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A review of experimental studies of magnon excitations in
manganites by microwave technique is presented. The main result
obtained is the observation of the spin-wave resonance (SWR)
consisting of a series of well-resolved standing spin-wave modes.
The surface spin-wave modes have been observed in manganites
for the first time. The surface modes data are consistent with
the surface-inhomogeneity model, in which the surface-anisotropy
field acts on the surface spin. At low temperatures for small wave
vectors k —0, the dispersion relation has a quadratic shape similar
to that observed in Heisenberg ferromagnets.

1. Introduction

During the last years, the physical properties of doped
manganites with the general formula La; ,.D,MnOs,
where D is a 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, the new physics associated with such
systems arises from a strong correlation between the
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, studying the magnetic
properties of manganites, it is important to investigate
the spin dynamics as it is intimately connected with a
charge transfer between Mn®t and Mn** ions through
the so-called “double-exchange” interaction [2].

There are three main experimental methods in
studying the spin dynamics: an inelastic neutron
scattering (INS), Brillouin scattering, and magnetic
resonance. The inelastic neutron scattering is a powerful
technique to study the spin dynamics in large samples;
however, it experiences some difficulties when thin
films are necessary to study. The Brillouin scattering
technique could be used for studying the thin films
but, at the present time, there are no reports, which
use this technique in the thin films of manganites.
The microwave technique is a very valuable method
for the study of magnon excitations in thin films. The
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microwave field may excite spin waves in ferromagnets.
The important problem concerning the microwave
technique is the achievement of film’s specific boundary
conditions necessary for the spin-wave resonance (SWR)
appearance. The next important problem is the proper
choice of an appropriate theoretical model for the
data interpretation. The existing models concerning
SWR can be divided into two main types: the
volume inhomogeneity (VI) model and the surface
inhomogeneities (SI) one. The essential difference
between those models relies on a formulation of the
boundary conditions in a film leading to the pinning of
surface spins. The VI model assumes that the volume
magnetization is maximal in the middle of a film and,
decreasing towards the surfaces, provides the pinning
of surface spins [3]. In the SI model [4—7], a volume
magnetization is assumed to be homogeneous, and a
surface anisotropy is responsible for the pinning of
surface spins. A special interest in SWR consists in the
fact that additional resonance lines corresponding to
surface spin waves can be observed [7—10]. The existence
of acoustic surface spin waves in a ferromagnet implies
that its ground state is not uniform.

The SWR in manganite thin films was observed,
for the first time, in Lag.grBag3sMnOs [11] and
next in Lag75510.11Ca0.14MnO3s [12]. In both cases
the authors have used the ideal Kittel’s model to
describe their results. Moreover, for Lag g7Bag.33MnQO3
[11], the temperature dependence of the spin-wave
stiffness coefficient was evaluated and found to be in an
agreement with the spin-wave theory. The SWR was also
observed in Lag7Mn; 303_s films, where the microwave
technique was successfully used to excite spin waves
[13—15].

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 the determination of both the effective nearest-
neighbour Heisenberg interaction and spin wave stiffness
coefficient, and other fundamental characteristics of the
spin system.
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Fig. 1. Resonance spectra for (a) the as-deposited sample and (b)
for the annealed one, recorded in the perpendicular orientation at
T=100 K

2. Samples and Experimental Procedure

The samples studied are epitaxial Lag;Mn; 303 films.
The preparation technology of both films and ceramic
pellets used as targets has been previously described in
detail [16,17]. In brief, the films were deposited onto
[001] oriented single-crystalline LaSrAlO4 substrates
using DC-magnetron sputtering. The temperature of
the substrate surface was 600 °C. After the film was
deposited to the suitable thickness, it was cooled to room
temperature at a rate of 5 K/min. In order to achieve
a homogeneous film, next it was annealed at 600 °C for
additional 30 min in the oxygen flow. The thickness of
films was estimated to be about 3500 A.

The chemical composition of the films studied, as
well as that of the ceramic targets used for the film
preparation, has been discussed previously [18,19]. The
ionic structure of

(LagfaeVé?%sMnﬁég)A (MngﬁsMnﬁégV%a)B 03254\/(()?1)6 (1)

obtained for ceramics was conserved for Lag;Mn; 303
films with an uncertainty of about 10%.

The measurements of SWR spectra were performed
using an X-band reflection spectrometer operating at a
fixed frequency (about 9.235 GHz) in conjunction with
a variable temperature flowing gas cryostat. The 100
kHz field modulation and the phase sensitive detection
techniques were used, so that the detected signal
corresponded to the field derivative of the absorbed
microwave energy.
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3. Experimental Results

The SWR spectrum at the out-of-plane magnetic
field direction orientation reveals a complex structure
depending on temperature. The greatest number of
resonance peaks was found in a spectrum measured
when the static magnetic field is applied perpendicularly
to the surface of a film. The profile of the spectrum
strongly changes with a deviation from the perpendicular
configuration (H | ). Some examples of resonance spectra
for two samples at 100 K and in the configuration H |
are shown in Fig. 1 for (a) the as-deposited sample and
for (b) the annealed one.

The influence of the pinning conditions at the
surfaces of a film, which are responsible for the excitation
of standing spin waves, was described in detail within
the SI model by Puszkarski ([8] and references therein).
Assuming the ST model, it was found that the spectra
contain one surface mode, whereas all other peaks
correspond to non-uniform bulk modes [8]. The surface
peaks are labeled as SM in Fig. 1. Within the ST model,
the existence of only one surface (acoustic) wave at
the perpendicular orientation is possible in the situation
where the surface anisotropy energy of the film has
different values at both surfaces. This situation can be
expected in these films, since one of the surfaces is in
direct contact to the substrate, while the other surface
can be treated as completely free. The appearance of only
one surface wave testifies to that the surface anisotropy
Es > 0 on one of the surfaces (on the free surface, as
will be shown below), while the spins are pinned on the
other surface (interface) (i.e. Eg< 0). In other words,
the asymmetric boundary conditions are realized in the
given film. Therefore, this film should be characterized
by two different surface parameters: Ay and Ag for the
free surface and the interface, respectively. As for volume
spin waves, this asymmetry in the boundary conditions
makes it possible to excite asymmetric spin waves in the
spectrum in addition to symmetric modes.

The results described above are related to wave
excitations in the low-temperature region, where
ferromagnets are characterized by a high degree of
spin ordering. In this analysis, the magnon—magnon
interactions were neglected. But the SWR spectra
change with increase in temperature. This means
that the surface anisotropy changes with temperature
similarly to the volume magnetic anisotropy. Fig. 2
shows the integral intensity of spin wave modes vs mode
numbers for the spectra recorded in the perpendicular
configuration at three different temperatures (T' = 10,

ISSN 0508-1265. Ukr. J. Phys. 2005. V. 50, N 8



SPIN-WAVE RESONANCE IN MANGANITES

5w T=100 K

z | d ||'\q__
E _Eﬁﬂn"ﬂ'ul ' J'
z
z ¥
iw____ mﬂ,llll
D:E I D:T I D.IE- I I:l:‘g- I 1:'.'.' l
B[T]

Fig. 2. Resonance peak intensity vs mode number for three

temperatures

90 and 130 K). At 10 K, the intensity of even and
odd peaks is highly nonmonotonic because of the
large asymmetry of the surface anisotropies. With the
temperature increase, the surface anisotropies decrease
and, consequently, the asymmetry decreases resulting in
a more monotonous intensity dependence.

A very unusual transformation of the SWR, spectrum
appears when the temperature becomes higher than 120
K. In this case each of the resonance lines begins to
split into two lines. This splitting grows with increase
in temperature. A typical example of such a spectrum
recorded at 165 K is shown in Fig. 3,a. The inset in Fig. 3
shows the splitting between adjacent resonance lines
within the doublet vs T'. This splitting monotonously
grows up to the Curie temperature Tc=205 K. This
“doublet structure” of the SWR spectrum can be
comprehensively explained within the framework of the
ST model [20]. The values of the wave vectors (which
determine the positions of resonant peaks) can be found
from the relation

(AfAs —1)sin(ka) @)
(AfAs + 1) cos(ka) — (Af + Ag)’

tg(Lk) =

where k is the wave vector, L is the thickness of the film,
and a is the lattice constant. Only two parameters (Ay,
Ag) define a set of wave vectors — the roots of Eq. (2).
Upon changing one of these parameters, Eq. (2) should
give another set of wave vectors not conterminous with
the previous one. This means that the doublet structure
of the SWR spectrum can be explained if the film is
characterized by three different surface parameters (it
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Fig. 3. Illustration of consecutive changes of the SWR spectrum
as a result of the sample annealing and with time. All three
spectra are recorded in the perpendicular orientation at T=165 K.
Spectrum (a) has been recorded within long time after a post-
preparation annealing, spectrum (b) — immediately after the
second annealing in the oxygen atmosphere, spectrum (c¢) — three
months later than spectrum (b). Inset shows the distance between
adjacent resonance lines within doublet vs T' for the sample after
a post-preparation annealing

requires that one of surfaces should be characterized by
two surface parameters). A description of the surface by
two parameters is possible if magnetic inhomogeneities
are created on this surface with a periodic topology [21].
It means that the doublet structure of the resonance lines
testifies to that two magnetic sublattices are realized on
one of the surfaces. In the Lay 7Mn; 303_5 manganites
(as well as in any other manganites), the existence of
two types of manganese ions (Mn®** and Mn**) can
be a natural source of that magnetic inhomogeneity.
And these ions should be aligned periodically, forming
two magnetic sublattices (or stripes). It is important to
note, that even in the presence of two types of ions but
without a periodic structure, such a surface would be
characterized only by one average value of the surface
parameter. Such periodic stripe structure was observed
in manganites La;_,Ca,MnO3 (z > 0.5) using electron
microscopy technique [22,23]. It should be mentioned
that the manganites studied in these papers are charge-
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ordered antiferromagnets in contrast to our samples,
which are ferromagnetically ordered. Nevertheless,
several theoretical and experimental investigations have
indicated the existence of charge-ordered phase also in
ferromagnets [24—26].

It is known that in manganites with excess
oxygen, for example, in (LaMnOs;s5) [27, 28] or
in Lag.7Mn; 303_5 [18] presented in this study, the
appearance of Mn ions in mixed valence states is
a result of the charge compensation caused by the
enhanced defect structure. In general, in this crystal
structure, there exist vacancies in both the cation
and anion sublattices. Moreover, those studies have
showed that the defect chemistry can be described
with a cluster model, where cation and anion vacancies
may not only be randomly distributed but also
form more complex defects - mesoscopic cluster-type
inhomogeneities [18]. In addition to the manganites,
ordering of the oxygen vacancies is also known to exist
in related compounds such as cuprates, nickelates [29],
and cobaltites [30]. The probable ordering of oxygen
vacancies in Lag 7Mn; 303_5 is in favor of the suggested
stripe formation by Mn ions with different valences.
Any type of oxygen vacancies cannot directly affect the
resonance lines. However, oxygen vacancies that assist
the electronic ordering of Mn ions can also assist the
charge ordering.

It is well known [31, 32] that annealing in reducing
or oxidizing atmospheres can be used to control the
Mn?®*+ /Mn** ratio. This points to a simple way to
confirm the assumption of stripe formation by Mn?3*
and Mn?** ions on the free surface. Since the film
annealing in an oxygen atmosphere can change the
Mn?**+ /Mn** ratio, a second annealing was carried out
under the same conditions as the first post-preparation
annealing. As was expected, the repeated annealing has
not changed the magnetic properties in the film volume,
since the value of the magnetic moment has remained the
same as it was before, but this operation has strongly
modified the free surface properties. As an example,
the SWR spectrum recorded just after the additional
annealing is labeled as (b) in Fig. 3. As one can see,
spectrum (b) does not show any traces of splitting.
It is interesting to note, that three months after the
additional annealing, the SWR spectrum again shows
the splitting. This spectrum is labeled as (¢) in Fig. 3.
For convenience of comparison all three spectra in Fig.
3 are taken out at the same temperature (165 K) and
orientation (H ).

At annealing, the ratio of Mn**/Mn?*changes
resulting in the disappearance of the splitting in the
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spectrum. After the elapse of months, the reverse process
takes place, probably accompanied with the release of Oz
ions, and the splitting in the SWR spectrum is restored.
Thus, the stripe formation of charge-ordered manganese
ions seems to be the preferable state for Lag 7Mn; 303_s.
It is a matter to assume, of course, that each subsequent
annealing will causes the same changes in the film.
The application of this technique for the observation of
stripes was possible because of the specific influence of
the periodic boundary conditions on SWR spectra in the
periodically inhomogeneous materials.

4. Energy of Spin Waves

It is known from the theory of spin waves [33], that the
energy of spin waves in ferromagnets can be described as
E = DE? for k — 0, where D is the stiffness coefficient
of spin waves. The multipeak resonance spectrum allows
one to check the dispersion relation, since a position
of each resonance peak is proportional to the energy of
an appropriate spin wave according to the well-known
Kittel’s resonance condition [4]

Y — Hy. —47M + H, + D2, (3)

where H,es is the resonance field, w is the resonance
frequency, M is the saturation magnetization, H, is
the anisotropy field, and ~ is the spectroscopic splitting
factor. As follows from Eq. (3), the Hyes as a function
of k? should be linear. The dependence H,es(k?) for
a spectrum recorded at three different temperatures
in the perpendicular orientation is shown in the inset
of Fig. 4. As can be remarked, for the longest-wave
modes (three first modes), there is a deviation from
a simple linear dependence. It is related to the fact
that these modes (and especially surface ones) are more
sensitive to an inhomogeneity of the magnetic structure
at a surface layer. Therefore, to determine D, it is
necessary to take into account only the linear part of
the dispersion dependence. In this case, D is the average
bulk exchange constant. The temperature dependence
of D is shown in Fig.4. From these data, a value of
D(0)=156 meV-A? was found. This value agrees within
the experimental error with that determined from the
magnetization saturation temperature dependence [15].

For spin waves with a small k, the experimental
D(T') data can be compared with the Dyson formalism of
two-spin-wave interactions in a Heisenberg ferromagnet
[34] which predicts that the dynamical interaction
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Fig. 4. Spin-wave stiffness coefficient D vs T for the annealed
sample. The solid curve presents fitting of Eq. (4) to experimental
points. The arrow points to the Curie temperature position. The
inset shows the resonance field Hres versus the square of the
spin wave vector k2 at 7" = 10, 90, and 130 K. Note, that the
values of k are normalized to the lattice constant and therefore

are dimensionless

between spin waves gives a T°/2 behavior:

vol 27 kT 5/2
D(T) = D(O){l - 0?4(5/2) [ﬁw)] + } (4)

where vg is the volume of a unit cell determined
by nearest neighbors, S is the average value of the
manganese spin, and ((5/2) is the Riemann integral.
2 is defined by I2 = §/3D{21"+2J(I') }, which gives
information on the range of the exchange interaction.
The solid curves in Fig. 4 present fittings of Eq. (4)
to the experimental data being in good agreement with
them for temperatures up to 165 K, which is not far
from the Curie point, Tc=205 K. The fitted values of
12 give VI2 = 5.4ag, where ag is the distance between
the nearest neighbors (ap=3.907 A), and indicate that
the exchange interaction extends significantly beyond
nearest neighbors. For T > 165 K, the resonance
peaks become unresolved not allowing the D evaluation.
However, it should be noted that the experimental D(T")
dependence deviates from theoretical curve for T' >
150 K, when the SWR spectrum begin to show splitting.
It is known for other manganites [11, 35] that, at
temperatures close to T¢, their D(T') dependences have
rather power-law behavior, and appearing to collapse as
T — Tc. In LapgyMn; 303_4, the deviation in the
opposite direction can be explained by a decrease in [2,
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Fig. 5. Spin-wave stiffness coefficient D(0,z) as a function of the
doping level x evaluated from the data of both inelastic neutron

scattering and microwave technique

which means that itinerant e, electrons become
localized, and this is consistent with the charge ordering
and the stripe formation of Mn ions.

The spin-wave stiffness coefficient at T' — 0 K, D(0),
is related to the intrinsic property of magnets, and it
seems to be of some interest to compare these values for
different manganites known from the literature. Fig. 5
shows D(0) as a function of the doping level z evaluated
in different manganites using both inelastic neutron
scattering [35—42] and microwave techniques [11, 15].
The D(0) values obtained using SWR data are in good
agreement with those measured in other ferromagnetic
manganites. There are no compound that was studied by
two techniques simultaneously, however the D(0) values
are very similar both for LagyBag.303 studied by INS
technique and Lag g7Bag.3303 studied by SWR.

5. Conclusions

The analysis of the magnetoexchange-branch dispersion
relation in Lag;Mn; 303 films has shown 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.
For small wave vectors at low temperatures, the
dispersion relation is quadratic as that in Heisenberg
ferromagnets. In the case of thin films, INS experiments
can be successfully replaced by microwave technique for
studying the spin dynamics. In addition to bulk magnetic
properties, the spin wave resonance spectrum allows one
to study the surface effects like the excitation of surface
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spin waves or the stripe formation, as was demonstrated
by the example of Lag.7Mn; 303 s films.
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CIIIH-XBUJIBOBUI PE3BOHAHC ¥ MAHIAHITAX

II. Anewresun, M. Bapawn, B. Joaxonos, P. [umuax,
I'. [MIumvar

Peswwme

TTogaHo oryisi JOCHiJKEHb MArHOHHUX 30y KeHb y MaHraHiTax
MeTOIaM# MiKPOXBUJIHOBOI TexHiku. OCHOBHUU pe3yJsbTaT — CIHO-
CTEpEeXKeHHsl CIIIH-XBUJIBOBOIO PE30HAHCY, IO SIBJIsi€ COOOI0 MOCIi-
MOBHICTH J00pe PO3IIJIeHUX CTOSYUX CIiH-XBHJIBOBHX MOm. [lo-
BEpPXHEBI CIIH-XBHJIbOBI MOIM y MaHIraHITaX CIIOCTEPEXKEHO BIIEp-
me. JlaHi 3 MOBEPXHEBHX MOJ Y3TOMXKYIOTHCA 3 IOBEPXHEBO-
HEOJHOPIJHOI MOJEJIIO, B sIKiil 1ojie moBepxXHEBOl aHi3oTpomil mie
Ha mOBepxHEeBUU crmiH. [IpM HU3BKHX TEMIEepaTypax MAJIs MAJIHX
XBHJILOBHX BEKTOPIB JUCHEPCiiiHe CIiBBIAHOIIEHHS € KBaApaTHU-
HHUM MOAiOHO TOMY, IO CIIOCTEPIraeThbCsi y reiizeHbepriBCcbKux de-
POMATHETHKAX.

CIIMH-BOJIHOBOW PE3OHAHC B MAHTAHUTAX

II. Anewresun, M. Bapawn, B. Jvarxonos, P. [Tumuax,
I'. [HTIumvar

Peswowme

IIpeacraBier 0030p HMCCIEIOBAaHWM MAarHOHHBIX BO3DYXKeHUN B
MAHTQHHTAX METOJAMHU MUKDPOBOJIHOBOM TexHuKH. OCHOBHOH pe-
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3yJIbTAT — HAOJIIOAEHNE CIIMH-BOJIHOBOTO DE30HAHCA, IIPEJCTABIIS-
fomero coboi MOC/IeI0BATEILHOCT XOPOIMIO PA3PEIIeHHBIX CTOs-
YUX CIUH-BOJIHOBBIX MOJ. [[0OBEpXHOCTHBIE CIIMH-BOJIHOBBIE MOIbI B
MaHT'aHUTAX Ha.6JIIO;[a.T[I/ICb BIIEPBBIC. ﬂa.HHbIe 10 MOBEPXHOCTHBIM
MOJaM COIJIACYIOTCS C MOBEPXHOCTHO-HEOJHOPOJHOH MOIEIbIO, B
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KOTOPOii IT0JIe TOBEPXHOCTHON aHU30TPONUH IeiCTBYeT Ha IOBEPX-
HOCTHBII crimH. IIpyn HU3KKUX TeMnepaTypax [JIs MaJbIX BOJHOBBIX
BEKTOPOB JIHCIEPCHOHHOE COOTHOIIEHHE SBJISETCS KBAJPATHIHBIM
momo6HO TOMY, 9TO HAOIIOmAeTCs B rei3eHbeproBckux deppomar-
HEeTHUKaX.
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