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ABSTRACT  

The ability to control and manipulate magnetic anisotropy in the colossal magnetoresistive (CMR) oxide (La,Sr)MnO3 
(LSMO) is critical for its implementation in magnetic memory applications. In this work, we employ the planar Hall 
effect (PHE) as a powerful tool to probe the magnetic anisotropy in LSMO thin films and nanostructures, where the 
magnetization is too small to be detected by conventional magnetometry techniques. By analyzing the angular- and 
magnetic field-dependences of the PHE, we deduced an in-plane biaxial magnetocrystalline anisotropy (MCA) energy of 
~1.2x105 erg/cm2 in LSMO thin films fully strained on (001) SrTiO3 substrates. Creating nanoscale periodic depth 
modulation in LSMO establishes a uniaxial anisotropy with substantially enhanced MCA energy density, which is 
attributed to a high strain gradient sustained in the nanostructure. The energy competition between the biaxial and 
uniaxial MCA leads to multi-level resistance switching behavior in properly engineered LSMO nanostructures, which 
can be utilized to design the switching dynamics in magnetic memory devices. Our work points to the critical role of 
epitaxial strain in determining the MCA in CMR oxides, and provides an effective material strategy for engineering the 
magnetic properties of LSMO for novel spintronic applications with high thermal stability and high density data storage. 
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1. INTRODUCTION 

The colossal magnetoresistive (CMR) oxide (La,Sr)MnO3 (LSMO) possesses large magnetoresistance and high spin 
polarization, making it a promising material candidate for developing magnetic field sensors and nonvolatile memory 
applications.1-5 When implemented in magnetic data storage devices such as magnetic tunnel junctions, a critical 
parameter that determines the thermal stability and switching dynamics of the device is the magnetic anisotropy. As the 
magnetocrystalline anisotropy (MCA) of bulk LSMO (~1.8×104 erg/cm3)6 is about one to two orders of magnitude lower 
than those for technology-relevant materials such as Fe (4.8×105 erg/cm3) and Co (5×106 erg/cm3),7 it is of high research 
interest to develop effective material strategies to engineering the MCA in LSMO for magnetic memory applications. 

In this work, we have investigated the effect of epitaxial strain on the MCA in LSMO thin films, and developed a 
nanostructure approach to tailor the type and magnitude of the anisotropy energy in this material. Due to the small 
volume of the material system of interest, it is challenging to characterize the magnetization via conventional 
magnetometry technique such as SQUID. Instead, magnetotransport techniques such as the anisotropic 
magnetoresistance (AMR) and planar Hall effect (PHE) are known to depend sensitively on the magnetic energy 
landscape in magnetic conductors,3,5,8-16 and can be utilized to quantitatively assesse the magnetic anisotropy in the 
system.16 Based on the PHE study, we deduced an in-plane biaxial anisotropy in LSMO thin films fully strained on 
SrTiO3 (STO) substrates with the energy density of ~1.2x105 erg/cm2, consistent with the values reported in 
literature.6,16-19 We further demonstrated a uniaxial MCA with about 50-fold enhanced energy density in LSMO 
nanostructures with one-dimensional depth modulation, which is attributed to a strong strain gradient established in the 
nanostructures. By engineering the energy competition between the biaxial and uniaxial anisotropy, we also achieved 
multi-level resistance switching behavior. Our study reveals the critical role of epitaxial strain in determining the MCA 
in LSMO, which can be exploited to control and manipulate the magnetization switching dynamics in LSMO, paving the 
path for its implementation in novel spintronic devices such as magnetic tunnel junctions. 
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2. MATERIAL PREPARATION AND CHARACTERIZATION 

We deposited epitaxial La0.67Sr0.33MnO3  thin films on (001) STO substrates using the off-axis radio frequency 
magnetron sputtering technique. The samples were deposited at 650 °C in Ar and O2 process gas (120 mTorr total 
pressure, ratio of 2:1), and then cooled down in 1 atmosphere of O2 to minimize the formation of oxygen vacancy. Bulk 
LSMO of this composition has a pseudo-cubic lattice constant of 3.87 Å,20 subjected to a 0.9% tensile strain when 
deposited on STO. X-ray diffraction (XRD) scan shows (001) growth with c-axis lattice constant of 3.845 Å [Fig. 1(a)]. 
Atomic force microscopy (AFM) measurements reveal atomically smooth film surface with root-mean-square roughness 
of 1-2 Å. This is in line with the observation of Laue oscillations around the XRD Bragg peaks. By fitting to the 
oscillations, we have determined the film thickness. Figure 1(b) shows the temperature dependence of magnetization for 
a 5 nm LSMO film measured by SQUID. The magnetization corresponds to 3.06 B/Mn at 100 K. At low temperature, 
magnetization increases to 3.2 B/Mn. At the composition of x = 0.33, the optimal magnetization of LSMO is 3.67 
B/Mn. The lower value may be due to the existence of a magnetic dead layer.  

 

Figure 1. (a) X-ray -2 scan of a 10 nm LSMO sample grown on STO substrate. The red dashed line is a fit to the Laue 
oscillations. Inset: AFM topography image of a 6 nm LSMO film. (b) M(T) curve taken on a 5 nm LSMO with H = 5000 Oe 
 [110] direction of STO. 

For the nanostructured samples, we fabricated the LSMO film into periodic depth modulation using electron beam 
lithography followed by fluorine-based reactive ion etching (RIE). As shown in Fig. 2(a), the top layered of LSMO was 
etched into periodic nano-stripes with a 1:1 width-separation ratio. The fabrication detail can be found in Ref. [16]. After 
etching the sample surface retains the smooth surface morphology with 2-3 Å roughness. For magnetotransport 
measurements, the samples were patterned into Hall bar devices, with the current along the [100] direction [Fig. 2(b)]. 

 

Figure 2. (a) Schematic cross-sectional view of the LSMO nanostructure. W = 100-250 nm. (d) Schematic view of the 
measurement geometry. (c) Rsheet(T) for an unpatterned 7 nm LSMO film at 0 T and 8 T. (d) Rsheet(T) for a 6 nm LSMO 
sample with the top layer patterned into 200nm width, 2 nm depth nano-stripes. 



 
 

 

 

 

Figure 2(c) shows the sheet resistance Rsheet(T) of an unpatterned LSMO film. The sample shows the characteristic 
temperature dependence of LSMO, transitioning from high temperature semiconducting behavior (𝑑𝑅/𝑑𝑇 ൏ 0) to low 
temperature metallic conduction (𝑑𝑅/𝑑𝑇 ൐ 0) as the sample going through the paramagnetic to ferromagnetic phase 
transition.20 The resistance peak temperature Tp is around 325 K, close to the magnetic Curie temperature. At a magnetic 
field of 8 T, resistance decreases and Tp shifts to be above 350 K. We then measured Rsheet(T) of a nanostructured LSMO 
[Fig. 2(d)], which exhibits very similar temperature dependence as the unpatterned film, proving that the RIE process 
does not cause noticeable damage to the sample quality. 

3. PLANAR HALL EFFECT IN LSMO THIN FILMS 

Next, we performed the PHE measurements to probe the magnetic energy landscape in LSMO thin films and 
nanostructures. For magnetic conductors, the resistivity measured as the current is parallel to the magnetization (𝜌∥) is 
often different from that obtained as the current is perpendicular to the magnetization (𝜌ୄ). This effect can result in a 
transverse voltage in an in-plane magnetization, known as the planar Hall effect (PHE). The PHE resistivity exhibits a 
sinusoidal dependence on the angle 𝜑 between the in-plane magnetization and the current direction, as given by:8 

𝜌୔ୌ୉ ൌ  ሺ𝜌‖  െ 𝜌ୄሻ 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑.      (1) 

Since the PHE signal in LSMO is orders of magnitude larger than that in ferromagnetic metals and not as sensitive to the 
CMR background as the anisotropic magnetoresistance, it is an ideal tool for high precision measurement of the 
magnetization orientation.8,9 

 

Figure 3. (a) RPHE vs. 𝜃 taken on a 6 nm LSMO at H = 100 Oe, 600 Oe and 1000 Oe. The red dashed line is a fit to Eq. (1). 
(b) 𝜑ሺ𝜃ሻ at different fields, and (c) the corresponding RSS plot taken on a 6 nm LSMO film. Data in (b)-(c) are from Ref. 
[16].  

Figure 2(b) shows the experimental setup for the PHE measurement. In the experiment, we measure the Hall signal 
while varying the angle 𝜃 between the current and magnetic field. All PHE measurements were carried out at 100 K to 
achieve optimal signal. Figure 3(a) shows the PHE resistance 𝑅୔ୌ୉ taken on a 6 nm LSMO thin film at different 
magnetic fields. We first set the sample in a single domain state by applying an in-plane magnetic field of 6 – 10 k Oe, 
and then measured 𝑅୔ୌ୉ at constant fields while varying 𝜃. At high magnetic fields (1 kOe), magnetization follows the 
direction of H, so that 𝜑 can be approximated by 𝜃. The sample exhibit sinusoidal 𝑅୔ୌ୉ሺ𝜃ሻ that can be well described by 
Eq. (1). At a lower magnetic field of 600 Oe, magnetic anisotropy energy becomes comparable to the Zeeman energy, it 
is clear that 𝑅୔ୌ୉ሺ𝜃ሻ exhibits a distorted sinusoidal dependence, signaling that 𝜑 starts to deviate from 𝜃 (i.e. M does not 
fully follow H direction). As the field is further reduced to 100 Oe, 𝑅୔ୌ୉ is clearly pinned to the two peak values, and 



 
 

 

 

 

switches abruptly between the two plateaus states at 𝜃 ൌ േ𝑛𝜋/2. This phenomenon, also known as the giant planar Hall 
effect,8,9 is a direct manifestation of the strong magnetization pinning to one of the in-plane biaxial easy axes along 
<110>, consistent with what is expected for LSMO strained on (001) STO.17,21,22 The sharp resistance switching is thus 
resulting from the magnetization switching between the two easy axes. 

Assuming the sample is in a single domain state,23 the evolving magnetization switching behavior can be understood 
within the coherent rotation model. The total free-energy density in the sample can be described by the Stoner-Wohlfarth 
model:7 
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Here, Ku and K1 are the uniaxial and biaxial magnetic anisotropy constants, respectively. For LSMO thin films strained 
on STO, the first term is negligibly small.17 The last term describes the Zeeman energy within the magnetic field, which 
favors aligning M with H. The uniaxial and biaxial anisotropy fields Hu and H1 are defined as 𝐻௨,ଵ ൌ 2𝐾௨,ଵ 𝑀⁄ , which 
can be well approximated by the critical field for the system to evolve from the low field 𝜑 ് 𝜃 regime to the high field 
𝜑 ൎ 𝜃 regime.7,8 

We identified the anisotropy field by quantitatively analyzing the relation between 𝜑 and 𝜃. The angle 𝜑 can be 

extracted from Eq. (1) as 𝜑 ൌ
ଵ

ଶ
sinିଵሺ𝑅୔ୌ୉ 𝑅୔ୌ୉,୫ୟ୶⁄ ). Figure 3(b) shows the 𝜑ሺ𝜃ሻ data taken on a 6 nm LSMO film. 

Within the 𝜃 ൌ ሾെ45°, 45°ሿ quadrant, 𝜑 exhibits strong pinning to ±45° at 100 Oe and a quasi-linear dependence at 1 
kOe. We then evaluated the nonlinearity of 𝜑ሺ𝜃ሻ by calculating the residual sum of squares (RSS) of its linear fit: 
𝑅𝑆𝑆 ൌ ∑ ሾ𝜑ሺ𝜃௜ሻ െ 𝜃௜ሿଶ

௜ . As shown in Fig. 3(c), RSS decreases rapidly with increasing H and approaches a saturated 
value at ~500 Oe, which is identified as H1. Using H1 = 2K1/M and taking the magnetization value of 3.06 μB/Mn at 100 
K [Fig. 1(b)], we deduced the biaxial anisotropy energy density to be ~1.2×105 erg/cm3, comparable to previously 
reported values for LSMO on STO. 6,16-19 

4. PLANAR HALL EFFECT IN LSMO NANOSTRUCTURES 

We next fabricated depth modulated LSMO nanostructures with the nano-stripes along [010] direction, perpendicular to 
current [Fig. 2(a)], and carried out the PHE study. Figure 4(a) shows 𝑅୔ୌ୉ሺ𝜃ሻ at 600 Oe taken on a 6 nm sample, where 
the top 2 nm was patterned into 200 nm width nano-stripes. Despite the similarity of the longitudinal resistance between 
the nanostructured and unpatterned LSMO [Fig. 2(c)-(d)], the PHE shows drastically different field dependence. At 600 
Oe, which is already above the biaxial anisotropy field of the unpatterned sample, the patterned sample shows distinct  
𝑅୔ୌ୉ in the first and second quadrant, which are centered around ሾ11ത0ሿ and ሾ110ሿ, respectively. In the first quadrant, 
𝑅୔ୌ୉ shows sinusoidal 𝜃-dependence similar to those on unpatterned LSMO. In sharp contrast, in the second quadrant, 
𝑅୔ୌ୉ remains to be pinned, signaling a much stronger anisotropy energy. The newly developed magnetic anisotropy is 
uniaxial along ሾ110ሿ, as clearly manifested in the 𝜑ሺ𝜃ሻ data [Fig. 4(b)]. By analyzing the linearity of 𝜑ሺ𝜃ሻ at different 
magnetic fields [Fig. 4(c)], we identified a uniaxial anisotropy field Hu of ~5000 Oe, which is about 10-fold enhanced 
compared to the biaxial anisotropy field of unpatterned LSMO. Considering the nano-patterned region only constitute 
20% of the sample volume, we concluded that the corresponding anisotropy energy density is about 50 times of that in 
LSMO thin films.  

 

Figure 4. (a) RPHE vs. 𝜃 at 100K, H = 600 Oe taken on a 6 nm LSMO with the top layer patterned into 200 nm width, 2 nm 
depth nano-stripes. (b) 𝜑ሺ𝜃ሻ at different fields, and (c) the corresponding RSS plot taken on a 6 nm LSMO with the top 



 
 

 

 

 

layer patterned into 200 nm width, 2 nm depth nano-stripes. Data in (b)-(c) are from Ref. [16]. (d) RPHE vs. 𝜃 at 100K, H = 
500 Oe taken on a 6 nm LSMO that is half patterned into 250 nm width, 1.2 nm depth nano-stripes. The red dashed lines are 
fits to Eq. (1). The blue solid lines serve as the guide to the eye. 

Transmission electron microscopy studies of LSMO nanostructures shows that such modulation of the magnetic energy 
landscape can be well correlated with the a high strain gradient established within the nano-stripes, with c/a ratio 
progressively suppressed in the top-atomic layers by up to 10%.16 Modeling this unusual strain state using first principles 
density functional theory calculations has yielded a uniaxial MCA in orthorhombic LSMO strained on STO, successfully 
capturing both the orientation and magnitude of the emerging MCA.16     

The strain-modulated epitaxial nanostructure thus provides a versatile playground to control and manipulate the 
magnetic energy in LSMO, which can be utilized to tailor the functionalities of the material. As an example, in Fig. 4(d), 
we worked with a LSMO device where half of the current channel between the two Hall probes is patterned into 
periodic, 250 nm width, 1.2 nm depth nano-stripes, while the other half remains unpatterned. Following the sinusoidal 𝜃-
dependence of 𝑅୔ୌ୉ in the first quadrant and the strong pinning of 𝑅୔ୌ୉ at the beginning of the second quadrant, we 
observed an additional sharp switching in the PHE resistance to a new pinning state around 𝑅୔ୌ୉ ൌ 0 Ω. This behavior 
can be attributed to the strong energy competition between the biaxial MCA in the unpatterned area and the uniaxial 
MCA in the patterned area, which results in domain formation in the sample, yielding a net result of zero PHE. 

5. CONCLUSIONS 

In this work, we demonstrated that the planar Hall effect can be utilized as a powerful tool to quantitatively probe the 
magnetic anisotropy in epitaxial LSMO thin films and nanostructures, where the volume of the sample is too small to be 
characterized using conventional magnetometry techniques. We further showed that nanostructure engineering of the 
local strain state in LSMO can lead to substantially enhanced MCA and multi-state resistance switching. Our work thus 
provides important insight into the critical role of strain in determining the magnetic anisotropy in strongly correlated 
oxides, and points to a new route to the functional design of CMR oxides for novel spintronic applications.  
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