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In-plane magnetic anisotropy has been studied for the (110)-orientated La2/3Ca1/3MnO3 (LCMO)

films grown on SrTiO3 (STO) and LaAlO3 (LAO) substrates. Deviation from orthorhombic

symmetry is observed in these two series of films, particularly for the films grown above LAO,

which suffer from a strong shear strain. A switch of the magnetic easy axis between the [001] and

[1-10] axes is observed for the LCMO/LAO films as structure deformation varies, while the LCMO/

STO films exhibit a [001] easy axis. An analytical analysis of the influence of magnetoelastic energy

on magnetic anisotropy is performed, and the dominative role of shear strain is revealed. The present

work indicates that the lattice distortion provides a feasible approach towards magnetic engineering,

leading to abundant magnetic phenomena. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891638]

I. INTRODUCTION

The abundant physical phenomena in rare-earth mangan-

ites (R1�xAxMnO3) (R¼ trivalent rare-earth ion,

A¼ divalent alkaline-earth ion) with perovskite structure has

aroused extensive interest in recent years.1–5 Due to coexisted

spin-lattice and orbital-lattice coupling, epitaxially strained

manganite films can behave differently from their bulk coun-

terparts, demonstrating various emergent phenomena.6–12 For

example, through tuning orbital occupancy via lattice strains,

the La1�xSrxMnO3 films can be driven from the ferromag-

netic (FM) to antiferromagnetic (AFM) state. The charge and

orbital ordering (COO) transition in the manganite films can

also be affected by lattice strains, and isotropic and aniso-

tropic lattice strains produce completely different effects: the

former depresses whereas the latter supports the COO

order.13 Lattice strains are also the most ordinary stimulus

modifying magnetic anisotropy on demand of fundamental or

applied researches. Through substrate-film lattice mismatch,

the lattice strain in the film can be feasibly tuned. Isotropic

strain in (001)-orientated film is the most typical epitaxial

strain and also the one that has been most intensively studied.

It was found that, for example, for the manganite films with a

compressive and a tensile strain, magnetic moment will align

in the direction perpendicular to the film plane and in film

plane, respectively.14 In contrast, effects of anisotropic strain,

which exist in (110)-orientated film, are less addressed.

Compared with isotropic strains, the anisotropic strains are

considerably complex since the two in-plane (IP) crystallo-

graphic directions, [001] and [1-10], are no longer equivalent,

and shear strains will generally occur (�xy 6¼ 0). This greatly

complicates the crystal structure of the film. However, aniso-

tropic strain has advantage over the isotropic one in a sense it

leads to magnetic and transport anisotropy.15–19 For example,

the magnetic anisotropy becomes more pronounced in (110)

films, such as La1�xCaxMnO3
20 and La1�xSrxMnO3.17,21 We

found that despite intensive studies, there are still obvious

controversies in reported works. For example, for the (110)-

La2/3Ca1/3MnO3 (LCMO) films, some authors found that the

IP magnetic easy axis is [001] direction,20 whereas others

claimed a [1-10] easy axis.22 It is still not very clear how lat-

tice strain affects the crystal structure of the film and how the

deformed structure affects magnetic anisotropy. Here, we

report a systematic study of the influence of crystal structure

on magnetic anisotropy for the (110) La2/3Ca1/3MnO3 films

grown on different substrates. We found that either tensile or

compressive strain imposed by substrate leads to a deviation

of the film structure from orthogonal symmetry, yielding

shear strain. We further found that the magnetic easy axis is

very sensitive to structure deformation, switching between

the [001] and [1-10] axes as structure varies. A quantitative

analysis shows that the shear strain plays a dominative role in

determining the magnetic anisotropy of the film.

II. EXPERIMENTS

Two series of LCMO films with the thicknesses

between 5 nm and 160 nm were grown on (110)-LaAlO3

(LAO) or (110)-SrTiO3 (STO) substrates by pulsed laser

deposition. During the deposition, the substrate temperature

was kept at 720 �C and O2 pressure was maintained at 50 Pa.

After deposition, the film was in-situ annealed for 15 min

and then cooled down to the room temperature in an atmos-

phere of 1 bar O2. Film surface was analyzed by atomic

force microscope (AFM), and crystal structure was deter-

mined by x-ray diffraction performed on a Bruker diffrac-

tometer (D8 Discover) with Cu Ka1 radiation. h-2h linear

scanning spectra, x-scan rocking curves (RCs) and recipro-

cal space maps (RSMs) of the films were collected.

Magnetization was measured by a quantum designed

Superconducting Quantum Interference Device magnetome-

ter (SQUID).
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III. RESULTS AND DISCUSSIONS

Fig. 1 shows the selected AFM images of the LCMO

films. All films exhibit flat surface, with the root-mean-

square roughness of several nanometers, although high sur-

face energy exists in the peculiar (110) plane. The lattice

constants of bulk LCMO, LAO, and STO are 3.863 Å,

3.788 Å, and 3.905 Å, respectively. For the (110)-oriented

film, the main IP crystal axis is [001]/[1-10] and the out-of-

plane (OP) axis is [110]. The stress is defined by d¼Ye,
where Y is the Young modulus and e is lattice strain. Y is

determined by atomic arrangement and bond strengths, and

is generally different along the [001] and [1-10] directions.

The lattice mismatch is �1.9% between LCMO and LAO

and 1.1% between LCMO and STO. Therefore, an IP aniso-

tropic stress will be compressive in a coherently grown

LCMO/LAO film and tensile in the LCMO/STO film. From

the high resolution h-2h scans (not shown), the OP lattice pa-

rameter, d[110], was found to relax gradually with increasing

film thickness.

To determine the a, b, and c lattice parameters of the

films, and the angle between two successive axes, the

RSMs around two asymmetric reflections, (222)/(221) and

(130), are collected, and depicted on the q(1-10)-q(001) plane.

As shown in Fig. 2, the (222) or (221) reflection of the film

has exactly the same q001 value as that of the STO, indicat-

ing a full strain in the film along the [001] axis. As indi-

cated by the shift of the (130) peak, a gradual lattice

relaxation occurs along the [1-10] axis for the films thicker

than 45 nm. For the LCMO/LAO films, as shown by the

RSMs of the (130) reflections in Fig. 3, lattice relaxation

occurs along the [1-10] axis above 36 nm. Notably, the

(222) reflections of the 36-nm-thick and 45-nm-thick

LCMO/LAO films (Figs. 3(c) and 3(e)) show a c-axis lattice

parameter much smaller than that of other LCMO/LAO

films. Meanwhile, the (222) peak of the LAO substrate

broadens towards high q001 values, indicating the presence

of a low c phase, superimposed on normal LAO phase. The

low c phase may mainly exist in the top layer of the sub-

strate. Thus, the epitaxial grown LCMO film above this

layer has a small c. This result indicates that the LAO sub-

strate with a deformed top layer induces a more severely

distorted structure in the films. Hereafter, these two films

will be referred to as “special samples” whereas other films

as “normal samples”.

Based on the RSMs of the (222) and (130) asymmetric

reflections, the lattice constants and the angle between two

successive axes of the unit cell can be determined. As shown

in Figs. 4(a) and 4(d), the lattice constant relaxes slowly to

bulk value at different rates along the [1-10] and [001] direc-

tions for both sets of films, except for the two special sam-

ples marked by a shadow area in Fig. 4(d). We define a

quantity R ¼ ðdfilm
LCMO � dsubstrateÞ=ðdbulk

LCMO � dsubstrateÞ to

describe lattice relaxation, based on lattice constant d. The

R-thickness relations in Figs. 4(b) and 4(e) show a more sig-

nificant lattice relaxation along the [1�10] direction than

along the [001] direction. This different elastic response is

understandable noting the fact that the lattice strain in the [1-

10] direction can be easily released through two flexible

axes, a and b, whereas the c-axis is tightly clamped by the

substrate. The deduced lattice parameters are shown in Figs.

4(c) and 4(f). With the decrease of film thickness, a, b, and c
change slightly, whereas the angle c between the a and b
axes varies significantly from �90� to �91.5� for the

LCMO/STO films and from �90� to �87.5� for the LCMO/

LAO films. These results indicate a severe deviation from or-

thogonal structure of the (110) films and the occurrence of

shear stress. As expected, the two special samples (shadowed

area in Figs. 4(d)–4(f)) exhibit a structure deformation differ-

ent from that of other films, with a less shear strain but a

severer compressive strain.

The magnetization-magnetic field loops of the LCMO

films, measured at 10 K along the [001] and [1-10] direc-

tions, respectively, were shown in Fig. 5. They show the typ-

ical features of uniaxial magnetic anisotropy. All Films

except for 36-nm-thick LCMO/STO film exhibit the typical

FM behaviors. In contrast, the initial M-H curve of the 36-

nm-thick LCMO/STO film undergoes a meta-magnetic tran-

sition above the field of 3 T (inset in Fig. 5(c)). It is possible

that the FM and AFM phases coexist in this film, and the

magnetic field yields an AFM-FM transition. A monotonic

increase in saturation magnetization with film thickness is

observed. However, the maximal value �3.06 lB/Mn

(obtained for the film of 160 nm) is still much lower than the

expected value (3.67 lB/Mn). Similar results have been

obtained before, and were ascribed to the presence of an

AFM layer in proximity of the interface.22 For the LCMO/

STO films, [001] is magnetic easy axis, which is consistent

with the results of other groups.20 For the LCMO/LAO films,

fascinatingly, the easy axis is the [1-10] axis for the two

FIG. 1. AFM images of the (a) LCMO/

STO and (b) LCMO/LAO films of

50 nm in thickness.
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special samples, though the [001] axis is still the easy axis

for other normal samples. This result indicates a structure

deformation-induced a reversal of magnetic anisotropy axis.

The magnetic anisotropy energy (MAE), defined by

DEMAE ¼ EMH½1-10� � EMH½001�, has been calculated from the

M-H loops marked by grey shades (Fig. 5(f)) and shown in

Fig. 7, which will be discussed below.

According to previous reports, IP uniaxial magnetic

anisotropy can be induced by stepped surface or orientated

domain structure.21,24,25 We excluded the presence of

surface steps in our films (Fig. 1). Noting that the two spe-

cial LCMO/LAO films (36 and 45 nm in thickness) with a

distinct magnetic anisotropy own a distinctly deformed

structure, the magnetic anisotropy should be strongly cor-

related with the lattice strains, i.e., the shear strain in films

plays an important role in determining magnetic

anisotropy.

For a magnetic system in a given strain state, the magneto-

striction study reveals that MAE depends on not only the direc-

tion of ~M (described by direction cosine a) but also the strain

tensor elements � (�ij is the component of strain tensor).

Following Kittel26 and Lee,27 the magnetic-elastic anisotropy

energy (MEE) can be decomposed into three parts, i.e., the

first-order magnetocrystalline anisotropy energy Eintrinsic; that

is expressed in terms of a, the magneto-elastic energy Emee

which is described by mixed a and � terms, and the elastic

energy Eelas that has only the � terms.28 Here, we use the

room-temperature x-ray diffraction data to calculate strain ten-

sor since the thermal expansion of LCMO, STO, and LAO are

small and close to each other below 300 K.29 For the LCMO

films, the first-order magnetocrystalline anisotropy constant K1

is reported to be 1� 104erg/cm3,30 much smaller than the

magneto-elastic energy, which is in the order of 106erg/cm3 as

will be seen below. We therefore believed that the magnetic

FIG. 2. RSMs of asymmetric reflec-

tions of the LCMO/STO films of dif-

ferent thicknesses. (a) 32 nm (222), (b)

32 nm (130), (c) 36 nm (221), (d)

36 nm (130), (e) 45 nm (222), (f) 45 nm

(130), (g) 80 nm (221), and (h) 80 nm

(130).
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anisotropy is dominated by magneto-elastic anisotropy, and

simply ignored Eintrinsic in the following derivations:17,20

E ¼ Eintrinsic þ Emee þ Eelas; (1)

Eintrinsic ¼ K1

X
i>j

aiaj; (2)

Emee ¼ b1

X
i

a2
i �ii þ b2

X
i>j

aiaj�ij; (3)

Eelas ¼
c11

2

X
i

�2
ii þ c12

X
i>j

�ii�jj þ
c44

2

X
i>j

�2
ij; (4)

where cij are the elastic constants, b1 and b2 are the

magneto-elastic coupling coefficients, and can be expressed

by the magnetostriction coefficients k100 and k111 by

b1 ¼ �3ðc11 � c12Þk100=2; (5)

b2 ¼ �3c44k111: (6)

For pseudo-cubic structure, we can assume that k is iso-

tropic, i.e., k100 ¼ k111 ¼ 5:5� 10�5.30,31 As shown in Fig.

6, the deviation from orthorhombic structure leads to shear

strains, namely, �xy ¼ �yx 6¼ 0. This deformation produces

nondiagonal matrix elements. With the aid of Fig. 6, the ele-

ments of the strain tensor can be deduced, and described in

Eqs. (7)–(11). It is worth noting that the two different types

of IP strains, tensile stress in LCMO/STO and compressive

stress in LCMO/LAO, give rise to different shear strain

tensors

�xx ¼ ða cos b� a0Þ=a0 ffi cos b� 1; (7)

FIG. 3. RSMs of asymmetric reflec-

tions of the LCMO/LAO films of dif-

ferent thicknesses: (a) 32 nm (222), (b)

32 nm (130), (c) 36 nm (222), (d)

36 nm (130), (e) 45 nm (222), (f) 45 nm

(130), (g) 80 nm (222), and (h) 80 nm

(130).
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�xx ¼ �yy; (8)

�zz ¼ �½001�; (9)

�xy ¼ ½ða=a0Þsin bþ ðc=c0Þsin b�=2 ffi sin b; (10)

b ¼ ðp=2� cÞ=2: (11)

In the following, we will show the analysis of the MEE

for three special cases, for which the magnetization ~M orien-

tates along three crystal axes [001], [1-10], and [110],

respectively. At first, when ~M==½001�, aX ¼ aY ¼ 0, aZ ¼ 1,

we have

E 001½ � ¼ EintrinsicþEmeeþEelas

¼ EintrinsicþEelasð Þþ b1

X
i

a2
i �iiþ b2

X
i>j

aiaj�ij

¼ EintrinsicþEelasð Þþ b1�zz

¼ EintrinsicþEelasð Þ� 3

2
c11� c12ð Þk100�zz: (12)

Similarly,

E 1�10½ � ¼ Eintrinsic þ Eelasð Þ � 3

2
c11 � c12ð Þk100�xx

þ 3

2
c44k111�xy; (13)

E 110½ � ¼ Eintrinsic þ Eelasð Þ � 3

2
c11 � c12ð Þk100�xx

� 3

2
c44k111�xy: (14)

Which direction, [001] or [1-10], is easy direction is

determined by which energy, E001 or E1�10, is lower.

Adopting the parameters c11¼ 350 GPa, c12¼ 113 GPa, and

c44¼ 150 GPa for the LCMO films according to Refs. 20,30

and 32, we have

DEMEE ¼ E 001½ � � E 1�10½ �

¼ � 3

2
k c11 � c12ð Þ �zz � �xxð Þ þ c44�xy½ �: (15)

Taking the 32-nm-thick LCMO/STO film as an example, we

obtain the strain tensor matrix

� ¼
�xx �xy 0

�yx �yy 0

0 0 �zz

0
B@

1
CA ¼

�0:0047 �0:967 0

�0:967 �0:0047 0

0 0 1:08

0
B@

1
CA%:

(16)

From Eq. (15), we have DEMEE ¼ E½001� � E½1�10� ¼ �9:2409

�105ergs=cm3. This value is almost equal to DEMAE,

deduced from integration of the M-H curves (DEMAE

¼ EMH½1�10� � EMH½001� ¼ �7:428� 105ergs=cm3), which

indicates that the easy axis is along the [001] direction.

Second, for the 32-nm-thick LCMO/LAO film, which is

in the normal stress state, the strain tensor matrix is

� ¼
�xx �xy 0

�yx �yy 0

0 0 �zz

0
BB@

1
CCA ¼

�0:014 1:67 0

1:67 �0:014 0

0 0 �1:88

0
BB@

1
CCA%:

(17)

Thus, we get DEMEE ¼ E½001� � E½1�10� ¼ �4:954

�105ergs=cm3. This value is in good agreement with

DEMAE;DEMAE¼EMH½1�10� �EMH½001� ¼�7:542�ergs=cm3,

indicating that the easy axis is [001].23

Third, for the special sample, 36-nm-thick LCMO/LAO

film, we found that the distinct structure deformation yields a

much larger �zz

FIG. 4. Structure parameters and lattice relaxation as functions of film thickness. (a)–(c) the LCMO/STO films. (d)–(f) the LCMO/LAO films. Inset in (c) is a

schematic diagram of lattice deformation. The shaded area represents the two special LCMO/LAO samples (36 and 45 nm).
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� ¼
�xx �xy 0

�yx �yy 0

0 0 �zz

0
BB@

1
CCA

¼
�0:00335 0:819 0

0:819 �0:00335 0

0 0 �2:97

0
BB@

1
CCA%: (18)

The calculated DEMEE¼E½001��E½1�10� ¼1:028 �105ergs=cm3,

while the DEMAE is �1:134�106ergs=cm3. Positive DEMAE

implies a magnetic reversal of the easy axis from the [001] to

the [1-10] axis. The agreement of DEMAE and DEMEE indicates

the latter is the reason for the magnetic reversal. In fact, for the

LCMO/STO films, j�xxj�j�zzj,

FIG. 5. Magnetization-magnetic field

loops of the LCMO/STO films

((a)–(d)) and the LCMO/LAO films

((e)–(h)), measured at 10 K with the

magnetic field applied along the [001]

and the [1–10] directions, respectively.

Inset in 5(c) is the complete M-H curve

of the 36 nm LCMO/STO film.

FIG. 6. A schematic for the derivation of strain tensor of (a) LCMO/LAO

and (b) LCMO/STO. �xx, �yy, and �zz are linear strains, and �xy, �yx are shear

strains.
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DEMEE ¼ E 001½ � � E 1�10½ �

¼ � 3

2
k c11 � c12ð Þ �zz � �xxð Þ þ c44�xy½ �

	 � 3

2
k c11 � c12ð Þ�zz þ c44�xy½ �: (19)

According to the above equation, we can predict that it is

possible for LCMO/STO films to favor the [1-10] easy axis,

as has been observed by Guo.22

In Fig. 7 we show all calculated DEMEE. The correspon-

dence of the DEMAE and the DEMEE reveals the dominative

role of the former in determining the magnetic easy axis of the

films. The analytical analysis reveals the importance of shear

stress for the controlling of magnetic anisotropy clarifying the

controversies in previous reports. We ascribe the minor discrep-

ancy between these two types of energies to calculation error.

IV. SUMMARY

We have carried out a systemic study on the correlation

between crystal structure and magnetic anisotropy for (110)

LCMO films grown on the STO and LAO substrates. We

found that either tensile or compressive strains imposed by

substrates lead to a deviation of the crystal structure from or-

thogonal symmetry, and the magnetic easy axis is very sensi-

tive to the details of the structure deformation. A magnetic

reversal of the easy axis from the [001] to [1-10] axis is

observed for the LCMO/LAO films with different shear

strains. In contrast, the LCMO/STO films maintain an [001]

easy axis. An analytical analysis of the magnetic anisotropy

energy and magneto–elastic energy is performed, special

attention was paid to the effect of shear strains. Based on this

analysis, we interpreted the magnetic reversal and clarified

the controversies in previous reports. The present work

reveals that lattice distortion can be utilized to generate

abundant magnetic phenomena, proving a feasible approach

towards magnetic engineering.
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