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We report on the growth of bulk samples (composite fibers) of
the nominal composition La, ;Cey 3MnO5; (LCMO) manganites
(with Curie temperature 7¢ max =300K) by using the laser
heated pedestal growth (LHPG) technique. Samples composi-
tion was verified through scanning electron microscopy with
energy dispersive X-ray (EDX) analysis. The magnetic

1 Introduction Magnetic manganites of the form
R;_,A;MnO; with R = (La, Pr, Nd) and A = (Ca, Sr, Ba)
constitute one of the most fascinating classes of materials,
exhibiting a wide variety of structures and properties [1, 2],
including colossal magnetoresistance (CMR), due to the
presence of the mixed valence of manganese as Mn’ " and
Mn**. For different compositions, the Mn—-O-Mn bond
angle also plays a significant role in determining the Curie
temperature 7¢ [2]. As a matter of fact, the Curie temperature
was found to decrease with the reduction of the ionic radius
of the divalent metal A" or of the trivalent rare earth R>"
since in both cases there is an increasing distortion in the
MnQg octahedra [3—7]. Some substantial progress has been
made in doping manganite systems with tetravalent ions
(like, e.g., cerium) but mainly in the form of thin films
[8-21]. The possibility to synthesize bulk electron and hole
doped manganites will have a significant impact on
designing new hybrid devices which take advantage of both
spin and charge degrees of freedom.

In this paper, we present our latest results on the growth,
characterization and magnetic properties of polycrystalline
fibers of nominal composition Lag-;Cen3MnO; (LCMO)
grown by the laser heated pedestal growth (LHPG)
technique. Our results clearly demonstrate a real possibility
to grow cerium doped manganites even in a bulk form.

behavior of the fibers was probed by magnetization measure-
ments. In addition to a weak ferromagnetic transition at
Tco=45K (due to MnO, impurities), two more transitions
with Tc; = 126 K and T, = 180 K were identified and linked to
regions with cerium concentration of x=0.063 and 0.13,
respectively.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2 Experimental details The LHPG technique was
previously used [22] to grow high-quality single crystals of
Lay7Ca3MnO; and the same parameters were adopted in
the present work to grow our LCMO samples. Namely,
source pedestals of LCMO were initially prepared by mixing
in the stoichiometric proportion of high purity La,O3, CeO,,
and MnO, powders. No pre-reaction was done because
previous tests on Lagy;Srg3MnO; and Lag-,Cags;MnO3
indicated that crystals of similar quality were obtained
whether the pedestal was pre-reacted or not. The powder
used for pedestal preparation was cold extruded and the
resulting pedestals were allowed to dry in air for 24 h. The
growth process was performed in a conventional LHPG
system with a CO, laser [23]. The fiber and pedestal pulling
speed, as well as the laser power, were modulated by an
automatic diameter control system [23]. The average pulling
speed was 18 mm/h.

3 Results and discussion The obtained fibers are
polycrystals with black opaque surfaces. The fibers have a
diameter around 1mm and are up to 30mm long. A
longitudinally polished fiber was examined in a scanning
electron microscope (SEM) and its composition was verified
by the energy dispersive X-ray (EDX) analysis. Images
obtained using backscattered electrons revealed that the fiber
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consists of three main compositions. From the seed end of the
fiber, we observe a gray matrix with a white precipitate first
appearing periodically and later in a continuous way, but
always in the form of a small reticulate, as shown in Fig. 1. As
we move away from this end of the fiber, we start to observe
the appearance of a second phase, which appears as black
regions in the SEM images. Interestingly enough, this black
phase occurs basically in the central core of the fiber, with
some elongated areas growing toward the fiber surface. In
this region, we also identify the white phase in the form of
elongated areas pointing from the center to the surface of
the fiber and getting closer to the surface as the growth of the
fiber continued. Finally, in the pedestal end of the fiber, the
three phases seem to be mixed (see Fig. 1). However, it is
important to emphasize that the gray phase is the dominant
one along the entire fiber. In order to identify the composition
of these three phases, we performed EDX measurements in
different regions of the fiber. In Fig. 2 we present a
composition map of a 40 wm x 40 wm region in the center
of the fiber. It can be seen that the white region is rich in
cerium, while the black one is rich in manganese. A
quantitative analysis indicates that the white region is indeed
cerium oxide, while the black one contains some manganese
oxide, with only small traces of lanthanum and no cerium at
all. More interesting is the result for the dominant gray
region. The quantitative analysis reveals a proportion of
49:39:12 for Mn, La, and Ce, respectively (pointing to a
stoichiometry of Lag76Ce24MngoO,) in the pedestal
extremity of the fiber, and a proportion of 49:42:09
(equivalent to LaggrCeq 1sMngosO, composition) in the
seed end of the fiber. The obtained stoichiometries for the
gray regions clearly indicate that we do have a bulk
configuration of the cerium doped LCMO phase.
Furthermore, the fact that the Mn/(La + Ce) ratio obtained
by EDX is less than unity hints at the presence of vacancies in

the Mn sub-lattice, resulting in the formation of the above-
mentioned regions in our samples. It is worth mentioning that
the presence of Mn vacancies up to 2 at% in fibers grown by
LHPG was previously reported [22].

Now let us turn our attention to the magnetic properties
of the fiber. A small piece (3 mm long) was cut from the
center of the fiber and its magnetic response was measured as
a function of temperature. According to Fig. 3, in addition to
the broad transition with the highest Curie temperature
Tc.max =300 K (corresponding to the nominal composition
[19] LCMO), it is possible to identify three major magnetic
transitions around 45, 126, and 180 K indicating the presence
of different phases within the measured part of the fiber. Most
probably, the transition at 7o =45K is associated with a
weak ferromagnetic transition due to MnO, impurities [11].
Next, according to the proposed [19] phase diagram for
La;_,Ce,MnOs thin films, we identify two cerium induced
ferromagnetic phase transitions at 126 and 180K corre-
sponding to x =0.063 and 0.13, respectively.

To better understand the origin of the above-mentioned
magnetic transitions in the observed behavior of the
spontaneous magnetization in our sample, we adopt the spin
polaron scenario for doped manganites (exhibiting CMR like
behavior) and assume that the temperature and x dependence
of the magnetization is governed by the Curie—Weiss
contribution [24, 25]

T,

M(T,x) = Mg(x) + My(x)tanh T . (1)

Here T¢(x) is the doping dependent Curie temperature
with x being a cerium concentration, My(x) accounts
for the deviation of the saturation magnetization of the
undoped material in the presence of Ce atoms, and
Mg (x) = M(Tc(x),x) is a residual contribution from the
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Figure 1 SEMimages(200x magnification) of differentregions of LCMO fiber, showing the evolution of the growth process (from the seed

end at the left to the pedestal end at the right).
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Figure 2 (online colour at: www.pss-a.com) SEM image (2000 x magnification) and corresponding composition map of the LCMO fiber
showing the presence of MnO, (black regions), CeO, (white regions), and the desired cerium doped manganite (gray regions).

magnetic contribution of other phases. It is interesting to
point out that within this scenario we can treat a weak
transition at Tco =45 K on the same footing as Ce mediated
phase transitions by noting that with good accuracy [19]
Tco ~ 0.5T¢(x = 0). Furthermore, to fit the experimental
data, we subtract the contribution related to the broad
transition at 7¢ max = Tc(x = 0.3) = 300K by introducing
the reduced magnetization AM(T,x) = M(T,x) — Mg(x =
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Figure 3 (online colour at: www.pss-a.com) Zero-field cooled M—
T data for a piece of the central region of LCMO fiber. Four magnetic
transitions can be identified with the Curie temperatures 7o =45 K,
TCI =126 K, Tcz =180 K, and TC,max =300K.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0.13). Figure 4 presents the best fits of the normalized
reduced magnetization AM(T,x)/M(0,x) versus reduced
temperature 7/T-, according to Eq. (1) with the following set
of parameters: Tco = 0.5T¢(0) = 45K, Tey = Tc(0.063) =
126K, Tey = Tc(0.13) = 180K,  Mo(0) = 0.95M(0,0),
M(0.063) = 0.5M(0,0), My(0.13) = 0.25M(0,0), Mg (0) =
0.05M(0,0), Mgr(0.063) = 0.01M(0,0), and Mg(0.13) =
0.005M(0,0) where M(0,0) =0.019emu is the absolute
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Figure 4 (online colour at: www.pss-a.com) The best fits of
the normalized reduced magnetization AM (T, x)/M(0,x) versus
reduced temperature 7/7c, according to Eq. (1), showing three
transitions.
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value of the measured magnetization at the lowest tempera-
ture (see Fig. 3). Finally, it is important to mention that
within the spin polaron scenario, the same magnetization
M(T,x) is also responsible for anomalous resistivity
of doped manganites [24] p(T,x)oce (%) with
y o 1/M3(x).

4 Conclusions In summary, a possibility to grow
polycrystalline bulk-type LCMO manganite fibers by using
the highly energetic LHPG technique was presented. The
performed EDX measurements clearly identified the pre-
sence of cerium atoms in our fibers responsible for three
ferromagnetic transitions at 126, 180, and 300 K.
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