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a b s t r a c t

Single crystals of LaGaO3 doped with Sr and Mn (LSGMn) were grown by the Czochralski method from the
melt with compositions: La1−xSrxGa1−yMnyO3, x = y = 0.02; 0.05 and x = 0.05, y = 0.06. Single crystals with
20 mm diameter with convex crystal–melt interface were grown on LaGaO3 oriented seed with pulling
rate of 2 mm/h. Single crystals were dark and have strong tendency to spiral growth. This tendency was
decreased with increasing the Mn content in comparison with Sr. Effective segregation coefficients for
Sr and Mn in LaGaO3 are lower than 1. Room-temperature structural measurements by X-ray powder
diffraction showed perovskite structure with Pbnm space group for all measured samples. Orthorhombic
b and c lattice parameters decrease, whereas a slightly increases with decreasing orthorhombic unit cell
volume that is related to increased amount of Mn and Sr in the melt. Thermal analysis and Raman investi-
gations showed that the temperature of the first order phase transitions temperature form orthorhombic
eywords:
xide materials SOFCs
rystal growth
rystal structure
hase transitions
hermal analysis

to rhombohedral structure observed in pure LaGaO3 at about 150 ◦C decreases to about 49 ◦C at the bottom
part of crystal with x = y = 0.05 composition.

© 2010 Elsevier B.V. All rights reserved.
-ray diffraction

. Introduction

Perovskite materials have been widely studied due their
xtraordinary electronic and ionic conductivity and a wide range of
agnetic, ferroelectric, piezoelectric, non-linear optical and other

unctional properties. The unit cell of the ideal undistorted ABO3
erovskite may be described as a cube with the larger, twelve coor-
inated A cations at the corners, smaller, six-coordinated B cations
t the center and the oxygen ions occupying centers of the cube
aces. In many perovskites the ionic sizes of A, B and O ions do not

atch the ideal sizes and the lattice undergoes distortion. With a

ecrease of ionic size of the A and/or an increase of the ionic size of B
he BO6 octahedra become rotated and deformed, causing lowering
f the crystal symmetry, typically from cubic through tetragonal or
hombohedral to the orthorhombic. These symmetry changes can

∗ Corresponding author.
E-mail address: glowacki@ifpan.edu.pl (M. Glowacki).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.034
be readily observed and the structures achieved by chemical substi-
tutions on the A and B sites as long as the cation sizes are acceptable
and the rules of electroneutrality are satisfied.

Single crystals of gallate rare earth perovskites are suitable as
substrates for epitaxial thin film deposition due to their chemical
stability and tunable lattice parameters. However, their use is lim-
ited because of a strong tendency for twin formation [1,2]. The cause
of twinning is the first order phase transition from orthorhom-
bic to rhombohedral (O/R) structure, which occurs on heating near
423 K (150 ◦C) for LaGaO3. Isomorphic substitution of La by smaller
rare earth ions increases the O/R phase transition temperature by
ca. 220 K with a change of the average RE cation radius by 0.01 Å
(for example to 1420 ◦C for La0.38Nd0.62GaO3), and enhances dis-
tortion of the perovskite unit cell [3–5]. Heterovalent substitution

of La by larger Sr decreases the O/R phase transition temperature
nonlinearly with Sr concentration to about 380 K (107 ◦C) at 4% of
Sr [5,6]. On the other hand the co-substitution of heterovalent La
by at 5% of Sr and Ga by 10% of Mg increases transition tempera-
ture and induces three phase transitions at higher temperatures:

dx.doi.org/10.1016/j.jallcom.2010.10.034
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:glowacki@ifpan.edu.pl
dx.doi.org/10.1016/j.jallcom.2010.10.034
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Fig. 1. Diffraction patterns and Rietveld refinements for La1−xSrxGa1−yMnyO3 crys-

formal valence of Mn and the oxygen content based on ther-
mogravimetric and x-ray absorption spectroscopy will be shown
elsewhere.

Table 1
Crystalographic data for the RT structures of La1−xSrxGa1−yMnyO3 crystals.

LSGMn crystal x and y in the melt aort [Å] bort [Å] cort [Å] V [Å3]

x = y = 0 5.5237 5.4918 7.7732 235.81
M. Glowacki et al. / Journal of Alloys

rthorhombic to monoclinic at 520–570 K, monoclinic to rhombo-
edral at 720 K and rhombohedral (R3c) to rhombohedral (R-3c) at
a 870 K [7].

Recently, lanthanum gallate co-doped with fix-oxidation state
r and Mg (LSGM) has been extensively investigated as elec-
rolyte material for intermediate temperature solid oxide fuel cells
SOFC) due to their high and stable oxide-ion conductivity [8,9].
he most widely used anode material containing Ni is prone to
eact with an LSGM electrolyte to form a lanthanum-nickel oxide.
his surface reaction blocks the O2− ion transport needed for
he fuel-cell reaction [8]. Further research on LGSM single crys-
als showed that changes of the slope of the conductivity versus
emperature curves coincide with the structural transitions and
hermal expansion anomalies [7]. Lanthanum gallates co-doped
ith Sr and Mn or other transition metal elements are considered

s good candidates for anode materials based on LSGM elec-
rolyte SOFC [10,11]. They are chemically and physically compatible
ith LSGM electrolytes minimizing thus interfacial reactions, and
ave thermal expansion coefficients similar to that of LSGM. It
as also shown [10] that LSGMn anode with higher Mn con-

ent exhibited far superior performance than that with lower Mn
ontent.

The SrMnO3 is a cubic perovskite over entire tempera-
ure range due to large and small ionic sizes of the Sr and

n ions, respectively [12]. It is expected thus that the elec-
roneutral Sr and Mn co-doped LaGaO3 (LSGMn) should exhibit
ecreased temperatures of the phase transition from orthorhom-
ic to rhombohedral structure. This lowering of the O/R phase
ransition temperatures intended for improved thin films sub-
trates, as well as compatibility with the LSGM electrolytes makes
SGMn interesting for in-depth investigation. In the present
aper we report our initial study of the growth conditions,
tructure and phase transition for LSGMn single crystals and com-
are them with similar work on other substituted lanthanum
allates.

. Experimental procedures

Single crystals of LaGaO3 co-doped with Sr and Mn were grown by the
zochralski method from the melt with compositions: La1−xSrxGa1−yMnyO3 where
= y = 0.02; 0.05 and x = 0.05, y = 0.06. Starting materials (La2O3, Ga2O3) were heated
t 1000 ◦C and (SrCO3, MnO2) at 300 ◦C for 6 h before mixing in stoichiometric
atios and melting in 40 mm iridium crucible. Single crystals with 20 mm diame-
er with convex crystal–melt interface were grown on (1 0 0) LaGaO3 oriented seed
ith pulling rate of 2 mm/h and a rotation of 20 rpm. Crystals were grown under

mbient pressure in a nitrogen atmosphere containing 1 vol.% of oxygen. Single
rystals were dark and have strong tendency to spiral growth, especially the one
ith x = y = 0.05. This tendency to spiral growth was decreased with increasing the
n content (x = 0.05, y = 0.06). Samples compositions were determined with a ARL
8600 s – Wavelength Dispersive X-ray Fluorescence Spectrometer. It was found

hat the Sr and Mn concentrations increase along the growth direction of crystals
ndicating that the effective segregation coefficients for Sr and Mn are lower than 1
n LaGaO3 matrix.

Samples for structural and DSC measurements were prepared from top and bot-
om parts of crystals with La1−xSrxGa1−yMnyO3 compositions x = y = 0.02 and 0.05.
ample for Raman spectroscopy measurements was prepared from the central part
f x = 0.05, y = 0.06 crystal.

. Structure analyses

Structure analyses of prepared samples was performed by X-ray
owder diffraction using Ni-filtered Cu K� radiation with a Siemens
5000 diffractometer after grinding small parts of crystal. Data
ere collected in the angle range 20◦ < 2� < 140◦ with a step 0.02◦

nd the averaging time of 10 s/step. The diffraction patterns were

nalyzed by the Rietveld refinement method in space group Pbnm.
oom-temperature XRD measurements showed perovskite-like
tructure for all measured samples. Differences between diffrac-
ion and simulation patterns and some unidentified reflections
isible on diffraction spectra shown on Fig. 1 are caused by pref-
tals grown from the melt with the following compositions: a) top part of crystal
with x = y = 0.02; b) bottom part of crystal with x = y = 0.02; c) top part of crystal with
x = y = 0.05; d) bottom part of crystal with x = y = 0.05.

erential orientation and presence of small amounts of impurity
phases.

The refinement procedure showed a quite good fit between
experimental and calculated profiles. Fig. 1 shows graphical result
of the Rietveld refinement for the sample cut from top part of
La1−xSrxGa1−yMnyO3 crystal with x = y = 0.02 compared to other
diffraction patterns of LSGMn crystals cut from bottom part of crys-
tal grown from the melt with x = y = 0.02 and top and bottom part
of crystal grown from the melt with x = y = 0.05. The orthorhom-
bic unit cell parameters of LaGaO3 single crystal for all measured
samples are listed in Table 1. It follows from the results that the b
and c lattice parameters of La1−xSrxGa1−yMnyO3 crystals decrease,
whereas a slightly increases resulting in decreasing orthorhombic
unit cell volume that is related to increased amount of Mn and Sr in
the melt. This result is consistent with lattice parameters changes
in La1−xSrxGaO3 crystals [6] and La1−xSrxMnO3 [13]. Kuscer et al.
showed also that the volume for La1−xSrxMnO3 at first increases as
a consequence of cation vacancy disappearance, until x = 0.1. After
that, the unit-cell volume decreases linearly with increasing Sr con-
tent as a result of Mn4+ formation [14]. Different behavior of lattice
parameters is observed in La1−xSrxGa1−yMgyO3 crystals for witch
increased amount of dopant enlarges the unit cell volume, which
is expected because both Sr2+ and Mg2+ ions are bigger than La3+

and Ga3+ ions, respectively [15,16]. Observed decrease of unit cell
volume vs. Sr and Mn content in La1−xSrxGa1−yMnyO3 crystals is
most probably a superposition of two mechanisms—enlargement
with Sr content (r(Sr2+) 1.44 Å > r(La3+) 1.36 Å) and contraction with
Mn content (r(Mn4+) 0.53 Å < r(Ga3+) 0.62 Å); ionic radii according
to [17]. Considering that ionic radius of Mn3+ (0.645 Å) is larger
than Ga this indicates that Mn exists in charge state close to 4+
in La1−xSrxGa1−yMnyO3 crystals. Precise studies of the average
x = y = 0.02 top 5.5241 5.4906 7.7717 235.72
x = y = 0.02 bottom 5.5247 5.4906 7.7707 235.72
x = y = 0.05 top 5.5252 5.4878 7.7701 235.60
x = 0.05 y = 0.06 5.5248 5.4881 7.7695 235.58
x = y = 0.05 bottom 5.5250 5.4877 7.7672 235.49
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ig. 2. DSC measurements of La1−xSrxGa1−yMnyO3 crystals with x = y = 0.02 in the
elt a) top and b) bottom parts. Measurements for crystal with x = y = 0.05 in the
elt c) top and d) bottom of crystal.

. Thermal analyses and Raman spectroscopy

Preliminary thermal behavior was studied by using simultane-
us calorimetric and thermogravimetric measurements on DSC-TG
STA 449 F1 Jupiter, Netzsch). Samples were heated from 300 to
20 K with heating rate of 2 K/min in argon atmosphere. In pure
aGaO3 structural O/R phase transition from orthorhombic Pbnm
o rhombohedral R-3c is observed at ∼150 ◦C. DSC measurements
Fig. 2) and Raman spectroscopy (Figs. 3 and 4) showed such
hase transition also in La1−xSrxGa1−yMnyO3 crystals (DSC mea-
urements for x = y = 0.02 and 0.05, Raman spectroscopy for x = 0.05,
= 0.06).

The Raman investigations of La1−xSrxGa1−yMnyO3 crystal with
= 0.05 and y = 0.06 were performed in X(ZY)X back-scattering
eometry using Renishaw InVia Raman microscope equipped with
thermoelectrically (TE)-cooled RenCam CCD detector and Ar+ ion

aser working at 488 nm wavelength. The polarized Raman spec-
ra were measured in the 100–900 cm−1 spectral range. In order
o avoid locally heating the sample the applied power of the laser
eam was less than 0.7 mW before focusing with ×50 long working
istance objective (LWD). An Edge filter was used to stray Rayleigh

ight rejection. The instrumental resolution was better than 2 cm−1.
he position of Raman peaks was calibrated before collecting the
ata using Si sample as an internal standard.
The temperature measurements were performed using Linkam
HMS 600 cooling/heating stage in temperature range 56–69 ◦C
ith 0.5 or 1 ◦C step and temperature stability of 0.1 ◦C. The

emperature-dependent Raman spectra were fitted using spectral

ig. 3. Raman spectra of oriented La1−xSrxGa1−yMnyO3 crystal (with x = 0.05 and
= 0.06) below and above the structural phase transition at 63 ◦C.
Fig. 4. Temperature dependence of the wave number of Raman modes attributed
to in-plane La and O shifts and La–O stretching vibrations of the central part of
La1−xSrxGa1−yMnyO3 crystal with x = 0.05 and y = 0.06 in the melt.

response function: S(�) = S0(�)[n(�) + 1], where n(�) = (eh�/kT − 1)−1

is the Bose–Einstein population factor. The temperature evolution
of Raman spectra in the vicinity of the phase transition at about
63 ◦C is presented in Fig. 3.

The main changes in Raman spectra have been observed in
the spectral range 140–165 cm−1 and 430–450 cm−1. The Raman
modes occurring in the first range are attributed to lattice
vibrations, mainly the in-plane La and O shifts, while modes cor-
responding to the second range are mainly assigned to La–O
stretching vibrations [18]. The wavenumber discontinuities of
these modes are presented in Fig. 4. The anomaly of the wavenum-
ber of other modes detected in the spectra, that assigned to internal
vibrations of MnO6 octahedra e.g., stretching vibrations at about
680 cm−1 were also observed (inset of Fig. 4) [19–21].

The O/R phase transition temperature decreases from 148.5 ◦C
to 48.8 ◦C with decreasing size of the orthorhombic unit cell volume
that is related to increased amount of Mn and Sr in the melt. The
dependence of the O/R phase transition temperature and normal-
ized lattice parameters an = aort/

√
2; bn = bort/

√
2; cort = c/2 on the

size of orthorhombic unit cell volume are presented in Fig. 5.

Similar dependence of the O/R phase transition tempera-

ture on dopant concentration was observed in La1−xSrxGaO3 and
La1−xSrxMnO3 crystals, however lowest obtained O/R phase tran-
sition temperature in La1−xSrxGaO3 was about 380 K (107 ◦C) at 4%

Fig. 5. Dependence of normalized lattice parameters an = aort/
√

2; bn = bort/
√

2;
cn = cort/2 and temperatures of the first order phase transition on orthorhombic unit
cell volume.
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f Sr [6], which is much higher than 322 K (∼49 ◦C) in LSGMn. In
a1−xSrxMnO3 O/R phase transition was observed at 360 K [22] and
t room temperature [23] in crystals with much higher Sr concen-
ration (15% and 17.5% of Sr respectively).

. Conclusions

Single crystals of LaGaO3 doped with Sr and Mn were grown by
he Czochralski method. Crystals were dark and have strong ten-
ency to spiral growth, which increases with increasing of Sr and
n concentration. Tendency to spiral growth decreases when Mn

ontent in the melt is higher than Sr. Effective segregation coeffi-
ients for Sr and Mn in LaGaO3 are different but both are lower
han 1. With increasing of Sr and Mn concentration in LSGMn
rystals the orthorhombic unit cell volume decreases and simul-
aneously lattice parameter a increase slightly, whereas b and c
ecrease.

Heterovalent substitution of La by Sr in LaGaO3 crystals was pre-
iously observed to decrease the O/R phase transition temperature
nd increase the orthorhombic unit cell volume. Co-substitution of
a and Ga by Sr and Mg, respectively, increase the O/R phase transi-
ions temperature and decrease the orthorhombic unit cell volume.
n La1−xSrxGa1−yMnyO3 crystals with x = y = from 0 to 0.05 stud-
ed here the substitutions of La and Ga by Sr and Mn, respectively,
ecrease the orthorhombic unit cell volume and causes expected
ecrease of the O/R phase transition temperature to about 49 ◦C. It

s interesting to note that both deviation from the ideal cubic per-
vskite structure and orthorhombic unit cell volume decrease with

ncreasing Sr and Mn concentration in these crystals.
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