Journal of Crystal Growth 418 (2015) 1-6

Contents lists available at ScienceDirect x . cRYsTAL
Journal of Crystal Growth
- journal homepage: www.elsevier.com/locate/jcrysgro
Growth of single-crystals of rare-earth zirconate pyrochlores, ) CrossMark

Ln,Zr,07 (with Ln=La, Nd, Sm, and Gd) by the floating zone technique

M. Ciomaga Hatnean*, M.R. Lees, G. Balakrishnan *

Department of Physics, University of Warwick, Coventry CV4 7AL, UK

ARTICLE INFO ABSTRACT

Article history:

Received 7 October 2014
Received in revised form

28 January 2015

Accepted 31 January 2015
Communicated by K. Jacobs
Available online 7 February 2015

Keywords:

A2. Floating zone technique
A2. Single crystal growth
B1. Rare-earth zirconate

B1. Pyrochlore

B1. Fluorite

B2. Frustrated magnets

The geometrical frustration occurring in the crystal lattice of pyrochlore oxides of the type A;B,0;
(where A=Rare Earth, B=Mo, Sn, Ti, Zr) leads to exotic magnetic properties of these materials. The
present study focuses on a new class of frustrated magnets, the lanthanide zirconates. Large, high quality
single-crystals of the rare-earth zirconium oxides, Ln,Zr,0; (where Ln=La, Nd, Sm, and Gd), have been
grown by the floating zone technique, using a high power xenon arc lamp furnace. The crystals have
been characterized and tested for their quality using X-ray diffraction techniques.
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1. Introduction

Pyrochlore oxides, A3*B3*0; (where A= trivalent rare-earth
metal, B= tetravalent transition metal), have been thoroughly inv-
estigated over the past two decades, both theoretically and experi-
mentally [1]. The stability field diagram established by Subramanian
et al. shows a wide array of elements (both for the A and B sites)
form as the A%J’B‘Z‘Jr 07 pyrochlore phase [2]. The geometrically fru-
strated network of corner sharing tetrahedra of the metal ion sites
(both A and B sites) and the nature of these ions leads to a large var-
iety of unusual magnetic behaviors [1].

Considerable progress has been made in the field of frustrated
magnetism due to breakthroughs in the preparation of large, high
quality single-crystals of various pyrochlores. It was first shown that
large single crystals of the rare-earth titanate pyrochlores A3+T1207
(where A= Pr, Nd, Sm, Tb, Dy, Ho, Er, Y) could be produced by
the floating zone technique [3,4]. Subsequently, crystals of the entire
series of rare-earth titanates A§+Ti207 (A=Pr—Lu) [5-8] were
grown, their structural and magnetic properties investigated in det-
ail, and their magnetic ground states elucidated [6,7,9-11]. Recently,
crystals of the molybdate family, A,Mo,0; (where A=Nd, Sm, Gd, Tb,
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Dy) [12,13], have also been grown using the floating zone technique
and their properties studied [13-17].

The research community has recently shown an increased interest
in the lanthanide zirconates, Ln,Zr,0-, both due to their potential use
in the immobilization of radioactive waste [18] and in thermal barrier
coatings [19], and in the quest for materials which exhibit quantum
spin liquid or quantum spin ice behavior [20,21]. Lanthanide zirco-
nium oxides crystallize in the cubic structure at room temperature
and at ambient pressures. Nevertheless, depending on the ionic radius
ratio of the two metallic ions, RR = (r},3+ /I4+ ), their structure can
be stabilized with one of two different space groups, either Fd3m
(No. 227), which corresponds to the pyrochlore structure (large lan-
thanide elements), or Fm3m (No. 225), belonging to the defect-
fluorite structure (for small lanthanide elements) [2].

Lanthanide zirconates, Ln,Zr,0 (with Ln = Tb — Lu), with the ionic
radius ratio, RR, ranging from 1.44 to 1.35, crystallize in a defect-
fluorite structure [2]. Compounds Ln,Zr,0; (where Ln=La—Gd),
with the ionic radius ratio, RR, ranging from 1.61 to 1.46, adopt the
cubic pyrochlore structure [2]. Their crystallographic structure con-
tains two different cation sites and two distinct anion sites; the large
trivalent rare-earth Ln>* ions occupy the eight-fold oxygen coordi-
nated A sites, while the six-fold coordination of the B sites is filled by
the smaller tetravalent zirconium ions Zr** [2].

At high temperature (T > 1500 °C), lanthanide zirconates Ln,Zr,0;
(where Ln = Nd— Gd) undergo an order—disorder transition from a
pyrochlore to a defect-fluorite structure. The transition temperature
depends on the nature of the rare-earth ion [2,22-24]. Therefore,


www.sciencedirect.com/science/journal/00220248
www.elsevier.com/locate/jcrysgro
http://dx.doi.org/10.1016/j.jcrysgro.2015.01.037
http://dx.doi.org/10.1016/j.jcrysgro.2015.01.037
http://dx.doi.org/10.1016/j.jcrysgro.2015.01.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2015.01.037&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2015.01.037&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2015.01.037&domain=pdf
mailto:M.Ciomaga-Hatnean@warwick.ac.uk
mailto:G.Balakrishnan@warwick.ac.uk
http://go.warwick.ac.uk/supermag
http://dx.doi.org/10.1016/j.jcrysgro.2015.01.037

2 M. Ciomaga Hatnean et al. / Journal of Crystal Growth 418 (2015) 1-6

lanthanum zirconate exists only in the pyrochlore form, whereas for
neodymium, samarium, and the gadolinium zirconates, a transition
from a pyrochlore to a defect-fluorite structure occurs at 2300, 2000,
and 1530 °C respectively [22]. Furthermore, recent studies have shown
that the lanthanide zirconates with a pyrochlore structure are not sta-
ble at high pressure and that they undergo a pressure induced struc-
tural transformation leading to either a monoclinic phase (space group
P24/c) [2526], or a defect cotunnite-type structure (space group
Pnma) [27].

Due to the high melting point of the lanthanide zirconate pyro-
chlores [28], it has proven difficult to obtain crystals of these mate-
rials and until recently the structural and magnetic properties of
this new class of pyrochlore oxides have only been studied using
powder samples [22,23,29-35].

Roth showed in a previous study of the phase diagram of
Ln,03-ZrO, (where Ln=La and Nd) [28] that the pyrochlore type
oxides melt congruently above 2000 °C. Single-crystals of the
zirconates pyrochlore family can therefore be grown by the
floating zone technique but due to the high melting point of these
oxides, the crystal growth using optical furnaces can only be
carried out with a high power xenon arc lamp furnace.

In this paper, we report the growth, for the first time, of single-
crystals of the lanthanide zirconates pyrochlores, Ln,Zr,0; (where
Ln=La, Nd, Sm, and Gd). Recent studies [20,36-38] have shown the
feasibility of the floating zone technique for preparing single-crystals
of one member of the zirconate family, Pr,Zr,0;. The present study
demonstrates that large, high quality crystals of a number of pyro-
chlore lanthanide zirconates may be grown using this technique. This
is especially important for the study of the properties of this new
class of geometrically frustrated magnets and particularly for solving
the nature of their magnetic ground states.

2. Experimental details

The LnyZr,0; (where Ln=La, Nd, Sm, and Gd) pyrochlore oxides
were first synthesized in polycrystalline form by reacting powders of
the starting oxides, Ln,Os (99.9%) and ZrO, (99%). Stoichiometric
amounts of the powders were ground together and calcined in air
for several days at temperatures in the range 1300-1450 °C with inte-
rmediate grindings. The resulting material was then isostatically pre-
ssed into rods (typically 6-8 mm diameter and 70-80 mm long) and
sintered at 1450-1600 °C in air for several days. X-ray diffraction patt-
erns of powdered pieces of the rods were recorded on a Panalytical
X-Ray diffractometer with a Cu Ka; anode (A=1.5406 A). The diffrac-
tion patterns were collected at room temperature and over an angular
range of 10-110° 26 with a step size of 0.013° in 26 and a total scan-
ning time of 16 h. The analysis of the X-ray patterns was performed
using the Fullprof software suite [39].

Crystals of the lanthanide zirconate, Ln,Zr,0,, were grown in air or
in oxygen atmospheres. The growths were carried out in a four-
mirror Xenon arc lamp optical image furnace (CSI FZ-T-12000-X_VI-
VP, Crystal Systems Incorporated, Japan), at growth speeds in the

a

range 5-15 mm/h. Initially, polycrystalline rods were used as seeds
and once good quality crystals were obtained, a crystal seed was used
for subsequent growths. The two rods (feed and seed) were counter-
rotated at a rate of 20-30 rpm.

To analyze the microstructure and to investigate the crystal
perfection of the floating zone-grown crystals, pieces of the Nd,Zr,0;
boules were cut along the growth direction, polished and studied
using polarized light microscopy.

The quality of the as-grown crystals was checked using a Laue
X-ray imaging system with a Photonic-Science Laue camera system.

Small quantities of each crystal were ground into powder and
powder X-ray diffraction measurements were performed to determine
the phase purity and to establish the crystallographic structure of the
Ln,Zr,0 crystals. It is important to determine whether the lanthanide
zirconates boules have crystallized in either the pyrochlore or the
defect-fluorite phase. Room temperature diffractograms were col-
lected on a Bruker D5005 X-ray diffractometer using Cu Ka; and
Ko, radiation (Ager = 1.5406 A and Axg, = 1.5444 A), between 10°
and 110° 26, with a step size of 0.016° in 26, and a total scanning
time of 24 h. The patterns were then analyzed using the Fullprof
software suite [39].

3. Results and discussion

Lanthanide zirconate Ln,Zr,0, (where Ln=La, Nd, Sm, and Gd)
crystals were grown by the floating zone method, using different
growth conditions. A summary of the conditions used is given in
Table 1. All the Zr-based pyrochlores grown appear to melt congru-
ently and little or no evaporation was observed for any of the growths.
Crystals of Ln,Zr,0; were successfully grown using various growth
rates, however larger monocrystalline samples were isolated from the
crystal boules prepared using higher growth speeds. In the following
sections, we describe the crystal growth of each lanthanide zirconate.

3.1. LaxZr,07

La,Zr,05 feed rods were sintered at 1550 °C in air for 2 days. Ana-
lysis of room temperature powder X-ray diffraction patterns collected
on powdered sections of the polycrystalline rods provided a good fit

Table 1
Summary of the conditions used for the growth of Ln,Zr,0; (where Ln= La, Nd, Sm,
and Gd) crystals. All the boules grown were transparent to light.

Ln,Zr,0; Growth rate Atmosphere Pressure Rod rotation Color of
(mm/h) rate (rpm) crystal boule
LayZr,0;  12.5-15 Air Ambient 20-30 Colorless
Nd,Zr,0, 10-15 Air Ambient 20-30 Dark-purple
SmyZr,0; 5-15 0, 4 bars 20-30 Light-
orange
Gd,Zr,0; 10-15 Air Ambient 20-30 Light-yellow

Fig. 1. (a) Boule of La;Zr,0 prepared by the floating zone method in air at a growth rate of 15 mmy/h. (b) X-ray Laue back reflection photograph taken for one of the facets

of a LayZr,0; crystal.
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to the pyrochlore structure (space group Fd3m). In addition, no unin-
dexed reflections were observed on the X-ray profile of the powd-
ered rods.

The lanthanum zirconate crystals prepared by the floating zone
technique were typically 5-7 mm in diameter and 30-50 mm long.
The crystals developed facets as they grew and two very strong
facets were present on almost the entire length of most of the
grown crystals. Fig. 1a shows a photograph of a crystal of LayZr,07,
which was grown in air at a growth speed of 15 mm/h.

X-ray Laue photographs taken of boules of LaZr,0; (see
Fig. 1b) confirm the high quality of the crystals. The Laue patterns
indicate that the [1 0 0] direction is nearly orthogonal to one of the
facets on the sides of the as-grown crystal boules.

The X-ray diffraction profile of the powder from a single crystal
of LapZr,07, shown in Fig. 2, reveals the presence of some low-
angle weak superlattice reflections (with (hkl)=(111), (33 1),
and (51 1)), which are a distinct feature of the pyrochlore-type
structure [35]. All the peaks observed could be indexed in the
cubic Fd3m space group (see Table 2 for the goodness of fit value),
and no impurity peaks were observed in the patterns.

LazZrzo7
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Fig. 2. Room temperature powder X-ray diffraction pattern collected on a ground
boule of La,Zr,0;. The experimental profile (red closed circles) and a full profile
matching refinement (black solid line) made using the Fd3m cubic structure are
shown, with the difference given by the blue solid line. The pyrochlore superlattice
reflections (111), (331) and (511) are indicated by the green arrows. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)

Table 2
Lattice parameters for Ln,Zr,0; (where Ln= La, Nd, Sm, and Gd), refined from the
room temperature powder X-ray diffraction data.

Z Ln Crystal structure type Space group a(A) GOF
57 La Pyrochlore Fd3m 10.79921(6) 3.22
60 Nd Pyrochlore Fd3m 10.61337(8) 2.28
62 Sm Pyrochlore Fd3m 10.59066(8) 2.67
64 Gd Fluorite Fm3m 5.26142(6) 214

3.2. Nd2a307

The order-disorder transition occurs at 2300 °C in the Nd,0s3-
Zr0, system [22,40], raising the possibility that it may be difficult to
prepare Nd,Zr,05 single-crystals of the pyrochlore structure due to
the relatively small difference between the melting point and the
structural transition temperature (see Refs. [22,28]). When preparing
this material it is therefore crucial to establish the crystallographic
structure of the Nd,Zr,0; samples and to adjust the conditions of
synthesis in order to prepare the desired phase, as has been emph-
asized in previous reports [40,41].

Nd,Zr,0; polycrystalline rods were sintered in air for 2 days
at 1500 °C (below the structural transition temperature). Powder
X-ray diffraction analysis showed that the feed rods have a cubic
Fd3m pyrochlore structure and are single phase, with no addi-
tional peaks in the diffraction patterns.

The boules tended to have thermally generated cracks in most of
the cases, regardless of the growth rate employed. The crystals
developed facets as they grew and two very strong facets were
present along almost the entire length of most of the crystals. The
crystals were typically 5-7 mm in diameter and 55-65 mm long. A
photograph of an as-grown crystal of Nd,Zr,0; prepared in air at a
rate of 12.5 mmy/h is shown in Fig. 3a.

Polarized light microscopy analysis of the cross section of the
crystal with polished pieces cut from the boule of Nd,Zr,07 shows
no evidence of the existence of grain boundaries, suggesting that
the boule is monocrystalline. Macro-defects (cracks) observed on
the crystal boules were probably caused by the large temperature
gradient that exists inside the image furnace during the crystal
growth.

The high quality of the Nd,Zr,0 crystals is also confirmed by
X-ray Laue diffraction (see Fig. 3b). The Laue patterns indicate that
in most cases the [1 1 1] direction is almost orthogonal to the facets
seen on the sides of the as-grown crystal boules. Furthermore, we
observed a natural preference of the crystal boules to cleave along
the [1 1 1] crystallographic planes.

In order to ascertain whether the crystals formed in the pyro-
chlore or the defect-fluorite structure, powder X-ray diffraction mea-
surements were carried out, and the pattern obtained for the ground
crystal boule of Nd,Zr,0; is shown in Fig. 4. An analysis of the
pattern made using the FullProf software suite provided a good fit
(see Table 2) to the pyrochlore structure (space group Fd3m). There
were no impurity peaks observed in the pattern. The superlattice
reflections (with (hkI=(111), (33 1), and (51 1) characteristic to
the pyrochlore structure were observed in the X-ray profile of
Nd,Zr,0,. Furthermore, the Bragg peaks are very sharp and no
broadening of the reflections is observed [35]. We therefore conclude
that there is no mixture of the two cubic crystallographic phases in
any of the samples.

We also attempted to grow crystals of Nd,Zr,0- in oxygen, at a
pressure of 2.5 bars. In this case, the growths were less stable and
the resulting boules were of inferior quality.

Detailed crystallographic structural investigations of the Nd,Zr,0,
single-crystals using neutron scattering and studies of the magnetic
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Fig. 3. (a) Crystal of Nd,Zr,0, grown in air at a rate of 12.5 mm/h. (b) X-ray Laue back reflection photograph of a crystal of Nd,Zr,0-, showing the [1 1 1] orientation
of an aligned sample used for magnetic properties measurements discussed in Ref. [42].
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properties have been performed and the results are described else-
where [42].

3.3. SmyZr,0,

The Sm,03-Zr0O, system is similar to Nd;03-ZrO,, but in Sm
compound, the order-disorder transition occurs at 2000 °C [22].
The small difference between the structural transition tempera-
ture and the melting point leads to difficulties in preparing single-
crystals of the pyrochlore phase of Sm,Zr,0;.

Sm,Zr,05 feed rods were sintered in air for 2 days at 1500 °C
(below the order-disorder transition temperature). The results of
the refinements obtained for the X-ray data on the Sm,Zr,0;
polycrystalline powders show that no impurity phases are present
in our polycrystalline precursors rods.

The as-grown samarium zirconate crystals were typically 5-7 mm
in diameter and 30-90 mm long. As in the case of the neodymium
zirconate growths, the Sm,Zr,0, boules tended to have cracks which
are probably due to the large temperature gradient in the furnace
during the crystal growth. The crystals developed facets as they grew
and two very strong facets were present along almost the entire
length of most of the crystals. A photograph of a crystal of Sm,Zr,0,
which was grown in oxygen at a pressure of 4 bars and a growth
speed of 8 mmy/h, is shown in Fig. 5a. Fig. 5b shows a X-ray Laue
photograph taken of a boule of Sm,Zr,0. The Laue patterns indicate
that the [1 1 1] direction is nearly orthogonal to the facets seen on the
sides of the as-grown crystal boule.

Fig. 6 shows the room temperature X-ray diffraction profile of a
powdered crystal sample of Sm,Zr,0,. The results of the refinem-
ent were similar to those obtained for the lanthanum and neody-
mium zirconates crystals. The weak superlattice reflections of the
cubic Fd3m pyrochlore structure are clearly visible in the X-ray
diffraction pattern and no impurity peaks were observed. The sharp

' NdZr,0,
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Fig. 4. Room temperature powder X-ray diffraction pattern collected on a ground
boule of Nd,Zr,0,. The experimental profile (red closed circles) and a full profile
matching refinement (black solid line) are shown, with the difference given by the
blue solid line. The pyrochlore superlattice reflections are indicated by the green
arrows. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this paper.)

Bragg peaks suggest that only the pyrochlore phase of SmyZr;0;
crystal is formed.

Attempts to prepare single-crystals of Sm,Zr,0 in air proved to
be unsuccessful. The growths were unstable and the resulting boules
were of poor quality.

34. Gd22r207

Due to the fact that in the Gd;03-ZrO, system the order-disorder
transition occurs at a lower temperature (1530 °C [22]) than the
melting point, the synthesis of gadolinium zirconate with a pyro-
chlore structure has proven to be very difficult. Two polycrystalline
rods were prepared and sintered at different temperatures.

The first set of Gd,Zr,0; feed rods were heated in air for 2 days at
1600 °C, which is above the structural transition temperature. Analy-
sis of the X-ray diffraction patterns collected at room temperature
on these rods showed that the cubic Fm3m defect-fluorite structure
is formed.

In a second attempt, the polycrystalline rods were sintered in air
for several days at 1450 °C (below the temperature of the structural
transition), following the procedure described by Blanchard et al. [35].
In this case, the X-ray diffraction profiles reveal that the pyrochlore-
type structure is formed.

We first tried to grow crystals of Gd,Zr,0; in air or oxygen
atmospheres, using a double ellipsoidal IR furnace (NEC SCIMDH-
11020, Canon Machinery Incorporated), equipped with two 3.5 kW
halogen lamps. Temperatures of up to 2150 °C may be achieved at
the sample position with this type of furnace [4]. These attempts
failed due to the fact that the melting point of Gd,;Zr,0; was not
reached using this type of image furnace.

We have successfully grown crystals of Gd,Zr,0; using a four-
mirror Xenon arc lamp optical image furnace. The gadolinium
zirconate crystal boules grown were typically 5-6 mm in diameter
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Fig. 6. Room temperature powder X-ray diffraction pattern collected for a
Sm,Zr,0; crystal boule. The experimental profile (red closed circles) and a full
profile matching refinement (black solid line) are shown, with the difference given
by the blue solid line. The pyrochlore superlattice reflections are indicated by the
green arrows. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Fig. 5. (a) Boule of Sm,Zr,0, prepared in oxygen, at 4 bars pressure and using a growth rate of 8 mm/h. (b) X-ray Laue back reflection photograph taken for one of the facets

of a Sm,Zr,0; crystal.
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b

Fig. 7. (a) Crystal boule of Gd,Zr,07 prepared in air using a growth rate of 15 mm/h. (b) X-ray Laue back reflection photograph taken on a facet of a crystal of Gd,Zr,0-.
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Fig. 8. Room temperature powder X-ray diffraction pattern collected on ground
boules of Gd,Zr,0;. The experimental profile (red closed circles) and a full profile
matching refinement (black solid line), made using the Fm3m cubic structure are
shown, with the difference given by the blue solid line. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this paper.)
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Fig. 9. Evolution of the lattice parameter, g, as a function of the ionic radius ratio,
RR = (r 3+ /r74+ ). The ionic radius ratio, RR, were calculated using the values
reported by Shannon et al. [43,44]. The previously reported values of the crystal-
lographic parameters for the pyrochlore lanthanide zirconates series are given for
comparison [2]. The lattice parameter of Pr,Zr,05 is also given for completeness
[37].

and 30-40 mm long. Fig. 7a shows a photograph of a crystal of
Gd,Zr,07, which was grown in air at a growth rate of 15 mm/h. Not
all the crystals had facets. The X-ray Laue patterns (see Fig. 7b)
indicate that the [1 1 1] direction is nearly orthogonal to the facets
on the sides of this crystal boule.

In comparison to the other lanthanides in the pyrochlore zirco-
nates series, no superlattice reflections characteristic of the pyrochlore
structure were observed in the X-ray profile of Gd,Zr,07 (see Fig. 8),
demonstrating that its lattice is best described by a defect-fluorite-
type structure. In this case, the X-ray data were fitted to the cubic
Fm3m space group.

Room temperature X-ray diffraction patterns collected on pow-
dered pieces of the Gd,Zr,0, crystals prepared using both the feed
rods sintered at 1600 °C and 1450 °C were identical. We therefore

conclude that single-crystals of the gadolinium zirconate always form
in the defect-fluorite structure, due to the fact that the order to dis-
order transition temperature is lower than the melting point of the
Gd,Zr,0, phase.

3.5. Summary of X-ray diffraction results

The main results of the refinements of the room temperature
X-ray data collected on the Ln,Zr,0; (where Ln=La, Nd, Sm, and Gd)
crystals are listed in Table 2. The lattice parameter for the LnyZr,05
crystals of pyrochlore structure were found to be slightly smaller
than the previously reported values for polycrystalline samples
(see Fig. 9) [2,28], but this difference was also observed for
Pr,Zr,07 samples prepared using different synthesis methods [37].

Fig. 9 shows the dependence of lattice parameter on the ionic
radius ratio, RR = (r,,3+ /1,4 ), for the crystals of lanthanide zirc-
onates. The Fd3m cubic lattice parameter, a increases as the ionic
radius ratio changes from 1.50 to 1.61 (Ln = Sm— La).

4. Conclusions

We have been successful in growing large, high quality crystals of
lanthanide zirconates, Ln,Zr,0; (where Ln=La, Nd, Sm, and Gd) by
the floating zone technique, using different growth conditions. The
quality and composition of the as-grown boules was investigated
using X-ray diffraction techniques. X-ray diffraction studies confirm
that the crystallographic structure of the lanthanum, neodymium and
samarium compounds (Ln= La, Nd, and Sm) corresponds to the
pyrochlore structure, while the gadolinium zirconate Gd,Zr,05 crystal
boule was obtained in the defect-fluorite form. The large size and the
excellent quality of the grown crystals make them suitable for most
physical properties characterization experiments. Detailed investiga-
tions of the low-temperature magnetic behavior of Ln,Zr,0; pyro-
chlores can be carried out on samples specifically aligned using the
Laue technique.
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