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ABSTRACT: PbTiO; is an established high temperature ferroelectric and
component of multiferroic devices. Single crystal growth of clean PbTiO; has
largely been limited to flux growth, in part due to the volatility of PbTiO; near the
melting point. We demonstrate the ability to grow single crystals of PbTiO; using
the laser diode floating zone technique. Crystal quality is examined using Laue, PbO,, POy,
powder, and single crystal X-ray diffraction. Low temperature specific heat and

annealing experiments using thermogravimetric analysis/differential thermal

analysis were used to compare the disorder and vacancies generated in the laser D
diode floating zone with those produced by flux growth. Samples grown using the

floating zone method showed minimal oxygen deficiency, while samples grown via

flux had a higher density of vacancies and metal impurities (determined using glow Flux Floating Zone
discharge mass spectrometry), resulting in room temperature ferromagnetic

behavior. The use of laser diodes as a heating source in the optical floating zone technique is essential in the stability of the zone
growth and could be applied for production and zone refinement of other volatile materials.

c PBTIO,

Bl INTRODUCTION the use of laser diode floating zone (LDFZ) furnaces in
synthesizing a wide variety of materials,””*”>* including those
with high vapor pressures,”*”>® encourages revisitation of this
technique as applied to PbTiO;. Here we report the growth of
bulk crystals (4 cm length, ~5 mm OD) of PbTiO; using the
LDFZ. The presence of oxygen vacancies is quantified using
thermogravimetric analysis/differential thermal analysis
(TGA/DTA) and shows that the floating zone grown samples
have fewer vacancies as prepared. Impurity metal concen-
trations are estimated from magnetization measurements and
glow discharge mass spectrometry (GDMS). The presence of
impurity driven room temperature ferromagnetism in flux
grown crystals of PbTiO;, absent in LDFZ specimens,
demonstrates the positive impacts of zone refinement and
crucible-free techniques. Analysis of the low temperature heat
capacity is also performed to probe the degree of structural
disorder that is present. We see the expected off-centering of
Pb through the fitting of the data to a series of phonon modes
which serves as an explanation to previously suspect linear
behavior at low temperatures. Overall, this comparison shows

Multiferroics, materials that exhibit two or more types of
ordering below their corresponding Curie temperatures, are a
highly desired class of materials due to their impact as potential
memory devices.”” Of particular interest is the coupling
between systems that demonstrate ferromagnetism and
ferroelectricity. The perovskite family has served as a useful
structure in designing multiferroics, as many already exhibit
one of the features needed to be classified as such.”* The use
of Er as a dopant has been pursued in designing multiferroics
to improve its ferroelectric properties (see BiFeO; as an
example).” Er*" is also a prospective dopant for use in quantum
information processing due to its optical transition around
1550 nm.® Lone pair sterically active materials are often
pursued due to the structural distortion present that gives rise
to ferroelectricity.” Thus, PbTiO; has been an important
compound due to its high Curie temperature and ability to be
incorporated with other materials and systems.”” Prior reports
of single crystal growth of different solid solutions involving
PbTiO; have used a variety of techniques.'*~"> Most reports of
crystals use the flux method.'®™"? The floating zone technique —
is useful in preparing low defect single crystals due to being Received: June 25, 2022 St
crucible-free. It further has the benefit of purifying the material Revised:  July 25, 2022
by zone refinement.”’ Works reporting using a floating zone Published: August 3, 2022
furnace for PbTiO; had very fast growth speeds (100 mm/h)

and were largely unsuccessful due to the evaporation of PbO

leading to an unstable, collapsing zone.”' Recent progress in
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Figure 1. (a) Series of Laue images, taken along the length of the sanded crystal, demonstrating multiple grains. Key orientations are symbolized to
help one keep track of crystal reorientation, happening at pattern 3. (b) As-grown crystal of Er-doped PbTiO; with the region labeled according to
the section examined by Laue diffraction. (c) Piece of floating zone grown PbTiO; (left) compared to a crystal grown using PbO flux (right).

the usefulness of the LDFZ in growing low defect crystals of
volatile materials through zone refinement as well as being
crucible-free.

B METHODS

The flux growth for PbTiO; is adapted from the double crucible
procedure of Sun et al.'® PbO (Alfa Aesar 99.9%, Lot No. B11T020)
and TiO, (Alfa Aesar, 99.8% metals basis, Lot No. TOSD048) were
weighed in a 4:1 molar ratio. Materials were mixed in an agate mortar
and pestle and loaded into a Pt crucible with a Pt lid. Mortar, pestle,
and Pt crucible were cleaned before use with 1 M HCl(aq), rinsed
with deionized water, and baked at T ~ 100 °C in efforts to avoid
potential contamination, especially from iron. The crucible was then
placed in an alumina boat, surrounded with TiO, powder, and a
second alumina boat was placed upside down to serve as another lid
to reduce PbO evaporation. The double crucible was placed into a
tube furnace and heated to T ~ 1100 °C over 10 h, where it dwelled
for 16 h; quickly cooled to T ~ 1050 °C over 1 h; and then slowly
cooled to 930 °C at a rate of 0.5 °C/h, at which point it cooled to
room temperature over an additional 10 h. The leftover flux was
removed by sonicating in 2 M acetic acid, leaving behind rectangular
crystals on average 2 X 1 X 1 mm?® in size.

PbTiO; powder (Alfa Aesar, 99.9% metals basis, Lot No.
X15G039) was compacted into rod shapes using rubber balloons,
evacuated, and subsequently subjected to hydrostatic pressure (~75
MPa). Upon removal from the balloon, the rods were sintered in an
open alumina boat in a box furnace at T ~ 1000 °C for 2 h. The
sintered rods were mounted in a laser diode floating zone (LDFZ)
furnace (Crystal Systems, Inc., FD-FZ-5-200-VPO-X PC) with 5 X
200 W GaAs lasers (4 = 976 nm); the seed rod was affixed to an
alumina holder on the lower shaft using Nichrome wire, while the
feed rod was suspended from a hook on the upper shaft using
Nichrome wire. An applied pressure of 7.5 bar of Ar (g) was used
flowing at 2 L/min with lasers tilted at 5° above the horizontal plane.
The seed rod was melted, and the feed rod was joined to create a
stable molten zone. Both rods were translated downward through the
hot zone. The steady state conditions were found to occur when the
upper and lower shaft traveled at rates of 13 and 10 mm/h, while
counterrotating at 10 and 20 rpm, respectively.

PbTig g9Erg ;03 samples were doped by mixing the aforementioned
PbTiO; and PbO powders with previously dried Er,O; powder in an
agate mortar and pestle. The powder was compacted into rods and
sintered following the same procedure as the undoped samples. In
these floating zone growths, growth conditions occurred as mentioned
above except for the upper and lower shafts translating at 13.5 mm/h
and 7 mm/h, respectively. For both sets of samples, after the first
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initial growth, a portion of the as-grown crystal was used as the seed
for subsequent growths.

Crystal orientation was determined using backscattered X-ray Laue
diffraction with a tungsten source operating at 10 kV and 10 mA with
a Multiwire Laboratories MWL 110 real-time back-reflection Laue
camera. Laboratory-based X-ray diffraction patterns of the ground up
single crystals were collected using a Bruker D8 Focus diffractometer
with Cu Ka radiation and a LynxEye detector. Rietveld refinements to
check phase purity were performed using Bruker TOPAS software
(Version 4.2, Bruker AXS). Single crystal X-ray diffraction were
collected on a Bruker-Nonius X8 Proteum (Mo Ka radiation)
diffractometer using CrysAlisPro 1.171.41.93a (Rigaku Oxford
Diffraction, 2020). Structure solution/refinement was performed
using the WinGX software package. The structures were solved by
Patterson methods using DIRDIF, followed by least-squares refine-
ment using SHELXL-97.*° After initial refinements an empirical
absorption correction was used, with spherical harmonics imple-
mented in SCALE3 ABSPACK scaling algorithm, with weighting
schemes applied near the end of refinement.’® Attempts to refine
occupancy of Pb or Ti sites resulted in no significant improvement in
fit and as such were fixed at 1.

Heat capacity measurements from T = 2—300 K were taken with a
Quantum Design physical properties measurement system (PPMS)
using the semi-adiabatic pulse method with a 1% temperature rise.
Magnetization data were collected as a function of field from —7 to 7
T on unaligned crystals using a Quantum Design magnetic property
measurement system (MPMS). Simultaneous thermogravimetric
analysis/differential thermal analysis (TGA/DTA) was done using a
TA Instruments Q600 SDT. Crystals of both flux and floating zone
grown samples (10—20 mg) were loaded in alumina pans and reacted
under flowing O, (25 mL/min). Samples were heated at a rate of 2
°C/min to 800 °C and held there for approximately 4 h. The mass
change during oxidation was calculated by comparing the sample mass
observed after holding at 150 °C for 1 h to sample mass after
annealing at 800 °C to avoid errors associated with buoyancy or with
surface-adsorbed moisture.

GDMS to determine trace elements was performed by Evans
Analytical Group on both a floating zone grown and flux grown
crystals of PbTiO;. Sample surface and composition from the cross-
section of the undoped PbTiO; crystals grown using floating zone
were probed using a JEOL JSM IT100 scanning electron microscope
(SEM) at 20 keV operating in backscatter mode.

B RESULTS

Crystal Growth. Due to the volatility of PbTiO;,
stabilization of the floating zone was achieved by (1) applying

https://doi.org/10.1021/acs.cgd.2c00716
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inert gas in the system, (2) using a faster travel rate than those
for other materials, and (3) utilizing laser diodes as the heating
source. It has been shown in previous crystal growths of
volatile materials that using inert gas at elevated pressures has
been successful in reducing the evaporation.”"*” Here we
noticed a visible reduction of volatilization occurred when
applying Ar(,) at 7.5 bar of pressure. A faster travel rate is often
used in floating zone growths to reduce the amount of time
any part of the sample is liquid if the material decomposes
upon melting. This must be empirically balanced with a slow
enough rate for crystallization to occur but has been
demonstrated using growth speeds similar to those used
here.”® The use of laser diodes as a heating source significantly
reduces the volume of the molten zone compared to
conventional 4 mirror optical furnaces to approximately 1
mm in length zone with an average temperature gradient of
150 °C/mm.** This has the benefits of both an easier to
maintain molten zone and reduction of the volatility, as
demonstrated in other systems utilizing laser diodes.”*™>*

Through the combination of these parameters, we were able
to achieve a stable zone resulting in samples ~5 mm diameter
by 4 cm length. Laue diffraction performed on both Er-doped
and stoichiometric PbTiO; to confirm crystal quality initially
shows no signal; however, upon removal of an amorphous
surface, we see clear spots, as demonstrated for the Er-doped
sample in Figure la. Indexing of the pattern along the length
shows a slight reorientation occurs when crystal shape changes.
The doubled spots are indicative of twinning, expected for a
crystal grown above the cubic to tetragonal phase transition
temperature of T ~ 490 °C. An Er-doped floating zone crystal
measured along its length is shown in Figure 1b, with a cross-
section of the undoped crystal shown in Figure 1c compared to
the crystal grown via flux.

Analysis of the cross-section using SEM gives us insight as to
how the material loss via volatization affects the grown
crystal.’™* A combination of backscattered electron imaging and
energy dispersive spectroscopy (EDS) shows that PbO loss
causes the formation of TiO, that shows up preferentially as
inclusions, shown in Figure 2. We see that while PbO loss is

Figure 2. SEM backscattered image of the cross-section of floating
zone grown PbTiO; with EDS elemental maps showing the areas of
Pb deficiencies. TiO, regions show up as inclusions with crystalline
shapes.
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reduced using methods mentioned above such that stable
growth is possible, defect formation is still possible. Further,
these features are not random but instead have an orientation
to them. Future developments in growths of this material
would utilize the rotation rate to help control such formations.

The nondoped floating zone crystals are a yellowish-green
color, similar to the starting powder. This is in stark contrast to
dark crystals grown using the flux method as seen in Figure 1lc.
The origin of color often gives us insight into the vacancies and
off-stoichiometries present in a material.>> For PbTiO;, this
color change to black has been found to occur when large
amounts of excess PbO are used for the flux, with such color
centers also studied computationally.***” Our experiment
supports this hypothesis on the origin of the dark color, as no
excess PbO was used for the floating zone growth.

Such color differences would suggest that the vacancies
involved in these samples are highly impacted by the synthesis
method. A flux growth technique requires the material to stay
at high temperatures for long periods of time to slowly cool
and crystallize. Even though the use of excess PbO as the flux
reduces the melting point, there is still an issue of PbO
evaporation as evidenced by the need for a double crucible.
The floating zone technique uses a faster cooling rate despite
its higher operating temperature. The opportunity for PbO loss
should be lessened by this approach, given the other factors
(applied pressure and use of laser diode heating). These two
techniques are helpful comparatively in understanding the
vacancies and impurities in a material (an example being
SmBy) and should apply for flux growths where volatization is
utilized to help induce supersaturation.**>”

Structure. A comparison to the solved single crystal
structure for both floating zone and flux grown samples is
shown in Tables 1—4. In both cases, PbTiOj; crystallizes in the

Table 1. Crystallographic Parameters of the SXRD for
Floating Zone Grown PbTiO;

formula PbTiO,
synth method floating zone
cryst syst tetragonal
space group P4mm (No. 99)
a (&) 3.8981(2)
¢ (A) 4.1601(3)
V (A3 63.21(1)
z 1
radiation Mo Ka, 4 = 0.71073 A
temp (K) 213
abs coeff (mm™") 69.38
F(0 0 0) 128
reflens collectd
unique/internal data agreement 1662/176
R = 0.054
data/params 176/15
goodness-of-fit 1.20
R = ZlIF,| — IFIl/ZIF,| 0.020
R,(P) = [Zw(F,} — E2)*/Zw(F,)’]"* 0.047
largest diff peak/hole 2.55/-1.80 e A3
Wyckoff position  x (&) y (&) z (A) Uy, (A%)
Pb la 0 0 0 0.00879(16)
Ti 1b 0.5 0.5 0537(2)  0.0067(14)
o1 1b 0.5 0.5 0.119(3) 0.010(2)
02 2 0.5 0 0.618(2)  0.0089(15)
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Table 2. Anisotropic Displacement Parameters Based on the
Floating Zone Grown Refined PbTiO; Structure

Uy (AZ) Uy (AZ) Uss (AZ) Up=U;=Uy (AZ)
Pb  0.00835(17)  0.00835(17)  0.0097(3) 0
Ti 0.00446(6) 0.00446(6) 0.011(5) 0
01  0.009(3) 0.009(3) 0.011(5) 0
02 0.013(4) 0.003(4) 0.011(3) 0

Table 3. Crystallographic Parameters of the SXRD for Flux
Grown PbTiO;

formula PbTiO;

synth method flux

cryst syst tetragonal

space group P4mm (No. 99)

a (A) 3.8969(1)

¢ (A) 4.1558(2)

v (A3) 63.11 (1)

z 1

radiation Mo Ka, 4 = 0.71073 A
temp (K) 213

abs coeff (mm™") 69.50
F(0 0 0) 128

reflens collctd

unique/internal data agreement 1911/176
Ry, = 0.071

data/params 176/16

goodness-of-fit 1.12

R = ZIIF,| — IFI/ZIF,| 0.013

R,(F) = [Zw(F,} — E2)*/Zw(F.)"]* 0.029

largest diff peak/hole 0.966/—1.244 e A7

Wyckoff position  x (A) y (4) z (A) U,, (A2

Pb la 0 0 0 0.00782(15)
Ti 1b 05 05  0538(12)  0.0051(8)
o1 1b 05 05 0113(2) 0.0084(16)
02 2 05 0 0.6178(14)  0.0060(10)

Table 4. Anisotropic Displacement Parameters Based on the
Flux Grown Refined PbTiO; Structure

U (A2) Uy, (A2) veay  ETEyT™
Pb  0.00846(16)  0.00846(16)  0.00654(19) 0
Ti 0.0043(5) 0.0043(5) 0.007(3) 0
01  0.010(3) 0.010(3) 0.004(3) 0
02 0.004(3) 0.007(3) 0.007(2) 0

P4mm space group below its Curie temperature, above which it
transforms to the cubic Pm3m phase. Like other ferroelectric
perovskites such as BaTiOs, this cubic to tetragonal transition
is an example of negative thermal expansion. Unlike BaTiO;
however, this material exhibits no further distortion in
structure upon cooling. In comparison of the unit cell volume,
there is very little contraction (99.84(2)%) in the flux method
compared to the floating zone method.

Another useful comparison obtained from the diffraction
data is the peak width in PXRD. This can be utilized to
understand some of the strain present in the grown crystals.*’
A common method is the Williamson—Hall analysis as follows:

ﬂcos€=M+sin€
T
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where f corresponds to the full width at half-maximum
(FWHM) of the diffraction peaks, 8 is the location of the
diffraction peak in radians, k is the Scherrer constant, A is the
operating wavelength of the X-ray source, and 7 corresponds to
the crystallite size. While there are a variety of instrumental
factors that affect such an analysis, one can still make relative
comparisons between crystals. This analysis shows a negative
slope for both crystals, with the peak width being larger for the
flux grown crystals by a factor of ~2 (shown in Figure 3).
Visualization of the anisotropic displacement parameters in
Figure 4a for the floating zone grown sample shows “pancake”-
shaped ellipsoids on the O, site perpendicular to the Ti—0O,
bond. Such values should be interpreted cautiously due to the
small mass of O compared to Ti/Pb, but such behavior has
been seen in previous single crystal solutions of PbTiO;. These
shape effects can be illuminating to the dynamic and static
displacements of the atoms.*’ This type of behavior has
occurred before in lone pair displaced materials as well as
pyrochlores in general because of tetrahedral tilting.""* The
Ti ellipsoid is also elongated along the c-axis, suggesting this
could be related to the displacement of the Ti atoms in the
octahedral center. Interestingly, these features differ for the flux
grown sample shown in Figure 4b, where the elongation on the
O, occurs along the Ti—O, bond, with the O1 atoms showing
flattening perpendicular to the Ti—O1 bond. Further experi-
ments involving single crystal neutron diffraction would be
helpful to better contrast O with Pb/Ti for thermal parameters
and occupancy, given the color centers in the flux grown
crystals.

To better quantify any oxygen deficiencies in the samples,
annealing experiments under O,(g) flow were performed with
TGA/DTA, as shown in Figure Sa. Both samples gain some
amount of mass after a long period of annealing, but the mass
gain for the flux grown samples is larger, as expected from the
darker color. This is seen in the initial heating and once held at
800 °C, shown in the inset of Figure Sa. Before calculating the
oxygen stoichiometry, one must consider the type of vacancy
pair that is occurring. As proposed in a previous work, the use
of excess PbO would §enerate Ti—O deficiency, written in
Kréger—Vink notation”

xPbO + (1 — x)PbTiO; — V7; + 2V + PbTi_0;_,,

while the floating zone method would have oxygen vacancies
occurring as

PbTiO; — Vy, + V& + Pb,_ TiO;_, + xPbO(g)

due to PbO loss (supported by the presence of TiO, in the
traveling zone at the end of the growth measured by PXRD).*
This leads to a calculation of PbTig g5, 0, 76, and Pby ggoTiO05 959
for flux and floating zone, respectively. Both sets of samples
demonstrate an endothermic transition upon heating (seen in
Figure Sb). This corresponds to the tetragonal—cubic
transition that occurs at T = 482 °C and T = 481 °C for the
floating zone and flux sample, respectively. This slight
difference in the transition could be due to an effect of the
off-stoichiometry of the two samples. No change in phase is
observed in PXRD of samples after TGA/DTA measurements.

Physical Properties. Heat capacity measurements are a
useful way to examine the disorder and displacement in lone
pair sterically active materials.*>*® Previous reports of the low
temperature specific heat of undoped PbTiO; indicate a
Schottky anomaly at low temperatures and a large broad peak
represented as an Einstein oscillator that is generally present in

https://doi.org/10.1021/acs.cgd.2c00716
Cryst. Growth Des. 2022, 22, 5629—5638


pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

1
a)
by
- ..
3.' -
(1] .
~ -
> .
=
=
Q . o=
-—
£ 7 .
.
J;
T

NS

PbTiO; Flux

Y

30 31

32

20

33 34

©)

Intensity (a.u.)

b) PbTiO, FZ
' P
,___J .\__J L
30 3]1 ?:2 ?:3 34
26 (°)

Figure 3. PXRD pattern for (a) flux and (b) floating zone crystals where the FWHM is denoted using a solid line that shows more strain present in

the flux grown crystal.
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Figure 4. Visualizations of the solved crystal structure of PbTiO; for (a) floating zone grown and (b) flux grown crystals. The anisotropic
displacement parameters are displayed at 80% probability.
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Figure 5. (a) Comparison using TGA of the uptake in oxygen upon annealing for both samples of PbTiO;. Samples grown using PbO flux
demonstrate a greater amount of oxygen vacancies. Inset shows the saturation in mass once held at 800 °C. (b) Tetragonal—cubic transition for
crystals grown by flux and floating zone.
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ferroelectric perovskites.*>*” This localized optical mode
results from the Pb lone pair off-centering and second order
Jahn—Teller distorted Ti atoms.** Figure 6 shows the data also
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Figure 6. Heat capacity plotted as C,/ T® vs log(T) to show the
presence of a broad peak at low temperatures. All data sets were fit
with a series of two Debye and one Einstein mode.

plotted as C,/ T® vs log(T) to emphasize these features. In
comparison to the data reported by Lawless et al,, there is little
to no upturn at low temperatures in our data coming from a
Schottky term, proposed to exist due to PbO-loss disorder.
Both samples’ Einstein peak are similar in width and intensity
in accordance with the scale of the data.

As the presence of large broad peaks can give insight into the
disorder present in the sample, the heat capacity data were fit
to a series of Debye and Einstein modes to model the phonon
behavior between samples. Purchased PbTiO; powder used as
starting material was also measured for comparison. To focus
on the high temperature features, the data were fit above T ~ 8
K. The terms are as follows:

]
T

3
3 T O/ T (9/T)4e(9/T)
Cpebye = 9SR(€_] /0 [e(g/T) 1P d

D
9E 2 e(HE/T)
Chinstein = 35R(?) m

Ctotal = CDebyel + CDebyeZ + CEinstein

where s relates to the number of oscillators per formula unit, 8,
is the Debye temperature, and 6y corresponds to the Einstein
temperature.

In determining the correct number of fitting parameters, a
comparison in the quality of fit was performed using a
combination of Debye and Einstein modes. It was found that
using 2 Debye and 1 Einstein mode best modeled the data by

adding closest to the correct number of oscillators (S) rather
than overfitting (too many Einstein terms) or underfitting (too
few Debye terms). This is further supported in comparison of
the R? values between fits. The resulting terms are represented
in Table 5, with uncertainties derived from the standard error
of the fit.

The sum of the oscillators should add up to the total number
of atoms per formula unit, five in the case of PbTiOj;. In our
fits, the powder adheres best to this number, with the floating
zone oscillator number slightly overshooting and the flux
sample overshooting by a larger amount. All fits reach similar
values for their Debye and Einstein temperatures. Scaling by
the oscillators leads the powder and floating zone samples’
Einstein peaks to have similar intensity, but the flux sample’s
peak grows in size.

Figure 7 shows the data plotted as C,/T vs T? to emphasize
the presence of a term linear in T? at low temperatures. At low
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Figure 7. Low temperature region of heat capacity for both sets of
crystals, showing a linear contribution, which can be fit to a simple
linear model. The sample data can also be fit using the full Debye and
Einstein terms derived from the Cp/ T® data, showing the energy of the
Einstein term correlates to the “slope” of the seemingly linear data.

temperatures (T << 6p/50) the heat capacity can be
approximated by the following equation:

C,~yT + T

where 7 is the electronic contribution and f; corresponds to
the phonon contribution. The heat capacity fit modeled from
the full Debye and Einstein modes also shows approximately
linear behavior when plotted this way. While one would expect
an electronic contribution to show up for metals, this linear
relationship holds true for many insulators as well. A variety of
phenomena such as 1D spin chains, structural disorder, and
lattice vacancies has been known to produce such behav-

ior.*”7>* The linear fits to the data give us y values of 0.4(1) mJ

Table 5. Fitting Parameters to the C,/T> Data for Flux and Floating Zone Crystal and Starting Powder

spy (oscillator strength/formula unit) Op; (K)
flux 0.93(2) 161(2)
FZ 0.76(1) 183(2)
powder 0.80(2) 177(2)

S Op, (K) sg 0; (K) sum of oscillators
4.09(3) 593(6) 0.420(6) 77.7(2) 5.44(3)
3.84(3) 608(5) 0.515(5) 81.4(1) 5.12(3)
3.64(3) 597(7) 0.501(6) 78.9(2) 4.94(4)
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mol™" K™% and 0.1(2) mJ mol™" K™ for the floating zone and
flux samples, respectively. While small, these values are not
unusual in scale for such insulating oxides.”*** The linear term
can be correlated to the number vacancies according to

Yale = Mvac

where c is the correlation value based on the distribution of the
energy gap from the Schottky contribution of the vacancies
present. According to this relation the number of vacancies for
the flux sample should be smaller, contradicting the TGA/
DTA data collected. The ordering of these vacancies can have
an impact on the predictability of this theory, which would
indicate the presence of defect clustering for these samples.>®
Thus, the more exotic phenomenon for the proposed linear
term is ruled out by plotting the combined Debye and Einstein
phonon contribution. One can see this fits the data almost
identically to the linear fit. Given that both fits have a general
phonon contribution, the addition of an Einstein oscillator best
explains the linearity at low temperatures when plotted this
way. The difference in energy between the two samples’
Einstein terms best explains the proposed difference in slope
between the samples at low temperature. This shows that when
considering the presence of a linear contribution in insulators,
the disorder present from off-centering can serve as a more
reasonable explanation compared to rarer, exotic behavior.*®
To investigate potential onset of magnetic behavior,
magnetization as a function of applied magnetic field
measurements were performed on the flux grown sample,
floating zone sample, and a second floating zone sample doped
with 1% Er at room temperature. Magnetic moments were
seen for both Er-doped and flux grown samples, while the
undoped floating zone sample showed diamagnetic behavior as
seen in Figure 8. Of the three, the flux sample also showed the
presence of slight hysteresis at room temperature with a
coercive field of approximately S0 Oe, shown in Figure 8 inset.
Given the hysteresis shown in the M vs H curve, this leads
one to wonder, where is the ferromagnetic signal coming from
and why is it only present in the flux grown sample? The
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Figure 8. Presence of weak hysteresis in magnetization as a function
of field for flux grown (left) crystals of PbTiO;. The saturation in
moment is quickly dispersed upon application of higher fields and is
not impacted postannealing under oxygen. This is contrasted with
floating zone crystals (right showing Er-doped and inset showing the
pure material).
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presence of ferromagnetism in d° oxides has been met with
significant (and well deserved!) skepticism as to the origin.”’
Previous works have predicted/reported the onset of room
temperature ferromagnetism of similar magnitude in PbTiO;
due to the presence of oxygen vacancies.”* " If this behavior
was indeed due to oxygen deficiencies, measurement of an
annealed sample should show a decrease in response.
Measurement of annealed flux grown crystals (supported by
TGA measurements) show no decrease in magnetic signal.
Due to the corrosive nature of PbO as a flux, it is possible for
impurities being incorporated into the crystal. Analysis of both
crystal types using GDMS in Table 6 show a large impurity of
Ir and Pt for the flux grown sample, likely etched off the
crucible. The saturated magnetic moment can be utilized to
estimate the impurity concentration. Ir*' as the magnetic
dopant gives us an estimated impurity of ~190 ppm using the
expected effective magnetic moment of 1 pp/Ir. The actual
observed saturated moment for such Ir-containing magnetic

Table 6. Trace Elemental Analysis Performed for Both a
Floating Zone and Flux Grown PbTiO; Using GDMS

floating zone floating zone

concn flux concn concn flux concn
element (ppm wt) (ppm wt) element (ppm wt)  (ppm wt)
Li 0.05 0.13 Ag <50 <50
Be <0.01 <0.01 Cd <10 <10
B 27 2.4 In binder binder
(] matrix matrix Sn 120 8
F <1 <1 Sb 4.1 1.5
Na 20 40 Te <S5 <S5
Mg 280 24 I <5 <s
Al 68 4.6 Cs <1 <1
Si 520 10 Ba 18 12
P 140 2.4 La 1.2 1
S 25 1.8 Ce <0.5 <0.5
Cl 73 8.3 Pr 0.16 0.31
K 19 2.1 Nd <0.5 12
Ca 130 170 Sm <0.5 <0.5
Sc <0.5 <0.5 Eu 0.23 0.17
Ti matrix matrix Gd 0.85 <0.1
\' 0.48 0.08 Tb 1.9 <0.1
Cr 22 026 Dy <0.1 <0.1
Mn 0.52 0.09 Ho <0.1 <0.1
Fe 54 19 Er <0.1 <0.1
Co 71 28 Tm <0.1 <0.1
Ni 3 2.1 Yb 82 0.16
Cu 6.3 0.26 Lu <0.1 <0.1
Zn 2.6 0.47 Hf 3.8 3.6
Ga S0 <0.05 Ta <10 <10
Ge <0.5 <0.5 w 1.6 0.67
As <0.05 <0.05 Re <0.05 <0.05
Se <0.5 <0.5 Os <0.05 <0.05
Br <0.5 <0.5 Ir 0.09 4100
Rb <2 <2 Pt <5 340
Sr 320 430 Au <1 <1
Y 17 27 Hg <0.5 <0.5
Zr 190 200 Tl <0.5 <0.5
Nb 32 110 Pb matrix matrix
Mo 2.5 <0.5 Bi 52 54
Ru <0.1 <0.1 Th <0.01 <0.01
Rh <1 <5 U <0.01 <0.01
Pd <50 <50
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materials is often less, however, such as the case of Sr,IrO,, and
using such an expected saturated moment (0.07 ug/Ir) gives
~2715 ppm, closer to the determined value.”"®> With this
evidence, we can conclude that samples grown by floating zone
are not only less oxygen deficient but also have fewer
impurities (via avoiding crucible contamination and the zone
refinement that naturally occurs in floating zone growths).
Further research can be pursued to see the impact of Ir as an
intentional dopant on the magnetic order in PbTiO;.

In comparison to the flux crystals, the Er-doped sample
shows an order of magnitude larger saturated moment, as
expected for the large magnetic moment in Er**. However, if
we assume a saturation moment of 3 X 107> and an effective
magnetic moment of 9.5 up/Er, we get a corresponding mole
fraction of 3 X 107%, lower than our expected doping with Er.
This is due to a concentration gradient forming for the grown
crystal due to the zone refining of the floating zone method
before a steady state is reached. No noticeable change in color
along the length of the crystal limits the magnitude of gradient
expected.

B CONCLUSION

Overall, our work has demonstrated the feasibility of growing
crystals of PbTiO; using the floating zone method through
tuning of growth parameters as well as implementation of laser
diodes as the heating source. Due to the structural transition of
cubic to tetragonal upon cooling, development of large single
crystals will need to be improved, although other floating zone
experiments dealing with such phase transitions have found a
sharper gradient helps avoid such cracking.®®

A comparison between crystals grown through floating zone
and flux method demonstrate key difference in how the growth
technique can impact the properties of the material. Through
careful analysis of the heat capacity, we can rule out linear
behavior in place of a more thorough fit of the phonon modes.
The floating zone grown samples demonstrate lower defects
present as evidenced by GDMS analysis, the lack of magnetism
present, and the quantification of O vacancies using TGA/
DTA. This reduction in defects is accomplished through the
zone refinement of the inherent technique. Doping of Er (as
evidenced in magnetization measurements) demonstrates the
feasibility of introduction of Er for future improved multi-
ferroic performance and quantum platforms in floating zone
crystals. This work shows the capabilities of the laser floating
zone technique to allow for the growth of low defect PbTiO;
and can be applied more generally to volatile materials.
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