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Abstract of the Dissertation

Investigations in the crystal growth and neutron scattering of superconductors
and a relaxor ferroelectric

by
John A. Schneeloch
Doctor of Philosophy
in
Physics
Stony Brook University

2016

In this dissertation, | present research on four materials with properties
that are not well understood, and illustrate the many roles inhomogeneity
and disorder may play in material properties. First, we investigated materials
synthesis and annealing conditions of the proposed topological superconduc-
tor CuyBi,Se;, nding that quenching above a minimum temperature was
essential for superconductivity. Due to the inhomogeneity of CuyBi,Ses, we
suggest that a metastable secondary phase may be responsible for the su-
perconductivity. Second, we performed neutron scattering measurements on
samples in the Fe;.yTe; xSey family of iron-based superconductors, focusing
on the anomalous phonon mode recently discovered near Bragg peaks for-
bidden by symmetry and at high-symmetry wavevectors where the mode’s
neutron scattering intensity is expected to be zero. We characterize this
mode and propose that disorder may explain its anomalous visibility. Third,
a superconducting crystal of the bilayer cuprate La;.gCa;.;Cu,Og+ Was syn-
thesized and measured by neutron scattering. Though the magnetic exci-
tations near (0:5;0:5) in reciprocal space resemble those of weakly doped
members of the La, xAe,CuO,; (Ae=Ca, Sr, Ba) cuprate superconductor
family, the temperature-dependence of the intensity of the magnetic excita-



tions is much di erent from those of weakly hole-doped cuprates. Super-
structural peaks appear to indicate ordering induced by interstitial oxygen,
and a comparison with the similarly oxygen-doped cuprate La,CuQ4+ sug-
gests the possibility of phase separation. Fourth, the relaxor ferroelectric
Pb(Mg;-3NDb,-3)0:65 Tio-3203 was measured with neutron scattering while sub-
jected to an electric eld. From di erences in neutron scattering intensity
with and without eld, we nd a possible coupling between short-range polar
correlations and transversely-polarized phonons near certain Brillouin zone
centers.
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1 Introduction

As a student in the Neutron Scattering Group at Brookhaven National Lab-
oratory, | have worked with a variety of materials with interesting properties
that are not well understood. These materials are related to such loosely-
related topics as topological superconductors, iron-based superconductors,
cuprate superconductors, and relaxor ferroelectrics, but a common character-
istic of many of these materials is a possible role of inhomogeneity or disorder
in their properties. Often, materials are thought of as perfectly crystalline
and homogeneous, but it can be instructive to take a bird’s eye view of the
many ways disorder and inhomogeneity can a ect properties. With this in
mind, for each of the four materials covered in this dissertation, the proposed
topological superconductor CuyBi,Ses, the iron-based superconductor fam-
ily Fei+yTer xSex, the cuprate superconductor La;.oCaj:1Cu,06+ , and the
relaxor ferroelectric Pb(Mg;1=3Nb>=3)0:68 Ti0:3203, | will detail an issue that
has evaded understanding, our attempts to clarify this issue, and what role
inhomogeneity and disorder may play.

Our group conducts both crystal growth and neutron scattering exper-
iments. For crystal growth, usually the goal is simply to grow large single
crystals so that we may study them by neutron scattering or other means, but
the process of optimizing crystal growth conditions can itself yield insights.
For example, CuxBi,Se; has been proposed to be a topological supercon-
ductor [1{3]. Although topological properties have been studied for decades
in the form of the integer quantum Hall e ect, there has been an explosion
within the past decade of interest in materials with topologically nontrivial
electronic structures due to the proposal and con rmed existence of topolog-
ical insulators [4]. (See Section 223 for an overview of topological materials.)
Superconductors with topologically nontrivial electronic structures were also
proposed, the rst being CuyBi,Se; (0:1 x  0:6), though as yet no topo-
logical superconductors have been con rmed to exist®. A primary issue with
CuyBi,Se;s is that, when one combines the elemental ingredients, attempts
crystal growth (resulting in a silvery, aky ingot of material), cuts pieces
from the ingot, and measures their diamagnetic responses (a signal for su-
perconductivity), the degree of superconductivity as measured by magnetic
susceptibility for each piece is usually very low and may vary substantially

1A recent list of candidate topologically-nontrivial superconductors can be seen in Ref.

[5]



from piece to piece. This unpredictability impedes understanding of the prop-
erties of this material. Section B presents our attempt to clarify this situation.
We found that: 1. Quenching from a su ciently high temperature is essential
for superconductivity. 2. The melt growth method (simply melting the in-
gredients together) sometimes results in pieces with large shielding fractions
but the in-ampoule oating zone method (a crystal growth method typically
resulting in high quality single crystals) rarely does. In oating zone growth,
the very top of the grown rod tends to become very Cu-concentrated. We
interpret our ndings as suggesting that a metastable impurity phase may
be responsible for the superconductivity.

Fei+yTer xSey is a family of iron-based superconductors. The iron-based
superconductors were discovered in 2008, starting with LaFeAsO; xFx [6]
with Tc = 26 K (the related Gd; «ThyFeAsO[7] and SmFeAsO; «Fx [8]
compounds hold record T¢ values of 55 and 56 K, respectively, for bulk
iron-based superconductors). While the Fei4,Te; xSex family has a rela-
tively modest maximum T¢ of 15 K [9], this family is especially convenient
to work with due to the lack of arsenic present in most other iron-based
superconductors and due to the fact that large single crystals can be grown
relatively easily. Though there are many questions about the mechanism of
superconductivity and its relation to magnetic interactions in the iron-based
superconductors (most of our group’s neutron scattering experiments have
investigated the magnetic excitations and their potential relationship to the
superconductivity in this compound), in Section & we instead study unusual,
recently discovered [00] anomalous phonon mode behavior. We identify the
mode as the c-axis polarized transverse acoustic mode branch, despite this
mode ideally having zero intensity in the HKO plane. We propose that the
mode’s anomalous visibility in the HKO plane, and its clear presence near
forbidden Bragg peak wavevectors even where other acoustic phonon modes
are too weak to be detected, may be explained by disorder misaligning the
polarization vectors of phonon modes.

The source of superconductivity in the high-transition temperature cuprate
superconductors remains poorly understood, but magnetic interactions are
commonly thought to play a role, and over the years neutron scattering
experiments on a number of families of hole-doped cuprates have shown a
similar trend in the types of magnetic excitations seen as a function of doping
[TT]. The bilayer La, «Ca;+xCu,0g+ family has been relatively infrequently
studied due to the di culty of annealing at pressures on the order of 670
MPa, which is needed to introduce enough oxygen to the sample to induce
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bulk superconducitivty. However, our group has recently grown and an-
nealed large single crystals of La;.9Ca;.;Cu,064 , and we have measured one
of them by neutron scattering to characterize its magnetic excitations. This
research is presented in Section B. Surprisingly, though annealed samples ap-
pear to have bulk superconductivity, the magnetic excitations in the sample
are unlike those seen in other superconducting hole-doped cuprates, being
commensurate rather than incommensurate. The dispersion of the mag-
netic excitations resembles that in weakly hole-doped, non-superconducting
cuprates, except that the intensity of the magnetic excitations within a cer-
tain energy range drops with increasing temperature, a behavior much di er-
ent than that seen in the underdoped cuprates In the similarly oxygen-doped
La,CuO,4+ cuprates, the doped interstitial oxygen atoms are mobile at 300 K
and phase segregate into various ordered phases at low temperatures [12]. A
similar phase separation might occur in oxygen-annealed La;.qCa;.; Cu,Og-
but we do not yet have an explanation for how multiply phases could ex-
plain our results. A naive model where the commensurate excitations come
from non-superconducting regions and the diamagnetic response comes from
superconducting regions would not explain the apparent lack of incommensu-
rate excitations or the unusual temperature-dependence of the commensurate
excitations.

Relaxor ferroelectrics are a family of ferroelectrics with a number of un-
usual properties, such as a dielectric function (1) that is broad in temper-
ature and whose frequency dependence shows continuing variation down to
very low frequencies (e.g., 1 kHz) [T3]. This behavior is in contrast to that
of \normal™ ferroelectrics, for which (1) tends to have sharp peaks at struc-
tural phase transitions. Relaxors are associated with strong charge disorder
due to the random occupation of ions of varying valence on the same site.
Much of the research in relaxors is spurred by a desire to understand the ex-
tremely high ds3 piezoelectric coe cients along certain directions measured
in some relaxor single crystals, such asin (1 Xx)PMN-xPT [14], where PMN
iIs PbMg;-3Nb,-303, PT is PbTiO3, and x denotes the fraction of PMN sub-
stituted with PT in a solid solution. The phase diagrams of relaxors such as
(1 XxX)PMN-xPT show a high-temperature paraelectric phase, a region with
relaxor behavior for small x at low temperature, and a conventional ferro-
electric phase for larger x at low temperature [15], with the ds3 coe cient
reaching a maximum for x between the regions for conventional and relaxor
ferroelectric behavior [14, 16]. Short-range polar order has been measured in
the form of di use scattering by X-ray and neutron scattering measurements
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[T7], and may be indicative of polar nanoregions which were rst invoked to
explain optical index of refraction data [018]. A past experiment by mem-
bers of our group showed a coupling between the short-range polar order
and acoustic phonons along certain direction in a single crystal of the relaxor
0.955PbZn;-3Nb,-303-0.045PbTiO3, which was shown in experiments where
samples were cooled in the presence of an electric eld [19]. In that experi-
ment, the e ect of the eld may have been due to a shifting of ferroelectric
domains polarized along di erent h111i orientations. We have conducted an
experiment with the eld applied along [001] in the related relaxor 0.68PMN-
0.32PT, so that no single domain should be favored and so that a more direct
e ect of the electric eld on the short-range order or phonons could be seen
without the e ect of a shifting population of domains. These results are pre-
sented in Section B. We observed coupling between short-range polar order
and acoustic and optic phonons along di erent sets of polarizations and with
di erent characteristics than the coupling observed in Ref. [19].

In these four disparate materials, we see four possible examples of disorder
or inhomogeneity:

In CuxBi,Ses, a metastable secondary phase may be responsible for the
superconductivity.

In FeiyTer xSey, disorder may explain why a certain phonon mode
has non-zero neutron scattering intensity at wavevectors where zero
intensity would be expected. Chemical disorder is present in the form
of interstitial Fe and the substitutional disorder of Se and Te.

In La;.9Ca;.1Cu, 06+ , the interstitial oxygen atoms might phase segre-
gate at low temperatures, as seen in the similar oxygen-doped cuprate
La,CuOgyy .

In 0.68PMN-0.32PT, a coupling between short-range order (possibly

associated with polar nanoregions) and various phonons may explain

changes in the phonon properties between electric eld-cooled and zero-
eld-cooled conditions.

Hopefully, the great range of possible roles of disorder and inhomogeneity
will highlight the importance of having an open mind in the analysis of data.



2 Background Information

2.1 Materials Synthesis and Crystal Growth
2.1.1 General information

Large single crystals can be valuable for many applications, for example, in
single-crystal turbine blades, in the very large boules of silicon used for in-
tegrated circuits, and in research [20]. While many experimental probes of
materials require single crystals to get the most useful information, neutron
scattering (used for most of the research in this thesis) in particular requires
large single crystals due to the weak interaction of neutrons with matter,
with neutron scattering penetration depths often on the order of centime-
ters. Furthermore, materials synthesis experiments play an important role
in condensed matter physics beyond simply providing known materials for
other experiments. For example, in the La-based cuprate superconductors
discovered in 1986, early experiments found evidence of superconductivity
and antiferromagnetism in nominally pure La,CuQy, but later measurements
with single crystals of better quality clari ed that superconductivity is only
present in samples with excess oxygen [21]. Another example is the proposed
topological superconductor CuyBi,Ses, whose superconductivity is likely to
be highly inhomogeneous. In Section B, | present research on CuxBi,Se; that
attempts to relate the results of materials synthesis experiments with the
possibility of a secondary phase being responsible for the superconductivity.
In this Section, I will provide background information about crystal growth,
especially information relevant to the synthesis of the materials that are the
subject of this thesis. Special attention will be given to the optical oating
zone growth method, used to grow the La;.9Ca;.1Cu,06+ crystal used for
the neutron scattering experiments discussed in Section 8.

There are a number of techniques available for growing bulk single crys-
tals. These can be divided according to the phase of the initial ingredients
[22]: solid-to-solid, liquid-to-solid, and gas-to-solid. In this section I will fo-
cus mainly on liquid-to-solid growth methods due to that method being used
most often for the growth of our materials, but solid-to-solid and gas-to-solid
methods have been important as well. For example, large single crystals of
metals such as iron have been made by the strain-anneal method [23], a solid-
to-solid growth method. Also, a popular example of a gas-to-solid growth
method for bulk crystal growth is the vapor transport method, which has



been used to grow compounds such as FeSe [24].

One of the simplest of the liquid-to-solid growth methods is the melt-
growth method, where initial solid ingredients are heated together until
they react and form a liquid, which is then slowly cooled until solid. Since a
monotonic temperature gradient is not applied, crystal nucleation may occur
at many locations at once, resulting in crystal domains being limited in size,
though possibly still large enough for study.

Another method, the Bridgman method, is when solidi cation takes
place in a temperature gradient that cools uniformly with time.2 Often, a
furnace is used that has many zones that can be set to di erent tempera-
tures to create a custom temperature pro le, but the natural temperature
gradient of an ordinary box furnace is often su cient. Initially, many small
crystals nucleate at the cooler end of the ingot. As the temperature uniformly
decreases, these crystals grow toward the warmer end, with larger crystals
dominating until (ideally) single-crystal growth is achieved.

These methods share many common considerations. First, ampoules, of-
ten made of \fused quartz" silica glass such as the ampoules shown in Fig.
M, are frequently used to seal the sample in an atmosphere with a desired
composition. This atmosphere is often an inert gas, such as argon, or a vac-
uum, though gases that are oxidizing (such as O;) or reducing (such as CO or
argon-H, mixtures) may also be used. Annealing (heating below the melting
point) procedures often use similar methods. For example, annealing in O,
results in an increase of the hole doping concentration of Bi,Sr,CaCu,Og.+
due to the increased interstitial oxygen [27, 28], and annealing in vacuum,
possibly with elemental Ti pieces included to absorb residual O,, can decrease
the hole concentration of Bi,Sr,CaCu,0Og+ .

Second, it is usually essential to make sure the ingredients are well-mixed
before crystal growth starts. Since mass di usion in a liquid is not su cient
to equalize the composition across many centimeters in typical laboratory
time scales, the container should be rocked enough for turbulent mixing of
the liquid to occur.

Third, the ampoule can be oriented horizontally or vertically. One factor
that may in uence this decision is the possibility of expansion during cooling
if a structural phase transition is present, which may lead to the ampoule
cracking if it is oriented vertically due to the lack of space into which the

2Technically, the Bridgman method has the ingredients slowly moved through a tem-
perature gradient rather than staying in place [25, 28].



Figure 1: Photo of pieces of Pb, Sn, In, and Te sealed in double layers
of fused quartz glass ampoules for the synthesis of Pb; x ySnyIn,Te and re-
lated materials, to explore potential topological insulator and superconductor
properties.



material would expand.

Another class of methods are those involving zone-melting, where only
a small region of the ingot is melted at a time [?9]. This region, called
the \liquid zone", moves slowly along the starting materials, ideally leaving
behind a single crystal. Various heating methods have been used, including
radio-frequency induction heating and optical heating with either focused
light or lasers. The optical heating methods have the advantage of working
with insulating materials. Zone-melting methods can also be divided based
on whether the liquid zone is held in place by surface tension, as in the

oating zone growth method, or whether an ampoule is used to contain
the materials (often called the \traveling heater method" [30] or a \modi ed

oating zone" method). Two big advantages of oating zone methods is that
the liquid zone is not in contact with a crucible, which reduces the possibility
of nucleation from unwanted regions, and that there is no need to nd a
chemically-compatible crucible to contain the materials. The optical oating
zone method (hereafter simply called the \ oating zone (FZ) method™) has
been one of the most useful for growing large single crystals, and yet one of
the most complicated to employ. Due to its importance in growing many of
our materials, such as the La;.9Ca;.1Cu,04 crystal measured with neutron
scattering in Section B, we discuss it in detail below in a separate section.

Another way to classify growth methods is by whether or not a solvent
(or \ ux") is used. For methods such as melt growth or Bridgman growth, if
a uxis used, the method can be called ux growth. If a ux contains only
the elements of the grown compound, then the method is called a self- ux
method; for example, ZrTes crystals can be grown from a ux of excess Te
with a Zr:Te ratio of 0.0025:0.9975 [31]. Alternatively, a ux not containing
elements of the crystal can be used. Fluxes such as the alkali halides and
molten tin are popular choices for many materials of interest to condensed
matter physics. Water is, of course, also a solvent that can be used in crystal
growth, which has been used since antiquity at ambient conditions for the
production of salt and sugar crystals [22]. For hydrothermal synthesis,
water is used as a solvent at high pressure and temperature, taking advantage
of the increased solubility range in water under these conditions.

Aside from the crystal growth methods mentioned above, there are many
more methods which are important in research and industry. The Verneuil
method, or ame fusion method, involves dropping small bits of material
through a ame, which then melts the material; these droplets then de-
posit onto a seed crystal, which is slowly lowered, and crystal growth occurs
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[22]. The Czochralski method is the main method for producing single-
crystalline silicon for electronics. This method involves lowering a seed crys-
tal into the molten material and slowly raising the crystal as it solidi es [37].
Top-seeded solution growth is similar to the Czochralski method, but
involves pulling a crystal out of a solution rather than out of a liquid having
the crystal’s composition [33].

2.1.2 The optical oating zone method

The rst step in this method is to prepare a feed rod of raw materials. Sin-
tering is often used to make the feed rod for oxide materials. Sintering
may involve both the solid-state reaction of the initial ingredients and the
transfer of mass among particles to form a less porous whole from the initial
packed powder. For sintering, rst, powders of initial ingredients (La,Os,
CaCOg, and CuO in the case of La;.9Ca;.1Cu,0¢+ ) are mixed together, put
into a crucible, and heated to the point where they react together. This pro-
cess is repeated a few more times to ensure that the initial ingredients are
homogeneous. Frequently, carbonates such as CaCOj; are used rather than
the simpler oxides such as CaO. In this case, the carbon in the carbonate
is liberated as CO, gas, and the sintering reaction is otherwise similar to
the same reaction with the oxide. This method has the advantage that the
less water-reactive carbonate is used instead of the oxide, which is probably
why this method is more popular. However, for some compounds such as
HgBa,CuO,.+ , carbonate ingredients may be avoided to eliminate the pos-
sibility of carbon contamination [34]. After the powder has been mixed and
ground several times, it is pressed at room temperature at typically 800-4000
bars [29] into a rod, with 4000 bars used for our La;.9Ca;.1Cu,O64  Synthesis.
The pressed powder rod is then sintered at as high a temperature as possible
to reduce porosity (since sintering brings the initial particles closer), while
avoiding the formation of liquid. Often, a \pre-melting" step is used, where
the feed rod is quickly run through the zone-melting process to make the
feed rod more compact.

Once the feed rod is sintered, it is put in the oating zone image fur-
nace. Fig. @ shows a screenshot of streaming video of the FZ growth of
La;-9Ca;:1Cu,06+ , from which a single crystal was obtained and used for
the neutron scattering experiments in Section 8. The \feed rod", containing
the initial materials, is on top. In the middle, light focused by a pair of el-
liptical mirrors to the left and right (not shown) heats the rod in the middle



Figure 2: Screenshot from streaming video of the oating zone growth of the
La;.9Ca;.1Cu, 06+ compound used for the neutron scattering experiments in
Section B.
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