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Abstract
Epitaxial 120 nm La0.7Sr0.3MnO3 (LSMO) compressively strained thin films were deposited
on single-crystalline SrLaAlO3(0 0 1) (SLAO) substrates by the pulsed laser deposition (PLD)
method. From the x-ray diffraction study, we confirmed that the c-axis of the LSMO crystal
pointed out of the film plane. Two kinds of magnetic experiments were performed on the film:
(i) the in-plane (field H ≡HP) and the out-of-plane (field H ≡HN) magnetic hysteresis loop
measurements and (ii) magnetic force microscopy scans. We have proved from both theory
and experiment that the LSMO film should exhibit the weak and tilted perpendicular magnetic
anisotropy at room temperature (RT), that is, the easy axis (EA) is tilted relative to the film
normal by an angle θo � 37◦, when the film is in the demagnetized state. The magnetic
domain (MD) structure of the demagnetized LSMO film showed a maze-like pattern.
Although from the in-plane hysteresis loop, HP = 600 Oe seems large enough to saturate the
film, the corresponding MD structure was not in a single-domain state. Instead, there were two
types of MDs: the canted MD and the saturated MD. The MD patterns of the LSMO film
between the demagnetized and the remanent states were different. In addition, there were
double-switch phenomena in the out-of-plane hysteresis loop. When |HN| ∼= 140 Oe, a
transition of the MD pattern from the maze-like to the closure (or dense-stripe) type occurred.

(Some figures may appear in colour only in the online journal)

1. Introduction

Perovskite manganites have demonstrated rich emergent
physics owing to the strong correlations among the charge,
spin, orbital, and lattice degrees of freedoms. One of the unique
magnetic and electronic behaviours of perovskite manganites
is colossal magnetoresistance (CMR), which has drawn much
interest due to the possibility of making magnetic devices that
utilize this effect [1]. Some of the perovskite manganites
exhibit the ferromagnetic and metallic properties below their
Curie temperatures (TC) and the paramagnetic and insulating
properties at a temperature higher than their TCs, respectively
[2–5]. ‘Double exchange’ is one of the theoretical models

3 Author to whom any correspondence should be addressed.

ubiquitously adopted to interpret these interesting properties in
these compounds. The theory considers the magnetic coupling
between Mn3+ and Mn4+ ions, which result from the motion of
electrons between the two partially filled d shells with strong
on-site Hund’s coupling [6–9].

In this article, we report that we have deposited
the La0.7Sr0.3MnO3 (LSMO) thin films on SrLaAlO3(0 0 1)
(SLAO) substrates and, in particular, studied the magnetic
domain (MD) properties of the films. Although previous
studies [10–12] have already shown the maze-like MD patterns
of the LSMO films in various film thicknesses, they did not
study the MD patterns at nonzero field. Here, we concentrate
on how the MD patterns are changed, as the in-plane (IP) (HP)
and/or out-of-plane (OFP; HN) magnetic fields are varied.
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Figure 1. The x-ray diffraction pattern of the LSMO film grown on
an SLAO(0 0 1) substrate. The c-axis of the LSMO film is
perpendicular to the film plane.

2. Experimental details

LSMO films with a fixed thickness (tf ) of about 120 nm
were deposited on single-crystalline SLAO(0 0 1) substrates,
using a 248 nm KrF excimer laser operating at energy of 3 mJ
and a repetition rate of 5 Hz. To obtain single-crystalline
LSMO films, the substrate temperature (TS) was kept at 750 ◦C
and the oxygen partial pressure (PO2 ) was kept at 0.3 Torr.
Immediately after deposition, the film was quenched from 750
to 60 ◦C. The composition of the LSMO film was analyzed by
an SEM-EDS device: La : Sr : Mn : O = 12.4 : 5.4 : 15.5 : 66.7
(in at%).

The temperature dependences of magnetization (M)
and magnetotransport properties of the LSMO films were
measured using a MPMS-XL superconducting quantum
interference device (SQUID) system, and the measurement
temperature was varied from 2 to 350 K. Major and minor
magnetic hysteresis loops were obtained from vibrating sample
magnetometer (VSM) measurements with the OFP field HN

and the IP fieldHP, respectively. From the OFP hysteresis loop,
we obtained the coercivity (HC), magnetization (MS(OFP)) at
HN = Hm = 6 KOe, and squareness ratio (SQR = Mr/MS,
where Mr is magnetic remanence) at RT. Similarly, from IP
hysteresis loop, we obtained MS(IP) at HP = Hm.

MD images of an LSMO film were obtained using
the DI-NanoScope IIIa-D3100 magnetic force microscopy
(MFM) system. The tapping tip used was a model PPP-
LM-MFR probe. Hard magnetic material coated on the tip
gives a coercivity, of approximately 250 Oe, and remanence
magnetization, of approximately 150 G. The tip radius of
curvature is about 30 nm, and the magnetic resolution is better
than 35 nm. The maximum HP we could apply, associating
with our MFM system, was 600 Oe.

The electrical resistance (R) was measured by the standard
four-point-probe method. The crystalline structure of the films
was examined by x-ray diffraction (XRD) (θ–2θ scan) using
CuKα1 line measurements.

3. Results and discussion

The XRD pattern of the LSMO/SLAO(0 0 1) film is shown in
figure 1. The high-TS-grown LSMO film is single crystalline,

Figure 2. Temperature (T ) dependence of saturation magnetization
(MS) of the LSMO film. FC means field cool under an in-plane
magnetic field of 1 KOe, and ZFC means zero-field cool.

with the c-axis pointing out of the film plane. The LSMO
bulk is cubic with aB = 3.885 Å [13], and the SLAO(0 0 1)
substrate is tetragonal with a = b = 3.756 Å and c =
12.637 Å4. From the x-ray structure data above, we conclude
that the LSMO film is almost matched for the a- and b-axes
in the plane with the SLAO(0 0 1) substrate, that is, the IP
lattice mismatch at film/substrate interface is �ε = −3.43%
(a compressive strain), but in the bulk of the LSMO film,
af = bf = 3.883 Å and cf = 3.899 Å, and cf/af = 1.003
(a very small tetragonality for the LSMO/SLAO film).

Figure 2 shows the temperature (T ) dependence MS

under an external IP field HE = 1 KOe for the LSMO
film (tf = 120 nm) on SLAO(0 0 1). From this figure, we
can easily find the Curie temperature (TC) of the LSMO
film by extrapolation of the (MS)

2 versus T plot toward the
MS = 0 axis; the TC is 350 K. Hence, the LSMO/SLAO(0 0 1)
film should remain ferromagnetic at RT (about 300 K). From
figure 2, we also find that at T = 2 K, MS(2) ≡MS(2-
Exp) = 500 G, which corresponds to 3.2µB/Mn. As this value
is close to 3.8µB/Mn, our LSMO film should also show high-
quality magnetic and electrical properties [14]. Nevertheless,
there are still discrepancies as to why our measured 3.2µB/Mn
is lower than the quoted 3.8µB/Mn [14] and also our measured
TC = 350 K is lower than the quoted TC = 370 K [15]. The
explanations will be given later, when we discuss equation (6)
and the MD pattern in figure 4(b). In short, we believe that the
MD pattern for figure 2 was not in a single-domain state, even
though from the VSM measurement and under HE = 1 KOe
field we seemed to have reached saturation. Apparently, the
maximum 1 KOe field used is still not large enough to saturate
the film. Thus, the MS versus T curve in figure 2 should be
shifted upward (or corrected) with respect to the data in [15].
In other words, MS(2-Th) = (3.8/3.2) × 500 = 595 G.

In addition, for later discussion, we would like to estimate
MS at RT. According to the mean field theory (MFT), the
thermal-fluctuation effect will make MS(2) to decrease to MS,
as T increases form 2 K to RT [16]. From figure 4.5 of [16], the
theoretical MS versus T fitting curve (for Ni) based on the MFT
predicts that when (RT)/TC = 0.81, MS/MS(2-Th) = 0.62.
Thus, we may find MS = MS(2-Th) × 0.62 = 370 G for the
LSMO film.
4 Data sheet issued by the manufacturer, the MTI Corporation.
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Figure 3. (a) The major hysteresis loops with the in-plane (HP)
field (in red) and the out-of-plane (HN) field (in black). (b) The
minor hysteresis loop with H = HP. (c) The minor hysteresis loop
with H = HN. All the hysteresis-loop measurements were made at
room temperature (RT).

We also measured R as a function of T from 300 to 15 K.
R decreases from 22.7 to 1.7 �, as T decreases monotonically.
The R versus T plot follows Matthiessen’s rule with the
residual resistance ratio RRR = 13, which means that the
LSMO/SLAO(0 0 1) film is not only ferromagnetic but also
metallic at RT. Interesting to notice is that slightly above RT
(i.e. around T = 350 K ∼= TC), there is also a metal–insulator
transition [14, 15].

Figure 3(a) shows the OFP (HN) and IP(HP) major
magnetic hysteresis loops of the LSMO film, respectively, with
the maximum fields (Hm) being ±6 KOe. Judging from these
two figures, we may first think that the EA of the film is lying

in the film plane. Also, at H = Hm, we easily saturate the
film with HP, but still we cannot saturate the film with HN.
Thus, MS(IP) = 333 G, which is larger than MS(OFP) =
285 G at RT. These phenomena are very confusing. It is no
wonder in [10] that they reached a controversial conclusion
that the perpendicular maze-like MD of the LSMO film is
uncorrelated to the directions of EA. In the later discussion,
we believe that our LSMO film does show the weak and
tilted perpendicular anisotropy, which should result in some
peculiar (or anomalous) magnetic hysteresis behaviours, and
conclude that EA is inclined relative to the film normal by
a small angle θo. Thus, from the M versus HP virgin curve
(the red line) in figure 3(a), we calculate the (experimental)
magnetic anisotropy (KP) of the LSMO film; KP is about
3.77 × 105 erg cm−3. Notice that if EA were completely IP,
the anisotropy energy product under the M versus HN virgin
curve would be unrealistically large, for example, of the order
of 107 erg cm−3, even after demagnetization corrections. We
have also shown the minor HP and HN magnetic hysteresis
loops in figures 3(b) and (c). Up to now, it is also noticed
that MS(IP) = 333 G < MS = 370 G at RT, which seems
contradictory. This apparent inconsistency will be explained
later, when we discuss the MD pattern of the LSMO film.

Theoretically speaking, we can calculate the magnetoe-
lastic anisotropy (Kσ) from the following two equations:

Kσ = −(3/2)SiλS(cos2 ξ) (1a)

Si = E(�ε)ave, (1b)

Si is the intrinsic IP compressive stress, ξ is the angle between
the stress axis and

−→
MS, E = 562 GPa is Young’s modulus [17],

(�ε)ave = (af − aB)/af = −0.05%, and λS = 200 ppm is the
saturation magnetostriction [18] of the LSMO film. Note that
in equations (1a) and (1b), we have used (�ε)ave, instead of
(�ε), because the strain (�ε) at the interface is usually largely
relaxed over a short distance (about 25 nm) from the interface.
Hence, the IP average strain (�ε)ave in the bulk of the 120 nm
film is estimated to be −0.05% [19]. Moreover, because the
thermal expansion coefficient of LSMO is almost the same as
that of SLAO, the thermal strain on LSMO film is negligible,
only +0.01%. By taking (�ε)ave = −0.05%, Kσ estimated
from equations (1a) and (1b) will not be very large, which is
also the reason

−→
MS can be rotated into the film plane with a

low HP, about 300 Oe only, as shown in figure 3(b). Next, as
Si < 0 and λS > 0, the EA, defined by Kσ , must be normal
to the film plane, that is, ξ = 90◦. In turn, the magnetostatic
(or demagnetizing) energy (EM), which tends to force

−→
MS IP,

is expressed as follows:

EM = (1/2)HdMS, (2a)

Hd = Nd(MS), (2b)

where Nd = 4π is the demagnetizing factor along the
film normal. Thus, from equations (1a) and (1b), we find
Kσ = 8.43 × 105 erg cm−3, and from equations (2a) and
(2b), EM = 6.56 × 105 erg cm−3. The theoretical estimation
of Kσ − EM = 1.87 × 105 erg cm−3, which is close to the
value of KP. Moreover, the theoretical (Qth) and experimental
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(a)

(b)

(c)

(d)

Figure 4. Magnetic domain patterns of the LSMO film under various conditions: (a) in a demagnetized state (corresponding to state A in
figure 3(b)); (b) when an in-plane field HP = 600 Oe was applied (to state B); (c) when HP = 300 Oe was applied (to state C); and (d) when
HP was reduced to zero (to the remanent state or state D).

(Qexp) quality factor can be defined as Qth ≡|Kσ |/EM and
Qexp ≡ KP/EM, respectively [20]. Simple calculation shows
that Qth = 1.3 and Qexp = 0.5. As 0.4 < Qexp or
Qth < 1.5 for our LSMO film, it should exhibit the weak and
tilted perpendicular magnetic anisotropy (WTPMA), defined
in [21]. In other words, due to the balance of torques,
MSHK sin θo = MSHd cos θo, where HK ≡|2Kσ |/MS, the EA
in each MD should be tilted from the normal of the film by an
angle θo, where θo = tan−1(Hd/HK) = tan−1(1/Qth) = 37◦.
Moreover, figures 3.121–3.123 and 5.89 in [21] have shown
that in this kind of WTPMA film, the MD pattern can be
either the maze-like or the WTPMA-closure (i.e. the dense-
stripe) type. A good example is that for a thick permalloy film
(210 nm), they have observed the dense-stripe MDs and the
anomalous magnetic hysteresis curve, as figure 5.91 in [21],
which is similar to the M versus HN plot in figure 3(a). Notice
that there is a clear distinction between the conventional-stripe
and the dense-stripe MDs by our definitions. In the former
case, EA is IP and the size (or width) of MD (or stripe) is usually
quite large, about 10–100 µm, whereas in the latter case, EA
is OFP and the MD size is small, only about 0.1–1.0 µm.

Figure 4(a) shows an MFM image, taken in a zero field
and at RT of the LSMO films in a completely demagnetized
state. The scanning size was typically 5 µm × 5 µm. The
observed bright and dark contrast images represent the up and
down MDs, respectively, with the perpendicular anisotropy.
The MD width (d) is about 0.1 µm. This MFM image is
the classical maze-like MD pattern, which represents the MD

structure at state A (i.e. the demagnetized state at HP = 0 Oe)
in figure 3(b). Figure 5(a) shows the cross-sectional view of
the maze-like MDs in figure 4(a). As mentioned before,

−→
MS

or EA of the LSMO film (figure 5(a)) is tilted from the c-axis
by an angle θo = 37◦. From [16, 22], MD width (d) is written
as follows:

d =
√

σexptf

1.70(MS cos θo)2
, (3)

where σexp is the (experimental) domain wall (MDW) energy
per unit area, tf is the film thickness, and MS is the saturation
magnetization in each MD. By taking the following data,
d = 0.1 µm, tf = 120 nm and MS ≈ 370 emu cm−3 into
equation (3), we find that σexp ≈ 0.93 erg cm−2 for our LSMO
film. Moreover, we would like to compare σexp and σth. From
[21], the (theoretical) MDW energy (σth) of a 180◦ Bloch wall
is expressed as follows:

σth = 4
√

AKP, (4a)

A = [JexS
2]/a, (4b)

where A is the MDW stiffness, Jex = 2.4 × 10−15 erg is the
exchange integral [23], and S = 1.85 is the spin number [23]
of the LSMO film. Based on equations (4a) and (4b), a simple
calculation shows that σth = 1.13 erg cm−2.

Figure 4(b) shows the MFM image of the LSMO film
under an IP (or HA) field HP = 600 Oe. This image shows
the MD structure at state B in figure 3(b). Although at
state B, we seem to have saturated the LSMO film in the
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Figure 5. (a) The cross-sectional view of the maze-like magnetic
domains (MDs) of figure 4(a). θo is the tilting angle between EA
and the c-axis. (b) The cross-sectional view of the MDs in zone B of
figure 4(b): saturation magnetization,

−→
MS , in (MD)BA or (MD)BB, is

canted with an angle θ1 or θ2 by an in-plane field HP. (c) The
proposed closure (or dense-stripe) MD structure when HN = HT,
which is defined in figure 3(b). δ1 and δ2 are MD widths of (MD)V1

and (MD)V2, respectively. (d) The proposed closure (or dense-stripe)
MD structure when HN > HR, which is defined in figure 3(b).

hard direction (both for the major and minor loops), the MD
structure of figure 4(b) does not exhibit the single-domain
structure. Instead, in figure 4(b), we find two kinds of MDs:
one is defined as the saturated MD in zone A and the other as
the canted MD in zone B. The reason for this complicated MD
formation is unclear to us. As shown in figure 4(b),

−→
MS of the

MD in zone A lies in the film plane and points along the same
direction as

−→
HP. The width (wA) of the MD in zone A ranges

from 1.11 to 1.40 µm. The cross-sectional view of the MD in
zone B is schematically shown in figure 5(b), where due to the
KP and Zeeman effect of HP,

−→
MS in domain (MD)BA is rotated

from the c-axis by an angle θ1 and
−→
MS in domain (MD)BB by

an angle θ2. Theoretically, the total energy (EA) of (MD)BA

and that (EB) of (MD)BB are expresses as follows:

EA = KP sin2(θo − θ1) + MSHP sin(θ1), (5a)

EB = KP sin2(θ2 − θo) − MSHP sin(θ2). (5b)

Under the conditions, d(EA)/dθ1 = 0 and d(EB)/dθ2 = 0,
equations (5a) and (5b) can be solved graphically for θ1 and
θ2 with the known parameters θo and η = (MSHP)/(2KP).
Hence, when HP = 600 Oe, we could find θ1 = 29◦ and
θ2 = 49◦.

As θ1 �= 90◦ and θ2 �= 90◦, the (longitudinal)
magnetization in zone B is not pulled all the way along the field
direction. Furthermore, the width (wB) of the MD in zone B
ranges from 0.39 to 0.45 µm, and the length (L) of (MD)BA is
the same as that of (MD)BB, about 0.37 µm. Thus, based on
the MD structures of figures 4(b) and 5(b), the expected (or
predicted) M at the state B should be written as follows:

M(@ state B) = MS

[wA

w

]

+

(
1

2

)
MS

[wB

w

]
[sin θ2 − sin θ1], (6)

where w = wA + wB. By substituting into equation (6) with
the values of MS = 370 G, wA, wB, θ1 and θ2, we obtain
M(@ state B) = 299 G, which is close to the experimental
MS(IP) = 333 G, from figures 3(a) and (b), when HP is either
equal to 600 Oe or 6 KOe. Here, at least, we explained why
MS should be larger MS(IP) or M(@ state B).

Next, figure4(c) shows the MFM image of the LSMO
films, when HP = 300 Oe, which corresponds to state C in
figure 3(b). Figure 4(d) shows the MFM image of the LSMO
film, when HP is reduced to zero, which corresponds to the
remanent state (or state D) in figure 3(b). There are also
two kinds of MDs in figure 4(d): the MD in zone B and the
MD in zone C. Comparing figures 4(b), (d) and 5(b), we
could summarize the following four findings. First, wB’ of
the MD in zone B has grown wider, about 1.88 µm, as HP

is decreased from 600 to 0 Oe. Second, as to the MDs in
zone C of figure 4(d), they are just the dense-stripe MDs, with
tilted

−→
MS, like those shown in figure 4(a) or 5(a). A small

difference between the MD structures at the demagnetized
state in figure 4(a) and that in zone C at the remanent state in
figure 4(d) is that the former is in a maze-like pattern, whereas
the latter is in a dense-stripe pattern and the MD walls (MDWs)
in zone C are nearly parallel (‖) to the direction of HP, that is,
a partial reorientation effect of MDW only in zone C by HP.
However, it is also interesting to note that the MDWs in zone
B in figure 4(d) remain perpendicular (⊥) to the direction of
HP. Although [24] has made some calculations based on the
magnetostrictive mechanism, the relevant explanation for the
influences on different types (‖ and ⊥) of MDWs by HP, as
disclosed above, is far from complete. Third, L of (MD)BA or
(MD)BB in zone B remains the same, as HP decreases. Fourth,
θ1 in (MD)BA or θ2 in (MD)BB should be relaxed to a value

5
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close to, but not equal to, θo, as HP decreases to zero. This
also agrees with the fact that SQR at the remanent state (or state
D) is not zero. θo �= 0◦ at the remanent state also indicates that
due to the WTPMA, the IP magnetization can still exist in some
areas (or parts) in the LSMO film. Because of the hysteresis
effect, at HP = 0 Oe, there should be two magnetization states,
the demagnetized (A) and the remanent (D) states, which are
associated with different MD patterns, as shown in figures 4(a)
and (d), respectively.

Because we could not apply HN in our MFM system,
the following arguments are based on a theoretical model
from [21]. In figure 3(c), the M versus HN hysteresis loop
shows the two-step (or double) switching phenomena. As
we found 0.4 < Q < 1.5 for our LSMO film, according to
[21], the closure (or dense-stripe) MD structure is completely
feasible at HN �= 0 Oe. Thus, we believe that when 0 <

HN < HT
∼= 140 Oe, there is an MDW motion, which

causes the first Barkhausen jump in M; when HN = HT,
there is a transition of the MD pattern from figure 5(a), the
maze-like pattern, to figure 5(c), the closure pattern; when
HT < HN < HR

∼= 240 Oe, there is an MDW motion again,
causing the second jump; and finally, when HN > HR, there
are slow (or gradual) rotations of magnetization. In figure 5(c),
where HN = HT, we have the following features. First, the

−→
MS

in the columnar MDs, (MD)V1 and (MD)V2, is perpendicular,
and the

−→
MS in the triangular (MD)Ps is IP. Second, the width

(δ1) of (MD)V1 is slightly larger than that (δ2) of (MD)V2, when
HN = HT. In figure 5(d), where HN > HR, we have δ1 	 δ2,
and in the triangular (MD)Ps, each

−→
MS starts to rotate toward

the perpendicular direction. Because the local demagnetizing
field near the surface and/or the interface regions is extremely
large, it is rather difficult to turn

−→
MS in the triangular (MD)P

from IP to OFP, that is, φ can only increase very slowly with
increasing HN. This explains why in the range HN > HR in
figure 3(a), the magnetization (M) increases gradually, and
even when HN = 6 KOe, the film is still not saturated.

4. Summary

We have made tf = 120 nm LSMO single-crystal films on
SLAO substrates at TS = 750 ◦C by the pulsed laser deposition
method. The LSMO film is metallic and ferromagnetic below
350 K. OFP and IP magnetic hysteresis loops and the MFM
measurements were performed on the LSMO/SLAO(0 0 1)
films, respectively. We found that (I) the magnetic moment of
the LSMO/SLAO film at T = 2 K is 3.2µB/Mn; (II) from the
theoretical calculation, the LSMO film exhibits the weak and
tilted perpendicular anisotropy with EA inclined at an angle
θo = 37◦ relative to the normal of the film plane; (III) HC

is about 46.2 Oe; (IV) the MD structure of the demagnetized
LSMO film is in a maze-like pattern; (V) the MDW energy σexp

of the LSMO film is 0.93 erg cm−2; (VI) although from the IP

hysteresis loop, HP = 600 Oe seems large enough to saturate
the film, the corresponding MD structure is not in a single-
domain state; (VII) the MD patterns of the LSMO film between
the demagnetized and the remanent states are different; and
(VIII) a decreasing HP tends to reorient the MDWs parallel to
HP only in zone C, but MDWs in zone B remain perpendicular
to HP.
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