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ABSTRACT

The growth of elemental metal single-crystals is usually achieved through classic growth techniques such as the Czochralski or floating zone
methods. Drawbacks of these techniques are the susceptibility to contamination from the crucible and thermal stress-induced defects due
to contact with the ambient, which can be mitigated by growing in a containerless environment. We discuss the development of a novel
crystal growth apparatus that employs electromagnetic levitation in a vacuum to grow metal single-crystals of superior quality and purity.
This apparatus enables two growth modes: containerless undercooled crystallization and levitation-based Czochralski growth. We describe
the experimental setup in terms of coil design, sample insertion and collection, seed insertion, and sample position and temperature tracking.
As a proof of concept, we show the successful growth of copper single-crystals.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064486

I. INTRODUCTION

Traditionally, the growth of elemental metal single-crystals is
achieved through classic growth techniques, such as the Czochral-
ski, Bridgman, or floating zone methods. Using these techniques,
decent-quality crystal rods can be fabricated with relative ease for
most metals. The rods, typically 10 mm in diameter and lengths up to
100 mm, can be shaped using electrostatic discharge machining and
subsequently polished to the desired crystal orientation. For decades,
the crystals grown with these methods have been used in a myriad
of scientific experiments. As the characterization techniques, such as
x-ray standing waves (XSWs), that are used at synchrotron facilities
become more and more accurate, the demand for high-quality crys-
tals exceeds the current state-of-the-art quality and purity of metal
crystals.

The traditional arsenal of growth methods suffers from a num-
ber of drawbacks that hinder the fabrication of perfect single-
crystals. First of all, the molten ultrapure source material is in contact
with a crucible, typically made of graphite or an oxide material.
It is not surprising that this leads to contamination of the metal
with impurities coming from the crucible.!~* Therefore, extensive
research into the crucible material is needed before relatively clean
conditions are met.*

Second, the crucible creates a thermal gradient within the sys-
tem, which, in turn, gives rise to crystal defects.”” Although the
floating zone method does not directly use a crucible (the rod used
as a starting material is, however, usually still shaped in a crucible),
this does not mean the material is free from thermal stress. Actually,
all growth methods, in one way or another, mechanically suspend
the crystalline rod that is in contact with the melt, again leading to
thermal stress-induced crystal defects.*’

To overcome these hurdles, it would be useful to grow crystals
in a containerless environment. The absence of a crucible solves both
the contamination problem and the thermal stress-induced crystal
defect problem. This has already been done for very small samples
with the use of a drop tube'” or for larger samples in the microgravity
environment of space.''"'? The drop tube samples are too small for
common research applications, and the growth is difficult to con-
trol. The crystals grown in space are too expensive from a commer-
cial point of view. The goal is then to be able to grow decent-sized
crystals in a containerless environment on the Earth.

In this article, we discuss the development of a novel crystal
growth apparatus that employs electromagnetic levitation (EML)
in a vacuum to grow elemental metal single-crystals of superior
quality and purity. EML relies on the Lorentz force induced by
the levitation coil and exerted on the metal sample.”” A large
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high-frequency current is passed through a coil, which generates a
large time-varying magnetic field. This alternating field causes an
electromotive force (EMF) that leads to eddy currents induced in
any conducting sample placed within the coil. These eddy currents
are such that the Lorentz force, arising from the currents inside the
applied magnetic field, repels the sample away from the coil. During
levitation, the gravitational force is balanced by the Lorentz force.
In addition to generating a Lorentz force, the eddy currents cause
Joule heating of the sample. Through careful coil design, the cou-
pling between levitation and sample temperature can be controlled
in order to create a comfortable temperature window suitable for
crystal growth.*

A few examples exist in the literature based on another form
of EML. The levitation-assisted self-seeding crystal growth method
makes use of a conventional crucible and an induction heating coil
setup, but part of the melt is lifted by the electromagnetic forces
to form a seed for the melt still at the bottom of the crucible."”
Another example is that of a Hukin-type crucible design, where the
melt levitates in the crucible, and a single-crystal is grown using the
Czochralski technique.”'® Still, in both examples, the material is at
some point in contact with the crucible, so contamination cannot be
completely avoided. Furthermore, the complexity of Hukin crucibles
makes it difficult to tailor to multiple masses and materials. In our
design, the complete cycle of melting and solidifying the material as
a single-crystal is performed while levitating in a truly containerless
environment. The classic EML coils that are used are easy to tailor to
a wide variety of metals."’

It is notoriously difficult to grow defect-free large-sized single-
crystals from the platinum group metals, such as iridium, ruthe-
nium, and rhodium. At least equally difficult are the refractory
group metals, such as tantalum and tungsten or, in the broader
definition of refractory, chromium. Most of these metals share a high
melting point well above 2000 K or even above 3000 K in some
extreme cases. Metals having such a high melting point are nor-
mally very difficult to melt contamination-free, as (water-cooled)
crucible material choice becomes even more critical at such high
temperatures. The large thermal gradients also make these metals
challenging to grow grain-, dislocation-, and defect-free. Although
the aim is to keep the apparatus as generic as possible—a slight
improvement might also be expected in the crystal growth of lower
melting point materials, such as copper—the primary focus lies on
the aforementioned metals.

In Sec. 11, we first define the design requirements of a fully
containerless crystal growth apparatus. Then, we describe the exper-
imental setup in terms of coil design, sample insertion and collec-
tion, seed insertion, sample position, and temperature tracking and,
more generally, in terms of vacuum considerations, power supply
specifications, and required water cooling.

Il. METHODS

In order to grow perfect metal crystals, the system should allow
the following:

1. The insertion and levitation of a wide variety of metals.
Precise control of the sample temperature in both liquid and
solid states.

3. The growth of a single-crystal with a well-defined nucleus.

ARTICLE scitation.org/journal/rsi

4. The reduction in contamination from parts in contact with the
sample as well as from the air.

5. The reduction in thermal gradients in the sample (and seed
crystal, if used).

6. Collection of the sample after levitation without inducing
crystal defects due to kinetic shocks (i.e., dropping on a solid
surface).

A. Coil design and sample temperature control

A classic levitation coil consists of two parts: a bottom coil pro-
vides the lift and a smaller upper coil with reversed current polarity
stabilizes the sample. Figure 1 shows an example of such a coil.
Temperature control is possible since the force, F, is proportional
to the magnetic field as BV B, whereas the dissipated power, P, in
the sample is proportional to |B|>."* The temperature follows from
the balance of this dissipated power and the radiated power. It is
clear that the sample temperature is highest where the magnitude of
B reaches its maximum, which is in the middle of the bottom coil.
Another “hot zone” is present in the middle of the top coil.

A sample requires a minimum amount of current to levitate,
depending on its conductivity. With increasing current, the sam-
ple levitates higher in the coil, with asymptotic behavior toward a
maximum height between the two coils. The sample temperature
approaches the maximum value at the minimum current needed for
levitation; since then, the sample is closest to the middle of the bot-
tom coil. It is, however, difficult to achieve stable levitation with this
minimum current setting. Upon heating or even melting, the sam-
ple conductivity decreases, and a rapid adjustment of the current is
required in order to avoid dropping the sample. At high currents, the
sample moves toward the second hot zone, where stability is not an
issue. Here, the maximum temperature is capped by the maximum
current that the power supply can deliver. From a crystal growth
point of view, the material properties and coil design determine
if it is preferential to melt the sample in the lower or the upper
zone. Since the material properties are fixed, careful coil design is of
utmost importance, before attempting to grow crystals of a specific
metal.

The sample temperature for a given current can be calculated
using a simple model,'* which is based on one of the first analytical
descriptions of EML by Fromm and Jehn.!” This particular model

FIG. 1. An aluminum sample levitating in a levitation coil. The bottom coil pro-
vides lift, and the top coil stabilizes the sample. A crystal seed is visible above the
coil.
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improves upon the model by Fromm and Jehn by modeling the
coil as a truly 3D path instead of concentric rings and modeling
the sample as multiple rings stacked in a spherical geometry instead
of a single ring. Where most studies using EML are only interested
in measuring certain thermophysical properties,'® we also want to
precisely control the temperature when cooling down in order to
crystallize the sample. When a metal sample melts, generally, both
the conductivity and the emissivity decrease.'””’ This causes the
temperature of the liquid to increase sharply due to increased Joule
heating and decreased thermal radiation. Thus, after melting, nature
is not in our favor for subsequent cooling and solidification. Less
power input in EML does not necessarily mean a lower temperature
due to the sample levitating closer toward the hot zone of the lower
coil. Again, the solution is found in careful coil design such that a
temperature vs current path exists that enables crossing the melting
point in both directions.

Finally, the temperature is proportional to the alternating cur-
rent frequency as \/7 ,'” which, together with the current magnitude
and coil design, makes the frequency the third parameter to vary in
finding optimal growth conditions.

Using the model,'* we can calculate the temperature of a given
sample for a given coil and frequency vs the current. The design of
the coil is changed manually until a viable solid-liquid-solid cycle is
found for a particular material. Parameters to consider are the coil
tubing diameter, the distance between the lower and upper coils, the
number of windings, and the angle and positions of the windings.”’
For our requirements, described at the beginning of Sec. II, for a
generic system with a focus on platinum group and refractory group
metals, we manually designed several levitation coils with a 4 mm
outer tubing diameter that could levitate, melt, and solidify spherical
samples up to 12 mm in diameter for 15 different metals. According
to our calculations, this requires frequencies in the order of 100 kHz
and currents up to 1000 A. The power source and cooling capabilities
of the experimental setup were chosen accordingly.

B. Growth modes

We envision two potential crystal growth modes: container-
less undercooled crystallization and levitation-based Czochralski
growth.

In the first mode, the sample is levitated and heated until it is
completely molten. Then, the current is adjusted such that the liquid
cools down to below the melting point. Samples levitated by EML
are very stable, and therefore, the formation of a critical nucleus far
below the melting temperature might be an issue. A solution is to
externally induce the crystallization process using a very thin and
sharp needle with a nanoseed at its apex. The temperature should
be closely monitored using a pyrometer such that the crystal growth
velocity can be controlled, as the quality of the end result greatly
depends on this velocity.””

In the second mode, the sample is molten but then kept slightly
above the melting point. Growth then proceeds as usual with the
Czochralski technique, with the difference that the levitation coil, in
essence, replaces the crucible. In this case, special attention must be
devoted to the design of the top coil, as the magnetic field induced
there will also heat the seed crystal. The advantage is that there is less
thermal stress between the liquid and the seed. The disadvantage is
that the seed might melt if the current becomes too high.

ARTICLE scitation.orgljournal/rsi

C. Experimental setup

A setup that fulfills the criteria described at the beginning of
Sec. IT has been designed and constructed. The schematic in Fig. 2
shows a cross section of this experimental setup, and a photograph
is shown in Fig. 3. At the heart of the setup is the sample (1), levi-
tated by the water-cooled coil (4). The entire system resides inside
a high vacuum chamber (15) to prevent contamination from air-
borne particles and to prevent oxidation at high temperatures. At
the start of an experiment, the sample is held in position in one
of the alumina cups of the sample carousel (5). When the current
is turned on, the sample starts to levitate. The sample carousel can
then be retracted downward using the Z-manipulator (20) and sub-
sequently rotated away from the coil using a rotary feedthrough (23).
Note that the manipulator axis (19) is off-center from the middle of
the coil/chamber. During levitation, the sample position is tracked
with a camera (17). The sample temperature is monitored using a
pyrometer (2) so that optimal growth conditions can be obtained by
controlling the coil current.

To introduce the seed crystal (3), the seed carousel (6) can be
rotated in a position above the coil with the rotary feedthrough (22),
which rotates independently from the sample carousel. Since it is
possible that the sample might not levitate precisely in the middle
of the coil, it is possible to adjust the seed position with the XY-
manipulator (21) before lowering the seed to make contact with the
molten sample. To avoid large thermal gradients in the hot seed
crystal, it is suspended by a tungsten wire (8), which, in turn, is con-
nected to a cold alumina rod (7). The alumina rods of both carousels
are in place to electrically decouple all objects in the vicinity of the
coil from the chamber, as metallic parts are susceptible to induction
heating and could even short circuit the entire system when touching
the coil.

After growth, the seed has fused with the crystal so that the
crystal can be easily collected through the quick access door (18).
If the thin seed crystal cannot support the weight of the sample crys-
tal, the sample will fall when the levitation current is turned off. In
this case, the sample falls down on a soft bed of annealed carbon felt
(14), after which the surface of the sample can be cleaned and used as
usual.

The power source is an Ambrell EKOHEAT system with an
output power of 40 kW, capable of delivering a current with a fre-
quency of 50-150 kHz, depending on the capacitor bank (13) con-
figuration. With a typical coil, the maximum current output is in the
order of 1500 A.

The camera (17) captures images with 60 frames per second and
has a resolution of 3072 x 2048 pixel®. In practice, this translates to
a resolution where one pixel corresponds to 25 x 25 pm®, enabling
sample tracking with very high accuracy. Figure 1 shows a snapshot
of an aluminum sample levitating in a coil. A tracking system rely-
ing on in-house developed software tracks the sample position in
real-time using either Hough circle detection or blob detection for
samples of irregular shape. We have already discussed the depen-
dence of the sample temperature on its height in the coil. Thus, in
addition to the pyrometer data, live tracking of the sample posi-
tion gives valuable information about the temperature, which can
be directly applied to optimize the crystal growth.

The above description is, in essence, the heart of the exper-
imental setup. We will now discuss several other characteristics.
First of all, the current-carrying rods between the coil and the
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1. Sample

2. Pyrometer

3. Seed crystal

4. Levitation coil
5.Sample carousel
6. Seed carousel

7. Alumina rods
8.Tungsten wire
9. PEEK spacers
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10. Electrical feedthrough

11. Electrical feedthrough watercooling
12. Coil watercooling connection
13. Capacitor bank

14. Carbon felt

15.Vacuum chamber

16. Chamber door

17.Camera

18. Quick access door

19. Off-centre adaptor flange

20. Z-manipulator (travel 300 mm)
21. XY-manipulator (travel 25 mm)
22. Rotation of seed carousel axis
23. Rotation of sample carousel axis

100 mm
—

FIG. 2. Schematic cross section of the experimental setup (drawn to scale).

capacitor bank are subjected to large Lorentz forces due to the oppo-
site current directions and thus tend to separate from each other.
Without clamping the rods in place with several polyether ether
ketone (PEEK) spacers (9), the maximum deflection at the coil end is
in the order of a centimeter. This can potentially put so much force
on the electrical feedthrough (10) that it starts leaking or, worse, the
ceramic of the feedthrough can break. Even more importantly, with-
out the spacers, the coil itself is greatly deformed since the rods push
both endpoints of the coil apart. With these deformations, careful

coil design would not be very useful, as the geometry used in calcu-
lations would not match the experimental one. The choice is made
for PEEK spacers since a ceramic such as alumina is not able to
withstand the forces without fracturing.

Second, the same magnetic fields that levitate and heat the sam-
ple also heat the vacuum chamber. Although the coil itself is suffi-
ciently far away from the chamber walls, the electrical feedthrough
is heated substantially by the current-carrying rods and thus requires
active water cooling (11). In addition, the coil itself needs to be
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FIG. 3. Photograph of the experimental setup. (a) Power source. (b) Water cool-
ing tank and pump circuit. (c) Vacuum manipulator. (d) Pump and safety control
cabinet. (e) Monitor with live camera feed of the coil. (f) Operator workstation. (g)
Capacitor bank and electrical feedthrough. (h) Vacuum chamber. (i) Self-leveling
table.

cooled (12). With an inner coil diameter of 3 mm, 20 bars of water
pressure is required to reach a flow of 8 I/min necessary to transport
a theoretical maximum power of 40 kW. The coil is attached to a
sliding door (16), making it easy to service and replace.

The vacuum chamber can be filled with argon gas to prevent
vapor deposition of the hot source material on the viewports. Finally,
the entire chamber is placed on a self-leveling granite table to reduce
vibrations as much as possible.

Ill. RESULTS AND DISCUSSION

As a proof of concept, we have grown copper single-crystals in
the levitation setup. The experiment was performed by suspending
a solid copper rod (diameter of 12.7 mm, 99.99+% purity, Advent
R.M.) in a coil. The chamber is pumped down to 5 - 10~° mbars,
at which point it is filled with 1 bar of argon (99.999% purity,
Westfalen). The current in the coil is varied from 175 to 350 A at
93 kHz, which increases the temperature in the rod until the bottom
of the rod starts to melt. A liquid droplet is formed, which is levi-
tated in contact with the solid rod. A crystal is subsequently grown
by cooling down the sample. The crystal is cooled down by decreas-
ing the current with 4.5 A/min to 70 A, at which point the power is
switched off and the crystal is left to cool to room temperature by
convection. The experiment was repeated to ensure that the results
are reproducible.

Two resulting unpolished copper samples are shown in the
inset of Fig. 4. At the position of the large green dot, a Laue x-ray
diffraction pattern is recorded, which is also shown in Fig. 4. We can
see a clear Cu(111) pattern with no apparent spot smearing or spot
splitting, indicating a low defect density. To ensure the monocrys-
tallinity throughout the sample, a series of images has been taken on
four locations along the crystal. The locations are spaced 2 mm apart
and are indicated by the green dots in Fig. 4. At every position, the
Laue diffraction image had a single-crystal appearance as in Fig. 4.
A fifth image recorded another 2 mm further showed two distinct
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FIG. 4. Laue x-ray diffraction image of a copper crystal grown in the levitation
setup. The theoretical spot positions are indicated in red together with their cor-
responding Miller indices. Two unpolished crystals are shown in the inset. The
diffraction image is taken at the position of the large green dot visible in the inset.

diffraction patterns, indicating a grain boundary. This shows that it
is possible to grow levitation-based single-crystals.

To compare the quality of the levitated crystal with a com-
mercially available crystal grown using the traditional Czochralski
technique, we aligned and polished both crystals following an identi-
cal preparation procedure. The raw diffraction measurements of the
crystals are shown in Fig. 5. To the eye, we see no significant differ-
ences between the two measurements, indicating that the levitation-
based crystal is at least equal in quality to commercially available
single-crystals. A more thorough investigation on the quality of the
crystal would warrant higher resolution diffraction measurements to

FIG. 5. Raw data of Laue x-ray diffraction image of a copper crystal grown in the
levitation setup, aligned and polished (left) compared to a commercially available
crystal prepared identically (right). Several spots are labeled with their respective
Miller index.
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FIG. 6. (a) Multiple copper shots levitating while clumped together. (b) All the cop-
per is molten, and the shape of the liquid droplet is now determined by the surface
tension and the magnetic pressure. (c) Low exposure photo of the liquid droplet.
The bright white spots are (oxide) contamination that is stirred toward the surface.
The reflection of the bottom coil is visible in the droplet as well.

make a quantitative comparison of, for instance, the spot width. In
future research, we will also perform contamination measurements
to compare our samples with those grown using traditional tech-
niques, where the material is in contact with a crucible, and explore
the parameters required for controlled growth of materials with a
higher melting point.

Finally, it is important to mention the shape of the samples
inserted in the coil. Although spherical samples are easy to model,"”
they can be difficult to acquire commercially for various high purity
metals. Moreover, spherical samples have an inherent rotational
instability,”” potentially causing the sample to spin at such high
speeds that it fractures. Thus, in practice, it is beneficial to start
with an asymmetric sample shape. Very pure metals are often com-
mercially available as shots. In our setup, it is possible to levitate
multiple copper shots (99.9999% purity, Goodfellow); see Fig. 6. The
magnetic force clumps the individual shots together, while friction
prevents the shots from spinning individually. Upon melting, they
fuse together to form a single droplet, after which the shape is deter-
mined by the interplay of surface tension and magnetic pressure.*
Thus, it is possible to insert any desired mass of material into the
coil while preventing high-speed rotations of the solid object(s). The
rotational instability poses less of a problem in the liquid form. On
the contrary, the resulting excessive stirring can even be beneficial to
purify the sample as (oxide) contamination is separated;”” see also
Fig. 6(c).

IV. CONCLUSION

We presented a novel crystal growth apparatus that employs
EML in a vacuum to grow metal single-crystals of superior

ARTICLE scitation.org/journal/rsi

quality and purity. The system is capable of levitating a wide variety
of metals while having precise control over the sample tempera-
ture in both the liquid and solid states within 1 K. Crystal growth
is possible with either containerless undercooled crystallization or
levitation-based Czochralski growth. As a proof of concept, we have
shown the growth of copper single-crystals. The crystals grown in
the EML setup are at least equal in quality to commercially available
single-crystals grown using the traditional Czochralski technique. In
future research, we will more accurately determine the crystal quality
and compare the purity of crystals grown in our containerless setup
with crystals grown in a crucible.
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