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Abstract

LaTiO3.5 crystals were grown by optical floating zone technique in air, O2, or Ar. Crystal
structure varies between orthorhombic Pna21 (air, O2) and monoclinic P21 (Ar). Crystals are
transparent (air, O2) or opaque (Ar) with amber or black colour. Magnetisation resembles the
properties of LaTiO3.5. (DyxLa1−x)2Ti2O7 crystals were grown in O2. The solubility of dopant
(La or Dy) in the parent compound is limited. Two phases with Pna21 and Fd3̄m structure
coexist in the range from x = 0.32 to 0.68. The a-axis of Pna21 is intact by substitution of
La3+ by Dy3+; both b- and c-axes decrease. The a-axis of Fd3̄m increases with substitution
of Dy3+ by La3+ and the spin freezing temperature Tf shifts to a higher temperature. Either
of the new magnetic phase (Pna21 structure) or dynamical behaviour of spins in Fd3̄m phase
exists below x = 0.68 in the range between the transition to ‘spin ice’ state Ti and Tf .

K e y w o r d s: optical floating zone, single crystals, crystal structure, ferroelectrics, spin ice

1. Introduction

LaTiOx compounds are structurally related to per-
ovskites, and there are two known phases. The first,
x = 3.50, is a 2D layered-type ferroelectric. The sec-
ond, x = 3.00, is a weak ferromagnet with a 3D or-
thorhombic distorted perovskite structure. The phys-
ical properties of lanthanum titanium oxides strongly
depend on the content of oxygen in the material [1, 2].
LaTiO3 is an antiferromagnetic Mott insulator with a
pseudo-cubic perovskite crystal structure of GdFeO3
type (space group Pbnm) [3–5]. This structure arises
from the ideal perovskite (space group Pm3̄m) by tilt-
ing the TiO6 octahedron around a [110]c axis (sub-
script c denotes the notation with respect to the cubic
perovskite lattice), followed by a rotation around the
c-axis (or [001]c axis) [5]. The Néel temperature varies
between TN = 130 and 146 K, depending on the exact
oxygen stoichiometry [5–7]. Interestingly, a reduced
total moment of about 0.45–0.57μB in the ordered
state has been observed [5–7]. One could speculate
that this suggests the presence of an orbital angular
momentum that is antiparallel to the spin momen-
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tum [7, 8]. Recently, however, Keimer et al. [9] ob-
served that the orbital momentum must be quenched.
To explain the reduced moment, they proposed the
presence of strong orbital fluctuations in the system.
This seems to be supported by the theoretical study
of Khaliullin and Maekawa [10], who suggested that
LaTiO3 is in a completely novel state of matter – an
orbital liquid state. La2Ti2O7 is a well-known high-
temperature, ferroelectric compound (the Curie tem-
perature TC ≈ 1500◦C), which exhibits a strong piezo-
electric and electro-optic effect, has a high dielectric
constant with a low-temperature coefficient and a low
dielectric loss at microwave frequency, also possesses
good photocatalytic activity [11–14]. La2Ti2O7 does
not form the expected isometric pyrochlore structure-
type, as is typical for many of the heavy rare earth
and transition metal oxides, but rather forms a lay-
ered structure comprised of slabs of the ABO3 per-
ovskite structure [11], which is monoclinic, P21 at
room temperature, the structure becomes orthorhom-
bic, Cmc21 at 780◦C, and at 1500◦C, it transforms
into the paraelectric Cmcm phase. The room tempera-
ture crystal structure of La2Ti2O7 can be described in
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some cases by the Pna21 orthorhombic crystal struc-
ture [15]. On the other hand, Dy2Ti2O7 is identified
as a spin-ice material with the pyrochlore structure
that crystallises into a face centred cubic structure
Fd3̄m [16–20]. The dynamical freezing behaviour seen
in Dy2Ti2O7 differs from the critical slowing down
observed in conventional disordered spin-glass mate-
rials. Another difference between the spin freezing in
Dy2Ti2O7 and that in conventional disordered spin
glasses is the magnetic field dependence. Recently two
ferroelectric transitions at TC1 = 25K and TC2 = 13K
were observed in Dy2Ti2O7 [17]. Remarkable mag-
netoelectric coupling was identified below the lower
transition temperature, with significant suppression
of the electric polarisation on an applied magnetic
field.
In our paper, we focus on crystal growth, char-

acterisation and magnetic properties of (DyxLa1−x)2-
Ti2O7 system at low temperature, which may com-
bine ferroelectric properties of La2Ti2O7 with mag-
netic structure and ferroelectricity in Dy2Ti2O7. In
the first step, we studied the effect of crystal growth
condition and oxygen content on the crystal structure
of LaTiOx and in the second step, we investigated
the change from pyrochlore crystal structure to or-
thorhombic distorted perovskite structure with sub-
stitution of La for Dy in (DyxLa1−x)2Ti2O7 system.

2. Experimental details

(DyxLa1−x)2Ti2O7 crystals were grown by the op-
tical four mirror floating zone furnace model FZ-
-T-4000 (Crystal Systems INC). The grown crys-
tals were characterised by scanning electron micro-
scope (SEM) methods, including the energy-dispersive
X-ray (EDX) microanalysis on the microscope TES-
CAN VEGA-3LMU equipped with EDX spectrometer
BRUKER X-Flash 410M. SEM study confirmed the
expected chemical composition and did not reveal any
parasitic inclusions. The quality check and the align-
ment of the grown single crystals were performed by
Real-time Laue Single Crystal Orientation Tool (Pho-
tonic Science). The X-ray powder diffraction (XRPD)
study was performed on powdered samples by the
Rigaku Ultima IV diffractometer XRPD technique us-
ing CuKα1,α2 doublet radiation and by the X’Pert
(PanAnalytical) diffractometer using Co Kα1,α2 radi-
ation with a help of qualitative analysis provided by
HighScore� software and the JCPDS PDF-4 database
[21]. For a quantitative analysis HighScore plus�

with Rietveld structural models based on the ICSD
database and Crystallography Open Database (COD)
were applied. Powder data were treated using the Ri-
etveld method implemented in FullProf software [22].
Prepared samples were also analysed by magnetisa-
tion and AC susceptibility measurements, which were

realised by MPMS SQUID magnetometer from Quan-
tum Design.

3. Sample preparation and crystal growth

Floating zone technique with optical radiation
heating was assigned to crystal growth of large single
crystals of La-Ti-O, which crystallise as twinned (sin-
gle) crystals with chemical formula LaTiO3 and also
LaTiO3.5 (La2Ti2O7) based on thermal treatment and
preparation of starting material and type and condi-
tion of atmosphere used during crystal growth as type
and pressure [23–26]. Starting materials for LaTiOx

crystal growth can be different – the combination of
La2O3 + TiO2 + TiO [1, 5], La2O3 + TiO2 + Ti [1],
Ti + TiO2 + La [3], La2O3 + Ti2O3 or La2O3 + TiO2
+ Ti2O3 [23–26] materials can be used. The value of
number x can be tuned mainly by proper combina-
tion of starting materials, and less effect is attributed
to a simple reduction process by melting under the
argon-hydrogen atmosphere (ratio 96 : 4) [1]. As was
reported [23, 24], the best purity of final composition
LaTiO3 can be achieved by using La2O3 and Ti2O3
as starting materials, and we used this combination in
our work, too. In this case, Ti3+ ion is present and we
tried to prevent this oxidation number by preparation
of starting materials and crystal growth under the Ar
atmosphere and we studied the change of oxygen in
the sample by manufacturing starting materials un-
der air conditions and crystal growth process in air or
oxygen. In all cases, we used a small overpressure of
gas (about 0.1MPa) and continuous gas flow.
Typical sample preparation of starting material

we demonstrate for 15 g mass of LaTiO3. We used
high purity oxides of Ti2O3 (99.9%, supplier: Sigma
Aldrich, 4.6 g) and La2O3 (99.9 %, supplier: Sigma
Aldrich, 10.4 g). The starting materials were mixed in
a stoichiometric ratio in an agate mortar for at least
30 min to obtain a homogeneous powder. In the next
step, the seed rod and feed rod were manufactured.
The regular shape of both rods affects the stability
of the melting zone, and that is why the preparation
of feed rod is an essential and crucial part of crys-
tal growth. The process of manual filling of a balloon
with powder is time-consuming and tedious. During
manual filling and pressing, geometrical imperfections
and fluctuations in the density of pressed powder are
usually introduced to feed or seed rods. Some of these
imperfections can be eliminated by applying high iso-
static pressure. For repeating crystal growth even with
applying different growth conditions, feed rods should
be the same (not only from the material side but also
from the geometrical side). To minimise the geomet-
ric factor in the crystal growth process, we developed
a device for the filling of balloons, which is shown
in Fig. 1. We used latex one-end closed tubes (bal-
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Fig. 1. Device for geometrically uniformed feed rod preparation; (a) a 3D visualisation, (b) the device.

loons) as containers for powder and the device shown
in Fig. 1 to fill balloons with powder. Latex balloon is
inserted to filler device by its closed end to split pro-
tective tube in suitable depth and loose end is pulled
through a tube lip ring. The device is connected to
a source of the vacuum by negative pressure inside
of the device balloon which expands until it reaches
the inner surface of the protective tube. Step by step
small amount of the powder is added to the balloon
and is subsequently compressed by a glass rod. This
procedure is repeated many times to fill the balloon.
In the next step isostatic pressure of above 200MPa
was used to produce rods with a hydraulic press into
bars with a typical length of 6 to 7 cm (feed rod) and
3 cm (seed rod, both rods are shown in Fig. 2).
The balloons filled with powder were isostatically

compressed into rods which were sintered in a verti-
cal position in the air at a temperature T = 1100◦C
from 30 to 109 h in the commercial muffle furnace
CMF1100 (MTI corporation). The scheme of a typ-
ical sintering temperature layout is shown in Fig. 2.
Sintering in vertical position can reduce some geomet-
rical faults of feed rod, for example, banana shape
(bent rod). During the sintering of pressed rod in a
vertical position, a small extension of rod occurred,
which led to the generation of pores or even surface
cracks. Sintering of rods under Ar atmosphere we re-
alised at 1350◦C in a horizontal position by GSL-1600
(MTI) furnace. Sintering procedure follows the solid-
state reaction preparation route and the starting rods
have already partially re-crystallised after heat treat-
ment. Feed and seed rods surface become chalky after
sintering (Fig. 2).
The width and length of the melting zone and

condition on interface solid-liquid must be carefully
watched, and only small correction of the lamp’s power
can be applied at this part of crystal growth. The
porosity of the starting material affected the stabil-
ity of the molten zone and the gas bubble appeared in

Fig. 2. Feed and seed rod (a) after isostatic compression,
(b) after sintering, and (c) a scheme of temperature layout

during sintering under air condition.

the melt zone. Small bubbles often merged and formed
big bubbles, which were trapped in the melting zone
and burst after some time and besides, the melt zone
penetrated feed rod. On a series of screenshots taken
during crystal growth in Fig. 3, the process of gener-
ating and merging bubbles is shown. Merging of bub-
bles is very dangerous for the stability of the melting
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Fig. 3. Screenshots show the formation of large bubbles in
the melting zone (red colour). In the background, we see
the image of the hot wire of the halogen lamp (white), in
the central part is seed rod ((a) – upper part), melting
zone ((b) – middle), and grown crystal ((c) – bottom).

zone and in several cases resulted in the interruption of
the crystal growth process. The crystals’ growth speed
was individually set up from 5 to 8mm per hour. The

optimal crystal growth conditions for LaTiOx crys-
tals are pulling speed of about 6 mm per hour and
counter-rotation of both seed and feed rods 15 rpm. A
list of prepared crystals and conditions applied during
crystal growth can be found in Table 1, and crystals
photos are shown in Fig. 4. The colour of the crystals
changes depending on the content of oxygen in the
crystal from dark amber transparent colour for grown
in O2, to light amber transparent colour for air and
to opaque metallic shiny dark blue to black colour for
Ar.
The Laue diffraction technique confirmed the sin-

gle crystalline character of LaTiOx. For example, the
crystal No. 5 was grown as bi-crystal, separation (part-
ing) surface is highlighted by a red arrow. Trial to ori-
entate the crystal No. 5 was performed, which is shown
in Fig. 5. Laue patterns from the lower part of a crys-
tal No. 5 show relatively thin and sharp reflections.
Those reflections are indicating the single crystalline
character of the sample.
Single crystals of R2Ti2O7 (R = Y, Gd, Tb, Dy,

Ho, Er, Yb, and Lu) have been grown by the floating-
zone technique in an image furnace [27–30] or by
Czochralski method in iridium crucible with radio fre-

Fig. 4. Photos of the LaTiOx grown single crystals – crystal growth parameters are presented in Tab. 1.
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Ta b l e 1. Summary of crystal growth parameters for grown LaTiO3+δ crystals

Crystal growth conditions
Crystal Size diameter/length (mm)

Growth rate (mm h−1) Rotation rate (rpm) Atm. Lamp power

No. 1 5 15 O2 63.9–65.8 4/30
No. 2 6 15 Air 64–64.8 4/30
No. 3 8 15 Air 63.5–67.5 (70.3) 4/35
No. 4 5 15 Air 64.5–65.8 4/45
No. 5 6 15 Ar 63–64.5 4/40

Fig. 5. The photos show (a) part of LaTiOx crystal No. 5,
which was grown in Ar atmosphere, placed on a goniome-
ter – the red arrow points to the easy cleave plane = the
boundary between two single crystals; (b) the correspond-

ing Laue pattern.

quency induction heating [31, 32]. The referred op-
timal growing condition is a relatively small growth
rate of 2–8mm h−1 with counter-rotation of both feed
and seed rod at 20–30 rpm in small overpressure of
gas flow from 0.1 to 0.4MPa [28–30]. The effect of
crystal growth and annealing the crystals in different
atmospheres (O2, Ar + O2, and Ar in gas flow) was
studied and found to be very important [28–32]. The

Fig. 6. Examples of single-phase (La1−xDyx)2Ti2O7 crys-
tals.

amount of oxygen in the crystal affects the colour from
black and opaque to dark amber semi-transparent and
light yellow very well transparent [29]. In our case
(DyxLa1−x)2Ti2O7 crystals where x= 0.00, 0.15, 0.32,
0.50, 0.68, 0.85, 1.00 were grown from starting mate-
rials La2O3, Dy2O3, and TiO under the flow of O2
with small overpressure of about 0.1MPa using the
pulling rate of 5 mm h−1 with counter-rotation of both
shafts 15 rpm. The seed rods and feed rods were pre-
pared by sintering in the air at 1100◦C. The exam-
ples of typical (DyxLa1−x)2Ti2O7 crystals are shown
in Fig. 6. We prepared the crystals from 30 to 40mm
long with a diameter between 3 and 5 mm with a very
regular shape (Fig. 6a). Most of the crystals developed
facets (Figs. 6b,c) as they grew, and all of them were
transparent to light with amber colour.

4. Crystal structure

XRPD measurements performed on powdered
samples revealed that all LaTiOx samples are sin-
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Fig. 7. Possible crystal structure of LaTiOx crystal grown in O2; (a) XRPD pattern, which was analysed by monoclinic
model of the crystal structure space group P21, (b) the model of monoclinic structure made by program Diamond 3.0,
(c) the XRPD pattern analysed by orthorhombic model of the crystal structure space group Pna21, (d) the model of

orthorhombic structure.

Ta b l e 2. The crystal structure of LaTiO3+δ crystals grown in the different atmosphere was determined within two
possible crystal structure models. The more probable crystal structure is marked by bold characters

atmosphere structure a (Å) b (Å) c(Å) V (Å3) β

air P1211 7.8246 5.5451 13.0215 558.4581 98.716◦

air Pna21 25.7399 7.8118 5.5488 1115.745 90.00◦

O2 P1211 7.8130 5.5490 13.0205 558.1021 98.633
O2 Pna21 25.7462 7.8126 5.5498 1116.3142 90.00◦

Ar P1211 7.8118 5.5491 13.0182 557.9282 98.629
Ar Pna21 25.7423 7.8121 5.5487 1115.976 90.00◦

gle phase with no observed differences between the
start and the end of any crystal. The analysis of the
XRPD data leads to two possible structures, mono-
clinic P21 and orthorhombic Pna21, as it is demon-
strated in Fig. 7 for LaTiO3.5 = La2Ti2O7 grown in
O2, where the same XRPD data were analysed by two
different models P21 (Fig. 7a) and Pna21 (Fig. 7c)
and the relevant crystal structures are presented in
Figs. 7b,d. Polyhedrons with Ti atoms in the cen-
tral position and oxygen atoms in vertices are basic
building blocks of the crystal structure in both cases.
Tetrahedrons are typical for P21 (Fig. 7b) and octahe-
drons, which are typical for 3D orthorhombic distorted
perovskite structure, for Pna21 (Fig. 7d). Both crys-
tal structures are members of the perovskite-related
n-layered crystal structures AnBnO3n+2 (n is a num-
ber of layers) [2]. La2Ti2O7 (La4Ti4O14) crystal struc-
ture is 4-type layered with typical slabs that are per-

pendicular to the longest crystal axis (c-axis or a-axis).
An easy cleaved plane is perpendicular to the longest
axis of the crystal lattice and is the consequence of
the layered structure (see Fig. 4, crystal No. 3). The
comparison of Iobs – Ical from Fig. 7a and Fig. 7c indi-
cates that Pna21 model of crystal structure fits better
with our experimental data. The characteristic crys-
tal parameters for LaTiOx crystals are summarised in
Tab. 2 and Tab. 3. The Pna21 orthorhombic model of
crystal structure describes a better crystal structure
of crystals prepared in air and O2; on the other hand,
the monoclinic P21 crystal structure suits better for
crystals prepared in Ar. The monoclinic P21 structure
was approved in a larger number of papers [11–14]
than the Pna21 orthorhombic crystal structure [15].
Our results indicate that the boundary between these
two-layered crystal structures is narrow. The expected
crystal structure of crystals prepared from La2O3 and
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Ta b l e 3. Quality of determining crystal structure was tested within conventional Rietveld parameters Rp, Rwp, Re,
Chi2, Bragg R-factor RBragg and RF-factor. The more probable crystal structure is marked by bold characters

atmosphere structure Rp Rwp Re Chi2 RBragg Rf

air P1211 59.0 59.7 8.67 47.51 52.1 35.1
air Pna21 38.3 39.2 8.85 19.66 29.1 21.3
O2 P1211 28.3 28.7 2.82 103.9 25.2 21.4
O2 Pna21 24.8 22.9 2.97 59.61 20 19.9
Ar P1211 40.6 38.9 13.8 7.979 30.9 15.9
Ar Pna21 45.6 52.6 13.9 14.27 35.2 18.0

Fig. 8. Crystal structure of (La1−xDyx)2Ti2O7; (a) XRPD pattern of Dy2Ti2O7 – cubic structure space group Fd-3m,
(b) model of the cubic, (c) the XRPD pattern of La1.33 Dy0.66Ti2O7 – cubic structure space group Fd-3m and orthorhombic

crystal structure space group Pna21, and (d) the effect of Dy substitution with La.

Ti2O3 starting materials in the Ar atmosphere was or-
thorhombic Pbnm with chemical composition LaTiO3.
Our study based on XRPD measurements revealed
that the crystal structure is monoclinic P21 and de-
spite the fact that the colour of the crystals is the
same as for LaTiO3+δ [26], our results suggest higher
oxygen content. In order to verify this suggestion, we
performed the study of magnetic properties which is
part of this paper.
XRPD measurements of powdered samples

(DyxLa1−x)2Ti2O7 confirmed the expected crystal
structure of parent compounds La2Ti2O7 and Dy2Ti2-
-O7 (Fig. 8a). The model of the pyrochlore crystal
structure Fd3̄m of (DyxLa1−x)2Ti2O7 is shown in
Fig. 8b with TiO6 octahedrons. Our results indicate
that the solubility of dopant (La or Dy) in the parent
compound is limited, two phases with different crys-
tal structure Pna21 and Fd3̄m coexist in the range
between x = 0.32 and 0.68 (Figs. 8c,d) and only sam-

ples for x = 0.00, 0.15, 0.85, 1 are single-phase mate-
rials (Fig. 8d). The longest a-axis of the orthorhombic
structure is intact by substitution of La3+ by Dy3+

and both b- and c-axes decrease with substitution in-
dicating the dominant effect on slabs of the layered
structure. Lattice parameter of the cubic structure in-
creases with substitution of Dy3+ ion by La3+ ion with
larger ionic radius from 10.149Å to 10.148Å, 10.166Å,
10.166Å, 10.181Å for x = 1.00, 0.85, 0.68, 0.5, and
0.32 (Fig. 9d).

5. Magnetic properties

The temperature dependence of magnetisation
(Fig. 10a) and hysteresis loop (Fig. 10b) indicate that
La2Ti2O7 is diamagnetic material which may contain
traces of magnetic impurities with magnetic phase
transitions at 56 and 10 K of ferrimagnetic ordering
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Fig. 9. Substitution effect on crystal lattice parameters of (La1−xDyx)2Ti2O7: (a) a-axis for the orthorhombic structure;
(b) b-axis for the orthorhombic structure; (c) c-axis for the orthorhombic structure; and (d) a-axis for the cubic structure.

Fig. 10. Dependence of magnetisation for LaTiOx on (a) temperature for a different atmosphere and (b) magnetic field.

corresponding to small upturns in µ(T ) (Fig. 10a).
These impurities are not identical with Mott isola-
tor LaTiO3 with the Néel temperature TN = 146K
[5]. Another conclusion can be made from the hys-
teresis loop shown in the inset of Fig. 10b, which
provides evidence that weak ferromagnetic ordering
is natural for La2Ti2O7. Recently room tempera-
ture magnetisation measurements revealed ferromag-
netic and ferroelectric behaviour for transition met-
als doped La2Ti2O7 including the parent compound,
too [34, 35], which proposes multiferroic character of
this system. Our results correspond with already pub-
lished magnetisation measurements, and the compar-
ison of the curvature and the shape of magnetisa-
tion dependence μ(T ) obtained on the sample with
oxygen content x = 3.41 [2] with our measurements
points to the fact that the content of oxygen in the
crystal prepared in Ar atmosphere is even higher
than x = 3.41 and supports our XRPD measure-
ments which despite the dark colour of the crystals

revealed different crystal structure than LaTiO3 crys-
tal has.
The typical μ(T ) dependences of (DyxLa1−x)2Ti2-

-O7 do not show any signs of magnetic phase transi-
tion (Fig. 11a). Three temperature ranges with differ-
ent slope of 1/χ(T ) is the characteristic feature for the
inverse susceptibility of Dy2Ti2O7: high-temperature
range from 360 to 200K yielding the Curie Weis tem-
perature θ = –44.4K, range from 190 to 40K with θ =
–7.7 K and finally from 20 to 2 K with θ ≈ 0.5 K indi-
cating reduction of antiferromagnetic correlations and
evolution of small ferromagnetic correlations which
have been already observed in vicinity of transition to
‘spin ice’ ground state at Ti [16]. Two of these ranges
are shown in Fig. 11b. The change of the slope corre-
sponds very well with the next highest excited state,
which is expected to be around 200K (Fig. 11a). Sub-
stitution of Dy3+ with nonmagnetic La3+ reduces the
transition between high and low temperature regions
from 150 to 50 K and antiferromagnetic correlation
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Fig. 11. Dependence of magnetisation for La1−xDyxTi2O7 on (a) temperature for a different atmosphere and (b) magnetic
field.

Fig. 12. Temperature dependence of AC susceptibility (both components in phase χ′ and out of phase χ′′ for
La1−xDyxTi2O7) is displayed as a function of frequency f ; (a) Dy2Ti2O7 in DC magnetic field 1 T, (b) Dy1.32La0.68Ti2O7
in DC magnetic field 0.5 T, (c) effect of substitution: x-content for magnetic field 1 T, and (d) effect of x-content for field

0.5 T.

from θ = –40.8 K to θ = –7.3 K for x from 0.85 to
0.32, respectively. The small ferromagnetic correla-

tions for the sample with x = 0.85 are suppressed and
θ ≈ 0.2 K.
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Two distinct strongly frequency and magnetic field
dependent maxima, which are present in both in-phase
component χ′ and out-of-phase component χ′′ of AC
susceptibility, are a characteristic feature of Dy2Ti2O7
(Figs. 12a,b). Their different frequency dependences
suggest the existence of two different types of dynam-
ical behaviour. One of Ti, observed below 2 K, is re-
lated to a highly degenerated ground state – ‘spin ice’
state and another to spin freezing at higher tempera-
tures below Tf ≈ 10 K [17–19]. The dynamical freez-
ing behaviour seen in Dy2Ti2O7 differs from the criti-
cal slowing down observed in conventional disordered
spin-glass materials. In spin glasses, Tf decreases with
increasing magnetic field strength, while in Dy2Ti2O7,
the opposite tendency is seen for applied magnetic
fields. Our results of AC susceptibility measurements
with respect to an applied DC magnetic field, frequen-
cies of driving field and chemical composition, which
are summarised in Fig. 12, confirm these basic fea-
tures. The effect of the different magnetic field we
demonstrate in Figs. 12a, 2b. Both maxima at Ti and
Tf are very well visible in AC susceptibility for the
magnetic field 0.5 T (Fig. 12a). The enlargement of the
field to 1T shifts the maximum at Tf to a higher tem-
perature and makes the maximum bigger (Fig. 12b).
Our measurements indicate that strong frequency de-
pendence of Dy2Ti2O7 remains maintained on doped
samples (Fig. 12a). Figures 12c,d summarise the effect
of La substitution. The maximum at Tf shifts to higher
temperature with La substitution (Figs. 12c,d) and
a new anomaly at Ta marked by red arrow develops
(Fig. 12d). The shift of Tf is evident, and the anomaly
at Ta provides an indication of a new magnetic phase
with Pna21 crystal structure or we see new dynamical
behaviour in Fd3̄m phase below x = 0.68. Our AC
results indicate enhanced dynamical behaviour which
was already supposed for Dy2(TixFe1−x)2Ti2O7 mate-
rial [33]. The reduction of the maxima in AC suscep-
tibility can be attributed to the reduction of the cubic
phase in the sample which may indicate that the fea-
ture known from the spin ice system is still strong
and new dynamical behaviour develops. The Ti is not
affected by substitution very much for the low con-
centration of dopant. The increase of the volume of
the primary cell with La substitution is larger for a
small concentration of dopant actually in the range of
good solubility of La in Dy2Ti2O7 and that is why the
stronger effect on magnetic processes was observed for
this concentration range.

6. Summary

In our paper, we focus on crystal growth and char-
acterisation of (DyxLa1−x)2Ti2O7 crystals which were
grown by optical floating zone technique in different

crystal growth conditions. The optimal pulling speed
is about 6 mm per hour and counter-rotation of 15 rpm
for both seed and feed rods for LaTiOx crystals which
were prepared in air, O2, or Ar atmosphere. In all
cases, the final composition is close to LaTiO3.5. The
crystal structure varies between orthorhombic Pna21
(air, O2) and monoclinic P21 (Ar). The colour of the
crystals changes depending on the content of oxygen
in the crystal from dark amber transparent colour for
grown in O2, to light amber transparent colour for
air and to almost opaque metallic shiny dark blue
to black colour for Ar. Our study of LaTiOx un-
derlines the dominant effect of crystal growth con-
ditions, especially gas surrounding the crystal struc-
ture, which may change the oxidation state of Ti even
in the inert Ar atmosphere. Magnetic measurements
confirmed properties which are expected for La2Ti2O7
ferroelectric material and indicate very weak ferro-
magnetic properties for all samples. The study of
(DyxLa1−x)2Ti2O7 system was the first one dealing
with possible solubility of dopant in this type of par-
ent compounds and was performed on crystals grown
in O2 atmosphere with pulling speed 5mm per hour
and counter-rotation of 15 rpm for both seed and
feed rods. Prepared crystals were from 30 to 40mm
long with a diameter between 3 and 5 mm, some-
times with very regular shape. Most of the crystals
developed facets as they grew, and all of them were
transparent to light with amber colour. The solubil-
ity of dopant (La or Dy) in the parent compound
is limited, two phases with different crystal structure
Pna21 and Fd3̄m coexist in the range between x =
0.32 and 0.68 and only samples for x = 0.00, 0.15,
0.85, and 1 are single phase. The longest a-axis of
the orthorhombic structure is not intact by substi-
tution of La by Dy and both b- and c-axes decrease
with substitution. The lattice parameter of the cubic
structure increases with the substitution of Dy3+ ion
by La3+ ion with a larger ionic radius. The AC sus-
ceptibility measurements revealed that spin freezing
temperature Tf shifts to higher temperature with La
substitution and new anomaly at Ta marked devel-
ops providing evidence either of new magnetic phase
with Pna21 crystal structure or creation of new dy-
namical behaviour of spins in Fd3̄m phase below x =
0.68 in the range between Ti and Tf . The transition
to ‘spin ice’ ground state at Ti is not affected by
substitution very much for the low concentration of
La dopant. The frequency and magnetic field depen-
dences of samples with pyrochlore structure resem-
ble features typical for the Dy2Ti2O7 spin frustrated
system. The substitution of Dy by La opens a new
possibility of tuning interesting magnetic properties
of Dy2Ti2O7 and can be used to study for a better
understanding of multiferroic properties in this sys-
tem.
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