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Abstract: This review describes the recent progress of floating-zone techniques for bulk single-crystal
growth. The most crucial point of the crucible-free technique is to keep the molten zone stable.
It has been investigated and reported to yield a steeper temperature gradient at the liquid—solid
interface along the growth direction and a homogeneous molten liquid along the rotation axis. This
article overviews several recent achievements starting from the conventional setup, particularly for
lamps equipped in horizontal or vertical configurations, tilting mirrors, shielding the irradiation,
and filament sizes for the optical-lamp floating-zone furnaces. Also, the recently advancing laser-
heated floating-zone furnaces are described. Throughout the article, the author emphasizes that the
floating-zone technique has been a powerful tool for crystal growth since the 1950s with its roots
in the zone-melting method, and it has still been advancing for further materials” growth such as
quantum materials with modern scientific concepts.
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1. Introduction

“The importance of a knowledge of the physical properties of single crystals of the
metals requires no argument” [1]. This statement, written a century ago by Nobel laureate
P.W. Bridgman, still has significant implications for the modern field of materials science.
Understanding the fundamental properties of bulk materials is vital, and it is a prereq-
uisite for research using single crystals to derive the thermodynamic, magnetic, electric,
structural, and mechanical properties reflecting the anisotropic crystal structures and their
influenced interactions among electrons. Unveiling the detailed bulk properties of the ma-
terial is the first step because these can motivate further steps of investigation/application
toward the fabrication process for thin films or nano-structured devices/sensors to maxi-
mize/optimize the properties. Among the huge variety of materials ranging from metallic
alloys, oxides, chalcogenides, and organics, so-called “quantum materials” have attracted
considerable attention these days [2,3] because of their exotic phases, for instance, novel
magnetism including quantum spin liquid states, multiferroicity, and unconventional su-
perconductivity, research subjects which have been boosted by the discovery by heavy
fermion intermetallics, cuprates, and organics [4-6]. A significant point of the materials
is that these phases can be controllable by small perturbations: chemical substituting or
doping of other elements, (uniaxial) pressure, magnetic field, and gate tuning [7,8]. In
addition, the originally mathematical concept of “topology” recently introduced in ma-
terials science provides novel properties such as non-saturating magnetoresistance, the
(quantum) anomalous Hall effect, and the anomalous Nernst effect. The new category
of materials opens a new window as “topological materials” such as Dirac, Weyl, and
magnetic semimetals originating from the quantum mechanical “Berry phase” [9-14]. Also,
the conceptualization of “altermagnets” has been rapidly developing in the last few years
in which the spin structure behaves like antiferromagnets with no net magnetism, while
the system breaks parity and time-reversal symmetries like ferromagnets because of the
alternation of lattice symmetry neighboring the magnetic ions [15-18]. Along with the

Crystals 2024, 14, 552. https:/ /doi.org/10.3390/ cryst14060552

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14060552
https://doi.org/10.3390/cryst14060552
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-3975-4478
https://doi.org/10.3390/cryst14060552
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14060552?type=check_update&version=1

Crystals 2024, 14, 552

20f21

significant advances of the first-principles calculations and theories, materials design has
been developing based on these backgrounds. Therefore, the growth of bulk single crystals
with high quality has been in high demand [19].

Among several techniques for growing single-crystals such as Bridgman, Czochralski,
flux, and chemical vapor transport, the floating-zone technique has been developed since
the 1950s with its roots in the zone-melting method [20]. The advantage of the technique is
that it is crucible-free so that accidental contamination can be minimized during the growth
process. This is crucial for quantum materials because novel properties can emerge only
when the purity of the materials is high enough and the ground states can easily be modified.
Also, obtaining large and homogeneous crystals is another advantage of the technique.
These advantages offer opportunities for deeper investigations of the materials because
several experimental methods can be examined. This is indispensable for a systematic
understanding of the materials in which the magnetic, electronic, thermal, and topological
properties are strongly linked [21-23]. Quantum materials have potential applications
such as quantum computing, devices/sensors supporting an IoT society, and even energy
materials that will be the basis of next-generation societies [24-26].

Since the successful growth of silicon in the middle of the last century [27,28], the
floating-zone technique has been widely applied to various categories of materials: ox-
ides [29-45], chalcogenides [46—49], silicides [50-55], borides [56-63], carbides [64-70],
and intermetallic alloys [71-80]. For each material, the growth has been optimized by
improving the processes and conditions, for example, rod preparation, generating power
to locally melt the rods, feed /growth and rotation speeds, and the atmosphere/pressure
of the growth area. Following the long history of the techniques of more than half a cen-
tury, excellent review articles or books are available to catch up on how it has succeeded
in growing a variety of materials [37,81-86]. The technique might be “well-established”
based on its concrete and clear principle but is never “old-fashioned”. The technique
has advanced steadily in recent years, along with the increasing demand for high-quality
crystals of quantum materials with modern concepts. Therefore, it is a good opportunity to
review the recent progress. Here, this article focuses on developing light conversion which
is the essential point of the technique to keep the molten liquid-zone stable. This article
overviews several achievements by briefly describing their advantages.

2. Principle of the Floating-Zone Technique

The author starts with an introductory description of the floating-zone method, as
presented in Figure 1. First, the bottom edge of a polycrystalline feed rod is locally heated
(Figure 1a). When the edge starts to melt, the edge of the seed rod approaches the molten
rod. Then, the molten zone is formed when the molten feed rod is connected to the seed
rod (Figure 1b). Once the molten zone forms steadily, both rods are moved steadily out
of the molten area, then the single crystal is eventually formed on the top of the seed
rod (Figure 1c). The feed and seed rods are usually counterrotated for better uniform
mixing of the melting liquid. Since the growth area is isolated by a transparent quartz
tube from the outside (Figure 2), we can choose the desirable gas and its (partial) pressure
for growth. Today, growth is available even under an extremely high vacuum [87] and
high pressure [88], and even extremely low-oxygen partial pressure [89], depending on the
properties of the target materials.

Here, one of the key points to growing high-quality crystals is to keep the molten zone
stable against vibrations and down-spilling, because it is supported only by the fragile
surface tensions between the feed rod and the seed rod. Also, the viscosity of the molten
liquid, which is inherent to the material, is closely linked to the liquid-zone stability; if the
generated power is excessive, the molten zone can eventually cause down-spilling. That
forcibly terminates the growth because the stacking of the crystal is lost. In contrast, if
the generated power is insufficient, the zone is vibrated unstably. The vibration finally
prevents uniform growth hereafter. Thus, the fragile molten zone is an inevitable “trade-off”
against the most relevant advantage of the technique, which is “crucible-free”. Therefore,
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forming a better stable zone has been a challenging topic, and it has been recognized that
there are mainly two points for the stable zone: one is to generate a sharp temperature
gradient along the growth direction, and the other is to form a homogeneous liquid along
the radial direction of the rod. To gain these points, introducing modern and precise
technologies to the furnaces has been crucial for the further success of crystal growth under
stable conditions.

(b) (c)

Molten zone Crystal

Figure 1. Illustration of the floating-zone processes. Here, the red arrows represent the light conver-
sion to the focal point. (a) Local heating to the feed rod for melting. (b) Forming the molten zone.
(c) Growing the single crystal by pulling both the feed and seed rods.
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Figure 2. [llustration of the cross-sectional floating-zone furnaces equipped with (a) double elliptical
mirrors and optical lamps, and (b) laser facility.

The local heating/irradiation toward the focus is essential for the stable zone. The
heating has been generated by radio frequency [79], electron beam [80], and arc heating [90].
In addition, optical or laser heating has been adopted these days in most cases. The former
case of optical heating has been widespread and popular, as sketched in Figure 2a, but it has
still been improved. In contrast, the latter heating techniques using laser sources (Figure 2b)
have been remarkably progressing, along with the rapid advance of laser techniques these



Crystals 2024, 14, 552

40f21

Intensity

days. This article overviews several remarkable developments and progress with a focus
on these two heating methods.

3. Floating-Zone Furnaces with Optical Lamps
3.1. Optical Lamps Equipped in the Horizontal Configurations

The author describes the optical floating-zone furnaces, particularly, the most popu-
lar type with the horizontally configurated optical lamps. Figure 3a,b present schematic
drawings of the typical optical floating zone furnaces with four and two mirrors, respec-
tively [21]. Both cases are drawn from the top view, and the lamps are set in the horizontally
transverse configuration against the growth direction. As shown in Figure 2a, in the case of
a simpler double-mirror furnace (Figure 3b), since a halogen lamp is set to one of the focal
points of the elliptical mirror, the radiation from it reflected at the mirror surface converges
at the other focal point. The focused area, potentially reaching over 2000 °C, is shared
with the other converged area from the radiation of the second lamp. The molten zone
is formed due to the convergence of the irradiation lights reflected from the surrounding
mirrors. Thus far, many materials have been successfully grown using the technique, as
described above.

b C —
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Figure 3. Schematic drawings from the top view of the optical-lamp type floating-zone furnaces.
(a) Four-mirror horizontal geometry with four lamps. (b) Two-mirror horizontal geometry with two
lamps. (c) Two-mirror vertical geometry with a single lamp. Below each schematic graph represents
the optical power intensity profile at the growth position along rotation within the transverse plane.
Figures (a—c) are reprinted from [21], with the permission of Annual Reviews.

As seen in the schematic drawing of the lower panels of Figure 3a,b, a concern that
may affect some materials is the profile of the light intensity in the molten area. Here, the
profile yields “oscillation” as a function of azimuthal rotation angle along the transverse
plane (denoted as 0 in the figures) [21]. Although the four-mirror geometry has a better
temperature profile than the double-mirror one, the “oscillating” temperature distribution
along the in-plane azimuthal angle may cause “nonuniformity” in the liquid zone. The
“nonuniformity” may cause an inhomogeneous liquid and prevent us from obtaining high-
quality crystals. To avoid the inhomogeneity of the liquid, the counterrotation between the
feed and seed rods may work to relax the nonuniformity.
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3.2. Optical Lamps Equipped in the Vertical Configqurations

Contrary to the above horizontal configurations, another optical floating-zone furnace
is that the lamp is set in vertical configurations [37,52,91], that is, along the growth direction
as seen in Figure 3c. Here, a single lamp is equipped in a focal point of the elliptical mirror.
Two types of furnaces with vertical configurations have been developed; one is that the
furnace is composed of a single closed-elliptical mirror (Figure 4) [92,93]. Here, the lamp is
set at the upper focal point of the elliptical mirror, on the other hand, the crystal is grown
at the lower focal point. Another vertical-type furnace consists of double-elliptical mirrors,
as shown in Figure 3¢ [37,52,91]. The detailed drawings are presented in Figure 5a,b [91].
Here, this article focuses on the double-mirror type because both principles are identical.
The significant advantage of the vertical configuration, which contrasts with the horizontal
configuration, makes it likely that the furnace has a high potential to be more widespread.
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lowering mechanism

o-ring seal
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water-cooled jacket
SiO7 - glass rod
socket

air-cooled jacket
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platinum wire

ceramic feed rod

molten zone
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|

Figure 4. Schematic cross-sectional drawing of the vertical floating-zone furnace equipped with a
single mirror. The figure is reprinted from [92], with the permission of Elsevier.

For the double-elliptical mirror configuration of the vertical furnace, as shown in
Figures 3c and 5a, a single lamp as a heat source is set at the lower focal point of the first
small mirror (denoted as F1 in Figure 5). Then, the irradiation light is passed through
another focal point of the small mirror (F2). The passed light is reflected at the surface of
the second upper mirror. Here, a focal point F2 in the first mirror is shared with a focal
point F3 in the second mirror. Since another focal point of the second mirror is located at F4,
the molten zone can be formed at F4. The light intensity at the zone can be controlled by a
mechanical shutter set between the mirrors and by generating power. The crystal can be
grown by pulling the feed and seed rods vertically. Here, the growth direction is along the
line connecting the second and the first focal points. Consequently, the successful crystal
growth of novel quantum magnets such as Pr,PdSis, Nd,PdSis, Eu,CuSiz, and CeCu;Sip
has been achieved by this method [74-76,78].
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Figure 5. (a) Schematic drawings of the vertical floating-zone furnace equipped with double mirrors.
The inset illustrates the crystal growth with a typical light-intensity profile. (b) The cross-sectional op-
tical configurations of the vertical-type furnace. The figure is reprinted from [91], with the permission
of Elsevier.

The most advantageous point is that the vertical configuration yields an extremely
uniform temperature profile along the azimuthal direction of the molten zone, as presented
in the lower panel of Figure 3c [21]. This is in sharp contrast to the “oscillating” profile
resulting in the horizontal configurations described in the previous Section 3.1 (the lower
panel of Figure 3a,b); the “oscillating” profile is inevitable in the horizontal configurations.
Another feature of the vertical configuration is that it cuts off the incident radiation partly
at the upper mirror so that the converged light with narrower angles reaches the zone
center. This narrowing should help to stabilize the molten zone because it can yield a
sharper temperature gradient at the interface between the liquid and solid of the rods.
Another feature of the vertical configuration is that the irradiation by only a single lamp
(typically, up to 5 kW xenon lamp) can reach around 3000 °C in the growth area [91]. The
effectiveness also contrasts with the horizontal-lamp furnaces where two or four lamps are
necessary to obtain the temperature. It is also worth mentioning that a technical advantage
of the narrowing is to make the growth area smaller. This enables us to grow crystals under
higher pressure or lower vacuum conditions by using the shorter quartz tubes.
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3.3. Tilting Mirrors from the Horizontal Configurations

We now return to the optical lamp furnaces with horizontal configurations, which
have been widely used for crystal growth. Since this type of furnace is more popular,
advanced setups for improvements have been widely examined, as introduced below. In an
original design, one lamp, the molten zone, and the other lamp(s) are aligned horizontally.
The configuration is “symmetrized” for convergence of the irradiation light to the molten
zone against the horizontal plane, as shown in Figure 3a. The symmetric configuration
works for some materials. However, it has been pointed out that the interface shape (convex
or concave) of the molten zone affects the quality and the size of the resultant crystals [94].
The relationship has been investigated by growing rutile (TiO;) under several conditions,
but maintaining the “symmetric” configurations of the hardware setup [95,96].

Significant progress has been achieved by Sarker et al. [94] with an intriguing idea
that the heating profile does not need to be symmetric; if the symmetric configuration of
the lamps and the molten zone affects the convex interface shape, the zone shape could
be controlled under off-symmetric heating. Following the conceptual idea, the authors
developed a “tilted-mirror” furnace equipped with four lamps as sketched in Figure 6 [94].
Here, each mirror with a lamp can tilt the angle (denoted as 6 in the reference) from 0
(originally horizontal setup) to 30 degrees by turning the filament side downwards. By
growing rutile crystals under several tilt angles, the convexity of the interface can be
controlled. Also, the growth of rutile crystals with an 18 mm diameter has succeeded
under the optimized “horizontally asymmetric” tilting configurations at 6 = 10 degrees [94],
compared with crystals of around 10 mm in diameter grown under the conventional
“horizontally symmetric” configurations [96].

Tilting
Angle (6)

«+—— Feed
Ellipsoidal Mirror

Molten Zone
«—— Grown Crystal

Figure 6. Schematic cross-sectional illustration of the optical floating-zone furnace with tilted mirrors.
The figure is reprinted from [94], with the permission of Elsevier.

The result is suggestive because it directly presents that the convexity of the solid—
liquid interface, which is usually hard to control because of the inherent property of the
material, can be controllable by introducing a new parameter, the tilting angle. It is also
suggestive that the tilting has another merit of the sharper temperature gradient at the
focal point because of the necessity of removing the upper part of the mirror (shown in the
broken lines in Figure 6) to avoid the collision between the tilted mirrors and the quartz
tube. This removal is attributed to a cut-off of the light from the area. Thus, the growth of
many functional materials has been successful using this technique [97-103]. Particularly,
I mention a significant achievement of successful growth for the incongruent material
LiCoO; which was inclusion-free using the tilted mirror. The obtained large-size crystal
with uniformity should contribute to the further fundamental investigation of the material
that was first proposed as a positive electrode in Li-ion batteries [35]. The fascinating
technique is surely a consequence of the continuous accumulation of the development of
optical furnaces in pursuit of successful crystal growth under better stabilities of the zone.
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3.4. Effective Shielding of the Irradiation

Next, the author presents another improvement to obtain a sharper temperature
gradient at the molten zone. Katsui et al. reported a simple but elegant method [104]. As
shown in Figure 7, aluminum foils were wrapped around the outer surface of the quartz
tube. The irradiation light can pass through only the centered 10 mm space between the
upper and lower foils. These foils that shield from higher-angle irradiation result in a
sharper temperature gradient at the interface. This yielded a stable and pseudo-congruent
molten zone and finally succeeded in growing an incongruent material, BaTiOs.

a

Feed rod|

’

&=

. -x.enon’la_m}? &

)

__ | Aiminumfoil mask

Ellipsoidal reflector

\ Quartz tube

Figure 7. Schematic drawing (a) and picture (b) of the floating-zone furnace with aluminum foil for
shielding. The figure is reprinted from [104], with the permission of Elsevier.

Setting a “cold trap” should contribute to the same effect [105]. The original motivation
for introducing the cold trap was to catch up evaporated powders during the growth of
ruthenate: the highly volatile RuO, powders were deposited on the inside surface of the
quartz tube if no trap was set. Since the evaporated black-color powders gradually lost
the light intensity to the liquid area, the unstable zone prevented us from obtaining the
crystals. By setting the trap inside the quartz tube at the around 3 cm upper position from
the zone center, as shown in Figure 8 [105], the evaporated powders were deposited first
on the surface of the trap rather than the quartz tube. Here, the trap remained cooler than
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Elliptical

the quartz tube by circulating water inside the trap. Setting the trap suppressed the light-
blocking on the quartz tube. We finally obtained the crystals of the ferromagnetic oxide
SrRuOj for the original purpose of trapping the powders [105]. In addition, considering
the previous paragraph about the “foil shielding”, it is indicated that the cold trap located
in the upper parts of the liquid zone also acts as the irradiation shielding. Interestingly,
what was developed for the original purpose had another effect. The author also mentions
that the trap is easy to install because we only need to design/produce the trap and parallel
water lines to the mirror cooling.

mirror ﬂ

\1|

Figure 8. Photo of the floating-zone furnace with a cold trap. The figure is reprinted from [105], with
the permission of the American Chemical Society.

3.5. Shapes and Geometries of the Optical Lamps

Improving the lamp shape is also applicable to controlling the temperature profile
at the interface. The principle of the floating zone with the elliptical mirror(s) is based
on a simple assumption: the radiation that occurs as a “sizeless dot” at one focal point
converges as another “dot” at the other focal point. However, since the filaments have
their finite size with geometries, the converged point becomes broadened. That broader
focus area makes the resultant temperature gradient broader. The modification of the
filament shape has been examined to aim for a sharper temperature gradient. A systematic
investigation was reported in 1998 for the large-size crystal growth of the high-T. cuprates
(La,Sr),CuOy4 [106]. They found that the simulation of the counter-mapped temperature
profiles strongly depends on the orientations of the rectangular-shaped filaments with
the same size, as shown in Figure 9 [106]. Also, a steeper temperature gradient was
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obtained with a smaller filament size. The gradient was also improved when the upper
area of the mirror was shielded, as shown in Figure 10 [106]. They finally succeeded in the
growth of the large crystals using the halogen lamps with small filaments combined with
mirror shielding.

20

-20 -10 0 10 20

(b)
20
X=0mm
101
30
70
0 - @
5
-10 1 -10 - 10
-20 T T T -20 T T T
-20 -10 O 10 20 -20 -10 O 10 20

Y (mm) Y (mm)
(c) (d)

Figure 9. (a) Schematic drawing of an elliptical mirror of the floating-zone furnace. (b—d) Calculated
counter maps of the light distribution under different orientations of a rectangular-shaped filament.
The figure is reprinted from [106], with the permission of the Institute of Physics.

The author also mentions further insights from a systematic study performed by
Hossain et al. on how the molten zone was affected by the filament size, mirror shape, and
crystal diameter by the growth of a standard material, silicon [107]. Throughout the study,
they designed a smaller size of the filaments, as shown in Figure 11 [107]. They concluded
that a small filament and mirror with high eccentricity yield efficient light convergence to
hold the stable zone. Interestingly, the stability can be evaluated by directly measuring
the ratio between the minimum melting width at the zone and the diameter of the grown
silicon crystal.
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Figure 10. Schematic drawing of the shielding area of the mirror depicted by gray color. The figure is
reprinted from [106], with the permission of the Institute of Physics.

Top View

Horizontal View

Figure 11. Photo of different sizes of the lamps. The figure is reprinted from [107], with the permission
of Elsevier.

This section is closed by briefly tracking a “developing history” of how the molten zone
becomes more stable by “downsizing” the filament sizes throughout the crystal growth
of a layered perovskite ruthenate, SroRuQOy [108,109]. Keeping the molten zone stable is
generally hard for ruthenates because of its low viscosity [30-32,36,105,108-111]. The first
generation of the halogen lamp of the ruthenate growth had a “spiral” shaped filament
as shown in Figure 12a. And the photo of the crystal growth using the spiral filament
is presented in Figure 13a [108]. Here, the vertical length of the zone extends to about
10 mm [108], reflecting the total thickness of the spiraled filament. The next generation
was produced with a flattened filament in early 1997. The filament had a double-layered
structure (Figure 12b) with each layer forming an array of filaments. Since the layered
filament with a total thickness of 6 mm was set horizontally at the focus point of the
elliptical mirror, the molten zone was shrunk to typically 8 mm (Figure 13b). For the latest
filament as shown in Figure 12¢c, the significant progress is that it forms a single layer
with a thickness of 2 mm. Here, the total volume of the filament is reduced by 40%. We
also noted that the required generating power to form the liquid zone of ruthenates over
2000 °C was still only 80% against fully available power. Finally, the molten zone was
reduced to 5 mm (Figure 13c) and a stable molten zone was kept during the entire growth
process, as the grown crystal had a 12 cm length with high quality, compared with the 7 cm
length obtained using the second-generation filament [109].
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Figure 12. Photos of the halogen lamps for the growth of Sr,RuQy. (a) The first-generation lamp with
a spiral filament. (b) The second-generation lamp with a double-layered flat filament. (c) The latest
lamp with a single-layered flat filament. Figures are reprinted from [109].
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Figure 13. Photos of the crystal growth of Sr,RuO, with (a) the first-generation lamp with a spiral
filament. (b) the second-generation lamp with a double-layered flat filament. (c) the latest lamp
with a single-layered flat filament. Figure (a) is reproduced from [108], with the permission of the
American Institute of Physics. Figures (b,c) are reprinted from [109].

4. Floating-Zone Furnaces with Laser Heating System
4.1. Development of the Laser-Heated Floating-Zone Furnaces

As well summarized by an article [85], several lasers have been examined for crystal
growth. Recently, a new laser-heated floating-zone furnace was successfully assembled,
where laser diodes were employed as a heat source (Figure 14) [112]. Here, the equiv-
alent lasers with sufficient emission areas are equally located on a circle that each laser
emits toward the feed rod set in the center of the circle. The features of laser emission are
(i) highly directional light, (ii) high power, (iii) homogeneous density, and (iv) the con-
trollability of the emission area from point-like narrow to wide regions. These are highly
valuable when the laser facilities are equipped as the core part of the floating zone furnace
because the growth circumstances are influenced as follows: (a) for the growth direction, a
higher temperature gradient at the interface between the solidification and melting liquid;
(b) highly homogeneous molten liquid along the in-plane azimuthal angle under the opti-
mized laser-emission area. In other words, these can be interpretable as a further advanced
version of the furnaces of which features are combined of both vertically and horizontally
configured optical furnaces.

These advantages of both a high temperature gradient at the interface and homogeneity
along the rotation axis allow us to apply the crystal growth to incongruent materials, as
mentioned in [112]. For instance, the growth of typical incongruent materials such as
multiferroic BiFeOj3, the cuprate (La, Ba),CuOy, and Y-type hexaferrite BayCo,Fej205; has
succeeded using laser source heating [112,113]. Thus, the laser-heating method has a high
potential for further crystal growth. Also, several further developments can be found using
the laser source: one example is a “hybrid” furnace for the crystal growth of an incongruent
oxide under a rather reducing temperature gradient, where four CO, lasers and four
halogen lamps are combined. The hybrid system enabled the successful production of
an incongruent material terbium aluminum garnet (Tb3Al5015) [114]. Another example
is a laser-heated furnace where the crystals can be grown under extremely high pressure
up to 675 bar [88], thanks to the laser property with an inherently well-directional beam.
Also, a higher laser power system with 20 kW can be equipped and the diameter of the
grown crystal 3-Ga,O3 using the system reached 30 mm [115]. The size increase of [3-
GayO3 should be useful for its application as a wide-gap semiconductor for optoelectronic
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devices. Another example of the available large crystals using laser heating is the successful
growth of R-5i-O systems that can be applied in scintillators used in gamma- and X-ray
detectors [116].

a

Figure 14. Photo of laser-diode-heated floating-zone furnace. The upper photo (a) represents the core
area for the growth, while the lower photo (b) shows the whole furnace with PC system for operation.
The figures are reprinted from [112], with the permission of Elsevier.

4.2. Modification of the Temperature Distribution Profile by Laser Emission

Further development of the laser intensity profile was performed by Kaneko and
Tokura very recently [113]. Laser emission can make the zone narrower than that formed
by the radiation from optical lamps, and the resultant interface between the solidified
feed/grown crystals and the molten liquid can be sharply defined, as mentioned above.
The “sharpness” can sometimes harmfully influence the cracking of the grown crystal
because of the thermal stress. Therefore, a relaxing temperature gradient has been required
for some materials, particularly oxides with a low thermal conductivity along the rods.
One example was a hybrid system that combined optical lamps with lasers, as described
above [114].

Another sophisticated approach is to modify the intensity profile of the laser by com-
bining it with optics. To relax the temperature gradient, the vertical irradiation intensity
along the growth direction has progressed from “flat” to “bell-shaped”; however, the hori-
zontal profile was kept “originally flat” along the radial direction of the rod (Figure 15) [113].
The “modified” temperature gradient with the bell-shaped profile makes the temperature
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gradient mild. This is in contrast with the crystals grown under the original flat profile
which were cracked by a too-sharp temperature gradient [113]. As shown in Figure 16,
a multiferroic oxide TbMnQOj crystal has significant cracks under an unmodified “flat”
profile; however, little cracks in the grown crystal are seen when the “modified bell-shape
profile” is adopted [113]. Introducing modern laser technology to the floating-zone furnace
enabled us to succeed in the crystal growth of quantum materials [117,118].
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Figure 15. Irradiation intensity profile of the laser. (a) The horizontal profile is kept “originally
flat” along the radial direction of the rod. (b) The vertical irradiation intensity along the growth
direction has progressed from “flat” to “bell-shaped” to relax the temperature gradient. The figures
are reprinted from [113], with the permission of Elsevier.

Figure 16. Cross-section pictures of the grown TbMnOj crystals by the laser-heated floating-zone
furnace. The left picture with many cracks represents the growth under the original “flat” temperature
profile along the growth direction, whereas the right one with little cracks represents the growth
under the improved “bell-shaped” temperature profile. The figures are reprinted from [113], with the
permission of Elsevier.

5. Concluding Remarks

The recent progress of the floating-zone furnaces for crystal growth is overviewed.
The most crucial point of the crucible-free floating-zone method is to keep the molten zone
stable, and many attempts have been examined the process and reported that the zone
forms under the following circumstances: a steep temperature gradient at the liquid-solid
interface along the growth direction, and a homogeneity of the molten liquid along the
rotation axis. This article reviewed several recent achievements of floating-zone furnaces
equipped with optical lamps or lasers as a heat source, as summarized in Table 1.
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Table 1. Summary of the recent progress of the floating-zone furnaces aiming for the stable molten zone.

Technique Section Improvement References
Optical lamp with vertical configuration 3.2 Homogeneous liquid [37,52,91-93]
Tilted mirror 3.3 Temperature gradient [94,97-103]
Irradiation shielding 3.4 Temperature gradient [104,105]
Lamp shape and geometries 3.5 Temperature gradient [106,107,109]

Temperature gradient

and homogeneous liquid [112]

Laser heating 4.1

“Milder” temperature
Laser heating with modified temperature distribution 4.2 gradient and [113]
homogeneous liquid

Attention has primarily focused on improving the temperature gradient in the optical
lamp furnaces with horizontal configurations. This article took the topic of mirror tilting,
shielding against irradiation, and the downsizing of the lamps. As an advantageous point,
these improve the temperature gradient along the growth direction. On the other hand,
it may affect the suppression of total power to the focal point. Therefore, we should be
careful when we grow crystals with high melting points. For vertical-type furnaces, the
outstanding advantage is the homogeneous molten liquid along the rotation axis. Since the
advantage has been widely recognized, the vertical-type furnaces will be more popular in
the near future. The laser-based furnaces have advantages for both cases of the temperature
gradient and the homogeneous molten liquid in the practical setup, where the equivalent
lasers with sufficient emission areas are equally located on a circle that each laser emits
toward the feed rod set in the center of the circle. Furthermore, a “milder” intensity
profile at the interface has been achieved to prevent cracks in the grown crystals, aiming to
overcome the “disadvantage” of a too-sharp gradient formed by the original laser emission.

Looking over these improvements, although the author is afraid of missing other
significant achievements, again, it is worth mentioning that these have been accomplished
by introducing the latest technology at the time of each. Advancing laser technology
is remarkable these days. It is promising that introducing further laser technology to
the floating-zone furnace has a high potential to obtain larger crystals and to succeed in
growing crystals that have had difficulties thus far. For further advancement, an example
concept is to control the focal areas combined with optics during the growth. The “real-
time” controlling of the focal area enables us to perform the growth operation of the entire
growth process more smoothly from the necking at the start to the end of the growth
through the subsequent stable growth of large crystals. For the optical mirror furnace,
again, it is never “old fashioned”, because of the flexibility for the improvement. For
instance, setting aluminum foils for shielding is simple but effective. Also, replacing the
lamps with optimized filaments is a more practical and reliable approach, because nearly
a thousand optical-lamp-based image furnaces have been installed worldwide, and they
have sufficiently long lifetimes for operation once installed. Thus, our research interests
toward the target materials should promote further progress of the furnaces, as it has in
the past.

“Melt sufficiently, and then solidify steadily”, is the essence of crystal growth: in the
floating-zone process, we never form the stable molten zone if the rod melting is poor.
In addition, we cannot obtain the crystal if the molten zone cannot properly form the
solidification under optimized conditions. Since the molten-liquid state of each material
has intrinsic surface tension and viscosity, it still seems hard to find a “universal” procedure
applicable to entire materials. Thus, crystal growth always faces challenges, particularly for
novel materials like quantum materials. But, once the growth is succeeded, it opens a new
window that the characterization of the grown bulk crystals unveils the fundamental and
intrinsic properties. Here, properties should be intrinsic because the floating zone is again
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a “crucible-free” technique. These findings contribute to gaining knowledge of potential
applications such as quantum computing, devices/sensors supporting an IoT society, and
even energy fields that will be the basis of next-generation societies. Thus, returning to the
Bridgman argument [1], the author emphasizes the importance of bulk crystal growth for
novel materials based on contemporary concepts. The author believes that the advancing
floating-zone technique continues to be a powerful tool for advancing material science.
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