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Abstract
In this work, we present the measurements of exchange-dominated
nonpropagating surface and bulk spin-wave modes in the La-deficient epitaxial
La0.7Mn1.3O3 films prepared by dc-magnetron sputtering. The angular and
temperature dependences of the modes observed are discussed. The main result
obtained is the observation of the spin-wave resonance (SWR) consisting of a
series (17) of well resolved standing spin-wave modes in the perpendicular
external magnetic field geometry. The surface spin-wave modes have been
observed in manganites for the first time. As the magnetization is rotated out
of perpendicular to the film surface, a ‘critical angle’, ϕcr , is fixed, at which
the surface and first spin-wave modes have been transformed into the uniform
mode. It is shown that only the uniform mode exists in the region 0 < ϕ < ϕcr .
The surface mode data are consistent with the surface-inhomogeneity model
in which the surface-anisotropy field acts on the surface spin. Possible origins
of the surface anisotropy are discussed. Based on the temperature and angular
dependences of SWR spectra, the main microscopic parameters (the spin-wave
stiffness, exchange constant and g-factor value) are established.

1. Introduction

During the past years, physical properties of doped manganites with the general formula
La1−xDxMnO3, where D is the divalent ion, have been extensively studied, both from a
fundamental point of view and for their potential applications ([1] and references therein). At
a fundamental level, new physics associated with such systems arises from a strong correlation
between structural, transport and magnetic properties of these materials.

The character of spin ordering at the transition to the ferromagnetic metallic state was
shown to influence the mobility of charge carriers and, correspondingly, the electronic transport.
Therefore, in studying the magnetic properties of manganites, it is important to investigate the
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spin dynamics as it is intimately connected with charge motion between Mn3+ and Mn4+ ions
through the so called ‘double-exchange’ interaction [2].

There are a few main experimental methods of spin dynamics study: inelastic neutron
and Brillouin scattering and magnetic resonance. In this work, the magnetic resonance
technique, as a highly precise and effective method, is used for studying the magnetic dynamics
in magnetoresistive films as well as for determination of the effective nearest-neighbour
Heisenberg interaction or spin-wave stiffness and other fundamental characteristics of the
spin system.

It has been shown by Kittel [3] that the SWR spectrum can be excited in a ferromagnetic
thin film if it exhibits appropriate boundary conditions. The pinning mechanism, which is
responsible for excitation of the SWR spectra, is related either to the intrinsic surface magnetic
anisotropy or to the magnetic inhomogeneities of the film [4, 5]. In any case, the magnetic
inhomogeneities should be distributed regularly in the thickness of the film (or localized near
the film surface).

Measurements of the standing spin-wave resonance in thin manganite films have been
carried out recently [6–8]. However, the observation of the nonpropagating surface spin-wave
modes has not been reported yet. These exchange-dominated surface modes were a subject
of both theoretical and experimental investigations for identification of the SWR spectrum in
iron-garnet films [9–11].

The purpose of this work is to study the characteristics of low-lying excitations in the
La-deficient epitaxial La0.7Mn1.3O3 films. The parent compound LaMnO3 is known to be an
antiferromagnetic insulator. In the La0.7Mn1.3O3 compound the cation deficiency responsible
for the existence of mixed-valent Mn3+/Mn4+ ions is due to the provision of superfluous Mn
content. The substitution of La3+ with Mn induces the metal–insulator transition and the charge
carriers due to this doping mediate the ferromagnetic interactions between the localized Mn
spins. Such samples are self-doping systems and show a colossal magnetoresistance at the
manganese content of 1.2–1.3 [12].

In the present work, the temperature and angular dependences of the exchange-dominated
spin-wave modes have been investigated. The identification of the acoustic-type surface modes
in the SWR spectrum was performed. Peculiarities of the FMR spectra for in-plane and out-
of-plane magnetic field geometry have been also studied. Based on a study of the FMR and
SWR spectra, the values of the spin-wave stiffness, exchange constant and g-factor have been
calculated.

The paper is organized as follows: In section 2 the sample preparation and experimental
procedure are briefly discussed. To provide a theoretical background for the experimental
results, the main features of the Puszkarski surface-inhomogeneity model of SWR modes are
reviewed in section 3. Section 4 contains the experimental results, which confirm the excitation
of the nonpropagating space and surface spin-wave modes. Discussion of the experimental
data obtained, comparison with the model as well as calculation of microscopic parameters of
magnetic state in the film studied are also presented in section 4.

2. Samples and experimental procedure

The samples studied are epitaxial La0.7Mn1.3O3 films. The preparation technology of both
films and ceramic pellets as targets has been previously described in detail in [13] and [14]. In
brief, the films were deposited onto [001] oriented single-crystalline LaSrAlO4 substrates using
dc-magnetron sputtering. During the sputtering of films, the discharge current was 100 mA
in a 10 mTorr Ar:O2 = 4:1 atmosphere. The temperature of the substrate surface was 600 ◦C.
After that the films were cooled to room temperature at the rate of 5 K min−1. In order to
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achieve a homogeneous film, they were post-deposition annealed at 600 ◦C for an additional
30 min in oxygen flow. The thickness of the films was estimated to be about 3500 Å.

The chemical composition of the films studied as well as the ceramic target used for film
preparation has been discussed in [12] and [15]. The ionic structure of

(La3+
0.66V(c)

0.05Mn2+
0.29)A(Mn3+

0.65Mn4+
0.29V(c)

0.06)BO2−
2.84V(a)

0.16 (1)

obtained for ceramic samples is conserved for the La0.7Mn1.3O3 films with an uncertainty of
about 10%.

The x-ray diffraction spectra (figure 1) obtained with the Bragg–Brentano geometry and
Ni Kα1 + α2 radiation show that the films are single phase and oriented along the pseudocubic
axis [100]. The distortion of the crystallographic structure from the cubic symmetry with the
accuracy 0.025% has not been detected. The lattice constant obtained from the peak position at
the (400) reflection is 3.907 Å. Despite the fact that the lattice constants of the film and substrate
(3.764 Å in the ab-plane) are slightly different the films have both a strong in-plane and axis
texture and quality close to the quality of single crystals. Magnetization, magnetoresistive and
thermoelectric (Seebeck coefficient) properties of these films have been studied earlier [12, 13].
The films exhibit a substantial negative magnetoresistance of �R(H = 1 T)/R(0) ≈ 60%
near TC .

Figure 1. The x-ray diffraction pattern of the epitaxial La0.7Mn1.3O3 films deposited onto [001]
oriented LaSrAlO4 substrates. The small reflection at 11.44◦ belongs to the superstructure along
the c-axis. Reflexes of the substrate are indicated by ∗.

The resonance measurements for in-plane magnetic field (HII ) geometry were carried
out by conventional electron paramagnetic resonance (EPR) spectrometry (at about 9.47 GHz)
over a temperature range from 300 to 77 K. The external magnetic field was also scanned in
the film plane.

Measurements of the SWR spectra in out-of-plane magnetic field (H⊥) geometry were
performed using a X-band reflection spectrometer operating at fixed frequency (about
9.235 GHz) in conjunction with a variable temperature flowing gas cryostat. A standard
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high frequency field (HFF) modulation and phase-sensitive detector techniques were used, so
that the detected signal corresponded to the field derivative of the absorbed power. The film
samples were positioned in the centre of the microwave cavity. Rotation of the sample was
realized in the cavity in plane normal to the film plane with dc magnetic field changing its
angle from the film normal to the film plane. The applied magnetic field was changed from 0
to 1.1 T. An HFF field was perpendicular to the external magnetic field and was parallel to the
film plane. Sample temperature was varied in steps from room temperature to liquid-helium
temperature.

3. Model

When an applied magnetic field is perpendicular to a single-crystal ferromagnetic film,
the resonance field positions for long-wavelength modes of spin excitations, including the
demagnetization and magnetocrystalline fields and the Heisenberg exchange, are given by the
Kittel relation [3]:

Hn = ω/γ + 4πM0 + HA − Dk2
n. (2)

Hereω is the angular frequency, γ is the gyromagnetic ratio,M0 is the saturation magnetization,
D is the spin-wave stiffness constant, kn = nπ/L is the wave vector of the nth mode
(n = 1, 2, 3, . . .), HA is the magnetocrystalline anisotropy field and L is the film thickness.

Kittel [3] has shown that the normal spin-wave resonance modes excited in thin magnetic
films depend on an effective anisotropy field acting on the surface spins. The major sources of
the surface anisotropy are first of all the broken symmetry of the atoms at the surface as well as
various extrinsic effects such as inhomogeneous distribution of atoms, epitaxial surface strains
etc.

Following the Puszkarski surface-inhomogeneity model [10, 11], the pinning condition at
each film surface can be described by an effective parameter

A = 1 − (gµB/2SzJ )(KSn) (3)

where g is the spectroscopic-splitting factor, µB is the Bohr magneton, S is the atom’s spin,
J is the Heisenberg exchange interaction parameter of two nearest spins, z is the number of
nearest neighbour spins in a crystal lattice, KS is the effective surface anisotropy field and n

is the unit vector parallel to the spin quantization axis. The parameter A measures the strength
of pinning of the surface spins. When A < 1, only bulk spin-wave modes with real values of
the wave vectors kn can be exited, whereas for A > 1, the surface states also appear. If A = 1
(absence of surface anisotropy), only one resonance corresponding to a uniform spin-wave
mode with k = 0 is present.

For A > 1, the highest-field modes in the SWR spectrum are acoustic-type surface modes.
When the parameters A for both surfaces are greater than one and different, two acoustic
surface modes can be exited. These exchange-dominated surface modes are different from
magnetostatic surface modes, which generally are long-wavelength modes having negligible
exchange energies [16, 17]. As the magnetization is rotated out of perpendicular to the film
surface, one should observe a ‘critical angle’, ϕcr , at which the surface and first spin-wave
modes transform into the uniform mode of the film.
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Figure 2. FMR spectrum in the parallel external magnetic field geometry (along the [110] direction)
for different temperatures.

4. Experimental results

4.1. In-plane geometry

A resonance spectrum for the parallel field geometry (H‖ film plane) in the La0.7Mn1.3O3 film
studied is presented in figure 2. It displays one intensive peak identified with the FMR zero
mode (the uniform procession mode) only. The higher modes are not excited in accordance
with theoretical prediction [3]. An almost symmetric EPR line shape has been observed in
the paramagnetic range from 200 up to 300 K. Most changes of shape and linewidth are
observed near the transition temperature (TC ≈ 186 K) in spite of the fact that conductivity
in this temperature range is less than at low temperatures. On the one hand, the non-uniform
broading of a magnetic resonance line can be connected with magnetic nonuniformity of the
film, which causes a spread of TC in volume. On the other hand, a change of ratio between
the time of current carrier diffusion through a skin layer and the times of spin–lattice and
spin–spin relaxation can exert an essential influence on the shape of the magnetic resonance
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line in a conducting environment. Below TC , the shape of FMR signal is asymmetric but
the Dysonian-like FMR signal changes gradually to the symmetric one again with decreasing
temperature.

The resonance peak-to-peak linewidth, �Hpp, increases abruptly near the Curie point and
then reduces significantly again (figure 3). In the ferromagnetic state the linewidth slightly
increases as the temperature is reduced. A large peak in the linewidth just near the transition
temperature is a typical feature of manganite samples with magnetoresistive effect [18, 19].
Possible causes of such �Hpp behaviour could be an existence of AFM clusters near defects
or an intrinsic phase separation [20]. The ferromagnetism of the whole sample forms the basic
contribution to the linewidth in the paramagnetic range (T > 240 K) and at low temperatures
(T < 150 K), which corresponds to typical behaviour of �Hpp in FM systems [21]. The
�Hpp behaviour in the temperature interval of 150 < T < 240 K is presumably due to the
fluctuation contribution to the linewidth from AFM areas taking into account that an increase
of the EPR linewidth is characteristic for AFM [22]. As seen in figure 3, the resonance field,
Hres(T ), decreasing at T < 220 K becomes slightly dependent on temperature at T < 150 K.
The maximum of the dHres/dT dependence takes place at T ≈ 205 K, which corresponds to
a peak in the linewidth. The behaviour of the absorption line is consistent with the expression
for the resonance frequency ω/γ = [H(H + 4πMeff )]1/2 (this will be shown below for
the case when in-plane magnetic field H is much stronger than the anisotropy field HA). It
should be noted that the value of the effective magnetization 4πMeff obtained from FMR is
in satisfactory agreement with the SQUID data [12].
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Figure 3. Temperature dependence of the resonance field Hres and linewidth in the La0.7Mn1.3O3
film at 9.47 GHz.

The anisotropy of the Hres field was detected at T < TC when the external field was
scanned in the film plane. In figure 4, the Hres(φ) dependence at 80 K is presented, where φ

is the angle between the [100] axis and field direction. The anisotropy of linewidth was also
fixed: �Hpp varies from 35 mT when H‖ [110] to 85 mT for H‖ [100]. It should be mentioned
that epitaxial strain-induced magnetic anisotropy in thin (<3000 Å) films of manganites has
been observed recently [23, 24].
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Figure 4. Angular dependence of the in-plane resonance field Hres at 9.47 GHz and 80 K.

4.2. Out-of-plane magnetic field geometry. Temperature and angular dependences

Generally, the additional lines observed in the FMR spectrum at the transverse excitation can
be attributed to the surface modes [25] or bulk spin-wave modes [26]. Such interpretation
correlates with the observed spectra evolution as the sample is rotated in a magnetic field.
Indeed, according to the results of measurements for magnetic field perpendicular to the film
plane, a resonance spectrum consists of 11 well resolved lines (figure 5). Two of them on the
high-field side, SM1 and SM2, we identify as the acoustic surface modes, while the others are
the bulk nonuniform spin-wave modes. The following experimental facts give evidence for
conclusion of the surface character of the SM1 and SM2 modes:

(i) the resonance field of the modes is above the theoretical uniform-mode field position;
(ii) the intensity of the modes is smaller than the next-lower-field mode (n = 1);

(iii) the angle dependence of these modes (see figure 8) is consistent with the predictions for
a surface mode as given by Puszkarski [10, 11].

The theory based on the surface inhomogeneity model predicts that multi-peak SWR
occurs only if A �= 1. No peak corresponding to the uniform mode (k = 0) appears in this
case. According to [10] and [11], the exchange surface modes have an imaginary wave vector
kz = iδ normal to the film surface and a zero component in the film plane. Two acoustic-type
surface modes observed are the evidence of both the facts that the system is asymmetrical
and that both surface A parameters are greater than one and different. The highest-field mode
(SM2 in figure 5) corresponds to a quasisymmetric surface mode and the next mode (SM1 in
figure 5) corresponds to a quasiantisymmetric surface mode. For the quasisymmetric mode,
the amplitude of the oscillating dipole moment is greatest at the surface having the stronger
surface anisotropy field. For the quasiantisymmetric mode, the amplitude is larger at the
surface having the weaker surface anisotropy.
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Figure 5. Spin-wave resonance spectrum at 100 K. The inset shows the 9–17 SWR modes increased
by a factor of five.

Figure 6 displays the temperature dependence of the SWR spectrum for the H⊥ field.
As the temperature approaches TC from below, the resonant field Hres decreases and
becomes independent of temperature at T > 200 K. The ferromagnetic ordering temperature
(TC = 186 K) obtained from FMR differs somewhat from the value of TC measured by a
SQUID [12]. An unusual transformation of the SWR spectrum is observed with decreasing
temperature. While nine lines of the SWR, namely, two surface modes and seven bulk modes
with n = 1, 3, 5, 7, 9, 11, 13, are observed below 165 K, the 15th and 17th modes occur only
below T = 143 K and disappear at 48 and 87 K, respectively. Possible mechanisms of this
transformation are not clear at present and further experiments should be performed. Thus,
the maximum number of detected modes is observed over a temperature range of 87–143 K.

Another interesting feature was detected in the temperature dependence of SWR linewidths
(figure 7). The peak-to-peak linewidth for the first bulk spin-wave mode (n = 1) is equal to
about 0.17 kOe atT = 5 K and changes negligibly as temperature is increased up toT = 140 K.
Such behaviour is typical of uniform ferromagnetic samples. In the vicinity of TC , the �Hpp

value increases sharply due to critical fluctuations reaching the maximum value of 0.55 kOe.
It should be noted that the linewidth increases more weakly for H perpendicular to the film
plane than for the H‖ direction. Above TC , the n = 1 mode linewidth increases smoothly as
expected for a paramagnetic state. The �Hpp(T ) values of SWR modes 3–11 also change
smoothly from 0.1 to 0.2 kOe below 165 K.

The fact that the resonance linewidths for both in-plane and out-of-plane magnetic field
geometry are relatively narrow and depend slightly on temperature below TC is indicative of
the high quality of films studied taking into account that the FMR linewidths provide a very
sensitive probe of the uniformity and magnetic homogeneity of film samples [27].
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Figure 6. Temperature dependence of resonance field of surface (SM1 and SM2) and bulk (1–17)
SWR modes. Inset: theoreticalM(T ) dependence (line) and experimental temperature dependence
of resonance field (points) for the n = 1 SWR mode in the perpendicular external magnetic field
geometry.

The linewidths of the higher-order modes (n = 13, 15 and 17) have, however,
nonmonotonic low temperature behaviour. As seen, a decrease of the n = 11 mode
linewidth is accompanied by occurrence of the n = 13 mode. Similar behaviour is observed
for the n = 15 mode. A smooth peak (at 30 K for the 13th mode, at 80 and 110 K
for the 15th and 17th modes, respectively) is typical for these excitations. It should be
mentioned that decrease of the distance between modes with increasing temperature is due
to the spin-wave stiffness constant dependence on temperature in accordance with theoretical
calculations [28].

The observed strong increase of dissipation from the 13th mode depends upon the fact
that the length of the spin-wave modes is compared with the thin film inhomogeneity size.
In [29] the influence of pointed magnetic disorder on the spin-wave spectrum was observed.
It was shown that if the spin-wave vector becomes of the order of or more than some value
k0 = 2/b, where b is the characteristic size of the inhomogeneity, the dispersion law ω(k) will
be essentially different from quadratic and spin-wave decay is considerably increased. This
reflects the fact of strong interactions between spin-wave and scattering defects.

Let us estimate the value of inhomogeneity size in our thin film. The maximum number
n of observed modes is 17. It is known that the wave vector of the normal spin-wave mode
kn = nπ/L, where L = 3500 Å is the film thickness. From condition k17 ∼ k0 we have a size
of the magnetic inhomogeneity:

b ≈ 2L

17π
≈ 130 Å.
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Figure 7. Temperature dependence of the derivative peak-to-peak linewidth, �Hpp , of SWR
modes in out-of-plane magnetic field geometry.

This is a maximum size because the next mode 19 has intensity I (n) ∼ 1/n2 in the
limit of experimental sensitivity. In [30] the evidence of anisotropic magnetic polarons in
La0.94Sr0.06MnO3 observed by neutron scattering is presented. The polaron size and intercluster
distance are equal to approximately 17 and 34 Å, respectively. One can suppose that the large
increase of spin-wave damping in our case beginning from n = 13, 15 or 17 is caused by
magnon scattering on the magnetic polarons. Also, in [30] the authors point out the existence
of some magnetic disorder on a scale of 130 Å, which corresponds to antiferromagnetic (AFM)
short-range correlation within the canted AFM layered structure. Such inhomogeneities may
be responsible for increasing of spin-wave decay.

Using the experimental data obtained, we have made some quantitative estimations of the
g-factor and interaction parameter. At temperature T > 200 K, the film magnetization can
be considered as negligible [12]. If it is taken into account that at T = 4.2 K the sample is
magnetized to saturation, the difference of resonant fields at 4.2 and 294 K (inset to figure 6)
determines the effective value of the anisotropy field, Heff = 4πMeff = 4πNM0 − 2HA =
7.04 kOe, where 4πNM0 = Hdemag is the demagnetization field connected with the shape of
the sample. The Hdemag field in the film, as a rule, considerably exceeds the anisotropy field
HA. As in our experiment the resonant fields are about 3 kOe and higher, an influence of HA

on the resonant characteristics of the film studied (in a first approximation) can be ignored. In
this case, we do not exclude the surface anisotropy, which should be rather strong to realize
a pinning of magnetic moment on a film surface in SWR conditions. Taking into account the
measuring frequency ν = 9.235 GHz, the values of the g-factor and saturation magnetization
were obtained to be equal to 1.96 and 560 Oe, respectively. The value of g < 2 is due to a
spin-orbital interaction.
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For further calculations, it is necessary to know the value of spin S. We should take for
S its effective value Seff , that is equal to the weighted average of the spins for the Mn3+ and
Mn4+ ions. For the effective spin, we obtain Seff = 2x1 + (3/2)x2 = 1.735. Here we use,
in accordance with the ionic composition formula (1), the concentrations of x1 = 0.65 and
x2 = 0.29 for Mn3+ and Mn4+ ions, respectively.

To test the validity of the Seff determination, we assume that the lattice is cubic with one
magnetic ion in the unit cell. Than, it is easy to find the lattice constant a from the following
expression:

a =
(
µBgSeff

M0

)1/3

(4)

where g = 1.96, Seff = 1.735 and M0 ≈ 560 Oe. From the expression (4), we obtain a
reasonable value of a ≈ 3.83 Å, that is comparable with the value of 3.907 Å determined from
the x-ray diffraction data.

In the molecular field approximation, the magnetization of a ferromagnet can be described
by the formula

M = M0BS(x) (5)

where x = 3S2
eff [JzM(T )]/[kBTM0], BS(x) is the Brillouin function, J = 3TC/2S(S + 1)z

and kB is the Boltzmann constant. A comparison of the theoretical M(T ) curve obtained
using the calculated exchange parameter and dependence (5) and the experimental temperature
dependence of the resonant field for the n = 1 mode (points) is presented in the inset to figure 6.
The rather good agreement of experiment and theory is observed.

Since the observed parallel and perpendicular spectra are very different, the angular
dependence of SWR has been measured. The angular dependences of the mode positions
are shown in figure 8. As seen in figure 8, in the case of ϕ = 90◦ (H⊥ film plane), the spectrum
consists of nine lines belonging to modes 1–17 of SWR. One can see that with deviation of
the H⊥ field from perpendicular orientation, the resonance modes of SWR start to disappear.
The 15th and 13th modes disappear at the angle of 90 ± 3◦. Other modes of SWR disappear
at higher deviation: the 11th at 90 ± 6◦; the ninth at 90 ± 8◦; the seventh at 90 ± 10◦; the fifth
and third at 90 ± 12◦. There exists a critical angle ϕcr ≈ 14◦ between the static magnetic field
and the normal to the film (90◦ ± ϕcr ), at which the magnetization of sample is perpendicular
to the surface anisotropy field, M ⊥ KS , and the parameter A is equal to 1. As seen in
figure 8, for angles ϕ < ϕcr , a well-resolved multi-peaks SWR spectrum is detected, whereas
for ϕ > ϕcr the spectrum contains in general only one resonance absorption line. At critical
angle, the surface and first spin-wave modes transform into the uniform mode. The uniform
mode exists only in the region 0 < ϕ < ϕcr . These results are consistent with the Puszkarski
surface-inhomogeneity model [10, 11].

The strong dependence of number of excited spin-wave modes and their parameters on both
temperature (figure 7) and orientation of the film in the magnetic field (figure 8) is indicative
of the domination of the dynamic mechanism of spins pinning at the film surfaces [31].

The quantitative and qualitative correlation between experiment and theory is also
exhibited in an angular dependence of the SWR modes. As it is known (see, e.g., [32]),
the FMR resonant field can be expressed through tensor Nij (i, j = 1, 2, 3 or x, y, z) of
demagnetization factors of ellipsoid by the formula

(ω/γ )2 = [H cos(ϑ − ϕ) + (N11 − N33)M + 2HA cos2 ϑ]

×[H cos(ϑ − ϕ) + (N22 − N33)M + 2HA cos 2θ ] − (N12M)2 (6)

where ϕ is the angle between the z-axis and the external magnetic field direction and ϑ is
the azimuthal angle of magnetization. The axis z is proposed to be perpendicular to the
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Figure 8. Resonant fields of the SWR modes 1–15 versus the rotation angle of the film relative
to the magnetic field (points). Inset: comparison of the angular dependence of resonant field Hres

calculated using equations (6) and (7) (denoted by line) and the experimental Hres dependence for
the n = 1 SWR mode at 100 K.

film surface, being in the x–y-plane. In the coordinate system with the axis z′ parallel
to the magnetization direction, the tensor Nij (diagonal in the main axes of ellipsoid)
transforms, and its components have the form N11 = 4π cos2 α sin2 θ , N22 = 4π sin2 θ sin2 α,
N33 = 4π cos2 θ , N12 = −2π sin(2α) sin2 θ where α is the polar angle of the vector M in an
initial spherical coordinate system.

From the condition of the free energy minimum

E = −HSM sin ϑ sin α − H0M cosϑ − HAM cos2 ϑ + 1/2(4πM2) cos2 ϑ

where HS = H sin ϑ , H0 = H cosϕ, the equilibrium angle is equal to α = π/2, and the angle
ϑ is determined from the equation

H sin(ϑ − ϕ) − Heff sin ϑ cos θ = 0 (7)

where Heff = 4πM − 2HA.
From the equations (6) and (7), for two limiting cases we have

(i) if θ = π/2 and ϕ = π/2 (a field H is perpendicular to the film plane),

ω = γ (H⊥ − Heff );
(ii) if ϑ = 0 and ϕ = π/2 (for field H‖ direction),

ω = γ {H‖(H‖ + Heff )}1/2.

From experiment we have H⊥ > H‖. That is why in our case the anisotropy of easy-plane
type is realized. Unfortunately, we cannot find the value of HA because it is necessary to have
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additional experimental data. However, our estimations of lattice constant a using equation (4),
which is comparable with one determined from x-ray diffraction data, support our suggestion
of a small value of crystal anisotropy field HA. We suppose that both magnetocrystalline
anisotropy and the film–substrate relaxation of strain may be the source of the weak magnetic
anisotropy observed in our film.

The comparison of the angular dependence of resonant field Hres for the n = 1 SWR
mode calculated using equations (6) and (7) with experimental data is presented in the inset to
figure 8. Taking into account a rather approximate character of the calculations, the agreement
between theory and experiment may be considered to be quite satisfactory.

Following equation (2), the distance between the resonance fields of the ni th and nj th
modes is described by

�H = Hni − Hnj = D(π/L)2(n2
j − n2

i ).

Figure 9 indicates the dependence of�Hn = H1−Hn (whereH1 andHn are the resonance
fields for first and nth modes) on the square of the bulk SWR mode number, n2, obtained at
T = 82 K. It is seen that at n > 5 we have a linear spectrum ω from kn. The SWR modes
with small n deviate from the linear �Hn(n

2) dependence determined by the higher-order
ones. Such a deviation of the first modes from the lines determined by high-order modes
was observed earlier [33] on evaporated Ni–Fe films. It is in qualitative agreement with
the surface anisotropy and inhomogeneity model, which predicts a deviation of Hn from the
quadratic law for the first modes [10, 11]. The deviation of the �Hn(n

2) dependence from
linearity also shows that the spin pinning at the boundaries of the film becomes weaker with
increasing spin-wave number. The Kittel condition [3] of spin pinning on a film surface is
disrupted. It may be related to the existence of an inhomogeneity in the internal distribution
of either the saturation magnetization, fluctuations of exchange interaction parameter and
magnetocrystalline anisotropy or stress [29, 34]. Since magnetic anisotropy in the investigated
films was shown to be small one should suppose that the nonuniform distribution of the
saturation magnetization is responsible for observed deviation from the n2 law. One can
say that pointed peculiarities substantially depend on conditions of specimen preparation, film
thickness and tension arising from interaction with the substrate.

From figure 9, we obtain the tangent of the line slope angle of R = π2/hγL2 = 10.3 Oe.
The saturation magnetization (M0 = 450 Oe) determined using the expression (2) and figure 9
is close to the analogous value obtained from the analysis of the temperature dependence of
the demagnetization field.

Using the linear �H(n2) dependence we have calculated the value of the spin-wave
stiffness constant D = 150 meV Å2 . The value of D determined by the SWR
method for the La0.7Mn1.3O3 film is in satisfactory agreement with those measured in other
ferromagnetic manganites, for example, 134 meV Å2 for La0.7Pb0.3MnO3 [35], 170 meV Å2

for La0.7Ca0.3MnO3 [36], 188 meV Å2 for La0.7Sr0.3MnO3 [37].
According to spin-wave theory, the spin-wave stiffness constant D(0) = 2JSa2. Using

equation (2) and the parameter D, it is easy to obtain the expression for the exchange parameter
J :

J = RgµB

2Sπ2kB

(
L

a

)2

. (8)

From expression (8), we obtain the exchange interaction parameter of J ≈ 32 K for
L = 3500 Å and a = 3.9 Å. This value agrees with one obtained in [38]. The accuracy of the
J parameter determination depends strongly on the accuracy of the ratio of the film thickness
to the lattice constant.
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Figure 9. Dependence of �Hn = H1 − Hn on the square of the corresponding mode number, n2,
at T = 82 K.

5. Conclusions

We report the first measurements of surface and bulk SWR modes in La-deficient epitaxial
films prepared by magnetron sputtering.

The spin-wave resonance consisting of a series (17) of well resolved standing spin-wave
modes in the perpendicular external magnetic field geometry has been observed.

The analysis of the magnetoexchange-branch dispersion relation in the La0.7Mn1.3O3 films
has indicated that the internal fields in these films are very homogeneous and that the spin-
wave modes depend on the surface pinning conditions rather than variations in the internal
field. Assuming pinned surface spins, the spin-wave resonance data have been shown to fit a
quadratic dispersion relation. To date, nearly all experimental results on spin-wave excitation
in manganite films have been limited to bulk resonances. As shown in this paper, it is an
incomplete description of the spin-wave properties of films with the colossal magnetoresistance
effect.

The mode separation with angle observed in this study suggests that the boundary
conditions are angular dependent. By varying the orientation of an applied magnetic field
from perpendicular to parallel to the film surface, the highest field mode wave vector changes
from an imaginary value at perpendicular to zero at the critical angle. Its real value (∼π/L) is
between the critical angle and parallel resonance.

The observation of two acoustic-type surface modes is consistent with Puszkarski’s theory
if asymmetric boundary conditions are assumed. The lack of symmetry in the boundary
conditions is understandable experimentally, since the ‘bottom’ surface layers can be affected
by the substrate, while the top surface is exposed to the atmosphere.
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We found an unusual transformation of the spin-wave spectrum, namely, the disappearance
of the highest resonance modes with decreasing temperature. However, the origin of the
observed transformation is not clear yet.

Based on the temperature and angular dependences data of SWR spectra, the main
microscopic parameters (the spin-wave stiffness, exchange constant and g-factor value) were
established.
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