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The Mott-insulating rare-earth titanates (RTiO3, R being a rare-earth ion) are an important class
of materials that encompasses interesting spin-orbital phases as well as ferromagnet-antiferromagnet
and insulator-metal transitions. The growth of these materials has been plagued by difficulties re-
lated to overoxidation, which arises from a strong tendency of Ti3+ to oxidize to Ti4+. We describe
our efforts to grow sizable single crystals of YTiO3, Y1−xLaxTiO3 (x ≤ 0.25) and Y1−yCayTiO3

(y ≤ 0.35) with the optical travelling-solvent floating-zone technique. We present sample charac-
terization via chemical composition analysis, magnetometry, charge transport, neutron scattering,
x-ray absorption spectroscopy and x-ray magnetic circular dichroism to understand macroscopic
physical property variations associated with overoxidation. Furthermore, we demonstrate a good
signal-to-noise ratio in inelastic magnetic neutron scattering measurements of spin-wave excitations.
A superconducting impurity phase, found to appear in Ca-doped samples at high doping levels, is
identified as TiO.

I. INTRODUCTION

The Mott-insulating rare-earth titanates RTiO3 ex-
hibit myriad magnetic and electronic phases as a re-
sult of a strong coupling among spin, orbital, charge
and lattice degrees of freedom1. These oxides have a
GdFeO3-type distorted perovskite structure, with tilts
and rotations of the oxygen octahedra that arise from
the size mismatch between the R and Ti ions. The
distortion, and the associated deviation of the Ti-O-
Ti bond angle from 180o, increases with decreasing R-
ion radius2 and has a strong influence on the superex-
change involving the Ti 3d t12g spin-1/2 moments. This
leads to a rare antiferromagnetic-ferromagnetic phase
transition/cross-over; materials with a large R-ion radius
(La, Sm, Nd, etc.) display an antiferromagnetic ground
state, whereas those with a small R-ion radius (Y, Gd,
Dy, etc.) display a ferromagnetic ground state1,3,4. The
phase-transition/cross-over can also be induced in solid-
solution systems formed by isovalent substitution, e.g.,
Y1−xLaxTiO3

5–8 and Sm1−xGdxTiO3
9.

It is also possible to tune RTiO3 from a Mott insulator
to a metallic state via hole doping, which can be achieved
by substituting the trivalent R3+ ion with a divalent A2+

ion such as Ca2+ or Sr2+ to form R1−yAyTiO3. Intrigu-
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ingly, the critical doping y = yc up to which the Mott-
insulating state survives can be located significantly away
from half-filling (y = 0), with yc ranging from 0.05 in
La1−ySryTiO3

10 to 0.35 in Y1−yCayTiO3
11,12. Recent

work on Y1−yCayTiO3 showed that this insulator-metal
transition involves electronic phase separation12.

Recent years have also witnessed a surge of interest
in RTiO3-based heterostructures, in a search for novel
electronic properties and correlated electronic states at
interfaces13–18. For instance, a ferromagnetic-like state
was induced in a rare-earth nickelate (RNiO3) by form-
ing an interface with GdTiO3

18. Another example is
the control of charge carrier densities in NdTiO3/SrTiO3

heterostructures13,14. It has thus become increasingly
important to fully characterize and understand the prop-
erties of the bulk compounds. One of the primary issues
that has plagued the study of the electronic and mag-
netic properties of RTiO3 is a strong tendency of Ti3+ to
oxidize to Ti4+, which makes it extremely difficult to ob-
tain stoichiometric samples. Whereas this overoxidation
effect can result from both cation vacancies and oxygen
interstitials, the latter has been shown to be energeti-
cally favored14. The overoxidation effect has been the
subject of recent studies, particularly of films, and it has
been shown to significantly affect magnetic and electronic
properties19,20.

Here we describe our efforts to grow and thoroughly
characterize large single crystals of La-substituted and
Ca-doped YTiO3 with the traveling-solvent floating-zone
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(TSFZ) technique. Our goal is to provide a compre-
hensive report on the growth of large single crystals of
Y1−xLaxTiO3 and Y1−yCayTiO3, so as to aid future
studies of this important class of quantum materials, such
as magnetic neutron scattering and muon spin rotation8.
We use the word ‘substitution’ in the case of isovalent
La substitution to emphasize that this does not lead to
charge-carrier doping, unlike the case of divalent Ca dop-
ing. We carefully characterize the changes in properties
along large single crystals via chemical composition anal-
ysis, magnetometry, charge transport, elastic and inelas-
tic neutron scattering, x-ray diffraction, x-ray absorp-
tion spectroscopy and x-ray magnetic circular dichro-
ism. We discuss the difficulties associated with obtain-
ing homogeneous large single crystals, and the proce-
dure that we adopted to prepare sizable samples. We
also identify and characterize a superconducting impu-
rity phase of TiO that appears at large Ca-doping levels
in Y1−yCayTiO3. Some of these crystals were used in
recent studies of the ferromagnet-antiferromagnet tran-
sition in Y1−xLaxTiO3

8, the Mott insulator-metal tran-
sition in Y1−yCayTiO3

12, the effect of uniaxial strain on
the magnetic ground state in these systems21, and mea-
surements of the spin waves in both systems22.

This paper is organized as follows: Section II de-
scribes the single-crystal growth and experimental de-
tails. Sections III A, III B and III C describe the char-
acterization of single crystals of YTiO3, Y1−xLaxTiO3

and Y1−yCayTiO3, respectively. Section III D discusses
sample characterization via elastic and inelastic neutron
scattering. Finally, we summarize our main conclusions
in Section IV.

II. EXPERIMENTAL METHODS

Single crystals of Y1−xLaxTiO3 (x ≤ 0.25) and
Y1−yCayTiO3 (y ≤ 0.35) were melt-grown with the
TSFZ technique. The starting materials were La2O3,
Y2O3 and Ti2O3 for Y1−xLaxTiO3, and Y2O3, CaTiO3

and Ti2O3 for Y1−yCayTiO3. In order to prevent the
oxidation of Ti3+ to Ti4+, we started with an oxygen-
deficient composition Y1−xLa(Ca)xTiO3−δ, similar to
prior work5,6. This was achieved by adding Ti powder to
the starting materials. The idea here is to compensate for
residual oxygen in the furnace that could create oxygen
interstitials in the grown crystal14. We emphasize that δ
simply refers to the composition of the starting materi-
als in the synthesis; this does not imply that the grown
crystals have the same value of δ. The La2O3, CaTiO3

and Y2O3 powders were pre-dried in air at 1000oC for 12
hours. The starting materials were then mixed in the sto-
ichiometric ratio Y1−xLa(Ca)xTiO3−δ, and subsequently
pressed at 70 MPa into two rods with a diameter of 6 mm
and lengths of 20 mm and 100 mm for use as seed and
feed rods, respectively. The feed and seed rods were then
loaded into a Crystal Systems, Inc. four-mirror optical
TSFZ furnace. The growths were performed at rates of 2

mm/h to 5 mm/h in a reducing atmosphere with a mixed
gas of 5%H2/95%Ar at a pressure of 5 bar in the case of
the La-substituted system, and pure Ar gas at a pressure
of 5 bar in the case of the Ca-doped system. The growth
chamber was flushed with the gas before the start of each
growth. In the case of YTiO3, a pyrochlore Y2Ti2O7 im-
purity phase was observed to form in the absence of this
flushing step due to the large amount of residual oxygen
in the chamber. The choice of δ for different compositions
is detailed below, in the respective Sections.

Laue diffraction measurements confirmed the single-
crystal nature of the samples and enabled the deter-
mination of the crystallographic axes. YTiO3 and its
La-substituted and Ca-doped variants have a Pbnm or-
thorhombic structure at room temperature. We use
the orthorhombic notation throughout, indicated by the
subscript “o”. Chemical composition analysis was per-
formed via wavelength-dispersive spectroscopy (WDS).
Note that the oxygen off-stoichiometry cannot be ob-
tained from WDS and therefore was not determined.
Magnetic-susceptibility measurements were performed
with a Quantum Design, Inc. Magnetic Property
Measurement System (MPMS). For DC susceptibility
measurements, we used the dc SQUID magnetometer,
whereas AC susceptibility measurements were performed
with a home-built probe that consists of two matched
detection coils, with the excitation field provided by the
built-in MPMS coil. The magnetic field was applied
along the sample’s c-axis. Resistivity measurements for
YTiO3 were carried out with a Quantum Design, Inc.
PPMS Dynacool system. A Keithley 2612B sourcemeter
was used in the four-wire configuration to source the cur-
rent and measure the voltage. The samples were cut into
a square shape with an ab-plane surface, the a- and b-axes
being the sides of the square. The sample surfaces were
polished with lapping films to 1 µm grade, and electri-
cal contacts were made with gold wires and silver paint.
All samples were measured in a van der Pauw geome-
try. X-ray absorption spectroscopy/x-ray magnetic circu-
lar dichroism (XAS/XMCD) measurements were carried
out at beam-line 4-ID-C of the Advanced Photon Source
at Argonne National Laboratory. The measurements re-
ported here were obtained in the bulk-sensitive total flu-
orescence yield (TFY) detection mode. Although mea-
surements were performed in the surface-sensitive total
electron yield (TEY) detection mode as well, the surfaces
were found to be oxidized (see supplemental material23).
A reference SrTiO3 sample was used to align the spec-
tra energy scales to within 0.1 eV. The surfaces of the
samples used for XAS/XMCD measurements were cut
parallel to the (001) plane and polished to a roughness
of ∼ 0.3 µm using polycrystalline diamond suspension.
The x-rays were incident at an angle of 30o with respect
to the c-axis. A 5-T magnetic field was applied along the
x-ray beam for the XMCD measurements. X-ray diffrac-
tion (XRD) measurements were performed on a Bruker
D8 Discover x-ray diffractometer, equipped with a Co Kα
x-ray source and a VANTE-500 area detector.
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FIG. 1. Picture of a large YTiO3 single crystal grown with
the TSFZ method. The sectioning used for characterization
is indicated.

Neutron scattering experiments were performed with
the HB-1 and HB-3 thermal triple-axis spectrometers
and the CG-4C cold-triple axis spectrometer at the High
Flux Isotope Reactor, Oak Ridge National Laboratory,
and with the BT-7 thermal triple-axis spectrometer at
the NIST Center for Neutron research. The final ener-
gies of the scattered neutrons were fixed at 14.7 meV
for the thermal triple-axis measurements and at 4.5 meV
for the cold triple-axis measurements. We used horizon-
tal beam collimations of 48′ − 80′−sample−80′ − 120′ at
HB-1 and HB-3, open−80′−sample−80′ − 120′ at BT-7,
and open−open−sample−80′−open at CG-4C. In order
to eliminate higher-order neutrons, PG filters were used
at HB-1, HB-3 and BT-7, and a cooled Be filter was used
at CG-4C. A 4He-cryostat was used to reach tempera-
tures down to 1.5 K. The samples were mounted in the
(0KL) scattering plane.

III. RESULTS

A. Characterization of YTiO3 single crystals

TABLE I. Measured chemical composition, Curie tempera-
ture, magnetic moment at 5 K and 6.5 T, transport acti-
vation energy, and room-temperature resistivity for the four
segments of the YTiO3 crystal.

Sample Y:Ti TC FM Ea ρ
(K) moment (meV) (300 K)

(µB/Ti) (Ωcm)

T1 0.964(7) 30.8(4) 0.96(2) 316.8(8) 260(5)

T2 0.978(8) 30.8(4) 0.94(1) 295.4(8) 112(3)

T3 0.965(9) 27.5(5) 0.90(1) 219.9(4) 11.2(2)

T4 0.944(4) 26.5(5) 0.86(1) 221.3(9) 15.5(5)

As detailed in Section II, we used an oxygen-deficient
starting composition to grow the single crystals. In the
case of YTiO3, several different values of δ in the range
0−0.08 were attempted. We found that δ = 0.04 yielded
the highest Curie temperature of TC ∼ 30 K, as deter-
mined by magnetometry. For this step of optimizing δ

FIG. 2. Magnetic-field dependence of the magnetic moment
per Ti ion for the YTiO3 samples, obtained along the c-axis
at T = 5 K. The samples were zero-field cooled and measured
in an increasing field. Inset: Temperature dependence of the
field-cooled c-axis magnetization, obtained in an applied mag-
netic field of 50 G. The magnetization values are normalized
to those at 20 K.

in the growth process, we characterized a single crystal
piece picked from the end of the growth. However, as
detailed below, we found that significant inhomogeneity
exists in the magnetic and transport properties across
the length of the growth.

Figure 1 shows an example of a large YTiO3 single
crystal. The characterization was performed by cutting
the crystal into four approximately equal-length parts, as
indicated in the figure. The naming convention here is
such that the numbered suffix represents the position of
the sample from the end of the growth. We character-
ized the samples using magnetometry, charge transport,
chemical composition analysis, and XAS/XMCD.

Figure 2 shows the magnetic-field dependence of the
magnetization M obtained at 5 K for the four YTiO3

samples. The values of M obtained at 6.5 T are summa-
rized in Table I. Whereas samples T1 and T2 are seen to
exhibit closely similar M(H) behavior, a clear decrease
in M is observed for sample T3, and an even further de-
crease is observed for T4. The inset to Fig. 2 displays
the temperature dependence of the field-cooled magneti-
zation obtained in an applied magnetic field of 50 G. The
Curie temperature is defined as the midpoint of the tran-
sition observed in the M vs. T curves, and summarized in
Table I. Samples T1 and T2 exhibit closely similar Curie
temperatures, whereas a decrease in TC is observed for
sample T3, and a further decrease for sample T4.

As a next characterization step, we measured the tem-
perature dependence of the resistivity, as shown in Fig. 3.
All samples display insulating behavior. Further, the
temperature dependence of the resistivity is well fit to
thermally-activated behavior, ρ ∝ e−Ea/kBT , in agree-
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FIG. 3. (a) Temperature dependence of the resistivity for the
YTiO3 samples. (b) Arrhenius plot for the resistivities in (a),
along with the corresponding activation energies.

ment with prior reports4,7,24,25. The underlying mech-
anism of the activated transport was recently shown to
be small-hole-polaron hopping25. The room temperature
resistivity and the fit results for the activation energy Ea
are displayed in Table I. The room-temperature resistiv-
ity of samples T3 and T4 are observed to be an order of
magnitude lower than those of samples T1 and T2. Fur-
thermore, samples T3 and T4 exhibit a smaller activation
energy.

In order to understand the origin of the different mag-
netic and transport properties obtained for the YTiO3

samples, we carried out detailed chemical composition
analysis using WDS. The results are summarized in Ta-
ble I. Note that the uncertainties indicated for the Y:Ti
ratio are standard uncertainties determined by measur-
ing the composition at five different spots on the sample.
The Y:Ti ratio for samples T1, T2 and T3 are observed to

FIG. 4. (a) Ti L2,3-edge XAS results for four YTiO3 samples.
The data measured at the lowest energy were subtracted, and
the net intensity was subsequently normalized at the highest
peak. A Ti4+ reference spectrum obtained from a SrTiO3

(STO) sample is displayed as well; it has been shifted verti-
cally for clarity, and the dashed black lines correspond to its
peak positions. (b) XMCD intensities at the Ti L2,3-edge at
6 K, in the ferromagnetic phase. The data were normalized
by the intensity of the largest Ti L2,3-edge XAS peak.

be similar, within error, whereas sample T4 has a slightly
lower Y:Ti ratio. However, as seen from transport and
magnetometry measurements, a clear difference exists be-
tween the properties of sample T3 and samples T1 and
T2. Therefore, the observed differences cannot be en-
tirely due to a slightly different Y:Ti ratio, which points
to the possibility of oxygen interstitials, the formation of
which was previously shown to be energetically favorable
in the RTiO3 class of materials13. Unfortunately, this in-
formation is not accessible via WDS. Since both cation
vacancies and oxygen interstitials would lead to a con-
version from Ti3+ to Ti4+, we attempted to characterize
the extent of such overoxidation using XAS, as described
below.

XAS is a powerful technique capable of distinguishing
different valence states of elements. Figure 4(a) shows
the XAS spectra obtained at the Ti L2,3-edge. Clearly,
the XAS spectra for samples T1 and T2 approximately
coincide, whereas samples T3 and T4 display compar-
atively broadened peaks. A comparison with reference
Ti4+ spectra obtained for a SrTiO3 single crystal clearly
indicates that the additional XAS intensity in samples
T3 and T4 appears in the energy range associated with
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FIG. 5. Temperature dependence of the AC susceptibility
obtained with an excitation frequency of 3.63 kHz for samples
cut from a large Y1−xLaxTiO3 (x = 0.22) single crystal.

the Ti4+ spectral peaks, indicative of an overoxidation in
samples T3 and T4. Such a partial conversion of Ti3+ to
Ti4+ has been reported in several other XAS works on
the RTiO3 class of materials19,20,26. In order to confirm
the effect of such oxidation on the magnetic properties,
we performed XMCD measurements at 6 K, deep in the
ferromagnetic phase. As seen in Fig. 4(b), a gradual re-
duction in the XMCD signal is observed from sample T1
to sample T4, indicative of a weakening of the magnetic
order, in agreement with the magnetometry data (Fig. 2).

Our results clearly illustrate that overoxidation via
formation of cation-vacancies or oxygen interstitials can
strongly affect the magnetic and transport properties of
YTiO3. It must be noted, however, that there could be
additional causes of these differences, such as extrinsic in-
homogeneous strains that may nucleate across a large sin-
gle crystal during growth. Ideally, such strain would be
removed by annealing. However, the extreme tendency of
Ti3+ to convert to Ti4+ in the presence of traces of oxy-
gen renders such annealing processes extremely difficult
for these materials.

B. Characterization of Y1−xLaxTiO3 single crystals

For the growth of Y1−xLaxTiO3 single crystals, we
fixed δ at 0.04, i.e., the same value as for YTiO3 in order
to avoid property changes due to differences in oxygen
off-stoichiometry in the starting material composition8.
Intriguingly, however, we found that, at large x, the
changes in TC along the growth axis can be particularly
severe. We present here the characterization of a crystal
with x = 0.22. Similar to the case of YTiO3 (Fig. 1), a
4-cm long crystal was sectioned into approximately equal
parts (eight instead of four, in this case). As before, T1

FIG. 6. Pictures of co-mounted single crystals of (a)
Y1−xLaxTiO3 (x = 0.2) and (b) Y1−yCayTiO3 (y = 0.1)
for inelastic magnetic neutron scattering measurements.

refers to the sample at the end of the growth; T8 refers
to the sample near the beginning of the growth.

Figure 5 shows the temperature dependence of the AC
magnetic susceptibility for five such samples. TC , de-
fined here as the temperature of the susceptibility peak,
is summarized in Table II. Samples T1, T3 and T5 show
similar TC values, whereas samples T6 and T8 exhibit
Curie temperatures that are more than a factor of two
higher. Such a large change in TC across the growth
length was observed for La substitution levels in the
range x = 0.15−0.25 (see supplemental material23). Sim-
ilar to the YTiO3 characterization, we also measured the
chemical composition of the samples across the length of
the growth. This is summarized in Table II. Clearly, no
significant differences are observed in the cation ratios,
which brings us to the conclusion that the significant
differences in magnetic properties are likely associated
with oxygen interstitials. This is perhaps not surpris-
ing, given the extreme sensitivity of the magnetic and
transport properties of LaTiO3 to oxygen interstitials27.
Yet, similar to YTiO3, for sufficiently long growths, we
found that an extended region of nearly constant TC ex-
ists toward the latter part of the growth. However, as
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FIG. 7. Temperature dependence of the AC susceptibility
obtained with an excitation frequency of 3.63 kHz for samples
from near the beginning (B) and end (E) of the growth of a
large Y1−yCayTiO3 (y = 0.15) single crystal.

demonstrated in the present work, careful characteriza-
tion needs to be performed to minimize the effects of
overoxidation-related inhomogeneity, particularly when
selecting large samples for neutron measurements. Note
that, unlike the case of YTiO3, the ‘stable’ latter part
of the growth has a lower TC compared with the rest.
For the preliminary inelastic neutron measurements of
the spin-wave spectra at large La-substitution levels dis-
cussed below, we used samples from the latter parts of
the growths that exhibit a nearly constant TC . Given
the strong suppression of the ordered moments with in-
creasing La substitution8, it was necessary to co-mount
samples from many different growths, in order to obtain
a sufficiently large signal-to-noise ratio (see Fig. 6).

TABLE II. Chemical composition and Curie temperatures of
Y1−xLaxTiO3 single crystal samples with nominal composi-
tion x = 0.22.

Sample x (Y+La):Ti TC (K)

T1 0.236(2) 0.978(18) 6.5(1)

T3 0.232(2) 0.983(12) 6.2(1)

T5 - 0.983(14) 6.2(1)

T6 0.232(1) 0.984(4) 12.0(5)

T8 0.236(4) 0.976(9) 14.5(3)

C. Characterization of Y1−yCayTiO3 single crystals

The Y1−yCayTiO3 growth and characterization results
differed from those for Y1−xLaxTiO3 in a number of

ways. First, several attempts to grow single crystals with
y = 0.05 and δ = 0.04 failed and yielded only polycrys-
talline material. In order to obtain single crystals, it was
found to be necessary to decrease δ with increasing y.
Part of the reason for this is most likely the higher melt
temperature of the Ca-doped variant, which apparently
leads to a stronger oxidizing effect28. The values of δ
used ranged from 0.04 for y = 0 to 0.12 for y = 0.5.
Unlike for the La-substituted system, however, Curie-
temperature measurements revealed no significant inho-
mogeneity along large single crystals of Y1−yCayTiO3,
even at high doping levels. As an example, Fig. 7 shows
the temperature dependence of the AC susceptibility for
two samples from a large (about 4-cm long) y = 0.15
single crystal. Here, sample ‘B’ is from a region near the
beginning of the growth, whereas sample ‘E’ is from a re-
gion near the end of the growth. Only a small difference
in TC (∼ 0.3 K, i.e., less than 10%), identified from the
position of the susceptibility peak, is observed. Data for
additional doping levels up to y = 0.2 can be found in
the supplemental material23.

At high Ca-doping levels (y ≥ 0.35), a polycrystalline
impurity phase was revealed by powder rings in XRD
data (Fig. 8 (a)). The impurity peaks match those of
cubic TiO with a lattice parameter of 4.260(3) Å (Fig. 8
(b)). This impurity phase exhibits a superconducting
(SC) transition, as discerned from the diamagnetic sig-
nal in magnetometry measurements (Fig. 8 (c)). Interest-
ingly, although we estimate the low-temperature volume
fraction 4πχ of the SC phase to be less than 2%, trans-
port measurements using a van der Pauw geometry on
some samples show a complete transition (in one of the
directions) into a zero-resistance state (Fig. 8 (c)). This
is likely due to the fact that the equipotential lines orig-
inating from the voltage measurement contacts can be
arbitrarily close far away from the contacts in a van der
Pauw geometry. This increases the chances that small SC
regions will be captured by the measurement and short
the lines of equipotential29,30. This allowed us to charac-
terize the SC properties of the TiO phase (Fig. 8 (c)-(e)).
We find a SC transition temperature of about 3 K, as de-
fined by the midpoint of the transition (Fig. 8 (c)). This
is consistent with literature values, which range from 0.5
to 7.4 K depending on growth conditions31,32. Interest-
ingly, the resistive transition in Fig. 8 (c) is sharper than
in recent reports for nominally pure TiO in crystalline
and film forms31,32. This is likely due to the difference
in contact geometry, since the prior work used the stan-
dard four-probe technique, which averages over the sam-
ple volume31,32. We also determined the temperature
dependence of the critical magnetic field (Fig. 8 (d,e)),
defined here as the field at which the resistance recovers
to 50% of the normal-state value. We observe a linear
temperature dependence down to the lowest measured
temperature (1.8 K), in agreement with recent work31.



7

FIG. 8. (a) Reciprocal space map of the XRD intensity in the (0KL) plane for a Y1−yCayTiO3 (YCTO) single crystal with
y = 0.35. Apart from the strong Bragg peaks at even integer valued K and L, powder rings due to a polycrystalline impurity
phase are visible. The intensity has been normalized to the peak value at (002)o (b) Integrated XRD intensity as a function of
the scattering angle 2θ for the same y = 0.35 crystal as in (a). The calculated 2θ values along with those for the TiO impurity
phase are indicated as dashed lines. (c) Temperature dependence of the superconducting volume fraction 4πχ obtained from
zero-field-cooled magnetization in an applied c-axis magnetic field of 50 G (left), and of the sample resistance R, normalized
to the normal-state value Rn (right). The onset temperatures are nearly indistinguishable. The data are for a y = 0.4 sample.
(d,e) Temperature dependence of the normalized resistance in different applied magnetic fields (d) and of the critical magnetic
field (e) for the same sample as in (c).

D. Neutron scattering measurements

As noted, one goal of the present work was to grow siz-
able single crystals of Y1−xLaxTiO3 and Y1−yCayTiO3

for magnetic neutron scattering studies. Prior neutron
scattering studies were restricted to the parent com-
pounds YTiO3 and LaTiO3

33,34. Here we present neu-
tron scattering data that demonstrate the good quality of
our La-substituted and Ca-doped YTiO3 crystals. Fig-
ure 9(a) displays rocking scans across the (020)o nuclear
Bragg peak for single crystals with different chemical
compositions. The crystal volumes were in the 0.7− 0.8
cm3 range, corresponding to a mass of about 4 g. Clearly,
the crystal mosaic, defined here as the full-width-at-half-
maximum (FWHM) of gaussian fits, is less than 0.5o, in-
dicative of high crystalline quality. Note that part of the

broadening is associated with the instrumental resolu-
tion. Therefore, the FWHM represents an upper bound
on the crystal mosaic. Figure 9(b) displays spin-wave
data at (001)o for several single crystals. We observe a
strong suppression of the spin-wave intensity, both with
increasing La substitution and increasing Ca doping. In
order to obtain a good signal-noise-ratio for x ≥ 0.2 and
y ≥ 0.1, we co-mounted ∼ 20 crystals with total masses
in the 12 - 15 g range (Fig. 6). Detailed spin-wave mea-
surements will be reported elsewhere22.

IV. CONCLUSIONS

To summarize, we have successfully grown large single
crystals of YTiO3 and its La-substituted and Ca-doped
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FIG. 9. (a) Neutron diffraction rocking scans across the
(020)o Bragg peak for large single crystals of Y1−xLaxTiO3

and Y1−yCayTiO3. The intensities are normalized to the
peak values. The solid lines are gaussian fits to the data.
(b) Inelastic neutron scattering measurement of spin waves
at (001)o. The high-temperature (T > TC) paramag-
netic scattering was subtracted from data taken in the
ferromagnetically-ordered state at 1.5 K. Note that some of
the data are scaled, as indicated. The errorbars correspond
to one standard deviation. The solid lines are guides to the
eye.

variants with the TSFZ technique. From detailed charac-

terization measurements, we found that inhomogeneous
overoxidation can appear along large single crystals and
strongly affects the magnetic and transport properties.
This indicates that great care must be taken in prepar-
ing samples for experimental studies aimed to understand
the phase diagram. We have demonstrated that it is
possible to obtain elastic and inelastic magnetic neutron
scattering data with good signal-to-noise ratios. We have
also found a superconducting TiO polycrystalline impu-
rity phase at large Ca-substitution levels. The supercon-
ducting transition temperature of this phase is about 3 K,
and the critical magnetic field exhibits a linear temper-
ature dependence, consistent with prior results for bulk
and film samples.
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