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Abstract

The magnetic fields produced by electrical coils are designed for damping the thermocapillary convection in a floating
half-zone in microgravity. The fields are designed specially to reduce the flow near the free surface and then in the melt
zone by adjusting the longitudinal coil positions close to the melt zone. The effects of the designed magnetic fields on
reducing the flow velocity and temperature distribution non-uniformity in the melt zone are stronger than those of the

case of an uniform longitudinal magnetic field obtained by numerical simulation, particularly at the melt-rod interface.
It brings fundamental insights into the heat and mass transfer control at the solidification interface by the magnetic field
design for crystal growth by the floating full-zone method. # 2001 Published by Elsevier Science B.V.
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1. Introduction

The floating full-zone method is a crucible-free
process for the growth of high-quality single
crystal because the melt zone is confined by the
melt surface tension. However, the diameter of the
grown crystal is limited under the terrestrial
condition. The microgravity environment provides
the possibility of growing large size crystals by the
floating full-zone method. In this method, the
thermocapillary convection driven by the surface
tension gradient is dominant in the melt zone, and
the buoyancy-driven convection is greatly reduced.
The thermocapillary convection may be unsteady,
and induces the impurity striations. In order to

suppress the unsteady thermocapillary convection
in the melt, a steady magnetic field, in many cases
an uniform longitudinal magnetic field, is often
used [1–3]. The unsteady flow in the core region of
the melt zone is damped out and the impurity
striations in the according part of the grown
crystal is eliminated when the longitudinal mag-
netic field is strong enough. The longitudinal
magnetic field reduces effectively the flow across
the force-lines, but has less influence on the flow
along the force-lines such as on the free surface,
where the thermocapillary convection is driven,
even when the magnetic field is stronger. The
relatively strong convective recirculations still
persist near the free surface while the weak flow
occupies the core region of the melt zone. Such a
flow structure will induce non-uniformity in large
concentration distribution in the melt zone,
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particularly at the solidification interface which
results in the large radial macro-segregation in
the grown crystal [3]. It is important to improve
the concentration distribution non-uniformity at
the solidification interface by a suitable flow
structure in the melt zone. This cannot be achieved
by merely increasing the strength of the long-
itudinal magnetic field [3,4].

As the first step of the study, the paper presents
a discription of how axis-symmetric non-uniform
magnetic fields produced by electrical coils are
designed for damping the convection in the
floating half zone in microgravity which is often
used to investigate the thermocapillary convection
in the floating zone [5–11]. The magnetic fields are
designed specially to reduce the flow near the free
surface and then in the melt zone by adjusting the
longitudinal coil positions close to the melt zone.
The effects of the designed magnetic fields on
reducing the flow velocity and temperature dis-
tribution non-uniformity are obtained by numer-
ical simulation. It brings fundamental insights into
the heat and mass transfer control at the solidifica-
tion interface by magnetic field design for crystal
growth by the floating zone method.

2. Model

The model of the floating half-zone is described
in a cylindrical coordinate system (r; y; z) and is
assumed to be axis-symmetric, q=qy ¼ 0, as shown
in Fig. 1. A cylinder liquid bridge is floating
between rod-melt interfaces at z ¼ 0 and z ¼ L,
respectively, with the same radius R0 under
microgravity condition. The melt–rod interfaces
are assumed to be flat with constant temperatures
T0 at the lower rod and T0þDT at the upper rod,
respectively. Adiabatic ambient temperature dis-
tribution near the free surface is adopted for the
first step.

The designed magnetic fields in the present
paper are produced by several electrical coils,
which are located axis-symmetrically at adjusted
positions and close to the free surface. The
diameter of the coils is small and assumed to be
zero for simplification. The coils are located axis-
symmetrically. The magnetic fields produced by

the electrical currents of the coils are computed
based on the Biot–Savart’s law. Because the
magnetic Reynolds number is very small, the
induced magnetic field can be neglected. Further-
more, the induced electrical current is adopted as
zero because of the arrangement of the magnetic
field. The purpose of the present paper is to study
the design of the magnetic field for a more suitable
flow structure while damping the thermocapillary
convection.

The non-dimensional quantities and parameters
are defined as follows:

r* ¼ r

R0
; z* ¼ z

R0
; u* ¼ u

U0
; v* ¼ v

U0
;

p* ¼ p

rU2
0

; T * ¼ T ÿ T0

DT
; B * ¼ B

B0
;

G ¼ L

2R0
; Re ¼ rU0R0

Z
;

Ma ¼U0R0

k
; Ha ¼B0R0

ffiffiffiffiffiffiffiffiffiffi
se=Z

p
; ð2:1Þ

where (u; 0; v) are the velocities in ðr; y; zÞ direction;
L is the height of the floating half-zone; G is
the geometrical aspect ratio; p;T and r are the
pressure, temperature and density of the melt
respectively; DT the applied temperature differ-
ence between the rods; Z, k and se the melt
viscosity, the thermal diffusion coefficient and the

Fig. 1. The schematic diagram of a floating half-zone with

three electrical coils.
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electric conductivity respectively. The character-
istic velocity is defined as U0 ¼ jgTjDT=Z, where gT
is the gradient of surface tension. The character-
istic magnetic field B0 ¼ mrm0I0=pR0, where mr is
the relative magnetic permeability of the melt and
mr ¼ 1; m0 is adopted as 4p� 10ÿ7H/m; I0 is the
electric current intensity in a single coil. The
superscript ‘‘*’’ denotes non-dimensional quanti-
ties and will be omitted hereafter for simplifica-
tion. The thermocapillary convection in the melt
zone is assumed to be a steady and axial symmetric
process. The non-dimensional governing equations
are written as follows, and the gravity term is
omitted under the microgravity condition:
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The non-dimensional boundary conditions are
written as:

r ¼ 0; z 2 ð0;GÞ : u ¼ 0;
qv
qr
¼ 0;

qT
qr
¼ 0; ð2:6Þ

r ¼ 1; z 2 ð0;GÞ : u ¼ 0;
qv
qr
¼ ÿ qT

qz
;

qT
qr
¼ 0; ð2:7Þ

z ¼ 0; r 2 ð0; 1Þ : u ¼ 0; v ¼ 0; T ¼ 0; ð2:8Þ

z ¼ G; r 2 ð0; 1Þ : u ¼ 0; v ¼ 0; T ¼ 1: ð2:9Þ

3. Numerical simulation results

A strong uniform longitudinal magnetic field
can be produced approximately by four electrical
coils with I0 ¼ 4:0� 104 A in the same direction in
each coil, the magnetic field strength in the melt
zone is 0.988T [12]. To design the non-uniform
magnetic field, the coils are located near the free
surface with each carrying an equal electric current
I0 ¼ 2:0� 103 A in the opposite direction com-
pared with its neighbour coil, and a horizontal
plane of purely radial magnetic field appears
between the coils as shown in Fig. 2. It may be
practically difficult to carry the large electric
currents in such small electrical coils, but in the
present study, such coil design is simply used to
generate the non-uniform magnetic field with the
required configuration and the characteristic that
only the designed field at the purely horizontal
plane of the radial magnetic field near the free
surface has the similar field strength in comparison
with the longitudinal magnetic field, while the field
strength is much weaker in other regions.

Fig. 2. The schematic diagrams of the designed magnetic field

produced by (a) two coils and (b) three coils, respectively.
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The steady governing equations are treated as
‘‘pseudo-unsteady’’ equations and discretized on
the staggered grids by the finite control volume
difference method [13]. Fully implicit time march-
ing is used with first order in time term. Hybrid
scheme is adopted in writing the coefficients of
convection and diffusion term. The ‘‘block mod-
ification’’ method [14] is used to solve the problem
of difference equations. The boundary conditions
are discretized with second order accuracy. The
total grid meshes are 32� 64. The variables
convergence criteria may be estimated as follows:

uÿ uold
uold

���� ����
max

51:0�10ÿ5;

vÿ vold

vold

���� ����
max

51:0�10ÿ5;

T ÿ Told

Told

���� ����
max

51:0�10ÿ5;

where the subscript old denotes the previous
iteration and the subscript max means the max-
imum value of the absolute value. The residual of
each governing equation is smaller than
1.0� 10ÿ7.

To simulate the typical process of the semicon-
ductor crystal growth, the parameters are adopted
as G ¼ 1:0, Re=5000, Ma=50. The case of the
designed magnetic field produced by two coils is
studied at first. In order to gain the best magnetic
damping effects on the flow near the free surface,
the horizontal plane of purely radial magnetic field
is located around the ‘‘key point’’ which relates to
the maximum flow velocity on the free surface in
the case without magnetic field. Changing the
distance between the two coils, the magnetic
damping effects on the flow near the free surface
which are represented by the profiles of the
reduced flow velocity on the free surface are
compared with the case without magnetic field
and with the longitudinal magnetic field (Fig. 3).
In the case of two coils, when the distance is small,
the flow velocity on the free surface near the cold
end is reduced greatly and the reduced flow
intensity is relatively more uniform compared with
the case of without magnetic field and the case of
the longitudinal magnetic field. For the part near
the hot end, the damping effect is not so efficient

due to the strong cancel between the magnetic
fields produced by each coil which narrows
the damping range. With increasing distance, the
maximum reduction of the flow velocity on the
free surface decreases to some extent, but com-
pared with the case of the longitudinal magnetic
field, the overall damping effects of the case of two
coils on the flow velocity on the free surface is still
obvious and much more uniform. It can be seen
that the distance between the coils is an important
parameter for the magnetic field design.

Compromising the maximum magnetic damping
effects and the uniformity of the reduced flow
velocity on the free surface, the case when the two
coils are located at z ¼ 0:0 and z ¼ 1:1 (the solid
line in Fig. 3), is chosen to represent the designed
magnetic field produced by two coils. The effect of
three types of magnetic fields on reducing the flow
velocity and temperature distribution non-unifor-
mity are compared in Fig. 4. For the case without
magnetic field, the strong convective recirculation
occupied the whole melt zone and the temperature
distributions are obviously non-linear. When the

Fig. 3. The profiles of flow velocity on the free surface velocity

v in the cases of the designed magnetic field produced by two

coils when the coils are located at (1) z ¼ 0:2 and z ¼ 0:9; (2)

z ¼ 0:0 and z ¼ 1:1; (3) z ¼ ÿ0:1 and z ¼ 1:2; (4) z ¼ ÿ0:2 and

z ¼ 1:3, respectively for Pr=0.01, Ma=50 and G ¼ 1:0.
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strong longitudinal magnetic field is applied, the
flow intensity is reduced to a great extent, but the
relatively strong convective recirculation still
persists along the free surface. The difference
between the flow intensity in the core region and
the one near the free surface is obvious. It can also
be proved by the distortion of the temperature
distribution near the free surface. In the case of the
designed magnetic field produced by two coils,
the reduced weak and uniform flow on most part of
the free surface can only drive a weak convective
recirculation at the corner near the hot end. It may
be expected to result in a better impurity mixture

in the body of the melt zone compared with the
case of the longitudinal magnetic field. Moreover,
the flow intensity in front of the cold end is weak
and relatively more uniform as shown in Fig. 5
which results in the linear temperature distribution
there. In other words, the damped flow field
structure is more suitable compared with the case
of the longitudinal magnetic field.

In the case of the designed magnetic field
produced by two coils, the merits of the magnetic
damped flow structure are obvious, but the flow
intensity near the hot end is not reduced enough,
so the magnetic field produced by three coils is

Fig. 4. The flow velocity (upper) and temperature distributions (lower) in the case of the designed magnetic field produced by two coils

(right) compared with the case without magnetic field (left) and the case of the longitudinal magnetic field (middle) for Pr=0.01,

Ma=50 and G ¼ 1:0. The space of dimensionless iso-temperature lines is DT ¼ 0:1.
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designed based on the previous study. It can be
seen that the relative position of the third coil is
also important for the overall magnetic damping
effects (Fig. 6) on the flow near the free surface,
especially the part near the hot end. The magnetic
damping effects on the flow velocity on the free
surface are adjusted best when the coils are located
at z ¼ 0:0, 1.1 and 2.0 respectively (the solid line in
Fig. 6). In this case, the profile of the reduced flow
velocity on the free surface is almost straight by
the further reduction near the hot end. It results in
a weaker and more uniform damped flow field and
a linear temperature distribution which is close to
a pure thermal conduction case (Fig. 7).

To check the validity of the designed magnetic
field in the case of the large Marangoni number,
the effects of the designed magnetic fields on
reducing the flow velocity and temperature dis-
tribution non-uniformity, when Ma=0.5� 103,
are simulated as shown in Fig. 8. The results show
that the variation principles of the flow velocity
and temperature distribution under the magnetic
fields are similar to the case of the relatively small
Marangoni number.

From the study above, it can be seen that to gain
the suitable flow structure which helps to reduce

the radial macro-segregation while damping the
thermocapillary convection, the application of the
designed magnetic fields produced by electrical
coils to reduce the flow near the free surface is
really attractive.

4. Discussion

In the present paper, the magnetic fields
produced by electrical coils are designed for
damping the thermocapillary convection in a
floating half-zone in microgravity. The fields are
designed specially to reduced the flow near the free
surface and then in the melt zone by adjusting the
longitudinal coil positions close to the melt zone.
The effects of the designed magnetic fields on
reducing the flow velocity and temperature dis-
tribution non-uniformity are stronger than those
of the case of uniform longitudinal magnetic field
obtained by numerical simulation, particularly at
the melt–rod interface. It gives the fundamental
insights into the heat and mass transfer control at

Fig. 5. The profiles of the radial flow velocity at z ¼ 0:015625,

which is very close to the cold melt-rod interface, for the cases

without magnetic field, with the longitudinal magnetic field and

with the designed magnetic field produced by two coils.
Fig. 6. The profiles of the flow velocity on the free surface

velocity n in the cases of the designed magnetic field produced

by three coils when the coils are located at z ¼ 0:0, z ¼ 1:1 and

z ¼ 2:4; (2) z ¼ 0:0, z ¼ 1:1 and z ¼ 2:0 (3) z ¼ 0:0, z ¼ 1:1 and

z ¼ 1:6, respectively for Pr=0.01, Ma=50 and G ¼ 1:0.
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Fig. 7. (a) The magnetic field schematic diagram, (b) the flow velocity and (c) temperature distribution in the case of the designed

magnetic field produced by three coils for Pr=0.01, Ma=50 and G ¼ 1:0. The space of dimensionless iso-temperature lines is

DT ¼ 0:1.

Fig. 8. The flow velocity (upper) and temperature distributions (lower) in the case of the designed magnetic fields produced by two

coils (c) and three coils (d) compared with the case without magnetic field (a) and the case of the longitudinal magnetic field (b) for

Pr=0.01, Ma=0.5� 103 and G ¼ 1:0. The space of dimensionless iso-temperature lines is DT ¼ 0:1.
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the solidification interface by the magnetic field
design for crystal growth by the floating zone
method.

The main idea of the present paper is to locate
the coil as closely to the free surface as possible,
and the thermocapillary convection driven from
the free surface can be reduced obviously near the
source and then in the floating zone. The results of
the calculation show that the approach of the
magnetic field design can reduce the thermocapil-
lary convection. On the other hand, from a
practical viewpoint, the high temperature melt of
the floating half-zone prevents the coils from being
placed too closely to the free surface of the melt. A
careful design should be applied in order to use the
idea of magnetic field design in practice. The space
experiment of semiconductor crystal growth has
been performed for a rod of 200 in diameter [15], so,
as an example, we adopted the radius of semi-
conductor and then the free surface location at
R0¼ 4 cm, and the radius of the electrical coils
located at 1:5R0¼ 6 cm for producing the designed
magnetic field as discussed in the present paper. In
this case, there is enough room to arrange the coils
with enough current such as I0 ¼ 104 A.

The floating zone method is beneficial for high-
quality semiconductor production on the ground,
but the gravity limits the diameter of the sample
and the buoyancy convection may induce the
concentration distribution non-uniformity in the
sample. The microgravity environment reduces
greatly the buoyancy convection, and the thermo-
capillary convection may also be oscillatory in the
case of larger temperature difference or the
Marangoni number. Therefore, introducing a
magnetic field to improve the velocity and
concentration distributions of the sample is
important even in microgravity environment. The
conclusion of the present paper shows that the
effect of a designed magnetic field will be better
than that of the longitudinal magnetic field, which
is usually adopted. It should be noted that a
simplified model to proper the idea of designed
magnetic field is discussed in the present paper,
and more analyses to improve the simplified model

to relate the practice are necessary, and will be
discussed elsewhere. Moreover, further study on
the effect of the designed magnetic field on the
concentration distribution is necessary.
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