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Abstract—The electrical and magnetic characteristics of La0.7Sr0.3MnO3 (LSMO) epitaxial manganite films
are investigated by different methods under conditions when the crystal structure is strongly strained as a result
of mismatch between the lattice parameters of the LSMO crystal and the substrate. Substrates with lattice
parameters larger and smaller than the nominal lattice parameter of the LSMO crystal are used in experiments.
It is shown that the behavior of the temperature dependence of the electrical resistance for the films in the lowtemperature range does not depend on the strain of the film and agrees well with the results obtained from the
calculations with allowance made for the interaction of electrons with magnetic excitations in the framework
of the double-exchange model for systems with strongly correlated electronic states. Investigations of the magneto-optical Kerr effect have revealed that an insignificant (0.3%) orthorhombic distortion of the cubic lattice
in the plane of the NdGaO3(110) substrate leads to uniaxial anisotropy of the magnetization of the film, with
the easy-magnetization axis lying in the substrate plane. However, LSMO films on substrates (((LaAlO3)0.3 +
(Sr2AlTaO6)0.7)(001)) ensuring minimum strain of the films exhibit a biaxial anisotropy typical of cubic crystals. The study of the ferromagnetic resonance lines at a frequency of 9.76 GHz confirms the results of magnetooptical investigations and indicates that the ferromagnetic phase in the LSMO films is weakly inhomogeneous.
PACS numbers: 74.45.+c, 74.50.+r, 75.70.Cn
DOI: 10.1134/S1063776109010075

1. INTRODUCTION

However, a number of problems associated with the
influence of the strain on the electrical and magnetic
properties of LSMO films have remained unclear and
call for further investigation. There is no experimentally confirmed model of the temperature dependence
of the electrical resistance for films at low temperatures
[4], the problems regarding the influence of the film
strain on the magnetic anisotropy [3] and the Curie temperature [5, 6] remain unsolved, etc.

Rare-earth manganite perovskites Re1 – xAxMnO3
(where Re is a rare-earth element of the La or Nd type
and A is an alkaline-earth metal of the Sr or Ca type)
exhibit a wide spectrum of unusual electrical and magnetic properties, including the colossal magnetoresistance effect (see reviews [1–4]). The parameters of epitaxial films of these materials very often differ substantially from the characteristics of single crystals. As was
shown in a number of works [2, 3, 5–12], the factor
responsible for the change in the electrical and magnetic parameters is a strain arising in the films due to the
mismatch with the substrate used for depositing the
film. It was demonstrated that the three-dimensional
compression of the crystal lattice increases the hopping
probability amplitude within the double-exchange
model, which results in an increase in the Curie temperature TC [12], whereas biaxial distortions of the Jahn–
Teller type lead to an enhancement of electron localization and decrease the Curie temperature TC [5, 6, 11].
The magnetic properties of films are substantially
affected by the phase separation phenomena and the
presence of a nonmagnetic layer at the substrate–film
interface [9]. These effects most strongly manifest
themselves in very thin films (thinner than 10 nm).

In the present paper, we described the results of
combined experimental investigation of epitaxial
La0.7Sr0.3MnO3 (LSMO) films deposited onto substrates with different crystal lattice parameters. We
chose substrates for which the mismatch between the
crystal lattice parameters of the substrate and the
LSMO film varied from –2.2 to 2.0%. Owing to the use
of identical deposition conditions, it was possible to
avoid the effect of other factors (except for the film
strain) on the magnetotransport characteristics of films.
The film thickness exceeded the thickness (3–5 nm) of
the “dead” (nonmagnetic) layer at the film–substrate
interface [3, 9] but was smaller than the critical thickness (on the order of 100 nm) at which the strain relaxation is observed in the film. The electrical conductivity, the ferromagnetic transition temperature, and the
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magnetization anisotropy of the films were studied as a
function of the strain induced in the manganite films by
interaction with the substrate.
2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE
Epitaxial LSMO films 40–100 nm thick were deposited onto LaAlO3(001) (LAO), SrTiO3(001) (STO),
NdGaO3(110)
(NGO),
((LaAlO3)0.3
+
(Sr2AlTaO6)0.7)(001) (LSAT), GdSrO3(110) (GSO),
and DyScO3(110) (DSO) substrates by laser ablation
(KrF laser, λ = 248 nm) at a temperature of 600–800°C
and an oxygen pressure of 0.2 mbar.1 All films were
cooled under identical conditions (10°C/min, atmospheric pressure) in order to avoid a variation in the
oxygen content in the films.2
The crystallographic parameters of the films and
substrates were determined by measuring the X-ray diffraction patterns (2θ/ω and ϕ scan mode) and the rocking curves on a four-circle X-ray diffractometer.
The resistance of the films was measured by the
four-point probe method, which excluded the influence
of the contact resistance. Contact electrodes were
applied by sputtering of platinum through a metal
mask.
The presence of the ferromagnetic phase in the
LSMO films at room temperature makes it possible to
investigate the magnetic parameters with the use of the
meridional Kerr effect without additional cooling,
which simplifies the measurements of the spatial
anisotropy of magnetic parameters. The magneto-optical setup for measuring the characteristics of the samples consists of a semiconductor laser (λ = 0.63 µm,
P = 5 mW), a beam-splitting glass plate for the formation of the reference and signal beams, a phase halfwave plate for the selection of the s or p polarization of
light incident on the sample, a polarizer–analyzer for
the separation of the signal associated with the meridional Kerr effect, and two photodiodes, one of which is
located in the reference channel and the other diode is
positioned in the signal channel. The photodiodes operating in the bias mode are connected to a differential
resonance amplifier tuned to the frequency of modulation of the laser radiation intensity. The signal (proportional to the change in the angle of rotation of the plane
of polarization of reflected light) is fed from the differential amplifier to an analog-to-digital converter
(NI6221) and then is processed with the LabView software package. The sample to be studied is located on a
1 For

the most part, the substrates were manufactured by CrysTec
GmbH (Germany).
2 The results of low-temperature measurements of the resistance of
the LSMO films deposited onto the DSO substrates were irreproducible, probably due to cracking of the films upon cooling. In
this paper, we do not discuss the results of the measurements performed for these films.
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rotary table in the gap of an electromagnet. In the setup,
the sample can be rotated around the normal to the substrate plane by an angle in the range 0°–360°.
The magnetic characteristics were also measured
using the magnetic resonance method. The magnetic
resonance spectra were recorded on a Bruker ER-200
EPR spectrometer operating in the 3-cm range of electromagnetic waves (frequency, 9.76 GHz). The signal
recording was performed by synchronous detection at
the frequency of modulation of the external magnetic
field (100 kHz). The samples under investigation were
located in a microwave cavity of the spectrometer so
that the plane of the sample was always parallel to the
direction of the constant external magnetic field and the
magnetic component of the microwave field. The parallelism of the plane of the samples to the constant magnetic field was controlled from the minimum of the resonance field of the ferromagnetic resonance lines. This
location of the samples excludes the change in the magnetic resonance spectra due to the anisotropy of the
shape. The samples were rotated around the axis perpendicular to the plane of the samples.
3. CRYSTALLOGRAPHIC INVESTIGATIONS
The grown LSMO films were precisely oriented
with respect to both the normal to the plane of the substrate and the preferred direction in the plane of the substrate. The interplanar distance a⊥ in the LSMO films
along the normal to the plane of the substrate and the
lattice constant as of the substrate were determined
from the X-ray diffraction patterns (measured in the
2θ/ω scan mode). Figure 1 shows the X-ray diffraction
patterns (measured in the 2θ/ω scan mode) of the
LSMO/NGO and LSMO/STO films. It can be seen
from Fig. 1 that the parameter a⊥ of the LSMO film
depends strongly on the parameter as of the substrate
(see also the inset to Fig. 1). The dashed line indicates
the position of the hypothetical reflection (002) LSMO
for the bulk material (without regard for strains) with
the unit cell parameter (in the pseudocubic representation) aLSMO = 0.3876 nm obtained from the measurements of LSMO polycrystals [12]. The lattice constant
(coinciding within the limits of experimental error) of
individual LSMO film was determined from the experimental data presented in the inset to Fig. 1, which
depicts the dependence of the measured interplanar distance a⊥ of the LSMO films on the lattice parameter as
of the substrates. These parameters were determined
from the (002), (003), and (004) peaks of the LSMO
films and substrates. The intersection of the dependence a⊥(as) with the straight line a⊥ = as leads to the
lattice constant of the LSMO film aLSMO = 0.387 ±
0.014 nm, which, within the limits of experimental
error, coincides with the results obtained in [12]. It is
assumed that the lattice constant a|| of the LSMO film
in the plane of the substrate coincides with the lattice
constant as to within the experimental error. This is confirmed by the results of investigations of oblique cross
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made for possible tetragonal distortions is equal to
10−3 nm in the plane of the substrate and 10–4 nm in the
perpendicular direction. Therefore, the corresponding
errors in the calculations of the strains in the plane of
the substrate and in the perpendicular direction are
equal to 0.20 and 0.02%, respectively.
It should be noted that the volume Veff of the crystal
lattice Veff of the LSMO film is not retained with a
change in the substrate. At small lattice distortions, the
Curie temperature TC and other magnetotransport
parameters of manganites depend on two parameters:
the relative change in the unit cell volume εb = 2ε|| + ε⊥
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a = 3.875 Å
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and the biaxial distortion ε* = (ε⊥ – ε||) 2/3 [6, 11].
The volume distortions of the lattice lead to a decrease
or an increase in the Curie temperature TC depending on
the distortion sign, whereas the biaxial distortions
always result in a decrease in the Curie temperature TC .
Below, experimental changes in the Curie temperature
TC will be more thoroughly compared with the model
[11] which is applicable to small distortions of the
cubic lattice.

47.5 2θ, deg

Fig. 1. X-ray diffraction patterns (measured in the 2θ/ω
scan mode) of the LSMO films deposited onto the NGO and
STO substrates. The dashed line indicates the position of the
hypothetical reflection (002)LSMO for the bulk material
(without regard for strains) [12]. The corresponding lattice
parameter aLSMO within the experimental error coincides
with the lattice parameter obtained from the intersection of
two lines (solid and dashed) in the inset to the figure, which
depicts the dependence of the interplanar distance a⊥ of the
LSMO films on the lattice parameter as of the substrates.

4. ELECTRICAL PARAMETERS
sections for thin (less than 100 nm) films and the data
obtained in [5]. Consequently, the grown manganite
films are under the action of the mechanical strains
induced by interaction with the substrate: the compressive strains for the NGO and LAO substrates and the
tensile strains for the STO, LSAT, and GSO substrates.
The biaxial strains in the plane of the substrate lead to
a distortion in the crystal lattice of the film in the perpendicular direction.
The strains arising in the film in the plane of the substrate ε|| = (a|| – aLSMO)/aLSMO and in the perpendicular
direction ε⊥ = (a⊥ – aLSMO)/aLSMO are listed in the
2

Table 1. The values of the effective volume Veff = a || a ⊥
are also presented in this table. It can be seen from
Table 1 that the compressive strains in the plane of the
substrate for the LSMO films deposited onto the NGO
and LAO substrates increase the interplanar distance
a⊥, whereas the tensile strains (for the STO substrates)
decrease this interplanar distance. The accuracy in
determining the lattice parameters with allowance

The resistance of all the films under investigation
decreases drastically with a decrease in the temperature
T < TC. At low temperatures (T < 10 K), the resistivity
of all samples approaches the asymptotic value ρ = ρ0 .
The term ρ0 independent of the temperature is determined by the processes of scattering from impurities,
defects, grain boundaries, and domain walls [13–16].
The minimum resistivity ρ0 ≈ 8 × 10–5 Ω cm is observed
for the LSMO/NGO and LSMO/LSAT films, which
have the most perfect crystal structure (minimum ∆ω).
The values obtained do not exceed ρ0 = 1.1 × 10–4 Ω cm
for high-quality LSMO/LSAT films [13] but are somewhat larger than those for single crystals [4]. An
increase in the quantity ρ0 for the LSMO/LAO films
can be associated with the twinning of the substrate,
which results in a broadening of the rocking curve (see
Table 1); however, the factors responsible for the
increase in the quantity ρ0 for the LSMO/STO films
were not revealed. It should be noted that the rocking
curves for the LSMO/STO and LSMO/NGO films
coincide with each other, which suggests a high crystallographic quality of the LSMO/STO structures (see

Table 1. Crystallographic parameters of films
Substrate

as, nm

a⊥, nm

∆ω, deg

Veff, nm3

ε⊥, %

ε||, %

εb, %

ε*, %

NGO
LAO
STO
LSAT
GSO

0.3862
0.3787
0.3903
0.38748
0.3958

0.3906
0.4003
0.3845
0.38753
0.3836

0.06
0.15
0.05
0.06
0.36

0.058
0.057
0.059
0.058
0.060

0.78
3.28
–0.80
–0.02
–1.04

–0.34
–2.30
0.70
–0.03
2.11

–0.10
–1.32
0.59
–0.08
3.17

0.53
2.63
–0.71
0.01
–1.48
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Table 1). The temperature dependences ρ(T) observed
for manganites at low temperatures can be explained
in the framework of the double-exchange model [1, 4,
14, 16].
A strong electron–electron scattering, as a rule,
leads to the term ρ1 proportional to T2. According to the
Kubo calculations (see reviews [1, 4]), the scattering of
electrons by magnons results in the term ρ2 ∝ T4.5. The
relationship ρ2 ∝ T4.5 was actually observed for the
La0.67Ba0.33MnO3 manganite films deposited onto the
LSAT(001) substrates [16]. Analysis of the temperature
dependences of the resistance for our films on the log–
log scale (Fig. 2) demonstrates that, in the low-temperature range 4.2–200 K, the dependence ρ(T) is
described with a high accuracy by the expression
ρ ( T ) = ρ0 + ρ1 T

n

5. MAGNETO-OPTICAL CHARACTERISTICS
OF FILMS
The magnetic characteristics of the LSMO films in
the external magnetic field applied parallel to the plane
of the sample were investigated using the meridional
magneto-optical Kerr effect. The magnetization curves,
the coercive force Hc , the saturation field Hs, and the
anisotropy field Ha were determined at room temperature.
3 The temperature T is determined from the maximum value of the
p

resistance.

ρ, 10–3 Ω cm
4.0

LSMO/NGO
LSMO/LAO
LSMO/STO
LSMO/LSAT
LSMO/GSO

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0

50 100 150 200 250 300 350 400
T, K

Fig. 2. Temperature dependences of the resistivity of the
films. Solid lines indicate the approximations ρ(T) = ρ0 +
ρ1T2.5. The parameters obtained for the approximation ρ(T)
from the analysis of the dependences ρ(T) on a logarithmic
scale are given in Table 2.

(1)

with the exponent n = 2.5 ± 0.1. The same expression
was also observed for this material in [13, 14].
The relationship ρ(T) ∝ T4.5 [4] associated with the
electron–magnon interaction does not describe the
experimental dependence ρ(T) but can modify the
exponent in the temperature dependence. A recent theoretical analysis of the resistance of manganite films
[18] showed that, owing to the double-exchange mechanism, the coupling between the static conductivity
fluctuations and the spin fluctuations is responsible for
the temperature dependence of the resistance ρ(T) ∝
T2.5, which is indeed observed in our experiment. However, the quantity ρ1 in the experimental temperature
dependence ρ(T) ∝ T2.5 appears to be one order of magnitude larger than that predicted by the theory [18].
In manganite films, the transition to the ferromagnetic state with a decrease in temperature at T < TC is
accompanied by a changeover from a hopping behavior
of the temperature dependence of the resistance to a
metallic behavior at the temperature T = Tp.3 As a rule,
the temperature Tp coincides with the Curie temperature TC to an accuracy of a few degrees. At temperatures
in the vicinity of the Curie point TC, the temperature
and magnetic field dependences of the resistance are
determined by the activation processes [19].
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The behavior of the field dependences and the magnitude of the magneto-optical Kerr response for the
LSMO films depend substantially on the substrate
material (Fig. 3). No anisotropy of the magneto-optical
Kerr response for the LSMO films on the LAO and STO
substrates is observed upon rotation of the substrate
around the normal to the substrate plane. The magnetization curves for the samples grown on the STO and
LAO substrates are shown in Fig. 3a. Upon rotation of
the samples around the normal to their surface, the
shape of the curves remains unchanged, which indicates the absence of a preferred magnetization direction
in the plane. A small value of the coercive force for the
LSMO/STO structure (4–5 Oe) suggests that this system belongs to the class of “soft magnetic” materials.
The magnetization of the LSMO/LAO films does not
reach complete saturation in the external magnetic field
with a strength of up to 1 kOe (see the inset to Fig. 3a).
Most likely, this circumstance is associated with the
occurrence of the easy magnetization axis deviating
from the film plane [8]. The magneto-optical Kerr signal in the LSMO/GSO films is at the noise level due to
the low Curie temperature (TC < 290 K).
The LSMO/NGO film is characterized by a magnetic anisotropy of the easy-axis type as a function of
the direction of the external magnetic field lying in the
plane of the substrate. Upon magnetization along the
easy axis, the magnetization curve exhibits a rectangular hysteresis loop when the coercive force Hc = 15 Oe
coincides with the saturation field Hs . The inset to
Fig. 3b shows the angular dependence of the saturation
field Hs for the LSMO/NGO film. The magnetization
along the hard axis is attended by the rotation of the
magnetic moment in the plane of the sample, and the
corresponding curve is characterized by a narrow (no
more than 1 to 2 Oe) hysteresis loop. In this case, the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

Vol. 108

No. 1

2009

52

OVSYANNIKOV et al.
M/Ms, arb. units
1.0

(a)

0.5
M/Ms, arb. units
1

0
–0.5

–800

–1.0

0

800
H, Oe

–1

–100

–50

0

50

100

(b) 90°

1.0

0.5 180°

0°
270°

0
–0.5
–1.0
–300

1.0

–100

100

300

(c)

0.5
0

90°
45°

90°

180°

–0.5

270°

–1.0
–100

0°

–50

0

50

100

H, Oe
Fig. 3. Magnetization curves for the structures under investigation: (a) LSMO/STO (triangles), LSMO/LAO (circles),
(b) LSMO/NGO, and (c) LSMO/LSAT films. In panels (b)
and (c), triangles and circles correspond to different magnetic field directions. The inset to panel (a) shows the magnetization curve for the LSMO/LAO film on an enlarged
scale with respect to the external magnetic field. The insets
to panels (b) and (c) show the angular dependences of the
saturation field Hs in the plane of the substrate for the
LSMO/NGO and LSMO/LSAT films, respectively.

saturation field Hs is considerably higher than that upon
magnetization along the easy axis; it is equal to the
anisotropy field Ha and amounts to 120 Oe. The anisotropy of the magnetic properties of the LSMO/NGO
films is probably associated with the crystallographic
anisotropy of the NGO(110) plane of the substrate. The
NGO substrate has an orthorhombic unit cell with the
following parameters: a = 0.5426 nm, b = 0.5503 nm,
and c = 0.7706 nm (see, for example, [17]). The parameter corresponding to the pseudocubic unit cell of the
NGO substrate is equal to 0.3851 nm. A more accurate
inclusion of orthorhombic distortions for the
NGO(110) plane leads to anisotropy along the
NGO[001] and NGO[110] directions (forming the
NGO(110) plane): 2(a001 – a110)/(a001 + a110) = 0.3%.
This anisotropy is most likely responsible for 80%
uniaxial anisotropy of the saturation field Hs (Fig. 3b).
The crystallographic anisotropy in the LSMO/LSAT
films is absent because the LSAT substrates in the temperature range 150–1200 K have cubic symmetry [20].
However, the dependences Hs(φ) for the LSMO/LSAT
structures are characterized by the biaxial anisotropy
(Fig. 3c) determined by the cubic structure of the
LSMO crystal [21, 22].
6. MAGNETIC RESONANCE INVESTIGATION
OF FILMS
The ferromagnetic resonance spectra were recorded
in order to determine the paramagnetic–ferromagnetic
transition temperatures and to study the in-plane magnetization anisotropy of the films. Figure 4 depicts the
ferromagnetic resonance spectra at room temperature
for the LSMO films grown on the substrates of four
types. For each film, Fig. 4 shows two spectra that differ
from each other by the rotation of the substrate through
90° around the normal to the substrate. It can be seen
from Fig. 4 that the maximum change in the resonance
magnetic field H0 upon rotation of the sample by 90° is
observed for the LSMO/NGO films.
The shape of all ferromagnetic resonance spectra at
room temperature can be described by two Lorentzian
lines. This fact uniquely indicates that the ferromagnetic phases in all films are inhomogeneous. Since the
strain can gradually decrease with increasing thickness
and the Curie temperature TC and the g factor depend on
the strain ε, two ferromagnetic phases most likely correspond to film layers with different strains. The difference between the g factors of the Lorentzian lines used
for describing the experimental ferromagnetic resonance spectra does not exceed the width δpp of the ferromagnetic resonance line. The nonmagnetic layer,
which, according to [9], is located at the film–substrate
interface, does not substantially affect the ferromagnetic resonance.
Figure 5 shows the angular dependences of the resonance magnetic field H0 for two films LSMO/NGO
and LSMO/LSAT under investigation at room temperature upon rotation of the sample around the normal to
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Fig. 5. The angular dependences of the resonance field H0
for the LSMO/NGO (squares) and LSMO/LSAT (triangles)
films upon rotation of the sample by the angle φ around the
normal to the plane of the substrate. Solid and dashed lines
correspond to the relationship H0 ∝ 2H1cos(2φ) +
2H2 cos(4φ) for constant quantities H1 and H2 fitted according to the best agreement with the experimental data.
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Fig. 4. Ferromagnetic resonance spectra of the four structures under investigation at room temperature for two mutually perpendicular orientations of the external magnetic
field lying in the plane of the substrate (solid and dashed
lines).

the plane of the film. The constant magnetic field and
the magnetic component of the microwave field lie in
the plane of the film. Since the substrates with the film
represent square plates 5 × 5 mm2 in size, the influence
of the shape anisotropy is minimum and the shift in the
resonance field is completely determined by the magnetic anisotropy of the LSMO film. It can be seen from
Fig. 5 that the angular dependence of the resonance
field is well described by the relationship H0 ∝
2H1cos(2φ) + 2H2 cos(4φ) with the amplitudes H1 =
55.8 Oe and H2 = 0.9 Oe for the LSMO/NGO film. For
the LSMO/LSAT structure, we have H1 = 3.0 Oe and
H2 = 8.4 Oe. It should be noted that the angular dependences of the magnetic anisotropy of the LSMO/NGO
and LSMO/LSAT films are in good agreement with the
corresponding dependences obtained from the magneto-optical measurements (see Section 5). The magnetic anisotropy of the LSMO film is determined by the
combination of the cubic anisotropy (in the crystal)
proportional to K1sin4φ and the anisotropy induced by
the uniaxial strain Ku sin2φ [21, 22]. According to the
measurements performed in [22] for the LAO, STO,
and MgO substrates, the quantity K1 for the LSMO film
decreases sharply with an increase in the temperature
and the effect of the uniaxial strains Ku is almost independent of the temperature [22]. As a result, the influence of the cubic anisotropy of the LSMO structure at
room temperature manifests itself only for the
LSMO/LSAT films, for which the effect of the uniaxial
anisotropy is minimum. With a decrease in the temper-

180
φ, deg

ature, Tsui et al. [6] experimentally observed the biaxial
anisotropy for the LSMO films deposited onto three
substrates NGO, LSAT, and STO, which provide the
minimum mismatch between the lattice parameters.
The temperature dependences of the resonance
magnetic field for the three samples under investigation
are plotted in Fig. 6. The paramagnetic–ferromagnetic
transition temperature was identified as the abscissa
corresponding to the inflection point of the above
dependences. The Curie temperatures TC thus determined are presented in Table 2.
The analysis of the ferromagnetic resonance spectra
and their temperature dependences clearly indicates
that there is a correlation between the ferromagnetic
properties of the films and the crystallographic matching of the substrate and film materials. A comparison of
the data presented in Tables 1 and 2 allows us to trace
that a deterioration of the crystal quality results in an
increase in the ferromagnetic resonance width δpp.
However, at identical crystal quality (equality of the
widths of peaks in the rocking curves), the Curie temperature TC depends on the bulk strains [11]. It should
be noted that the ferromagnetic resonance width δpp =
20 Oe for our LSMO/NGO film is close to a record
width for the epitaxial LSMO films.
Figure 7 shows the dependences of the Curie temperature TC on the bulk and biaxial strains. The plane in
the three-dimensional space describes the dependence
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Fig. 6. Temperature dependences of the resonance magnetic
field for three films () LSMO/LAO, () LSMO/LSAT, and
() LSMO/STO. The Curie temperatures were determined
from the maximum of the derivative dH0/dT.

2

ε*2, %
–0.2 0.1 LSMO/LAO

Fig. 7. Dependences of the Curie temperature TC on the bulk
strain εb and the square of the biaxial strain ε*2 for the LSMO
films. The plane is constructed using relationship (2).

of the Curie temperature TC on the arising strain according to the relationship obtained by Millis et al. [11]:
T C ( ε ) = T C ( 0 ) ( 1 – αε b – δε* /2 ),

0
εb, %

(2)

where α = (1/Tk)dTC/dεb and δ = (1/TC)d2TC/dε*2. In our
case, the best agreement between the experimental
M
Curie temperature TC and the temperature T C in relationship (2) is achieved at α = 0.66 ± 0.07, δ = 103 ± 2,
and TC(0) = 336 ± 0.2 K (see Table 2). A comparison of
M

the calculated temperatures T C and the experimental
Curie temperatures TC demonstrates that the deviation
of the experimental Curie temperatures from the calculated temperatures is rather small (1 K) for the four
most widely used substrates. The largest deviation
observed for the Curie temperature TC of the
LSMO/GSO films is possibly associated with the considerable bulk distortions of the LSMO film. A higher
defectiveness (larger width ∆ω) of the LSMO/GSO
film leads to a broad ferromagnetic resonance line. It

should be noted that the parameters obtained for relationship (2) that provide the best agreement between
the theoretical and experimental data somewhat differ
from those determined by Tsui et al. [6]: α = 2.2, δ =
70, and TC(0) = 334 K.
7. CONCLUSIONS
Thus, epitaxial manganite films deposited onto six
substrates providing compression and tension of the
crystal lattice of the films were investigated. It was
demonstrated that the temperature dependence of the
resistance of all films at low temperatures is well
described by the power relationship T2.5, which follows
from the results of recent calculations of the electrical
conductivity of manganites in the framework of the
double-exchange model. A weak anisotropy (on the
order of 0.3%) of the NGO substrate leads to the
observed anisotropy of the magnetic properties of the
films in the plane of the substrate at room temperature.
However, an insignificant crystallographic mismatch

Table 2. Electrical and magnetic characteristics of films
Substrate

ρ0, Ω cm

ρ1,
Ω cm/T 2.5

Hc, Oe

Hs, Oe

TC, K

TC , K

δpp, Oe

NGO

0.82 × 10–4

4.7 × 10–10

LAO

2.12 ×

12 ×

STO
LSAT
GSO

10–4

3.2 × 10–4
0.85 ×

10–4

1.3 × 10–4

M

15/<1*

120

335

335

65

10–10

10

100

315

316

340

18 × 10–10

4

10

333

334

64

10–10

10

50

336

336

100

9.1 × 10–10

–

–

251

328

330*

4.9 ×
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between the LSMO film and the LSAT substrate is
responsible for the magnetic anisotropy typical of cubic
ferromagnetic materials. The ferromagnetic resonance
lines of all films are adequately described by a superposition of two Lorentzian lines, which indicate the presence of two ferromagnetic phases. The dependence of
the Curie temperature determined from the ferromagnetic resonance spectra is qualitatively described by the
Millis theory, which takes into account both the bulk
and biaxial strain of the LSMO films.
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