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La0.67Sr0.33 MnO3 thin films
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University of Groningen, Zernike Institute for Advanced Materials, 9747 AG Groningen, The Netherlands
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A B S T R A C T

We studied the temperature and strain dependence of the perpendicular magnetic anisotropy in La0.67Sr0.33MnO3
thin films by performing temperature- and angle-dependent magnetotransport measurements. Three films of
similar thickness (14 u.c., 14 u.c. and 15 u.c.) but with different out-of-plane crystallographic strain (1.9%,
0.9% and -0.7%) are studied. The films are grown on LaAlO3 and SrTiO3 substrates by pulsed laser deposition.
We observe a clear increase in the out-of-plane magnetic anisotropy with increasing out-of-plane strain in the
angle-dependent magnetotransport measurements which is present up to 80 K for the highest (1.9%) strained
sample. The deformation of the unit cell, as discussed in earlier reports, point to the magnetocrystalline
anisotropy as the main driver altering the magnetic easy axis direction. Our results highlight the utility of
the effective magnetocrystalline anisotropy as a tool to control the desired anisotropy in crystalline thin films
of La0.67Sr0.33MnO3.
1. Introduction

Scientific interest in manganites stem from the discovery of key
phenomena such as colossal magnetoresistance (CMR) [1–6], half-
metallicity [7], anisotropic magnetoresistance (AMR) [2,3,8–14], mag-
netocrystalline anisotropy (MCA) [13,15–17] and negative magnetore-
sistance effect [3]. Furthermore, the introduction of pulsed laser de-
position technique allowed for the systematic and reliable growth of
complex oxide thin films, such that the influence of material properties,
like strain [18–20], doping/stoichiometry [21–23], or step-edges [24]
can be systematically investigated.

La0.67Sr0.33MnO3 (LSMO) is a widely studied member in the man-
ganite family. In bulk, LSMO has a ferromagnetic metallic (FMM)
ground state below the Curie temperature (T𝐶 ) and has a paramagnetic
insulating (PMI) state above T𝐶 . The physical coupling between the
electrical transport and magnetic properties in LSMO causes CMR and
AMR to peak close to T𝐶 , which is explained invoking the double-
exchange mechanism, as proposed by Zener [25]. Double exchange is
based on electron hopping from the Mn3+e𝑔 orbital via the oxygen 2p
orbital to the Mn4+e𝑔 orbital. However, a caveat is the angle depen-
dence of the hopping probability between the two spin states that favors
the spin alignment of neighboring Mn atoms for the double exchange
process. Due to a strong interaction between spin orientation, charge
hopping and orbital overlap, manipulation of the magnetic anisotropy
in LSMO is possible by applying strain during thin film growth.

∗ Corresponding author.
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In particular, thin films of La0.67Sr0.33MnO3 on SrTiO3 (STO) have
been studied extensively, because of their high T𝐶 of 360 K and
relatively easy stoichiometric growth characteristics. But LSMO grown
on STO yields an in-plane anisotropy whereas, creating a controllable
out-of-plane magnetic anisotropy is desirable for various applications,
especially for stabilizing magnetic skyrmions [26], creating innovative
magnetic memories like a (skyrmion) racetrack memory [27–29], and
SOT-MRAM devices [30–32].

A proven method of applying epitaxial strain is by growing thin
films on a suitable substrate with the desired in-plane (ip) lattice
constant. The ip compressive (tensile) strain results in a deformation
of the LSMO unit cell (u.c.) leading to an increased (decreased) c/a
ratio, causing a tetragonal (orthorhombic) deformation of the unit cell
due to the Poisson effect. Consequently, due to the strong coupling be-
tween conduction and magnetism, magnetic properties are also altered,
causing effects like a change in Curie temperature [33,34], a change in
coercive field or a rotation of the magnetic easy axis [16,35,36].

Previous studies on compressively strained manganites used various
experimental techniques to examine the anisotropy of manganites,
ranging from magnetic force microscopy [19,37], ferromagnetic res-
onance [38–41], magneto-optical Kerr effect [42] or torque measure-
ments [16]. But for practical applications, demonstration of electric
current control of magnetic anisotropy is desired.
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Therefore, we study temperature-dependent magnetic anisotropy by
performing temperature- and angle-dependent magnetoresistance mea-
surements. The angle dependence gives an indication of the anisotropy
direction, while the temperature-dependence serves as a rough estimate
of the magnitude of 𝛥E𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 between the ip and out-of-plane (oop)
direction.

Our results qualitatively reinforce the general understanding of
the behavior of doped manganites enabled by systematically studying
the temperature dependence of the anisotropy via magnetotransport
measurements. At low temperatures, an oop anisotropy is observed,
whereas at high temperatures, the ip anisotropy dominates. We also ob-
serve a change in oop anisotropy by varying the oop strain in the grown
films. We hypothesize that the deformation of the unit cell caused by
the epitaxial ip strain alters the magnetocrystalline anisotropy, which
is known to favor the magnetization direction along the 𝑐-axis of the
pseudo-cubic unit cell for LSMO and La0.67Ca0.33MnO on STO and LAO
substrates [16,37,43–45].

2. Experimental setup

To characterize the magnetic anisotropy in LSMO thin films, three
films with different oop strain are grown with pulsed laser deposition
(PLD). The LAO substrates used are as-received, while the STO substrate
is treated following a well established protocol [46,47] using a buffered
hydrofluoric acid solution and annealing at 960 ◦C in a pure oxygen
environment to ensure single termination and smooth step edges. All
films are deposited using similar growth conditions during PLD. During
PLD, the heater temperature is set to 750 ◦C and the steady oxygen
flow (10 ccpm) results in a background pressure between 0.3 and 0.35
mBar. The fluence of the KrF laser (248 nm) was set to 2 J/cm2 with a
repetition rate of 1 Hz. In situ reflective high energy electron diffraction
(RHEED) is used to track the growth of the samples. After reaching
the desired thickness, the samples are annealed in 70 mBar oxygen
while cooling down (10 ◦C/min). The RHEED oscillations indicate an
epitaxial layer-by-layer growth which is confirmed by X-ray diffraction.
From the XRD measurements (Fig. S1) an oop strain between −0.7%–
1.9% for the discussed samples is extracted. More details can be found
in the supplementary information (Fig. S1 and Fig. S2)

Before the magnetotransport experiments are conducted, the LSMO
thin film is chemically etched into Hall bars using aqua regia and
electrically connected as shown in Fig. 1. Angle-dependent magnetore-
sistance measurements (AdMR) are performed by rotating the magnetic
field around the sample. During the rotation in the yz-plane, the
longitudinal resistivity is measured in the 4-probe configuration, see
Fig. 1. The magnetic field pointing in the oop direction [001] is defined
as 0 degree and the rotation of the applied magnetic field is counter
clockwise. The applied magnetic field, 0.7 T, is at least one order of
magnitude greater than the coercive field of the deposited LSMO thin
films. Hence, the net magnetization can be assumed to be parallel to
the applied field direction (�⃗� ∥ �⃗�).

For the transport studies, the samples are cooled to liquid helium
temperatures without applying a magnetic field. During warming, from
4 to 380 K, the AdMR measurements are performed. The obtained
angle-dependent resistivity is fitted with

𝜌𝑙𝑜𝑛𝑔 = 𝜌0 + 𝜌2𝑓 cos (2𝜃 − 𝛿2𝑓 ) + 𝜌4𝑓 cos (4𝜃 − 𝛿4𝑓 )

+ 𝜌𝑑𝑟𝑖𝑓 𝑡 exp [−(360 + 𝜃)∕𝜏0], (1)

where 𝜌0 is the baseline resistivity, 𝜌2𝑓 , and 𝜌4𝑓 are the two- and four-
fold resistivities. The 𝛿2𝑓 and 𝛿4𝑓 are terms which indicate the position
of the peak resistivity for the two- and fourfold, respectively. The last
term (𝜌𝑑𝑟𝑖𝑓 𝑡 exp [−(360 + 𝜃)∕𝜏0]) is used to compensate for thermal drift
in the resistivity during measurements. Eq. (1) is based on the AMR
energy terms [3,48]:

𝐸 = 𝐴 + 𝐴 cos2 (𝜃) + 𝐴 cos4 (𝜃), (2)
2

0 1 2
Fig. 1. Schematic drawing of the Hall bar with a 4-wire setup to measure the
longitudinal resistivity. The crystallographic axes as shown correspond to LSMO, STO
and LAO. The AFM image superimposed on the substrate is from the STO substrate
with the LSMO film of 15 u.c. deposited on top.

where A0, A1 and A2 are constants and 𝜃 is the angle between the
current and applied magnetic field.

The fourfold term in Eqs. (1) and (2) is added to fit secondary
phases present in the system. If a system has two distinct easy-axes,
the superposition of the two results in a fourfold contribution in the
AdMR.

As the base resistivity (𝜌0) varies per sample, the amplitude for the
twofold (𝜌2𝑓 ) and fourfold (𝜌4𝑓 ) terms can be compared by expressing
the change in AdMR percentage as

𝐴𝑑𝑀𝑅% def=
𝜌|𝑚𝑎𝑥 − 𝜌|𝑚𝑖𝑛

𝜌|𝑚𝑖𝑛
∗ 100% ≈

2𝜌2𝑓 [2𝜌4𝑓 ]
𝜌0

∗ 100%, (3)

where the first expression is the anisotropic magnetoresistance, which
for conventional bulk LSMO systems results in 𝜌|𝑚𝑎𝑥∕𝑚𝑖𝑛 at 90◦∕0◦,
respectively. The left hand side of Eq. (3) can be rewritten into variables
used in Eq. (1) and results in the right hand part of the equation for the
twofold [fourfold] AdMR%.

3. Results

Fig. 2 shows two resistivity plots for all three samples and shows
the resistivity for the low (high) temperature in the left (right) axis. At
low temperature for the highly strained sample, see Fig. 2(a) (black
squares), the lowest resistivity can be found at 0◦ and -180◦. The
negative magnetoresistance of the LSMO causes the lowest resistivity to
correspond to the location of the magnetic easy-axis. Upon increasing
the temperature to 180 K the cos(2𝜃) signal changes sign, peaking at
0◦ and 180◦, indicating that the magnetic easy-axis orients along the
ip direction at 180 K.

For the sample which is 0.9% compressively strained, shown in
Fig. 2(b), four peaks are visible at 4 K. The big peaks can be fitted
with cos(2𝜃) of Eq. (1) and the smaller peaks, which peak at 90◦ and
-90◦, are fitted with the secondary phase cos(4𝜃) part of Eq. (1). Upon
increasing the temperature to 195 K, the signal is transformed into a
pure cos(2𝜃) signal, see Fig. 2(b) (green circles). The two components
can be explained as a superposition of two magnetic easy-axes, resulting
in a fourfold contribution in the AdMR signal [49]. The position and
relative magnitude of the magnetic easy-axes are extracted from the
angular resistance change using both four-fold and two-fold contri-
butions. For the lowest strained sample (Fig. 2(c)), with −0.7% oop
strain, the resistivity always peaks at 0◦ and -180◦ for all temperatures,
corresponding to an ip magnetic anisotropy.

In the supplementary information, resistivity plots at different tem-
peratures are shown in Figs. S3, S4, and S5. The data is fitted with
Eq. (1) and the extracted parameters are plotted in Fig. 3. Fig. 3(a) por-
trays the fitted two-fold signal. Fig. 3(b) shows 𝜌0 versus T, measured
under the application of a magnetic field.
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Fig. 2. Angle-dependent magnetoresistance results for the three samples with 1.9%,
0.9%, and −0.7% oop strain. The left axis (black squares) shows the resistivity measured
at low temperatures (5, 4 and 10 K). The right axis (green dots) shows the resistivity
measured at high temperatures (180 K, 195 K, and 200 K).

Table 1
Summary of investigated thin films characteristics.

OOP strain 1.9% 0.9% −0.7%
Thickness 5.5 nm 5.5 nm 5.7 nm
Thickness 14 u.c. 14 u.c. 15 u.c.
AMR peak temperature 130 K 180 K 265 K
OOP anisotropy temperature 80 K 50 K 0 K
T𝑀𝐼𝑇 150 K 180 K 290 K
OOP AdMR% at 25 K 3.6% 0.3% 0%

The metal-to-insulator transition point (𝑇𝑚𝑖𝑡 = 𝛿𝜌∕𝛿𝑇 |𝑚𝑎𝑥) decreases
with increasing strain, indicating a lowering of the Curie temperature
with increasing strain.

Based on our earlier work and that of others [12,14,50], we estimate
the Curie temperatures of the samples to correspond closely to the peak
in AdMR%. This results in Curie temperatures of 265 K, 180 K, and
130 K for the −0.7%, 0.9% and 1.9% strain samples, respectively. The
highest strained sample (1.9%) shows a negative AdMR at low tem-
peratures. When fitting the signal below 80 K the constraints imposed
by the fitting terms considered in Eqs. (1) and (2) are evident, with
the best fitting obtained with -A cos (2𝜃). These indicate that at low
temperatures the anisotropy transitions to an oop direction for this film.

In Table 1 all important features of the three films are summarized,
showing the clear dependence with strain.

What we thus see is that the primary 𝜌2𝑓 contribution, ascribed to
either oop or ip anisotropy depends on strain and/or temperature. We
discuss this next for the film with the highest strain and where this
response is most prominent. This is shown in Fig. 4. This figure depicts
the influence of the varying magnetic fields (10 mT to 500 mT) on
the AdMR for the 1.9% strained film at 10 K. The measurements were
performed in the xz-plane with 0 degree being the oop direction.

4. Discussion

As mentioned in the introduction, surface sensitive techniques have
3

already shown magnetic mazelike patterns (with MFM [19]), indicating
Fig. 3. Extracted parameters from fitting the AdMR curves. (a) Two-fold angle
dependent magnetoresistance of all three samples expressed in AdMR% varying with
temperature. (b) Extracted 𝜌0 resistivity of the samples (solid symbols) on the left side
and the derivative of the resistivity (𝛿𝜌0∕𝛿𝑇 ) on the right axis (open symbols).

Fig. 4. Field dependence at 10 K of the AdMR of the high strain (1.9%) sample. The
measurements are performed in the xz-plane, with 0 degrees being the oop direction.

a partial oop anisotropy in thin LSMO films. The difference between
earlier reports and the significance of our work lies in the revelation
of a full perpendicular magnetic anisotropy as demonstrated in the
magnetotransport studies in our samples. We explain this manifestation
to have its origin in the magnitude of the applied magnetic field. For
our studies, a magnetic field several times larger than the coercive field
is used. Performing the AdMR measurements with a smaller magnetic
field as used in MFM studies, yields a lower signal (see Fig. 4 and
S6). Secondly, as shown in Fig. 4, a smaller magnetic field (below the
coercive field) shows an ip magnetization, with resistivity dips at 90◦
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and -90◦. Further we note that we observe a change in peak resistivity
ith increasing magnetic field due to the measurement preparation, in
hich we cool from room temperature down to 10 K. While cooling
own, the spins prefer to align ip. Decreasing the temperature further
ill result in a change of the magnetocrystalline anisotropy, reorienting

he magnetically easier axis in the oop direction. However, the orien-
ation of the spins are not necessarily altered, possibly due to a lack of
hermal excitation. Performing AdMR measurements at magnetic fields
elow the coercive field values will not result in significant changes of
he spin orientation resulting in an in-plane anisotropy. This is evident
n the gradual increase and decrease of the oop and ip peaks with
ncreasing applied magnetic field. As the highest applied field is below
he saturation magnetization field (see Fig. S7 for M-H), we correlate
he sign change to an increasing number of magnetic domains following
he applied magnetic field upon increasing the applied magnetic field.

We attribute the change in magnetic easy axis to the change in
agnetocrystalline anisotropy (MCA). By varying the oop strain we

ary the size of the unit cell and observe a change in the oop anisotropy
n the system, similar to the earlier observations reported in liter-
ture [49]. Elongating LSMO’s unit cell along the c axis results in
tetragonal unit cell, with the principal axis along the elongated

irection. The tetragonal LSMO unit cell is known to have the easy axis
long the elongated direction [16,51,52]. The AdMR scaling w.r.t. ip
omponent shows that the temperature at which the maximum AdMR
s reached decreases with increasing oop strain. This is inline with the
CA theory, suggesting that the in-plane anisotropy decreases upon

ompressively straining the thin films.

. Conclusion

To conclude, we report on the observation of perpendicular mag-
etic anisotropy in compressively strained thin films of LSMO by mea-
uring angle dependent magnetoresistance. The observed anisotropy
s measured for three films with different strain and at various tem-
eratures. The temperature dependence of the 1.9% oop strained thin
ilm shows a change of the magnetic easy axis from the oop to the ip
irection at 80 K.

Based on the obtained data for the OOP anisotropy energy vs strain,
e show a qualitative reinforcement of the general understanding
etween the elongation of a unit cell and the alteration of the magnetic
asy axis towards the elongated direction. Our results also heralds
ossibilities for asymmetrically straining the unit cell, suggesting the
reation of multiple easy axes in different directions, in thin films of
SMO. This is particularly relevant for creating multi-state memory bits
or unconventional computing applications.
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