperature and a maxi-

mum is found at 10 K, as shown in Fig. 2(b). The AMR is

negative in the range of our measuring temperatures from 10

to 300 K. The AMR curves show an oval shape at low tem-

perature of 10 K, but gradually change to the cos2 h behavior

with increasing temperature. For the 80-nm-thick LCMO

film, as shown in Fig. 2(c), the AMR value achieves a maxi-

mum of 6.6% at 10 K. With increasing temperature, the

AMR value is reduced and the sign is changed from negative

to positive at the temperature of 265 K. Meanwhile, the sym-

metry of AMR is changed from twofold to fourfold at 250 K.

FIG. 2. The normalized angular dependence of resistance measured at different temperatures with H¼ 5 kOe for LCMO/BTO films with the thicknesses of (a)

250 nm, (b) 150 nm, and (c) 80 nm, and for LCMO/STO films with the thicknesses of (d) 250 nm, (e) 150 nm, and (f) 80 nm.

FIG. 1. Temperature dependence of resistance for the LCMO/BTO films

with different thicknesses. The inset shows a schematic arrangement for the

measurements of the samples.
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With further elevating the temperature, the fourfold symmet-

ric AMR behavior disappears. It should be noted that this

fourfold symmetric AMR cannot be fitted by two twofold

symmetries. At high temperature above the MIT tempera-

ture, the AMR behavior finally disappears. Due to the more

significant strain effect in thinner films, the changes in AMR

value, symmetry, and sign are more clearly seen in the 80-

nm-thick LCMO film as compared with that in the 150-nm-

thick one. For all LCMO/STO reference samples, the AMR

reaches a maximum value at the MIT temperature and shows

the cos2 h behavior, which agrees well with that of the

LCMO bulk materials, as shown in Figs. 2(d)–2(f).

The drastic differences in AMR behaviors between

LCMO/BTO and LCMO/STO samples revealed above obvi-

ously arise from the different strain states caused by the sub-

strates of STO and BTO. For the 80 nm-thick LCMO/BTO

film, the AMR shows a maximum at low temperature and

the change in the symmetry and sign with varying the tem-

perature due to the different strength and type of strains in

the different phases of BTO. The strain caused by the BTO

rhombohedra phase increases the dissimilar response of

Jahn-Teller distortions to external magnetic field in

LCMO,17,20,21 which gives rise to the maximum AMR

occurring at low temperature. The appearance of four-fold

symmetric AMR behaviors which is superimposed on the

two-fold AMR in the 80-nm-thick LCMO film is ascribed to

the strain transferred from the orthorhombic BTO to the

LCMO film. With increasing temperature, the strain changes

with the expansion of BTO lattice, which leads to the

enhancement of four-fold symmetric AMR and the appear-

ance of positive AMR in LCMO films. We therefore con-

clude that the strain induced by the BTO rhombohedra phase

gives rise to the maximum AMR at low temperature, while

the strain caused by the BTO orthorhombic phase results in

the changes of AMR symmetry and AMR sign. Because the

strain-transfer effect is more effective in thinner films, with

increasing the thickness of LCMO, although the maximum

AMR appears at low temperature for the 150-nm-thick

LCMO/BTO film, the changes of AMR sign and symmetry

can be no more observed. For the 250-nm-thick LCMO film,

the AMR behavior is very similar to that of the bulk LCMO.

In Fig. 3, we summarized the temperature dependence of

AMR ratio for the LCMO/BTO and LCMO/STO heterostruc-

tures with different thicknesses. Our result shows that the tem-

perature dependent AMR behaviors strongly depend on both

the substrate and the film thickness. The AMR ratio for the

250-nm-thick LCMO/BTO film achieves a maximum at the

MIT temperature, which behaves like that of the LCMO bulk

materials. The strain effect on AMR behavior is significant for

LCMO/BTO films with thickness less than 150 nm. The AMR

value is decreased with increasing temperature, which are dif-

ferent from that of LCMO bulk materials. For all the LCMO/

STO thin films, the maximum AMR always appears at the

MIT temperature. Obviously, the abnormal AMR behaviors

observed in LCMO/BTO films originate from the strain effect

in the different phases of BTO substrates.
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