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As part of the preparations for the future ISS experiments, Dold
. . et al.[1] recently conducted terrestrial FZ experiments with radi-
In the floating-zongFZ) growth of semiconductor crystals, a Ht heating and with a small diameter for the feed rod and crystal.

body of molten semiconductor is held by surface tension betwe ith this small diameter, the effects of buoyant convection and of
the melting end of a cylindrical, polycrystalline feed rod and th ’ puoy .
solidifying end of a coaxial, cylindrical single crystal. For the e free-surface sag due to hydrostatic pressure were relatively

terrestrial, commercial FZ process, the melt zone is created a‘ﬂHa"' thus roughly approximating the future experiments in mi-

maintained by induction heating and the free surface is far froﬁgogravﬁty. .D0|d et al[1] _found that the application of a rotating
cylindrical. On the other hand, for future FZ crystal-growth exnagnetic field(RMF) d_urlng FZ crystal growt_h dramatlcz_illy re-
periments on the International Space Statit8s), the free sur- duced the average difference between adjacent maximum and

face will be essentially cylindrical, while there will be axisymmet-minimum dopant concentrations in the striations. They attributed

ric radiant heating to create and maintain the melt zone. For thégéS improvement to an increase of the frequency of the periodic

ISS experiments, the free-surface temperature will vary fromPnaxisymmetric thermocapillary convection. Thus in their ex-

maximum at a middle circumference to the solidification tempe%e.”mems' the RMF did not eliminate the thermocapillary insta-

1 Introduction

ture at both the feed rod and crystal interfaces. Since the surf lty, but it _reduced its dele_terious effects. An RMF is produced
Y% connecting the successive phases of a multiphase AC power

tension of most molten semiconductors in an inert atmosph nd I 4 azimuthal " d
decreases as the temperature is increased, the variations of surfQHEce o Inductors at equally spaced azimuthal positions aroun

tension will drive two toroidal melt circulations with flows alongtN€ melt. The inductors are generally designed to produce a spa-

the free surface from the hottest circumference toward both tHg!ly uniform transverse magnetic field which rotates at a constant
feed rod and crystal, and with axial return flows near the centé”rrJguIar velo_C|tyw ar0l_md the centerline of_the melt. For the typi- .
line. This surface-tension driven or thermocapillary convectioff! requencies anddfleld strenths used in crys_tal-gr_owthhelxt[))e(rjl-
has a very large radial derivative of the axial velocity near the fréB€NtS: anhRMFlprohycssda ?tea {j axisymmetric, ﬁlemutl al body
surface, and this large velocity gradient leads to a hydrodynal é%rce oln t ehmed'_t. T IS Oh Y ?]rce fives an am;m;t a Ys gc'ty én
instability even when the temperature difference along the fréa® Melt in the direction that the RMF rotates. If the solid bound-
surface is quite small, e.g., 1-2°C. A much larger free-surfa% d h imuthal velocity dri d . .
temperature difference is required in order to avoid the morph2c€ due to the azimuthal velocity drives steady, axisymmetric,
logical instability of the crystal-melt interface which would leadn€"idional circulations with radially inward flows near the planar
to polycrystalline solidification. The thermocapillary instability in- '?u'd'so_'ad |ntet;faces anﬁ with ra(]jclally outwaLd flow near theh
volves a transition from steady axisymmetric melt motion to noflan€ midway between these interfaces. For the FZ process, the
axisymmetric steady or periodic melt motion. The quality of an erldlc_mal C|_rculat|ons due to the RMF reinforce the thermocap-
semiconductor crystal depends on the uniformity of additives Si&TY circulations. . . .
dopants which give the crystal the desired electrical or optical Walker et al.[2] recently presented a linear stability analysis
properties. With a nonaxisymmetric melt motion, the masS' the present problem with an RMF, but without rotation of the
transport of dopants in the melt leads to undesirable spatial osGfySta! or feed rod about their common centerline. They showed

lations of the dopant concentration in the crystal, which are calldg@l as the strength of the RMF is increased from zero, its effects
striations. are destabilizing, i.e., the critical value of the Reynolds number

for the thermocapillary convection, Re decreases. However, as
Contributed by the Heat Transfer Division for publication in th®URNAL OF the RMF §trength is further mcrgased,cREeacheS a mm.lmum
HEAT TRANSFER Manuscript received by the Heat Transfer Division May 23, 20038Nd then increases to values which are considerably higher than
revision received December 2, 2003. Associate Editor: V. Prasad. the Re, without an RMF. This stabilization emerges once the

ies are not rotating, then the axial variation of the centrifugal
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azimuthal velocity produced by the RMF becomes large enough Problem Formulation
that the coupling of the radial convection of angular momentum
and the centrifugal force due to the azimuthal velocity can signifg’ir
cantly alter the base-flow thermocapillary convection.

For the FZ process, the azimuthal velocity is limited by the fa

We assume that all the thermophysical properties of the melt
e uniform and constant, except the surface tension, which de-
creases linearly with increasing temperature. We use cylindrical

. . Poordinates i(,0,z) with the z axis along the centerline of the
that the associated centrifugal force can overwhelm the surf

tension, breaking the liquid bridge. In the FZ process, the angu| rindrical melt zone, wi}h the origin at the center of the melt, and
velocities of the crystal and feed rod seldom exceed 30 rpm b\%'-th the unit vectors ,6,2). We normalizer andz with R th.e
i : . radius of the melt zone, and we assume that the axial distance

cause of the free-surface stability. An RMF is also limited by th etween the two liquid-solid interfaces iR2because the height

same constraint. For terrestrial FZ processes, the feed rod 30%iameter ratio of the melt zone in the actual FZ process is

crystal are often rotated with different angular velocities and i enerally close to one.

opposite azimuthal directions. However, for the future 1SS expert- t1,o dimensionless governing equations are

ments, the crystal and feed rod will both be clamped inside a

sealed ampoule, so that only rotation with the same angular ve- N -,

locity and in the same azimuthal direction will be possible. =i F(v-V)v=—Vp+Tmf,0+V7y, (12)
The purpose of this paper is to investigate whether combining

rotation of the crystal and feed rod with an RMF can provide more V-v=0, (1b)

stabilization of the thermocapillary convection than an RMF

alone, given the constraint that the azimuthal velocity cannot ex- ﬂJrV.VT: Prly2T (1c)

ceed a certain value. If we initially apply an RMF which leads to at '

the maximum allowable azimuthal velocity, the rotation of thel_he dimensionless variablésv, p, andT are time, the melt ve-

crystal and feed rod in the same direction would mean that the._. -
strength of the RMF must be reduced to prevent increasing t00|ty, the melt pressure and the deviation of the melt temperature

[ o .
azimuthal velocity. Thus rotation in the same direction as t om the solidification temperature, each normalized R »,

5 s ; . .
RMF means reducing the stabilizing effects of the RMF, so it i&/R, pr*/R%, and AT)., respectively. The dimensionless param-

H 2p4 2
not promising. On the other hand, applying an RMF in the az?_tedrsﬂ?ers are(rjt}he m?)gne;c/Taylc;]r numberél'mu% R /Zpyth'
muthal direction opposite to that of the crystal and feed-rod rot?-n € Frandli numpber, ¥uik, Wherev, p, o, ahdk are the

. ' L : : Kinematic viscosity, density, electrical conductivity, and thermal
tion might have significant effects on the thermocapillary mStab'diﬁusivity of the melt, while (\T). is a characteristic temperature

ity without exceeding the azimuthal velocity limit. Beforedifference, and® is the magnetic flux density of the RMF. Assum-

beginning this research, we identified a reason why this combing- . :
tion might be destabilizing and another reason why it might %ég that the electric currents flowing through the crystal and feed
h

stabilizing. Rotating the crystal and feed rod in the opposite d d are negll_glble, the dimensionless azimuthal body force due to
. i e RMF[8] is
rection from the RMF will decrease the average angular momen-

tum. If the stabilizing effect of the RMF arises primarily from the * Jy(Ayr)coshiAnz)
radial convection of a strong angular momentum, then opposite f9=r722 > , 2
rotation might be destabilizing. On the other hand, with rotation of N=1 (Ay—1)Ja(An)coshiny)

the crystal and feed rod to produce the maximum allowable aginere 3, is the Bessel function of the first kind arih order,
muthal velocity at the liquid-solid interfaces and with the RMRypile ) are the roots of\yJo(Ay) —J1(Ay) =0. Equation(2)
braking this angular velocity and possibly producing an azimuthghmes from a separation-of-variables solution for the electric po-
velocity in the opposite direction near the plane midway betwegantial function with the assumption that the melt velocity is much
these interfaces, the axial variation of the centrifugal force due fss thanwR. The characteristic equation farg, comes from the

the azimuthal velocity drives two steady, axisymmetric meridiongbndition that the radial electric current is zero at the free surface
circulations with radially outward flow near the liquid-solid inter-atr =1 [8].

faces and with radially inward flow near the plane midway be- We assume that the radiant heat flux into the free surface varies
tween these interfaces. These circulations tend to cancel the thgarabolically from a maximung,,,, at z=0 to zero at the liquid-
mocapillary convection. Since the thermocapillary instabilitgolid interfaces az= 1 [4], and we use 4 T).= R qya/k for the
arises from the large radial gradient of the axial velocity near tteharacteristic temperature difference, whkiie the thermal con-
free surface[3], the cancelation of part of the thermocapillaryductivity of the melt. Therefore the boundary conditions atl
convection might be stabilizing. The objective of this paper is tare

determine whether the destabilizing effects of reduced average

angular mome_ntum or the gtabilizin_g effe_cts qf cancelin_g part of v,=0, av”_vﬁ Reﬂ =0, (3a,b)
the thermocapillary convection dominate in this competition. ar a0

An alternative to a linear stability analysis is the time integra-
tion of the full three-dimensional governing equations. Time inte- 2 + Rei =0 ﬂ —1—72 (3c,d)
grations of the full equations were presented by Rupp €4dl. ar gz or ' '

and by Fischer et a[5] for the thermocapillary instability in the
FZ process without and with an RMF, respectively. Linear stabln’]
ity analyses cannot be used to study nonlinear instabilities arisiH
from finite-amplitude perturbations in the steady axisymmetri

ermocapillary convection, andly/dT is the constant, negative
Hrivative of the surface tension with respect to temperature. The

. farangoni number used in many other studies of thermocapilla
base flow. Recently Levenstam et [@] presented the predictions g y priary

. I . LU : convection is equal to PrRe. The temperature term in (Bi)
of bath a linear stability analysis and of a time integration of .thﬁrops out for the axisymmetric base flow, but it is important for

full three-dimensional equations for the thermocapillary instability, nonaxisymmetric perturbation. The boundary conditiors at
in the FZ process, and they showed that there was good agreement, o — _1_¢ andv ,= Re, r, where Rg=QRZ/v is the
r z 1

between the results. This indicates that the present linear Stabiﬁg_ynolds number for the crystal and feed-rod rotation with the
analysis gives accurate results for the primary transition fromaﬁ‘lgular velocity().

steady axisymmetric flow to a periodic nonaxisymmetric flow. Fq. a5ch variable. . v
Many of the papers on the FZ process with an RMF were re- roe
viewed by Dold and Beng7]. v, =v,0(r,z) +eRealv,(r,z)expAt—im6)]. ()]

v,, p, andT, we introduce the form
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Fig. 2 Base-flow streamlines for Tm=0, Ren=150 and Re,
=3651.9: y=2.0k for k=0 to 7 and ,=—0.2k, for k=11to 5

that the representation for each variable has the correct Taylor
series inr, e.g., the Taylor series af, has only even powers of
beginning withr2. We apply the governing equations and bound-
ary conditions at the Gauss-Lobatto collocation points. We solve
4007 the nonlinear, algebraic equations for the coefficients in the
+ Chebyshev-polynomial representations using the Newton-
1 Raphson methof9].

Since the base flow is symmetric iy we need only treat O
<z<1 for the small perturbations as long as we consider both

300t A2 symmetric and antisymmetric modes. For a symmetric moge,
T vy, P1, and T, are even functions o, while v,; is an odd
?‘I 4 function ofz, thus matching the symmetry of the base flow. For an

antisymmetric modey, 1, vy, P1, andT, are odd functions of,
while v, is an even function of. The small-perturbation bound-
ary value problem fom=0 is different and simpler compared to
that for m=1, so that we treat four perturbation cases: namely
T symmetric and antisymmetric modes with=0 and m=1. We
1 represent each perturbation variable as a sum of Chebyshev poly-
100 L nomials inr andz, and again we insure that each representation
Al has the correct Taylor series expansion, e.g., the Taylor series for
vy for m=1 has the powers(M™ 3, (MY (M3 = The
linear perturbation equations and boundary conditions are applied
- at the Gauss-Lobatto collocation points to obtain a linear, matrix
<A2 h . . :
0 ¥ f t f ; } | eigenvalue problem. The eigenvalues are obtained with subrou-
° 50 Re, 100 150 tines from the EISPACK library of FORTRAN codés0].

(b) For each set of values for Pr, Tm, Reand Re, we first used
the Newton-Raphson iteration to find the steady, axisymmetric
base flow, and then we used the EISPACK subroutines to find the
eigenvalues for the symmetric and antisymmetric perturbation
modes fom=0 to 4. For each set of values for Pr,jReand Tm,
we increased Re until one eigenvalue for one mode Xz O,
while all the other eigenvalues for this mode and for all the other
The subscript 0 denotes the variables for the steady, axisymmetriodes had\g<0. This defines the critical value of the Reynolds
base flow, the subscript 1 denotes the complex modal functiom&imber for the thermocapillary convection Rand the dimen-
such ag g +iv,y, for the smallO(e) perturbation in the linear sionless frequency, of the critical mode for a given material
stability analysish =\g+i\, is the complex eigenvalue, andis  represented by Pr, for a given angular velocity for the crystal and

Fig. 1 Critical mode results for rotation of the crystal and feed
rod without a rotating magnetic field: (a) Re,, versus Re o ; and
(b) A, versus Re o

the real, integer azimuthal wave number. feed rod represented by Reand for a given RMF strength rep-
For the base flow, we introduce the stream functifyfr,z), resented byrm.
where
Resul
1 o 1 0 3 Results . )
V=T 5y Vo0 T o (5a,b) We only present results for P0.02, corresponding to silicon.

In order to validate our code, we first treated the “half-zone”

We eliminatep, by cross-differentiating the andz components problem, which has been treated in a number of previous papers.
of the momentum equatiofia) for the steady, axisymmetric baseFor the half-zone problem, the geometry is the same, but there is
flow. Sincev 4o and T, are even functions of, while ¢, is an odd no heat transfer across the cylindrical free surface and the two
function of z, we need only treat €z<1 for the base flow with liquid-solid interfaces are at different temperatures, so that the
symmetry conditions az=0. We represent each base-flow varifree surface temperature varies from a maximum at the hotter
able by a sum of Chebyshev polynomialsiandz, and we insure interface to a minimum at the colder interface. We consider the
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Fig. 4 Base-flow streamlines for Re (=100, Tm=-—5500 and
Re.=2472.7: ,=2.0k, for k=0 to 8

An antisymmetricm=1 mode represents a transition to a flow
+ with a primary transverse vortex about a straight centerline along
some diameter in the=0 plane. Rupp et al[4] found thism

240 1 =1 antisymmetric transition to a transverse vortex with a much
weaker secondary opposite vortex near one side of each liquid-
solid interface. Without an RMF, they found that this pattern is
T stationary §,=0). With an RMF, Fischer et al5] found that this
pattern rotates in the azimuthal direction of the RMF, and they
suggested that this pattern is simply convected with the azimuthal

160 1 velocity produced by the RMF. An antisymmetno=2 mode
! leads to a flow with two opposite vortices about parabolic center-
A lines in thez=0 plane and extending from the free surface at
IT 0=+mx/4 through the melt and back to the free surface at

0==*+3m/4. Again the pattern rotates in the azimuthal direction if
there is any azimuthal base-flow velocity. The value,R&75
corresponds to the kinematic viscosity of molten silicon, a diam-
eter of 10 mm and rotation at 23.4 rpm. Dold et @] grew
silicon crystals with 8—14 mm diameters. The effects op, Ré
T rotation alone are very similar to those of an RMF al¢gg As
A2 Re, is increased from zero, the antisymmeimie=2 mode is sta-
bilized until the transition to an antisymmetrio=1 mode at
Ot Rey,=4.724 and Rg=1603.4, while\, abruptly increases from
11.67 to 25.07 at this switch of modes. As Riecreases from
S2 4.724, Re, decreases to a minimum of 995.0 atgRe30.0 and
then begins to increase. At Re93.3 and Rg=2282, there is a
switch from the antisymmetrim=1 mode back to the antisym-
metric m=2 mode, while\, abruptly increases from 138.8 to
-EDO —t—t 2!0005 — 2000 L — 226.2 at this switch of modes. At Re175, Rg,=4819.3 and
=Tm N\ =417.59. The Rg exceeds 1547.6 when Re65, so that ro-
(b) tation is stabilizing for Rg>65. From Eq.(4), the dimensionless
Fig. 3 Critical mode results versus —Tm for Re o=100; (a) angular velocity of _the crltlcr_;ll disturbanceXs/m. For both the
Re,, versus —Tm: and (b) A, versus —Tm m=1 andm=2 antisymmetric modes\(/m)>Re,, so that the
critical disturbance propagates in the direction of the crystal and
feed-rod rotation with an angular velocity which is greater than
The difference is larger for thex=1 mode than for then=2
half-zone problem with an axial distance between the liquid-solidode. For then=1 mode, the ratioX, /m Re,) decreases from
interfaces equal t&®, with no RMF (Tm=0), with no crystal or 5.3 at Rg=4.724 to 1.49 at Rg=93.3. For then=2 mode, this
feed-rod rotation (Rg=0), and with P+0.02. For this case, our ratio is roughly 1.2 for both Rg<4.724 and 93.8 Re;,<175. The
code gives Rg=2059, withm=2 and\,=0. Chen et al[11] fact that\,/m>Re, for both modes means that the perturbation
found that Rg=2054 and Wanschura et 48] found that Rg is not simply convected with the azimuthal velocity created by
=2062, both withm=2 and\,=0. system rotation. Instead the perturbation propagates in the azi-
For our FZ problem, we first consider the effects of crystal aniuthal direction because of a coupling between the centrifugal
feed-rod rotation without an RMFT(m=0). The values of Re force and the radial convection of angular momenf@
and\, for Tm=0 and 0<Re,<175 are presented in Fig. 1. Here An azimuthal base-flow velocity opposes radial velocities
the critical mode is always an antisymmetric mode with eithehrough the Taylor-column effect, i.e., an inward radial convection
m=1 or m=2, denoted by Al and A2, respectively. The meridiof angular momentum causes the logg} to increase, leading to
onal base flow consists of two opposite toroidal vortices withn increase of the radially outward centrifugal force opposing the
circular centerlines at some radius and at symmetric values ofinward velocity. FofTm= Re,=0, the meridional thermocapillary

80 1 Al
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Fig. 6 Base-flow results for Re =175, Tm=-—7000 and Re,,
=2297: (a) Streamlines for meridional flow: 0=2.0k, for k=0
to 7 and ,=—0.1k, for k=1 to 5; and (b) Lines of constant
azimuthal velocity: v4=20k, k=0to 8 and vgy=—10k, k=1t0 7

A3 streamlines for T+0, Re,=150 and Rg=3651.9 are presented
in Fig. 2. Here—1.14<y<15.72, so that the secondary clock-

I wise circulation is more than an order of magnitude smaller than
=75 — the primary counterclockwise circulation driven by the surface
0 3000 ~Tm 6000 ¢ : . _ . . .

ension variation at =1. The counterclockwise circulation for
(b) < 0.2 is more than an order of magnitude smaller than the second-
Fig. 5 Critical mode results for Re ¢=175: (a) Re, versus ary circulation.
—Tm; and (b) A, versus —Tm The mechanism which might make the combination of an RMF
and system rotation more stabilizing than an RMF or rotation
convection for B=z=<1 is a single counterclockwise circulationalone is the partial cancelation of the thermocapillary convection
occupying most of &sr<1. As Reg, is increased from zero, the when the rotation of the feed rod and crystal produce the largest
Taylor-column effect opposes any radially inward flow, so that thengular velocity at the liquid-solid interfaces, while the RMF in
meridional circulation is pushed toward the free surface, while tlike opposite direction brakes the angular momentum, leading to a
center of this circulation moves axially towam=1 where the small or negative azimuthal velocity near 0. Therefore, we
free-surface temperature gradient is largest. At roughly=FR#0, a consider two relatively large values of Ravith Tm decreasing
second clockwise meridional circulation foz<1 appears near from zero to negative values corresponding to an RMF in the
r=z=0. This secondary circulation is driven by viscous sheampposite azimuthal direction.
from the primary circulation and by the axial variation of the The values of Rg and\, for Re,=100 and—5500<Tm<0
centrifugal force created by the radial convection of angular mase presented in Fig. 3. As Tm is decreased from zero, the addition
mentum by the primary counterclockwise circulation. As;Re of the RMF is clearly destabilizing. For the antisymmetrie= 2
increased further, the primary counterclockwise circulation imode, Rg decreases from 2417.5 at HO to 2030.6 atTm
pushed more toward the free surface, and the secondary clockwise 625, where the mode switches to an antisymmeitnie 1
circulation grows in magnitude and extent. At roughly ;Re mode. As Tm decreases further, Réecreases to a minimum of
=120, a third counterclockwise circulation appears nearz  1245.1 at Tn=—1800. Atr=1 andz=0, v 4 first becomes nega-
=0, although this third circulation is very small. The base-floviive at Tm=—1200, so that Rg does not reach its minimum until

234 |/ Vol. 126, APRIL 2004 Transactions of the ASME



the RMF has become strong enough to produce reverse azimuthal Conclusions
flow nearz=0. There is a switch back to the antisymmetnic

=2 mode at Tr+=—2604 and Rg=1696.3. After this mode
switch, Re, decreases again, reaching a minimum of 1483.6
Tm=—-3250. As Tm decreases from-3250, Re, increases for
monotonically as the magnitude and extent of the negative a
muthal velocity both increase. There is switch from the antisy!

The results presented here show that combining an RMF in one
azimuthal direction with rotation of the crystal and feed rod in the
posite azimuthal direction leads to a thermocapillary instability

a smaller free-surface temperature difference than would be
rtEﬁlu'e case for either the rotation or the RMF alone. This indicates
. . hat the stabilizing effects of canceling part of the thermocapillary
metricm=2 mode to the symmetrim=2 mode at Tm:—3797_ convection are overwhelmed by the destabilizing effects of reduc-
and Re=1634. At Tm=—5500, Rg=2472.7 for the symmetric ;. the average angular momentum. The partial cancelation of the

m=2 mode, so that we have roughly returned to the; R&narmocapillary convection does occur. ForgRe.00, the maxi-
=2417.5 for Tm=0. The value oh, decreases as Tm is decreaseg, ,, valupe OleO decreases from 13.14-for T?no to é minimum

from zero, except for a small increase just before the switch frogf 8.32 at Tm=—1600 whenw o= —18.8 atr=1 andz=0, and

the antisymmetrion=1 mode to the antisymmetrin=2 mode. qn increases to 16.18 for Fm-5500. For Rg=175, the maxi-

At roughly Tm=—3030,), becomes negative, so that the Criticaﬁnum value ofy, decreases from 18.9 for Ta0 to a minimum of

disturbance is propagating in the direction of the RMF rather thaj\43 for Tm=—3500 whenu w0=—47.8 atr=1 andz=0, and

in the direction of the system rotation. For iRe100, the extent tnen increases to 14.4 for Fa-7000. However the destabilizing

and magnitude of the secondary clockwise meridional base-flo#acts of the reduction of the average angular momentum are far

circulation forz>0 decreases as Tm is decreased from zero. Tigeater than the stabilizing effects of the partial cancelation of the

base-flow streamlines for Re-100, Tm=—5500 and Rg thermocapillary convection, so that this combination is not

=2472.7 are plotted in Fig. 4. The secondary circulation is Velyanefical.

weak and is confined to a very small region neai0, z=1, while.  pojq et al.[1] attributed the beneficial effects of the RMF to

the primary counterclockwise circulation closely resembles thafe increase of the frequency of the critical disturbance as the

for Tm=Re,=0. For R=100 and Tm=—5500, —~98.3<v4 magnitude of Tm was increased. For both,R&00 and Rg

=100.0, so that the RMF has produced a reverse azimuthal ve175, the addition of the RMF in the opposite azimuthal direction

locity with nearly the same maximum magnitude as that driven Byecreases the value bf . Therefore combining an RMF and sys-

the system rotation. The RMF produces an azimuthal body forggm rotation in opposite azimuthal directions is also a bad idea

which is distributed over the entire domain, while the effects ¢fecause the frequency of the critical disturbance is less than that

the system rotation arise from the viscous shear stresses at fi}egither the RMF or system rotation alone.

||qU|d-SO||d interfaces. At the relatively Iarge values OfCRdhe Here we have 0n|y presented results for:BrOZ’ Correspond_

effects of the viscous shear stresses at the liquid-solid interfaggg to molten silicon. There are important variations of the ther-

do not extend far into the liquid, so that the RMF has a largefocapillary instability as Pr is varied over the small values for

effect than the system rotation. For 2e100, Tm=—5500 and various semiconductorg6]. However the basic conclusion that

Re,=2472.7, thev 4o=0 line extends frone=0.97 atr=1.0 t0  combining rotating magnetic field and rotating system is not ben-

z=0.86 atr =0.5, and then drops to=0.28 atr =0.0. This drop eficial is certainly true for all molten semiconductors.

nearr =0 arises from the local downward convection of the posi-

tive angular momentum produced by the rotating solicatl.

For this case, more than 80% of the liquid has a negative baSAeqknowledgment
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