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Chapter 4

Fabrication, characterization and electronic
properties of LSMO thin films

In this chapter we present the growth of thin films of La0.67Sr0.33MnO3 (LSMO) on single
crystalline substrates and their structural, electrical and magnetic characterization. Epitax-
ial films of LSMO are grown using pulsed laser deposition (PLD) and monitored during
growth using in situ reflection high energy electron diffraction (RHEED). The deposited
films are then characterized using atomic force microscopy, X-ray diffraction and a high
resolution transmission electron microscopy (TEM). Magnetic properties of these films are
also presented in the first part. In the second part of this chapter, the thickness dependent
electronic transport properties of LSMO films on SrTiO3 are presented. The resistivity data
shows a metal-insulator transition (MIT) where the MIT temperature depends on the thick-
ness of the film. Temperature dependence of resistivity indicates the presence of electron-
magnon scattering in LSMO in addition to the electron-electron scattering. Magnetore-
sistivity data of LSMO films at temperatures of 10 K to 320 K is presented and analyzed.
Further, the ordinary and anomalous Hall effect data is presented along with the carrier
concentration obtained for the LSMO films. In the last part, initial results of Doppler anni-
hilation broadening spectrometry in LSMO films are presented.

4.1 Introduction

As discussed in Chapter 1, manganites have attracted tremendous research inter-
est since the discovery of colossal magnetoresistance (CMR) [1]. A large number
of studies on their structural and magnetic properties have been performed till
now. However, few concepts such as half-metallicity in these manganites, espe-
cially La0.67Sr0.33MnO3 (LSMO) have attracted greater interest for electronic trans-
port and potential for future spintronic devices. An ideal half-metal ferromagnet
(HMF) has a non-zero density of states (DOS) at the Fermi level EF , for one type of
spin states (i.e either spin-up or spin-down) and a band gap for other type. Thus,
while one spin channel exhibits metallic behavior, the other exhibits semiconducting
behavior. The spin polarization (P) of such materials is generally quantified as:



58 4. Fabrication, characterization and electronic properties of LSMO thin films

Mn3+(d4) Mn4+(d3)

eg eg

t2g t2g

O  2p

a b

S = 2 S = 3/2 t2g

t2g eg
2

eg
1

eg
1

La1-xMxMnO3 Ni

2.5 eV

1.5 eV

Figure 4.1: Schematic view of the Double-Exchange (DE) mechanism, which is responsible
for ferromagnetic and metallic character in La0.67Sr0.33MnO3 (LSMO). If Mn3+ and Mn4+

spins are parallel then the hopping of the itinerant electron is favourable. (b) A schematic
of band structure ( mere an interpretation not real bands) of La1−xSrxMnO3, where Hund’s
splitting (JH ) is larger than the bandwidth (W) [4].

P =
N↑(EF )−N↓(EF )

N↑(EF ) +N↓(EF )
(4.1)

where, N↑ and N↓ are the spin up and spin down DOS at EF , respectively. In the
case of a perfect half-metal this definition leads to 100% spin polarization. LSMO
is a mixed-valence manganese perovskite which exhibits unique magnetic and elec-
tronic properties, and is predicted to be a HMF. The description of strong ferro-
magnetic interaction in LSMO is primarily explained by the double exchange (DE)
interactions between the two valence states of Mn (chapter 1). The parent com-
pound LaMnO3 is a Mott insulator which is otherwise expected to be conducting
according to the band theory. Most simplistically LaMnO3 is understood as a collec-
tion of localized electrons bound to atoms. By adding to removing electron to such
a system, the excited configurations are created. These states propagate through
the crystal and broaden to form bands called the lower and the uppard Hubbard
bands. According to the DE mechanism, an itinerant eg electron of Mn3+ in a Mn3+-
O-Mn4+ structure can hop to an empty eg state of Mn4+ via an O 2p-orbital so as
to form Mn4+-O-Mn3+ and vice versa. Figure 4.1 shows the schematic represen-
tation of the DE mechanism. Figure 4.1 (b) shows the schematic band structure of
La1−xSrxMnO3, where Hund’s splitting (JH ) is larger than the bandwidth (W) [4].
Such band structure depicts the half-metallic nature of LSMO, which is therefore a
promising material for future spintronic applications.

A number of experiments have been performed to quantify the spin polariza-
tion in LSMO [7]. Using spin-resolved photo-emission spectroscopy measurements,
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Figure 4.2: (a) Atomic force microscopy (AFM) image of (3.5×3.5 µm2) a typical TiO2 termi-
nated 0.01 wt% Nb:SrTiO3 before deposition. R.m.s. roughness of 0.19 nm is usually obtained
from such substrates. (b) RHEED spots for such Nb:SrTiO3, observed before deposition at
750◦C and an oxygen pressure of 0.35 mBar.

LSMO was found to be 100 % spin polarised well below the Curie temperature [5].
Using LSMO as a ferromagnetic electrode in a magnetic tunnel junction (MTJ) i.e.,
LSMO/SrTiO3/LSMO, tunnel magnetoresistance (TMR) values up to 1800% at a
temperature of 4 K have been shown. This gives a tunnel spin polarization (TSP) of
95% [6], demonstrating the half-metallic nature of LSMO, and making this material
a strong candidate for spintronics devices. Further, efforts have also been made to
extensively study the dependence of resistivity on temperature in the half metallic
phase. The temperature dependence of the resistivity (ρ(T)) of LSMO single crystals
at low temperatures written as ρ(T) = ρ0 + T 2, where ρ0 is the residual resistivity,
has been proposed [8], [9], [10], [11]. Electron-electron scattering of the majority
spin electrons causes the T 2 temperature dependence in the resistivity [1], [12], [13].
However the T 2 contribution here is about more than one order larger than expected
for this type of scattering [15], [16]. Another source of T 2 behavior may be single-
magnon scattering involving spin-flip processes. However, in a truly HFM system
this process should be suppressed as there is a band gap at the Fermi energy for one
of the spin channels.

In this chapter, we first present the results of optimized growth of LSMO films on
SrTiO3 and Nb:SrTiO3 single crystals. We have mostly used Nb:SrTiO3 substrates,
as this thesis is primarily based on electron transport using an oxide semiconduc-
tor as a substrate. We present the characterization of LSMO films using AFM, X-ray
diffraction and TEM. Magnetic properties of thin films of LSMO grown under differ-
ent growth parameters are also presented. The next section of this chapter discusses
the electronic transport properties of optimized LSMO films of various thickness for
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Figure 4.3: (a) RHEED oscillations i.e., change in the intensity of the specular spot during
LSMO growth. The inset shows the zoomed in graph of the third RHEED oscillation showing
the laser pulses. (b) Typical RHEED pattern obtained after 10 nm of LSMO growth. (c) AFM
image of the film obtained after cooling down the LSMO film to room temperature at 100
mBar at the rate of 10◦C/min.

the temperature range between 10 K and 320 K and in the presence of an external
magnetic field up to 9 T. We also show the results of the temperature dependence of
the resistivities for 8 u.c., 15 u.c., 40 u.c. and 60 u.c. of LSMO Hall bars on SrTiO3.
Further, temperature dependent Hall resistivities for different thicknesses have been
measured and charge carrier densities are calculated and presented. In last section
of the chapter, initial results of Doppler annihilation broadening spectrometry in
LSMO films are presented.

4.2 Growth of LSMO thin films using PLD and RHEED

For the growth of highly crystalline LSMO films, we use single crystalline sub-
strates. For this we first characterize the structural properties of single crystalline
substrates of Nb:SrTiO3 and SrTiO3, using X ray diffraction, presented in section
4.3. We used pulsed laser deposition (PLD) to grow epitaxial LSMO films of dif-
ferent thickness on SrTiO3 (c = 0.3905 nm) as well as on Nb:SrTiO3. Deposition
parameters used for the growth of LSMO films and the working of the PLD system
has been been explained in chapter 2. The deposition parameters such as the target
to heater distance, oxygen pressure during deposition and the fluence of the laser
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incident on the target influence the growth of the LSMO films. To precisely control
the thickness of LSMO films during growth, reflective high energy electron diffrac-
tion (RHEED) is used. The working principle of RHEED is explained in chapter 2.
The RHEED pattern of an atomically flat, TiO2 terminated Nb:SrTiO3 substrate is
shown in Fig. 4.2 (b) along with the AFM image of the same in (a). In 4.2 (b), we
see the direct spot, as indicated by an arrow, and three diffracted spots. The main
specular spot is very intense compared to the two side spots. This is the typical
signature of TiO2 terminated SrTiO3 [24]. The smoothness of the substrate is con-
firmed by the observation of Kikuchi lines. Figure 4.3 (a) shows RHEED oscillation
i.e., change in the intensity of specular spot during the growth of a 22 unit cell thick
LSMO film. The inset shows the zoom in of the third RHEED oscillation showing
the laser pulses. Typical RHEED pattern obtained after growth is shown in Fig. 4.3
(b). Clear two dimensional spots are visible along with 2D streaks. The latter are
attributed to the scattering of the RHEED beam from the unit cell high steps at the
surface. Similar RHEED images were observed for the growth of all films of differ-
ent thickness used in this thesis. Figure 4.3 (c) shows the AFM image of an LSMO
film after it is cooled down to room temperature in an oxygen pressure of 100 mBar
at the rate of 10◦C/min.

4.3 Structural characterization

We use atomic force microscopy to characterize the roughness of the LSMO films
of various thicknesses. Further, the crystalline quality of the film was investigated
using x-ray diffraction. The highly crystallinity quality of the film and the heteroint-
erfaces at the nanoscale are investigated using high resolution transmission electron
microscopy (HRTEM).

4.3.1 Atomic Force Microscopy

We characterize all grown films using atomic force microscopy in tapping mode.
AFM determines the various properties of the LSMO surface, i.e., surface, rough-
ness, morphology and height profile. The details about the working principle of
AFM are given in chapter 2. AFM is employed to investigate the substrate surface
before deposition and the film surface after deposition. In Fig. 4.2 (a), an atomic
force microscopy image of 0.01 wt% Nb:SrTiO3 (Nb:SrTiO3) substrate after chemi-
cal treatment followed by annealing is shown. On the right, the obtained RHEED
pattern is shown for such a Nb:SrTiO3 substrate at 750◦C and in 0.35 mBar oxygen
pressure. Figure 4.6 (a) and (b) show the surface morphology and height variation
of a 10 nm and 5 nm thick film of LSMO on Nb:SrTiO3, respectively. The root mean
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Figure 4.4: (a) 2θ − ω scan for 0.01 wt % Nb:SrTiO3 single crystals in an angle ranges from
10◦ to 120◦. (b) Full width half maxima obtained for 0.1 wt % Nb:SrTiO3 (0.01◦) and (c) Full
width half maxima obtained for 0.01 wt % Nb:SrTiO3 (0.017◦) single crystals shows the high
quality of substrates used in the work presented here.

square (r.m.s.) roughness for thinner films is ∼ 0.2 nm and r.m.s. roughness for
thicker films is close to 0.4 nm.

4.3.2 X-ray diffraction

In order to investigate the crystal structure of the LSMO thin films grown on SrTiO3

as well as on Nb:SrTiO3, we use x-ray diffraction (XRD). Prior to the investigation of
the films, the crystallinity of the Nb:SrTiO3 substrates was also investigated. Figure
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a b

Figure 4.5: (a) 2θ − ω scan for a 40 nm thick film of LSMO grown on SrTiO3. (b) (002) peak
of LSMO is displaced from (002) peak of SrTiO3 and is used to calculate out of plane lattice
constant (d = 3.82 Å) for the LSMO film.
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Figure 4.6: AFM images of 10 nm (a) and 5 nm (b) thick LSMO films grown on Nb:SrTiO3.
The corresponding (002) Bragg reflection obtained from 2θ-ω scan are shown in (c) and (d),
respectively. The thinner film is highly strained as compared to the thicker LSMO.
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4.4 shows the X ray diffraction of two different doping (0.1 and 0.01%) of Nb:SrTiO3

substrates. The substrates used in the work presented in this thesis are atomically
flat and TiO2 terminated, as explained in chapter 2. In this figure, (a) shows the 2θ−ω
scan for 0.01 wt% Nb:SrTiO3. Figures 4.4 (b) and (c) show the rocking curve (i.e a
θ-ω scan) around the (001) Bragg reflection for 0.01 wt % and 0.1 wt% Nb:SrTiO3

respectively. Full width half maxima (FWHM) of 0.01◦ and 0.017◦ are obtained for
the 0.1 wt % and 0.01 wt% Nb:SrTiO3, respectively. Such values indicate a high
crystallinity of the single crystal substrates. However, the 0.01 wt% Nb:SrTiO3 single
crystals that were used for the remaining work in this thesis were from a different
batch and of a higher quality (as confirmed by the single crystal company).

We have performed similar investigations on the LSMO films grown on such
substrates. Figure 4.5 (a) shows a 2θ-ω scan for a 40 nm thick film of LSMO grown
on SrTiO3. The absence of peaks other than the (00n) peak of LSMO shows the single
crystalline phase of LSMO film. Figure 4.5 (b) shows the expanded view of the
(002) peak of thick LSMO which shows a clear displacement in peak as compared to
SrTiO3 (002) peak. The out of plane lattice parameter of this LSMO film is obtained
as 3.82 Å using equation 4.2.

sin θhkl = (
nλ

2dhkl
) (4.2)

where, symbols have their usual meanings as discussed in chapter 2.
Figures 4.6 (c) and (d) show the (002) Bragg reflection obtained from 2θ-ω scan for

a 10 nm and 5 nm thick LSMO film grown on 0.01 wt% Nb:SrTiO3, respectively. The
thinner film has higher c parameter as compared to the thicker LSMO film. Further,
rocking curve (θ-ω scan) is performed to investigate the structural properties. Figure
4.7 presents the θ-ω scan around (002) Bragg reflection peak, for a 5 nm LSMO film
on Nb:SrTiO3. The FWHM of 0.033◦ indicates the high crystallinity of the film.

4.3.3 Transmission electron microscopy

In order to investigate the epitaxy of the grown films as well as the sharpness of the
interfaces, high resolution cross-sectional transmission electron microscope (HRTEM)
images are obtained. Figure 4.8 shows the cross-sectional TEM image of a 5 nm
LSMO film on Nb:SrTiO3 substrate. The LSMO growth is epitaxial and the inter-
face between LSMO film and Nb:SrTiO3 substrate is sharp and abrupt. We do not
observe stacking faults or twinnings in any of our thin films of LSMO. Figure 4.8
(a) shows the HRTEM image of 5 nm thick LSMO film on 0.01 wt% Nb:SrTiO3 and
(b) shows the expanded view of the interface. Such HRTEM images are also used
to calculate the lattice constant of LSMO. We have also obtained the TEM images
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Figure 4.7: Rocking curve of LSMO film, grown on Nb doped SrTiO3, around the (002) Bragg
reflection peak. The FWHM obtained is 0.033◦.

Figure 4.8: High Resolution Transmission Electron Microscopic (HRTEM) image of the cross-
section of a 5 nm thin LSMO deposited on Nb:SrTiO3. (b) HRTEM image of a sharp and
epitaxial heterointerface between a LSMO film and the Nb:SrTiO3 substrate in 001 direction.
Figure (b) shows the zoom in of the box shown in Fig.(a). The in-plane lattice constant has
been calculated to be 0.39 nm, indicating epitaxial growth of such thin films of LSMO.

for various thickness of LSMO and confirmed the growth rate that we observe by
RHEED during PLD. Figure 4.9 shows the HRTEM image of an epitaxially grown
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Figure 4.9: High Resolution Transmission Electron Microscopic (HRTEM) image of the cross-
section of a 15 nm thin LSMO deposited on Nb:SrTiO3, showing perfect epitaxy.

15 nm LSMO film on Nb:SrTiO3. A sharp and abrupt interface is clearly visible.
In the HRTEM images of the thicker samples i.e., 32 nm LSMO grown on SrTiO3

(HRTEM), we observed a rotation of the structural domains locally. Although most
of the investigated regions show perfect epitaxy as shown in Fig. 4.9 (a), yet local
regions were seen where LSMO structural domain seemed to be rotated. As we
grow thicker films, the strain increases and after a certain thickness the strain en-
ergy is released in the form of twins or by such local rotations in the structure. Such
nanoscale domain rotations have been seen in other systems earlier. In a study by
S. Venkatesan a nanoscale structural domain evolution in thin films of TbMnO3 was
observed [14].

4.4 Magnetic properties of thin films of LSMO

This section presents the magnetic properties of LSMO films grown for the different
heater to target distance (dTS). The magnetic measurements are performed using
an MPMS SQUID magnetometer (Quantum Design). The measurement and equip-
ment details are discussed in chapter 2.
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a b 

Figure 4.10: High Resolution Transmission Electron Microscopic (HRTEM) image of the
cross-section of a 32 nm thin LSMO grown on Nb:SrTiO3. (a) Perfect epitaxy has been seen
up to 32 nm. (b) Rotation of epitaxial structural domain has been observed only locally.
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Figure 4.11: Saturation magnetization of 10 nm LSMO measured at 500 Oe as a function
of temperature. Four films of LSMO are grown at different target to heater distance. dTS

= 53 mm shows a maximum value of the saturation magnetization. The ferromagnetic to
paramagnetic transition temperature for LSMO is maximum for dTS = 53 mm.

4.4.1 Role of heater to target distance

In order to investigate the dependence of the magnetic properties of the LSMO thin
film on dTS , we grew LSMO films at t(dTS) values of 43 mm, 49 mm, 53 mm and 57
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Figure 4.12: (a) Magnetization versus in-plane applied magnetic field for LSMO films (10 nm)
grown on Nb:SrTiO3(100) at dTS = 53 mm and 43 mm. Higher magnetization is obtained for
dTS = 53 mm. (b) Expanded view of the hysteresis loops for both films shows the difference
in coercive fields. Higher corecivity is obtained for dTS = 53 mm.
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Figure 4.13: (a) Hysteresis loop showing magnetization as a function of in-plane applied
magnetic field for 10 nm LSMO film grown on 0.01 wt% Nb:SrTiO3 (100), measured at 100
K. (b) Magnetization as a function of temperature at 500 Oe for 10 nm LSMO on 0.01 wt%
Nb:SrTiO3.

mm, and measured the magnetic properties (M-H and M-T) of all the films.
Figure 4.11 (a) presents the saturation magnetization (MS) of four different LSMO

films of thickness 10 nm, grown at the above mentioned dTS values, measured at
500 Oe and as a function of temperature. Films grown at distances dTS = 53 mm
and 43 mm show the highest and lowest values of saturation magnetization, respec-
tively. The ferromagnetic to paramagnetic transition temperature (TPM ) is also max-
imum for dTS = 53 mm and minimum for dTS = 43 mm, as clearly visible from Fig.
4.11. As explained earlier (chapter 2), since dTS determines the energy dynamics of
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Figure 4.14: (a) A schematic of the cross sectional view of Hall bar devices of LSMO/SrTiO3

with top ohmic contacts of Au. (b) A top view of a LSMO Hall bar’s longitudinal (Rxx) and
transverse (Rxy) resistivity measurement schematic.

the plume that is deposited on the heated substrate, a proper distance between the
heater and the target is required for obtaining the best quality films. As we change
the dTS from 53 mm to other higher or lower values, the magnetic properties i.e.,
MS and TPM of LSMO films start to decrease. Thus, we find that a dTS = 53 mm
has the sharpest transition, hence is the most optimum distance for obtaining sto-
ichiometric films of LSMO. Non-optimum distance between heater and the target
might lead to different La/Sr ratios and might give lower values of TPM . The tran-
sition (around TPM ) temperature is sensitive to the lattice distortions or rotations
of the MnO6 octahedra and is mainly determined by the competition between the
trapping of electrons in Jahn-Teller distortions and the itinerancy of charge carriers
through the double exchange mechanism [3]. Hence, proper stoichiometry of the
LSMO film is very important for obtaining the required properties.

Figure 4.12 (a) shows the magnetic hysteresis loop obtained at 100 K. It shows
MS as a function of magnetic field which is applied in a direction parallel to the
plane of the LSMO film. A zoom in of the hysteresis loop is shown in the Fig. 4.12
(b). We observe that the film with highest magnetization has a higher coercivity
value.

Further, we varied other growth parameters, i.e., (a) the laser fluence and (b) the
oxygen pressure to obtain the best magnetic properties of the film i.e., the highest
value of saturation magnetization, metal to insulator transition temperature and
coercive field. Figure 4.13 (a) shows the hysteresis loop showing the magnetization
as a function of the magnetic field applied in the plane of a 10 nm LSMO film on
Nb:SrTiO3 and (b) shows the magnetization as a function of temperature for the
same film.
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Figure 4.15: (a) Longitudinal resistivity (Rxx) as a function of temperature for 60 u.c. LSMO
film grown on SrTiO3(100). (b) Derivative of (Rxx) with respect to temperature as a function
of temperature. The maximum of the derivative lies at 300 K.

4.5 Electrical transport properties of LSMO films

A Physical Property Measurement System (PPMS, Quantum design) is used for the
temperature and magnetic field dependent resistivity measurements of LSMO Hall
bars. The Hall bars are patterned using UV photo-lithography (explained in chapter
2). Argon ion beam etching (IBE) (etch rate of 5 nm/min) is used to obtained the
patterned Hall bars. Figure 4.14 (a) shows the cross sectional view of LSMO/SrTiO3

Hall bar devices with Au as ohmic contacts on LSMO. Figure 4.14 (b) illustrates
the top view of a longitudinal (Rxx) and transverse (Rxy) resistivity measurement
schematic of the LSMO Hall bars. The width and the length of the LSMO Hall
bar used for the study presented here are 50 µm and 2700 µm. Longitudinal and
Hall resistivity (transverse resistivity) are obtained by sourcing a current (between
5 µA and 50 µA) through the length of the Hall bar and measuring the resistance
as shown in Fig. 4.14 (b). Rxx and Rxy are measured as a function of temperature
for an applied magnetic field in a direction perpendicular to the plane of the LSMO
film. Figure 4.15 (a) shows the values of Rxx as a function of temperature for a 60
u.c. LSMO film grown on SrTiO3(100). We observe a sharp increase in Rxx as we
go to higher temperatures from 10 K, showing a maximum at 300 K and then de-
creasing beyond 300 K. In Fig. 4.15 (b), the derivative of Rxx is plotted as a function
of temperature. We observe that the maximum of the derivative ((dρ/dT )max) lies
close to 300 K. This maximum indicates the presence of an insulating to metallic
phase transition as we cool down the LSMO film from 320 K to 10 K. This value
is still lower than the bulk LSMO values reported earlier [4] and such a lowering
can be explained by the epitaxial strain induced in the film by the lattice mismatch
between LSMO and Nb:SrTiO3.
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a b

Figure 4.16: (a) Resistivity (Rxx) as a function of temperature for 60 u.c., 40 u.c., 15 u.c., 8 u.c.
LSMO films grown on SrTiO3. (b) The maximum of the derivative of Rxx w.r.t. temperature
(as shown in Fig. 4.15 (b)) for each thickness is obtained and is plotted here as a function
of thickness. This maximum decreases as the thickness of the LSMO film decreases, as the
epitaxial strain increases.

LSMO (c =3.884 Å, bulk value) is under tensile strain when it is grown epitaxi-
ally on SrTiO3 (c =3.904 Å) substrate. In such a case, the Mn-O bonds elongate in the
in-plane direction and compress in the out-of-plane direction. The slight changes in
dMn−O (Mn-O bond length) and θ (angle between two Mn ion spins, Mn-O-Mn an-
gle) caused by the tensile strain in LSMO influences the on-site Coulomb energy as
well as the bandwidth, thus directly influencing the probability of electron hopping
between the two Mn ions. In case of an in-plane elongation, it leads to a slightly sup-
pressed metal-insulator transition (MIT) as compared to the bulk material. Hence
the higher the strain, the greater is the suppression of the MIT.

In Fig. 4.16 (a), the longitudinal resistivity (Rxx) for 60 u.c., 40 u.c., 15 u.c. and
8 u.c. LSMO films grown on SrTiO3 are presented as a function of temperature.
The resistivity increases as the thickness decreases. This is generally attributed to
the effect of the decrease in the bandwidth of the itinerant d-electrons, due to the
change in Mn-O-Mn bond angles and the accompanying decrease of the probability
of electron hopping. In Fig. 4.16 (b), the (dρ/dT )max for each LSMO film is plotted as
a function of thickness. This maximum decreases as the thickness of the LSMO film
decreases, as the epitaxial strain increases. We have observed a residual resistivity
ratio (RRR) of nearly 30, where we defined RRR as ratio as Rxx max/Rxx 10K . We
also observe that as the thickness is reduced the residual resistivity (i.e resistivity at
lowest temperature) increases. Octahedra rotation might be very different close to
the interface with the substrate causing very different bond angles, and hence the
resistivity.
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In this study, the temperature dependence of ρ in the low-temperature ferro-
magnetic phase of LSMO is approximated by the following equation, accounting
for various scattering mechanisms:

ρFM = ρ0 + αT 2 + βT
9
2 (4.3)

where ρ0 is the residual resistivity which is a measure of the intrinsic disorder
present in the film; the T2 term is attributed to electron-electron scattering, and the
T9/2 term corresponds to electron-magnon scattering. α and β are the coefficients
representing the contribution of the corresponding scattering terms. The behavior
of ρ(T) above the metal insulator phase transition temperature is approximated by
a thermal activation law of the form:

ρPM = γT exp

[
EA
kT

]
(4.4)

where EA is the activation energy for a polaron to hop, and γ is a coefficient inde-
pendent of the temperature, T. The activated behavior is due to a strong electron-
lattice coupling which induces localization of charge carriers into small polarons.
Since the spin of these self-trapped carriers is strongly coupled to the local t2g spin,
the small polaron is also dressed with a magnetic cloud. At temperatures well be-
low and above the transition, ρ(T) is described by Eqn. 4.3 and Eqn. 4.4 respec-
tively; however around the transition, experimental observation cannot be under-
stood by either. In the transition temperature range, there is a competition between
ferromagnetic-metallic and paramagnetic-insulating phases. At a very low tem-
peratures only ρFM contributes, whereas at very high temperatures only ρPM con-
tributes; but in the temperature close to the transition from FM to PM phase, both
contributions have to be taken into account. In order to account for both contribu-
tions, we consider following equation for the transition range, as used in [8]:

ρ(T ) = ρFM (f) + ρPM (1− f) (4.5)

where, f is the volume fraction of the ferromagnetic phase and (1-f ) is the volume
fraction of the paramagnetic phase. Thus, we obtain an expression of ρ(T) for the
full temperature range as follows :

ρ(T ) = (ρ0 + αT 2 + βT
9
2 )(f) + (γT exp

[
EA
kT

]
)(1− f) (4.6)

Figure 4.17 (a) shows the different scattering contributions to the temperature
dependence of ρ for 60 u.c. of LSMO/SrTiO3. A fit to the experimental data using
Eqn. 4.3 gives a residual resistivity (ρ0) of 50 µΩcm. Such small values of residual
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Figure 4.17: (a) Different scattering contributions to the temperature dependence of Rxx mea-
sured for 60 u.c. LSMO on SrTiO3. For temperatures well below transition temperature,
metallic conduction is given by the Eqn. 4.3 and for temperature above transition tempera-
ture the conduction is given by Eqn. 4.4. By taking a contribution from both the components,
as shown in equation 4.5, a best match is obtained for the experimentally observed Rxx (b)
This plot shows the contribution of different components to the resistivity as a function tem-
perature.

resistivity indicate the high quality of LSMO thin films. At lower temperatures,
ρxx(T) was fit using equation 4.3 and we obtain α = 26.1644×10−7 mΩcm K−1

and β = 20.954×10−11 mΩcm K−4.5. The values of α are higher than what is ex-
pected from electron-electron scattering. We observe that the T2 contribution gets
suppressed above 100 K, reflecting the presence of the minority spin states that are
accessible to thermally excited magnons [15]. We have observed a higher disorder
(ρ0) for thinner LSMO films as shown in Fig. 4.16 (a). For ρ(T) above transition tem-
perature, we used Eqn. 4.4 to fit the experimental values and obtained EA around
90 meV. Figure 4.17 (b) shows the temperature dependence of the volume fraction
of the ferromagnetic phase, f, which is obtained from the results of the fitting of the
experimental dependence of ρ(T) with the use of Eqn. 4.7 [8].

Longitudinal resistivity ρxx(T) is measured as a function of magnetic field (-9 T to
9 T) applied in a direction perpendicular to the plane of the film. Figure 4.18 shows
ρxx as a function of temperature, at all applied magnetic fields. The application of
a magnetic field (B) increases the band width and reduces the Jahn-Teller coupling
constant. Thus, B 6= 0 results in a decrease in resistivity as well as a shift of the
ρ-T curve towards higher temperatures. This shift can be realized by observing
the temperature at which an arbitrary value of ρ = ρs is obtained at an increasing
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Figure 4.18: ρxx as a function of temperature at various applied magnetic fields in a direction
perpendicular to the plane of the film for 60 u.c. LSMO on SrTiO3. ρxx decreases as the
magnetic field in increased. The inset shows the magnetoresistance ratio, calculated using
equation mentioned in the text, plotted as a function of temperature.

magnetic field. The magnetoresistance ratio, ∆ρ
ρ0

, is obtained by using the relation:
∆ρ
ρ0

= ρ(B)−ρ0
ρ0

, where ρ(B) and ρ(0) are the resistivities at an applied magnetic field
(B) and at zero field, respectively. In the inset of Fig. 4.18, we see that ∆ρ

ρ0
has the

highest value near the metal-insulator transition.
Equation 4.6 is used to fit the experimentally obtained ρxx(T) at all measured

magnetic fields (B). The table shows the change in the coefficients α and β as a func-
tion of magnetic field, perpendicular to the plane of sample, for 60 u.c. LSMO on
SrTiO3.

Similar measurements are performed on the same film by applying a magnetic
field in-plane to the LSMO films. Magnetoresistance is measured for all tempera-
tures.

Further, the Hall voltage (Vxy) was measured for these films as a function of the
magnetic field (-9 T to 9 T) applied in a direction perpendicular to the plane of the
film, and at various temperatures. The Hall voltage is always symmetrized with
respect to the positive and negative field values.
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Figure 4.19: Hall resistivity, ρxy , of a 15 u.c. LSMO grown on SrTiO3 single crystal as a
function of applied magnetic field (-9 T to 9T) in a direction perpendicular to the plane of the
film, at indicated temperatures.

Field (T) ρ0(mΩ cm) α(mΩ cmK−2) β(mΩ cmK−4.5)
0 0.05503 26.1644×10−7 20.954×10−11

2 0.05503 26.0061×10−7 17.879×10−11

4 0.05503 25.948×10−7 16.4635×10−11

6 0.05503 25.9341×10−7 14.6549×10−11

8 0.05503 25.8545×10−7 13.1904×10−11

9 0.05503 25.7896×10−7 12.5974×10−11

Table 4.1: List of values α and β as a function of applied magnetic field, to a 60 u.c. LSMO
film grown on SrTiO3, in a direction perpendicular to the plane of the film.

Figure 4.19 shows the magnetic field dependence of Hall resistivity ρxy at various
temperatures for 15 u.c. LSMO on SrTiO3.

The Hall effect in magnetic conductors has two contributions: a contribution
known as the ordinary Hall effect (OHE) associated with Lorentz force and linked
to the presence of a magnetic field B, and a contribution known as the anomalous
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Hall effect (AHE) linked to magnetization of ferromagnetic materials. It is an ad-
ditional voltage that is produced due to the embedded magnetic moments which
cause asymmetric scattering (spin sensitive scattering) of current carrying electrons.

ρxy(B, T ) = RH(T )B + µ0Rs(T )M(B, T ) (4.7)

where RH is the ordinary Hall coefficient, RS the temperature-dependent anoma-
lous Hall coefficient, and M(B,T) is the magnetization. The sign of the voltage de-
termines the charge carriers to be holes, as expected in LSMO. The ordinary Hall
coefficient is calculated from the linear dependence of ρxy as a function of B, using
Eqn. 4.10.

RH(T ) =
ρ(T )

B
(in linear regime) (4.8)

Further, by using RH = 1
ne =⇒ n = 1

RHe
, the observed Hall coefficient and carrier

concentration are calculated. RH = 18× 10−4 cm3/C implying a carrier density of
approximately 1 hole/unit cell. The volume used for calculation = (3.384 × 10−10)3

m3. RH and AHE reduce as T decreases.

4.6 Variable energy doppler broadened positron stud-
ies on LSMO films

Positron annihilation spectroscopy (PAS) is a powerful diagnostic tool which pro-
vides insight into the electron density and electron momentum in materials and
their interfaces by monitoring the positron annihilation rate, angular distribution of
annihilation photons and Doppler broadening of the emanated gamma photon [17].
It has found widespread use in characterizing the nature, concentration and spatial
distribution of defects in different material systems such as semiconductors, metals,
superconductors etc [18], [19]. A positron is an antiparticle of the electron, quantum
mechanical in nature with a mass and spin equivalent to that of an electron. It is
emitted from a radioactive source, typically 22Na, and after penetrating the material
under study, slows down to thermal energies usually within a time of 1-3 ps. It can
annihilate with an electron releasing two 511 keV γ-rays in opposite directions. Con-
servation of momentum of the positron-electron pair, results in the two annihilation
gamma rays that deviate from anti-collinearity and are slightly Doppler shifted; one
red shifted and the other blue shifted. The deviation and Doppler broadening of the
annihilation gamma rays contains information about the electron momentum at the
time of annihilation.

The energy, momenta and time of emission of these γ-rays can be measured with
a precision start-stop coincidence γ spectrometer. The positron lifetime is directly re-
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Figure 4.20: Schematic of a typical Doppler broadening spectrometer [21].

lated to the electron density at the annihilation site. Depending on the nature of the
trapping sites viz. a single vacancy, di-vacancy or vacancy cluster, the lifetime of
the positrons (and their intensity) will differ and will be higher than that in a defect-
free sample due to the locally reduced electron density. Thus, measurements of
the positron lifetime give a complete picture of the nature and concentration of the
defects. The second mode of PAS is Doppler annihilation broadening spectrometry
that measures the positron-electron momentum distribution while using a slow mo-
noenergetic positron beam. By varying the energy of this positron beam from 1-25
keV, the mean implantation depth of the positron can be varied (typically between
0.01-3 µm).

A schematic of a typical Doppler broadening spectrometer is shown in Fig. 4.20.
The positron studies described in this thesis were carried out at the University of
Bath, UK. A complete description of this set up can be found in [20].

The momentum distribution of electrons in vacancy defects differs from that in
bulk materials and can be detected by measuring the Doppler broadening spectra
of annihilation radiation, characterized by line-shape parameters S and W. Whereas
the S parameter is related to the annihilation of positron-electron pairs with a low-
momentum distribution, the W parameter reflects changes due to the annihilation
of positron-electron pairs with a high-momentum distribution. The reduced valence
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Figure 4.21: Schematic of S and W regions The low momentum fraction lineshape parameter,
S, is defined as the ratio of the number of counts in the central, low momentum, region (A)
against the total counts (C). The high momentum fraction, the W-parameter, is defined as
counts in the wing, high momentum, regions (B) divided by the total counts (C) [23].

and core electron densities at vacancies increase the positron lifetime and narrow the
positron-electron momentum distribution (S increases and W decreases). A typical
Doppler spectrum is analyzed with these two parameters as shown in Fig 4.21 (de-
fined as the ratio of the counts in the "central" and "wing" regions, respectively, to
the total counts, N, in the spectrum). The S window is typically chosen such that 50
% of the peak is covered. The W parameter is chosen to be far enough away from
the peak to ensure that the core annihilations are the main contributions [3].

Three samples of LSMO (100 nm) on SrTiO3 substrate with different oxygen
growth pressures have been studied in this work. The rest of the growth parameters
are the same as that described in Chapter 2. CSTO 32, 33 and 34 were deposited at
an oxygen pressure of 0.35 mBar, 6×10−4 mBar and 0.015 mBar respectively. The
fitting and analysis was carried out using a package called VEPFIT (Variable Energy
Positron Fit). This package gives us a more quantitative analysis to extract quantities
such as the concentration, depth distribution, and even the type of defects present
within a material [24].

The S-parameter as a function of implantation energy (S-E curve) is shown in
top panel of Fig. 4.22. The associated S-W plot is shown in the bottom panel of



4.6. Variable energy doppler broadened positron studies on LSMO films 79

INCIDENT POSITRON ENERGY (keV)

0 5 10 15 20 25 30

S 
PA

R
AM

ET
ER

0.42

0.43

0.44

0.45

0.46

0.47

CSTO34_May3-7 
CSTO33 May15-17 
CSTO32 May 1-20 av
av bulk S = 0.4248

W PARAMETER

0.115 0.120 0.125 0.130 0.135 0.140 0.145 0.150

S
 P

A
R

A
M

E
TE

R

0.42

0.43

0.44

0.45

0.46

0.47

CSTO34_May3-7 
CSTO32 May1-20 av
CSTO33 May2-3 

surface

bulk

film

Figure 4.22: Variable Energy Doppler Broadened Spectra (VE-DBS) results for a series of
pulsed laser deposited LSMO thin films on SrTiO3, using different O2 deposition pressure

the same figure. There are three distinct positron-annihilation states - surface, film
and bulk. The 2.6 % increase in the S parameter with respect to the SrTiO3 substrate
value for film CSTO32 is consistent with trapping by cation vacancies, or cation
- oxygen vacancy complexes [23], [25]. However, the S and W parameter values
alone are not sufficient for a unique identification of the type of vacancy-related
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Figure 4.23: Variable Energy Doppler Broadened Spectra (VE-DBS) results for a series of
pulsed laser deposited LSMO thin films on SrTiO3, using different O2 deposition pressure.

defect responsible. The possibility that the increase in the S-value is due to larger
vacancy cluster defects [25] cannot be excluded. The films in samples 33 and 34
show essentially identical positron responses while sample 32 has a slight surface-
type response (see S-W plot). The surface-film line, on which all three samples lie,
could represent different concentrations of the same defect (reaching a minimum -
may be close to zero - for films 32 and 33). The bulk parameters in all three samples
are identical but are different to those of films 33 and 34; the slightly lower S and
lower W parameters suggest a different stoichiometry from that of the film (whether
this implies the presence of a second type of defect, or just a different Sr:Ti:O ratio, is
unclear to us) . Positron lifetime measurements, which are planned for these films,
would allow the determination of the nature of the vacancy-related defects.

VEPFIT RESULTS for CSTO 32, CSTO 33 and CSTO 34 are shown in tables in Fig.
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4.23. Here, the density value used is 4.81 g/cm3.

4.7 Conclusions

In this chapter, an overview of the growth and the characterization of the LSMO
thin films used in this thesis is provided. The LSMO films are grown epitaxially
by using pulsed laser deposition. The growth of thin films is monitored to a unit
cell precision, using a in situ RHEED. Structural characterization (AFM, XRD, TEM)
shows that the LSMO films are grown in epitaxy with the underlying substrate.
HRTEM images confirmed the high quality of the films and the atomic sharpness
of the interfaces, although for thicker films of 32 nm, a rotation/twinning of LSMO
structures was observed locally which is attributed to the relaxation of strain. A
small value of residual resistivity (50 µΩcm) also confirms the high quality of the
thin films of LSMO. Suppression of TMI is observed as we go down in thickness
which is caused by the increasing tensile strain and distorted oxygen octahedra (
elongation in plane). An electron-electron scattering is dominant at lowest tempera-
tures however, at higher temperatures there is significant contribution of the minor-
ity spin states. The observed values of resistivities decrease for all thickness with
an application of magnetic field (perpendicular to the plane of the sample) which
increases the eg bandwidth and thus, the hopping probability for the eg electron
between the Mn ions. Hall resistivities show a contribution from both ordinary as
well as anomalous Hall effect. The carrier concentration is obtained for LSMO films
from Hall measurements. Finally, the initial results of Doppler annihilation broad-
ening spectrometry in LSMO films with different oxygen vacancies and cation ratios
are presented. These studies ensure good structural, magnetic as well as electrical
properties of the LSMO films. All above mentioned studies confirm the high quality
epitaxial, stoichiometric thin films of LSMO.
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