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The Czochralski technique has induced technological revolution in the electronic industry. It has also been
widely used in the fundamental research area, as it allows obtaining high-quality single crystals of large variety
of binary, ternary and multinary compounds. The unique tetra-arc Czochralski furnace installed at the Institute
of Low Temperature and Structure Research, Polish Academy of Sciences in Wroctaw, described in detail in the
article, has been used to prepare a large number of single crystals of various Ce- and U-based intermetallic phases.
Their excellent quality has facilitated advanced investigations of their anisotropic, often highly unusual physical

properties.
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1. Introduction

The Czochralski technique of crystal growth, named
after distinguished Polish chemist Jan Czochralski, who
invented his method in 1916 while investigating the crys-
tallization rates of metals, is extensively used in semicon-
ductor industry mainly for the purpose of obtaining large
single crystals of silicon with low density of defects. Ap-
plication of the technique has induced technological revo-
lution in electronics, as it became the foundation in man-
ufacturing microprocessors. Owing to that, since semi-
conductor integrated circuits are relatively cheap and
easily available, advanced electronic devices are nowa-
days in common usage.

As a well-developed method of crystal growth, the
Czochralski process is also important and widely em-
ployed in the fundamental research area. It is essential
to investigate new materials on excellent quality single
crystals. Though growing them is often quite a difficult
task, the precise knowledge on anisotropic properties of
the systems studied is invaluable. The Czochralski tech-
nique allows obtaining single crystals of large variety of
compounds like borides, carbides, oxides, halides, salts,
or intermetallic phases.

Since its discovery, the Czochralski method has been
vastly developed. Scientists must have handled a lot of
technical problems, associated e.g. with its adaptation to
various types of materials. At present, different variants
of the Czochralski furnaces are in common use. Setups
utilized in scientific laboratories differ from each other
primarily as regards the approach to heating and melting
of starting materials. High-frequency electric induction
heaters or resistance heaters are most widespread. How-
ever, their fundamental disadvantage is the presence of
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a hot crucible. Sometimes, it is difficult to avoid con-
tamination of the melt with crucible material, especially
if the grown material has a high melting point. Some
efforts were made to overcome this problem [1, 2]. In
1968, Reed and Pollard [3] designed a cold-hearth tri-arc-
-melting furnace. In their approach, polycrystalline sam-
ple was melted by three electric arcs (to ensure uniform
heating), which were ignited between tungsten cathodes
and the sample placed on a water-cooled copper anode.
Since thermal contact between the hearth and the sam-
ple was poor, the sample was molten, while the anode
remained cold.

The Czochralski technique has however some restric-
tions. Above all, one can obtain single crystals only of
systems that melt congruently. Otherwise, the phase de-
composes below the melting temperature and the pulled
ingot has multi-phase composition. Moreover, all the re-
actant elements must have rather low vapor pressure at
high enough temperatures, which guarantees their negli-
gible evaporation during the growth process that usually
lasts several hours. If not, chemical composition of the
melt changes during the synthesis and no single phase
material is obtained.

Until now, the Czochralski pulling furnaces employ-
ing electric arcs are not common. Only few dozen lab-
oratories worldwide are equipped with such devices. In
Europe, the first multi-arc furnace was built in 1982 by
Menovsky and Franse at the University of Amsterdam [4].
The tetra-arc furnace installed at the Division of Mag-
netics of the Institute of Low Temperature and Struc-
ture Research, Polish Academy of Sciences in Wroctaw
remains to date the only such facility available in Poland.
Since its delivery to Wroctaw in 2006, it has been used to
pull up a large number of single crystals of various inter-
metallic compounds, with a special focus on f-electron
materials.

Extraordinary interest in lantanoid- and actinoid-
-based systems, continuously shown by scientific com-
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munity since a few decades, arises due to very broad
variety of different physical properties, which are di-
rectly linked to the character of their electronic 4f or
5f shells. The observed magnetic behavior, for exam-
ple, may change from well-localized one, typical for “nor-
mal” rare-earths, to strongly delocalized one, character-
istic of early actinides. The particularly intriguing fea-
tures are often encountered in intermetallics based on
cerium, ytterbium or uranium, primarily due to dual
character of their f-states, controlled by hybridization
of these states with electrons from conduction bands. As
a consequence, plenty of unusual phenomena can arise,
such as valence fluctuations, superconductivity, quantum
criticality, heavy-fermion behavior, different exotic short-
and long-range orderings with multiple order parameters.

Advanced investigations of these spectacular features
require well-defined single-crystalline specimens. It has
been proven that one of the best methods of growing
crystals of cerium- and uranium-based intermetallics,
which typically melt at quite high temperatures, is the
Czochralski pulling technique. Its rare specific imple-
mentation in an arc furnace is a subject of the present
article.

2. Tetra-arc furnace design

The tetra-arc furnace installed at the Institute of Low
Temperature and Structure Research is presented in
Fig. 1. The furnace chamber (seen on the right-hand
side) is made of stainless steel. Its several lids can
be independently opened so that possible contamination
by solid residues of the chamber interior may be easily
cleaned up. The furnace is equipped with a water-cooled
copper crucible that plays a role of anode, on which the
starting material is laid and melted. Uniform distribution
of the melt temperature is ensured by four arc-electrodes
located in quarters as well as by speed-controlled rotation
of the hearth. Each electrode is made of tungsten doped
with thorium oxide to facilitate arc switching on and
its stability during growth process. The crystal prepa-
ration must be performed in oxygen- and moisture-free
atmosphere in order to avoid oxidation of extremely air-
-sensitive f-electron materials. Therefore, the furnace
is equipped with a high-vacuum pump station, which
consists of highly efficient rotary and turbo-molecular
pumps. For the growing process the chamber is filled
with argon gas with attested purity supplied through a
copper-made pipe line. Additionally, in order to further
improve the high-purity of inner atmosphere, eventual
traces of oxygen gas inside the chamber can be gettered
by melting a piece of metallic titanium during the entire
process of crystal growing. To generate electric arcs, the
furnace is powered up by five independently controlled
200 ampere DC TIG welding power sources (partly seen
behind the furnace chamber): four generators used for
arcs that melt the sample button and one for melting the
getter. A seed shaft unit, placed above the chamber, al-
lows to pull up crystals with controlled speed of upward

The tetra-arc Czochralski furnace installed at
the Institute of Low Temperature and Structure Re-
search, Polish Academy of Sciences in Wroctaw.

Fig. 1.

movement up to 39 mm/h and controlled speed of axial
rotation up to 10 rpm.

On the left to the furnace chamber (see Fig. 1), there
is located the main control panel of the furnace, used for
setting appropriate values of growth parameters, such as
rate of pulling, speed of hearth and seed rotations, and
intensity of electrical current engaged in the particular
arcs. The pulling process can be observed through three
side windows of the chamber, which are properly screened
to protect eyes from intense ultraviolet radiation of the
arcs. Moreover, the entire process is displayed on a TV
monitor equipped with a CCD camera that looks inside
the chamber.

3. Crystal growth process

To grow a single crystal of a given compound the cru-
cible is filled with 5-7 g of starting material in the form
of elemental constituents weighted in appropriate ratios.
Alternatively, a pre-melted polycrystalline button with
the proper composition can be used. If a seed crystal
is available it is mounted on the bottom of substrate
rod. Then, the chamber is evacuated to pressure of about
5x 1076 Tr and filled with ultra-pure argon almost up to
atmospheric pressure. Subsequently, the arcs are ignited
one by one to melt first the getter and after a while the
starting material. After some time needed to homogenize
the hot melt, a sharpened tip of tungsten-made substrate
rod is shortly dipped into it, and then pulled up quickly to
form a neck in the so-nucleated crystal. This procedure is
applied to avoid synthesizing polycrystalline material. In
the next step, the diameter of the crystal being grown is
gradually increased up to the required value by adjusting
the pulling speed and lowering the melt temperature, re-
alized through decreasing the intensities of arcs current.
Optionally, the axial rotation of the substrate rod can be
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switched on and set at an optimal rate. The entire grow-
ing process takes several hours. The so-obtained single
crystals have a shape of cylindrical rods with typical di-
ameter up to 3-4 mm and length of a few dozen mm.
As an example, Fig. 2 displays on a few photographs

the pulling process of a single crystal of CeRh3Sis, which
was obtained from polycrystalline button. This particu-
lar crystal was then verified by standard characterization
methods for its very high quality and thereafter used for
a series of physical measurements [5-7].

Fig. 2.

Key stages of single-crystal growth process: (a) melting polycrystalline button, (b) seeding a crystal, (c) pulling

up, (d) as-grown single crystal inside the chamber just after switching off the arcs.

4. Properties of single crystals

As an example of numerous f-electron based inter-
metallics obtained so far in the Crystal Growth Labo-
ratory of the Institute of Low Temperature and Struc-
ture Research in the form of single crystals, Fig. 3 dis-
plays a Czochralski grown crystal of the ternary com-
pound UNiSi,. High quality of the obtained crystal was
inferred from the observation of well-defined sharp spots
in the X-ray diffraction pattern recorded on a four-circle
diffractometer, and corroborated in the electrical resis-
tivity measurements via large values of the residual re-
sistivity ratio. The compound was initially studied on
polycrystalline samples and characterized as a ferromag-
netic (Tc = 95 K) Kondo lattice [8]. Its orthorhombic
unit cell of the CeNiSis-type (space group C'mem) was
found strongly elongated along one of the principal crys-
tallographic directions (e = 402.8 pm, b = 1614.1 pm,
¢ = 402.7 pm), and hence pronounced anisotropy in the
magnetic and transport properties could be anticipated.
However, only the most recent reinvestigation carried out
on oriented single crystals of UNiSi; has provided an un-
ambiguous proof for extremely anisotropic behavior of
this compound.

As can be inferred from Fig. 4, in the ferromagnet-
ically ordered state, the magnetization measured along
the c-axis, o., is distinctly larger than that taken along
the b- and a-axes, o, and o,, respectively. The huge
magnetic anisotropy is reflected in the ratios o./cp, & 50

Fig. 3.

Single crystal of CeRhsSi> grown by the
Czochralski technique in the tetra-arc furnace installed
in Wroclaw.

and o./0, = 4, observed at T = 1.71 K in a magnetic
field of 50 kOe. Clearly, the crystallographic c-axis is the
easy magnetization direction, while the b-axis is the hard
magnetic direction in the compound studied.

Figure 5 demonstrates that the magnetic behavior in
UNiSiy is strongly anisotropic also in the paramagnetic
region. Both the magnitude and the temperature vari-
ation of the reciprocal magnetic susceptibility measured
along the b-axis are distinctly different from those ob-
served along the two other principal directions. Fitting
the Curie-Weiss law to the experimental data over ex-
tended temperature intervals yielded the effective mag-
netic moment of 3.73 up for the b-axis, while it is equal
to 2.55 up and 2.49 up for the a-axis and the c-axis, re-
spectively. In turn, the paramagnetic Curie temperature,
derived from the b-axis data is negative and as large as
—417 K, whereas it is positive and amounts to 2 K and
102 K for the a-axis and the c-axis, respectively. All these
findings can be satisfactorily accounted for in terms of
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Fig. 4. Magnetic field variations of the magnetization
of single-crystalline UNiSiz measured in the ferromag-
netically ordered region at the temperature of 1.71 K.
For the sake of clarity, the magnetization data obtained
for the a- and b-axes were multiplied by a factor of 2
and 10, respectively.
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Fig. 5. Temperature dependences of the reciprocal mo-
lar magnetic susceptibility of single-crystalline UNiSi,
measured in the paramagnetic region in an applied mag-
netic field of 1 kOe. The solid straight lines represent
the Curie—Weiss fits.

substantial single-ion magnetocrystalline anisotropy that
is associated with fairly well localized 5 f-electrons [9].

5. Concluding general remarks

Comprehensive investigations of well-defined single
crystals are essential in contemporary solid state physics
for both gaining fundamental knowledge on the physical
properties of matter and recognizing their specific char-
acteristics being prospective for practical applications.
Frequently, experimental studies performed on single-
-crystalline materials provide facts and figures which
cannot, be inferred from analogous characterization car-
ried out on polycrystals. Most straightforwardly, various

physical property measurements executed along differ-
ent crystallographic directions deliver information about
anisotropic behavior of the studied material.

Since a few years, the tetra-arc Czochralski furnace
installed at the Institute of Low Temperature and Struc-
ture Research, Polish Academy of Sciences in Wroctaw,
has been successfully employed to prepare numerous
excellent-quality single crystals of various f-electron-
-based intermetallics. Unique implementation of four
electric arcs allows growing materials with high melt-
ing temperatures. The obtained crystals can be used in
detailed physical behavior studies, performed in multi-
-critical conditions: at low temperatures, in strong exter-
nal magnetic fields and/or under high hydrostatic pres-
sure. Continuous efforts directed towards preparation of
brand new or previously poorly investigated systems, and
methodical examining them on single-crystalline samples
by means of a variety of advanced experimental tech-
niques has been proven the best way to gain comprehen-
sive knowledge about the materials important for modern
science and technology.
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