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Abstract. The optical phonon spectrum of the Lag.7Sro.3MnOs pseudocubic manganite has been investi-
gated by means of far infrared reflectance measurements on high-quality films of different thickness grown
by Pulsed Laser Deposition on LaAlO3z and SrTiO3 substrates. The manganite phonon spectrum, as ob-
tained by properly modelling the measured reflectances, does not strongly depend on substrate and film
thickness d. Measurements on thick-films (100 < d < 200 nm) on SrTiOs allow to precisely determine line
profile and peak-frequency of bending (vp = 336 =3 cm™') and stretching (vs = 58843 cm™!) phonons
of the bulk manganite. The bending phonon is broadened by an extra component around 365 cm ™',
which strongly decreases in intensity on decreasing d below 100 nm. Although this finding is not yet fully
understood, the unambiguous conclusion is that thick-films on SrTiO3 are ideal samples to get detailed
information on the phonon spectrum of a bulk manganite.

PACS. 63.20.-e Phonons in crystal lattice — 78.20.-e Optical properties of bulk materials and thin films —

78.30.-j Infrared and Raman spectra

1 Introduction

The intriguing physical properties of the pseudocubic
Ay, A’ MnO3 manganites (A is a trivalent rare-earth and
A’ is a divalent alkali-earth metal), where in the MnOg oc-
tahedra of the perovskite structure the Mn ions assume a
Mn*3/Mn** mixed-valence, have attracted much atten-
tion [1,2], also owing to their potential technological ap-
plications such as magnetic switches and memories [3]. In-
deed, colossal magnetoresistance (CMR) occurs in many
of these systems for 0.2 < z < 0.5 around the insula-
tor (I) to metal (M) transition at the temperature Tp,
nearly coinciding with the Curie temperature T where
the system undergoes a paramagnetic to ferromagnetic
(FM) transition. A detailed understanding of these phe-
nomena has not yet been achieved, but a key role of the
double-exchange interaction, the basic mechanism respon-
sible for electrical transport below T, and of the crystal
lattice, through the electron-phonon coupling (EPC) trig-
gered by Jahn-Teller distortions of the [MnOg]™® octa-
hedra, has been proposed [4]. In this scenario, correlated
information on lattice dynamics, as that provided by in-
frared (IR) phonon studies, and on transport properties
can be essential for a detailed understanding of the role of
lattice distortions.
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Three triply degenerated IR-active modes are expected
in the cubic ABOg3 perovskite structure, namely, the “ex-
ternal” mode (vg) which represents a vibrating motion
of the A ion against the BOg octahedra, and two “in-
ternal” modes, which reflect internal motions of B and
O ions in the octahedron (bending mode vp, stretching
mode vg). Whereas a three-component IR phonon spec-
trum characterises a cubic perovskite structure, a larger
number of IR-active modes are expected as the crystal
symmetry is reduced. Nevertheless, in the case of pseu-
docubic A;_;A’,MnO3 manganites with 0 < = < 0.5,
the measured phonon spectrum strongly differs from a
three-component spectrum only for x=0. Twenty-five IR
phonons were indeed observed in a high-quality crystal of
the orthorhombic LaMnOj [5], according to space-group
analysis [6]. At low doping (x < 0.2), significant deviations
from the three-component spectrum of the cubic structure
have been observed. In Laj _,Sr,MnOs [1,7], for example,
measurements on z=0.125 [8] and x=0.15 [9] single crys-
tals have shown that the bending mode vp is split in two
components.

For manganites in the 0.2 < = < 0.5 doping range,
where a ferromagnetic and metallic (FMM) ground state
is established, small deviations from a three-component
phonon spectrum have been observed. In the case of
the first IR reflectance measurements on La;_,Sr,MnOg
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single crystals reported by Okimoto et al. [10], no detailed
phonon study was performed, but published data show
three main phonons peaks. Their frequencies do not ap-
preciably change on decreasing temperature, whereas (for
x > 0.17) the low frequency contribution associated to free
charge carriers strongly increases below T [11,12]. For the
rhombohedral [7] Lag.7Sro.3MnO3 (T¢c=370 K), in partic-
ular, vp 2 160, vp = 335, and vg = 590 cm ! (see Fig. 9
in Ref. [10]). Three phonon peaks were also observed in
the detailed phonon study of Kim et al. [13] on polycrys-
talline Lag 7Cag.3sMnOs. On decreasing temperature be-
low T, both vg and vg significantly increase in frequency,
while vg does not appreciably change. This effect was
not confirmed by measurements on a Lag g7Cag.33MnQOg
single crystal [14], showing that only a redistribution of
oscillator-strength between nearly degenerate components
takes place on lowering temperature. The results of Kim
et al. [13] have also been questioned on the basis of
measurements on polycrystalline La; _,Ca, MnOg3 samples
with £=0.35 [15] and £=0.3 [16]. In summary, definitive
results on the phonon spectrum of manganites with FMM
ground state are still not available, owing also to the lack
of optimal samples. In measurements on polycrystalline
samples the phonon peaks can indeed be broadened by
inhomogeneities and disorder, and can slightly depend
on sample preparation [17]. In the case of single crys-
tals, when available, the major problems arise from the
small sample surface, which must be properly polished or
cleaved in order to avoid spurious results in infrared mea-
surements [12].

Since definitive results on the phonon temperature de-
pendence can have a key role in determining the role
of EPC in the IM transition [13], the first aim of the
present paper is to verify if reflectance measurements
on films can provide an accurate determination of the
manganite phonon spectrum. Epitaxial films with a large
and high-quality surface allow indeed high-accuracy re-
flectance measurements, although the measured spectrum
can be strongly affected by the substrate when the radia-
tion penetration depth is larger than the film thickness.

In the present paper we report far-infrared (FIR) re-
flectance measurements on Lag 7Srg3MnO3 films grown
on LaAlOs and SrTiOs substrates. It is worth to notice
that, at least to our knowledge, a phonon study in man-
ganite films has been only performed on Lag 7Cag.3MnO3
films grown on different perovskite substrates [18]. A split-
ting of the bending mode, attributed to the manganite
orthorhombic distortion, and a strong dependence of vp
and vg on the employed substrate were observed.

Recently, manganite films, which are essential in tech-
nological applications, have been the object of an intense
research since the magnetotransport properties of thin
films can strongly differ from those of the bulk material.
For details, we refer to a comprehensive review recently
published [3]. Here we just notice that Tp significantly
decreases on decreasing the film thickness d below a criti-
cal thickness d., but a large variety of d. values have been
reported even for the same film/substrate system [3]. The
substrate-induced lattice strain in thin films has been first
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Fig. 1. Tp (panel a) and c lattice-parameter (panel b) as
a function of thickness d for Lag.7Sro.3MnOgs films grown on
STO(001) substrates. Open symbols refer to samples studied
in reference [22], full symbols refer to the samples investigated
in the present paper. The horizontal dashed lines represent the
Tp (panel a) and ¢ (panel b) bulk values. The vertical full
line divides fully relaxed films (thick-films) from strained films
(thin-films).

proposed to explain thickness effects [19]. However, ac-
cording to different authors, strain effects cannot explain
the thickness dependence of the film properties (see for
instance Ref. [20]). Moreover, the importance of a thin
“dead layer” at the film/substrate interface, whose nature
is still controversial, has been pointed out (see for instance
Ref. [21]). In this scenario, a further aim of the present
paper is to verify, through measurements on films of dif-
ferent thickness, if the IR phonon spectrum can probe any
substrate-induced change in the film lattice structure.

2 Experimental results

Lag.7S1r9.3sMnOs (LSMO) films of different thickness d
were grown by Pulsed Laser Deposition on SrTiO3(001)
(STO) and on LaAlO3(001) (LAO) substrates. For each
film, the c-lattice parameter was measured by standard
0-26 X-ray diffraction. In all film/substrate samples, the
resistance measured by standard four-probe technique in-
creases on increasing temperature and then remains nearly
constant above Tp, thus providing the Tp value. Details
on sample preparation and characterisation are reported
in reference [22]. In the present paper, it is convenient to
divide the film/substrate samples in different categories.
In thick-film samples (100 < d < 200 nm), the c-lattice
parameter and the Tp value are close to the LSMO bulk
values (¢ = 3.870 A, Tp = 370 K) indicating that d, is
of the order of 100 nm, i.e. that the film is completely
relaxed when d > 100 nm. In thin-film samples (d < d.),
thickness effects become important: ¢ varies and Tp de-
crease on decreasing d. Figure 1 shows the d dependence
of ¢ and Tp in the 10-200 nm range for the LSMO/STO
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Fig. 2. (a) R(v) of sample 450L (open symbols), best-fit curve
(full line), R(v) of LAO (dashed line). (b) R(v) of sample 6803
(open symbols), best-fit curve (full line), and R(v) of STO
(dashed line). Stars indicate the peak frequencies of the main
IR-active phonons of LAO (a) and STO (b). Vertical dashed
lines indicate the peak frequencies of the vg, vg, and vs LSMO
phonons observed in bulk material (see text).

samples studied in reference [22] and for the thin-film and
thick-film samples investigated in the present paper. Here-
after, each sample will be identified by d value (in nm)
and substrate (S for STO, L for LAO). Ultra-thin-film
samples (d < 10 nm), where the “dead-layer” effect is ob-
served [22], are not considered here since FIR reflectance
measurements at near-normal incidence are not sensitive
to such thin layers. On the contrary, ultra-thick-film sam-
ples (d > 400 nm) were prepared and studied through
IR measurements, although the film crystalline quality is
slightly worse than in the thick-film case.

Far-infrared reflectance measurements at near-normal
incidence were performed at room temperature in the 100—
800 cm~! frequency range by using two interferometers
equipped with different beam-splitters and detectors [23].
In the vacuum chamber of the interferometer, the sample
holder can be rotated in order to measure alternatively the
radiation intensity reflected at near-normal incidence by
a gold surface (Ip(v)) or by the film surface (I(v)). Typ-
ically, the diameter of the light spot employed to obtain
high-accuracy R(v) = I(v)/Io(v) reflectance spectra is of
the order of 3 mm.

The R(v) spectra of the two ultra-thick-film samples
450L (450 nm film on LAO) and 680S (680 nm film on
STO), where both ¢ and Tp are close to the bulk values,
are reported in Figures 2a and 2b, respectively. The R(v)
of sample 450L is compared with that of bare LAO [24],
the R(v) of sample 680S with that of bare STO [25]. The
peak frequency of the main IR-active phonons of LAO [24]
and STO [25] indicated in Figure 2 show that even in ultra-
thick-film samples the reflection at the film-substrate in-
terface is not avoided. It is thus necessary to model the
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Fig. 3. R(v) of LSMO/STO samples with d < 200 nm (open
symbols) and best-fit curves (full lines). The R(v) of STO is
reported for easy comparison.

1.0

0.51

Reflectance

0.0

200 400, 600

cm
Fig. 4. R(v) of the thick-film sample 680S at selected temper-
atures in the 300-450 K range.

reflectance spectrum of the film+substrate system in order
to determine the LSMO phonon spectrum (see next sec-
tion). Figure 2 also shows that the v and vg phonons ob-
served in bulk LSMO [10] are peaked at frequencies where
the substrate reflectance is nearly constant in the case of
STO, while it is steeply varying in the case of LAO. There-
fore, for LSMO/LAO samples, the effect of the LSMO
phonons on the measured R(v) is hardly detectable for
d < 200 nm, as indicated by test measurements. We thus
studied in detail LSMO/STO samples, in particular the
thick-film (175S and 130S) and thin-film (65S and 32S)
samples accurately characterised (see Fig. 1). The result-
ing R(v) spectra reported in Figure 3 show that the effect
of the vp and vg phonons is evident on decreasing d down
to about 30 nm.

Measurements were finally performed on LSMO/STO
samples at high temperatures (up to 450 K) by mounting
an heater block on the sample holder. A decrease of R(v)
on increasing temperature, hardly detectable when d <
200 nm, is evident for ultra-thick film samples, as shown
in Figure 4 in the case of sample 680S.
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3 Data analysis

In order to analyse the measured spectra, we employed
a procedure which models the optical system vacuum-
film-substrate-vacuum and provides exact expressions for
transmittance and near-normal-near incidence reflectance
of a film of thickness d on a substrate of thickness D [26].
The procedure requires a detailed knowledge of the sub-
strate dielectric function, i.e. of its refractive indices n4(v)
and k4(v). By using ng(v) and ky(v) data available for
both LAO [24] and STO [25], the model R(v) only de-
pends on d, D, and on the refractive indices of the film
ny(v) and ks (v). The standard Drude-Lorentz (DL) model
for the film dielectric function £ provides n¢(v) and ks (v)
(\/éf = ny + iky) through [27]:
4oy N A2 2

w2 +iwl +; w¥ —w2 —WJ

(1)
where w = 2mcr. We recall that the absorption spec-
trum is usually expressed in terms of the optical con-
ductivity o(w) = wez(w)/4m. The DL parameters in
equation (1) are high-frequency dielectric constant e,
damping I" and zero-frequency conductivity g = o(w =
0) in the Drude contribution accounting for free charge-
carriers. Peak-frequency v;, intensity A;, and damping
v; describe the j-phonon in the sum of N Lorentzian
oscillators. The resulting R(r) model spectrum thus de-
pend on d, D, and DL parameters. In the present case,
D plays no role since the substrates are not transparent
in the FIR region (only LAO becomes transmitting below
100 cm~!) and thus a simplified optical system (vacuum-
film-semiinfinite substrate) could be considered. We veri-
fied that the results of the procedure we utilised [26] are
equivalent to those provided by a different procedure valid
for the simplified optical system [28].

Good fits of all the measured R(v) were obtained,
as shown in Figures 2-3, by using €5, = 3.9 and
by considering, besides the Drude contribution and the
three Lorentzian components accounting for the ex-
pected LSMO phonon lines, a fourth component around
350 cm~!. A fifth component centred above 1500 cm™!,
accounting for mid-infrared contributions [11,12], was also
introduced. For all samples, the best-fit d value is well con-
sistent with the measured one. The LSMO optical conduc-
tivity o(v) as obtained for different samples is reported in
Figure 5, showing no evident effects of the film thickness d,
in particular on peak frequencies.

In the case of the thick-film sample 170S, the dif-
ferent components of o(v), reported in Figure 5, show
that the phonon lines are superimposed to a nearly con-
stant background described by the Drude contribution
(00 = 220410 Q7! em™1) and by the low-frequency tail
of component 5. Owing to the limited spectral range we
explored, it was not possible to obtain reliable values of
the Drude damping I" (which is higher than 1000 cm™!
for all samples) and of the parameters describing compo-
nent 5. Figure 5 shows that the vg phonon is described
by component 1 (v; = 158 £ 6 cm ™!, 7 = 33 £ 8 cm ™!,

Ef(w)=e1+ier =€ — 45—

The European Physical Journal B

600
cm’

Fig. 5. Optical conductivity o(v) of LSMO (full line) as ob-
tained for different samples. Successive curves are offset by
200 Q7! cm™! for clarity. In the case of sample 170S, the
o(v) components are reported (Drude component: dashed line,
Lorentzian components 1-5: dotted lines). The vertical dashed
lines indicate the weighted average values of v1, v2, and vs (see
text).
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A; =4.2+0.5), vs by component 3 (3 = 588 £2 cm™1,
v3 = 58 £ 3 ecm!, A3 = 1.70 4+ 0.05), while the vp
phonon line is given by the sum of components 2 (o =
3362 cm! 4o =38+2cm~ !, Ay = 2.5240.05) and 4
(vy =362+ 4 cm ! vy =80+£8 cm™!, Ay =2.64+0.2).
The quoted errors on the parameter values represent the
range over which the parameters can be varied without
changing appreciably the fit quality. It is worth to notice
that components 2 and 3 are well determined, i.e. the er-
rors on the related parameters are small since the R(v) of
the sample clearly differs from that of bare STO substrate
around the peak frequencies (see Fig. 3). Component 4 is
slightly more uncertain, since it is not associated to a clear
feature in the measured R(v), while large errors affect pa-
rameters describing component 1 since the low-frequency
R(v) is dominated by the reflection at the film/STO in-
terface.

In the case of the thick-film sample 130S, parameter
values (and related errors) determining the phonon spec-
trum do not significantly change. Peak-frequency and line-
profile of the bending and stretching phonons are thus
precisely determined through measurements on thick-film
samples. In the case of the ultra-thick-film sample 680S,
where parameter errors increase since the phonon lines
are less resolved owing to lower sample quality, no sig-
nificant change of phonon frequencies is observed. Also
in the case of thin-film samples (65S and 32S), the peak-
frequency values of the 1-3 components remain nearly con-
stant, although the errors on the best-fit parameter values
(in particular on vy, 74, and Ay) increase since the differ-
ence between the R(v) of sample and that of bare STO
reduces (see Fig. 3). We conclude that, for LSMO/STO
samples, the v1, vo, and v3 values do not change on vary-
ing d (weighted average values are v; = 160 & 10 cm ™!,
v =336+£3 cm™ !, v3 = 588+3 cm 1), at least within the
quoted uncertainties. In the 65S spectrum, component 4,
although less determined and of reduced intensity, is es-
sential in obtaining a good fit. On the contrary, a good
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Fig. 6. Line profile (full line) of the vp phonon contribution.
Components 2 (dashed line) and 4 (dotted line) are shown
separately. Vertical dashed line indicates the peak-frequency
of the v2 component.

fit of the 32S spectrum can be obtained with a vanish-
ingly small A4 value. Figure 6 shows the v phonon line,
given by the superposition of v and v4 components, for
the different samples. Although the phonon line-profile is
precisely determined only for thick-film samples (170S and
130S), we conclude that a clear effect of the film thickness
is evident in component 4, which significantly decreases in
sample 655, and nearly vanishes in sample 32S.

The analysis of test measurements performed on
LSMO/LAO samples with d < 200 nm shows that the
phonon frequencies, although affected by large errors, are
very close to those obtained for the ultra-thick-film sample
480L. Moreover, the LSMO phonon spectrum from sample
480L is very similar to those obtained from LSMO/STO
samples, as shown in Figure 5. A negligible substrate de-
pendence of the v5 and v3 best-fit values is thus observed.
This finding is in disagreement with previous results ob-
tained in the case of Lag;Cag3MnQOg films on different
perovskite substrates, showing a strong dependence of vp
and vg on the employed substrate [18].

We finally consider the R(v) spectra measured on the
thick-film sample 680S (T» = 365 K) from room tem-
perature up to 450 K, i.e. from below to above Tp. Fig-
ure 4 shows that above 250 cm~! the R(v) intensity de-
creases up to a temperature of the order of 350 K and then
does not appreciably change. In order to analyse high-
temperature spectra, we determined ns(v) and ks(v) at
each working temperature by interpolating the parameter
values which determine the € (v) of STO at high temper-
atures [29]. The results of the fitting procedure indicate
negligible changes with temperature in phonon frequen-
cies. On increasing temperature, the change in R(v) is
mainly due to a temperature dependence of the Drude
contribution, in particular to a decrease of the oy value.
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This result is consistent with the temperature dependence
of the film resistivity p (see Sect. 2) which significantly
increases on increasing temperature up to Tp, and then
remains nearly constant.

4 Discussion and conclusions

The study of FIR reflectance spectra of high-quality
LSMO films shows that results obtained from LSMO/STO
samples can provide detailed information on the man-
ganite phonon spectrum. In particular, peak-frequency
and line-profile of the bending and stretching phonons
are precisely determined by measurements on thick-film
(100 < d < 200 nm) samples. The peak-frequency values
(vp = 336+3 cm™!, vg = 58843 cm 1) are in good agree-
ment with those we obtain (with lower accuracy) in the
case of ultra-thick-film (d > 400 nm) samples, and with
those observed in a LSMO single crystal (v = 335 cm ™1,
vs = 590 cm~!) [10]. We conclude that FIR measure-
ments on thick-film LSMO/STO samples allow to deter-
mine the phonon spectrum of bulk LSMO, consistently
with the results of structural and resistivity measurements
which indicate that thick-films are completely relaxed [22].
Our finding on the v phonon line-profile, which is asym-
metrized and broadened by component centred around
365 cm~!, indicates that deviations from the ideal cu-
bic structure are not negligible. This conclusion is consis-
tent with previously reported results (see Sect. 1) for bulk
La;_,Sr,MnO3 and La;_,Ca,MnO3 samples at different
dopings, showing a splitting of the bending mode.

In the case of thin (d < 100 nm) LSMO/STO samples,
we found that component 4, although not precisely de-
termined, clearly decreases on decreasing d and almost
vanishes when d = 30 nm. This finding, although not
yet fully understood, should be related to the substrate-
induced strain which determines the decrease of the c-
lattice parameter observed on decreasing d below 100 nm
(see Fig. 1). Since in thin epitaxial films the in-plane lat-
tice parameters a and b match the cubic STO lattice giving
rise to a square in-plane lattice [30], we guess that such
strain effect might modify the lattice symmetry and, con-
sequently, the phonon spectrum. Further studies on thin-
film systems are in program in order to verify if IR mea-
surements can accurately monitor the substrate-induced
lattice changes and the possible effects of the “dead layer”.

The unambiguous conclusion of the present paper is
that high-quality epitaxial films (with d > 100 nm)
on STO, which can be routinely grown with well con-
trolled cation stoichiometry, allow to get detailed infor-
mation on the IR-active bending and stretching phonons
of bulk manganites. Temperature-dependent phonon stud-
ies will be of particular importance in the case of pseu-
docubic manganites with a FMM ground state, where
results reported in the literature are contradictory (see
Sect. 1). Although the present measurements collected
from below to above Tp show no evident change in the
phonon spectrum of the large-bandwidth [2] LSMO man-
ganite, temperature dependent measurements should be
performed on intermediate-bandwidth manganites such as
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La;_,Ca,MnOj3 (with 0.2 < z < 0.5). In these systems
EPC has an important role [2,31], and a precise deter-
mination of the temperature dependence of the phonon
spectrum could be essential for a deeper understanding of

the

relevance of lattice distortions on electrical transport

and CMR.
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