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Morphological instability of the solid-liquid interface and the supersaturation gradient
in crystal growth from a high-temperature solution
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The problem of morphological instability is considered within the framework of linear perturbation theory
for the particular case of growth of LgBrystals from high-temperature solution in excess of La and B with
account of the actual liquidus lines on the relevant phase diagram of Storms and Mueller, J. Phys8Zzhem.
51 (1978, and Otaniet al, J. Cryst. Growth100, 658 (1990. Stability is shown to be determined by the
interplay of the concentration gradient, which causes instability, and the thermal effect associated with heat
transfer from the solidification interface combined with the slope of the liquidus line, which inhibits instability.
The thermal-kinetic effect is shown to be negligibly small for the temperature of solidification in the range
2500-2900 K. An increase in the excess of La or B solvent is shown to cause a transition from stability to
instability due to(i) a sharp increase in the concentration gradient(ané decrease in the temperature of the
solidification interface and associated decrease in the heat transfer flux from the interface into the growing
crystal, and in the derivative of the equilibrium concentration versus the solidification temperature. It is shown
that the breakdown of morphological instability may take place under growth conditions without onset of
increasing supersaturation in front of the solidification interface if the heat conductance of the liquid is smaller
than that of the solid phasgS1063-651X96)12712-4

PACS numbe(s): 47.20.Hw, 68.45-v, 81.10.Dn, 81.30-t

I. INTRODUCTION of instability from comparison ofi) the solute concentration
gradient, which occurs due to the rejection of the solvent by
Crystal growth from high-temperature solutiofl$TS's) propagating solidification interface, with the equilibrium
encompasses a broad range of techniques for producing vadencentration gradient, associated with the temperature gra-
ous crystals including growth of semiconductgdd, rare- dient in front of the interface. Within the framework of this
earth boride and carbide materig®|, growth of synthetic criterion the onset of instability takes place if the solution
diamonds from carbon solutions in metals under high preseoncentration gradient becomes higher than the equilibrium
sure and temperatuf8], and so on. The crucial problem for concentration gradient, yielding a supersaturation gradient
obtaining crystals of good quality is the problem of instabil- (similar to constitutional supercooling in melt growth of
ity of the solidification interface, which appears under certaindoped crystals which increases into the solution. This cri-
operating conditions. The onset of instability of the growthterion indicates the existence of a thermodynamically meta-
interface leads to the appearance of a variety of microscalstable zone in front of the solidification interface within
structures which significantly alter the various physical prop-which spontaneous nucleation may occur leading to the ap-
erties of the crystals produced, making their practical applipearance of multigrain and inclusion structures. A similar
cation impossible. approach 10] treats the problem of morphological instability
Instability is an intrinsic growth phenomenon associatedoy considering the gradient of the growth velocity in the
with the nonequilibrium thermodynamic, diffusionlike pro- growth direction. The expression obtained, interpreted as a
cesses occurring at the solidification interface. The onset ddriterion for morphological instability, shows that the insta-
instability in HTS crystal growth is known to yield various bility term associated with bulk diffusion is enhanced by the
growth structures including columnar, dendritic patterns andhermally activated kinetics, and is inhibited by the gradient
networks of inclusions. The problem of morphological insta-of the equilibrium concentration.
bility for different growth modes has been treated by means Our present study is motivated by ongoing experimental
of different approaches in various publications, a review ofresearch in the field of HTS growth, including the growth of
which may be found in Ref§4] and[5]. The linear pertur- semiconductor crystalgl] by the traveling heater method
bation approach for atomically rough interfaces, originallyand boride crystals by the float-zone traveling solvent tech-
developed for analyzing morphological instability in crystal nique [11-13. These studies aim to reveal the hidden
growth from the melf6], has been extended further to HTS mechanisms, underlying the formation of the various types
crystal growth[7] and predicts the appearance of periodicof defects occurring in these crystals under different growth
structures in dependence on crystal growth operating condeonditions, i.e., growth rate, temperature of solidification,
tions. Another approack8,9] deduces the criterion for onset and temperature gradient across the interface. The results
obtained reveal that the thermal phenomena strongly influ-
ence growth pattern formation. In the present paper we refo-
*Electronic address: loutchev@nirim.go.jp cus on the problem of morphological instability in HTS crys-
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tal g.rovvth .for the particular case of LgBgrowth from_ V|x:h(y):QB(Ti){C|x:h(y)_Ceq(Ti)}v )
solutions with an excess of La or B. Our procedure combines

(i) a linear perturbation approach, accounting for the depenwhere(} is the volume per one molecufaton) in solid, C;
dence of interface free energy on the perturbation waveis the concentration of the solute in front of the interfate,
length, (i) thermally activated incorporation kinetics, and is the interface temperature a@(T;) is the equilibrium
(iii) the transport phenomena model, which includes diffu-concentration of the curved interface given in accordance
sion mass transport, equilibrium concentration of solute andavith the Gibbs-Thompson effect as

temperature gradients at both sides of the solidification inter-

face. 0 Ced TNQy  hj,

The article is structured as follows. In Sec. Il we present a Ced Ti)=Coed Ti) — keTi [1+(h))2]32
model of high-temperature solution growth which takes into Y
account the relevant phase diagram, growth kinetics, angjhereCg, is the equilibrium concentration of a flat interface,
heat and mass fluxes on the growth interface. In Sec. Il we, is the interfacial free energy, arkh is the Boltzmann

perform a linear stability analysis, yielding the relevant dis-constant. The kinetic coefficient in E(R) is expressed as
persion equations. In Sec. IV we consider a particular case qfi6]

solidification of LaB crystals from high-temperature solu-

tion in excess of La or B. In Sec. IV A we present a one- vaj AE,
dimensional1D) approximation which allows us to treat the B(T))= N exp{ - ﬁ) ,
problem easily and in Sec. IV B we give the main results. k B

FinaIIy, in Sec. V we give an outline of the main COﬂC'USiOﬂSWhere ag is the interatomic distanc&k is the average dis-
drawn from our study. tance between the kinkd E, is the activation energy, and
v=10" Hz is the thermal vibration frequency.
Il. MODEL The concentration within the diffusion boundary layer is

, . governed by
Let us consider a macroscopically planar area of the

atomically rough solidification interface moving with a JC ps dC PC  dC
growth rateV under the diffusion flux of solute and conduc- rra =D WJF &_yz '
tive heat flux through the interface. We assume that the char-
acteristic wavelength of “stable” perturbationga, OCCUr-  wherep/p, is the ratio of density of solid to liquid phases
ring under “unstable” conditions is considerably smaller gngp, is the diffusion coefficient.

than the characteristic linear dimension of this area. This The poundary condition on the interfage=h(y) reflects
allows us to treat the macroscopic “unperturbed” param-the balance betweefi) the convective-diffusion flux from

eters relevant to the problem as uniform within this area. Weso|ytion and(ii) liquid-solid phase interchange as follows:
assume also that the distributions of all macroscopic unper-

turbed parameters are known from 2D numerical simulations Ps
models[14] or 1D analytical approximatiofil5] providing V—C+D;
us with the values of growth rat¥, concentration at the P1
interfaceC; , temperature of interfacg; , and the gradients  aAgsyming that the perturbation zone in the solute is
of (i) concentratiorG.=ngradC and (i) temperature gradi-  gmajier than the diffusion boundary layer we formulate the
ents from both sides of the mterfacGTS:n gradTs and  gecond boundary condition as

Glen gradT;. We consider the problem in the frame of

reference attached to the interface with the enaxis di- JC
rected into the solution and the axis along the interface. X
The mass transport equation for the solute we consider

within the boundary layer neglecting all convective terms inThe heat transfer through the growth interface is governed by
comparison with diffusion except the component of velocitytwo equations:

normal to the growth interface associated with growth kate

()

4

oL X 6)

dC  dC oh
=B(T{C—CedT)}. (6

X— 0

and correspondingQy frame movement. In the heat transfer T, #T, T,

equation, we neglect all convective terms, assuming that they T 1(7 + a_yz) ' ®
are small in comparison with heat conduction. In our model

we neglect also the anisotropy of growth, surface diffusion, aT RPT. T

and also fluid motion induced by a density difference of solid a_ts = as( aT"'S + W;) , 9)

and liquid phases.
Let us disturb the planar solidification interface by a per-

turbation in the form of a normal mode: for the liquid x>h(y) and solidx<<h(y) phases, whera;

and a, are the thermal diffusivities for liquid and solid
phases, respectively. The boundary conditions are given by

— h* H
hy)=h"explwt +iay), @D the following set of equations:

whereh* is the amplitude, and anda=2#/\ are its incre- T,
ment and wave number, respectively. Let us consider the
growth velocityV in the following linear form[16]:

= GTI . (10)

X— 00

ox
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JTs wherek, andk; are the heat conductances of solid and liquid
I =Gr_. (1) phases, respectively.
X— — 0
T1|x:h(y):Ts|x:h(y):Ti ) (12

Ill. LINEAR PERTURBATION ANALYSIS
where the values cI@Ts and Gr, correspond to the tempera-

ture gradients at the nonperturbed flat interface. Besides the To treat the above problem by the linear perturbation
boundary condition we consider the heat balance at the irtechnique, we linearly expand the values(dfthe equilib-
terfacex=h(y): rium concentrationCq((T;) and (i) the kinetic coefficient
B(T;) near the base state interface temperafyréAnalyzing
0_Ts_ 5_Ts @ the response of all quantities governed by the above model to
S\ ox gy ay solidification interface perturbation, given by Ed), we fi-
(13 nally find the dispersion equation:

Ly dT, 0T, dh AHY
N ax Ty ay) TR

0
ps V ) Ceq(Ti)Q'y 2( ps V )
Ge+(nACy—a)Gy| 1+ — - —
= ct(nACo G p1 D1y KgT; p1 D1y (14)
B(T)-Dil1 ps Ge Ci | (7ACo—a)pAH
QB(T)D1ly p1 \Dy(@°+w/Dy) Dy k1o +Ks{3
Where§1= —l/2(p3/p1)V/Dl—\/1/4[(p5/p1V/D1)]2+a2+m'/D1, §2=\/a2+m‘/al and 53: va +‘m‘/as.
In Eq. (14) the value of
c k1£2Gr, +Ksl3Gr, 15
T Kilotkels
represents the average temperature gradient at the interface and the valuasdaf are given by
1 dg AE,
=__ 7 = , 16
77 B(T,) dT . kgT? (16)
dcy
a=—7 T.. (17

In the case when the characteristic times of the diffusion and heat diffusion equations associated with the applied perturbation
are negligibly small, i.e.,§,a%) %, (a;a%) %, (asa®) "'<|w| %, we obtain an explicit dependence of the perturbation incre-
mentw, on the perturbation wave numbar

0
ps V Ced T Qy ( ps V }
QDja| G+ Ac—ae<1—— - a?l1- ——
o ! ct(7ACo=a)Gr p1 Dia kgT; p1 Dja (14)
B(T)+Dia psd (Gc A)_QDl(ﬂACo_a)PsAH 1
B(T) pr \ a ' (kytks)
|
where growth rate on the tip of the perturbation due to an increase
in the concentratiol€; being the main cause of the morpho-
kiGt, +ksGr, , logical instability. Second, a thermal-kinetic term, repre-
Gr= Ky + Ks (15) sented bypACyG+, corresponds to the enhancement of the

growth rate on the tip of the perturbation due to an increase
is the average temperature gradient across the interface. in the temperaturd; and an associated increase in the ki-
The dispersion expressiorié4) and (15) show that the netic coefficient3(T;). This effect enhances the instability
morphological stability of the growth interface is determinedfor the mode when the average temperature gradient is posi-
by three interfering effectfthe estimates show that the de- tive. This is true provided that temperature supercooling does
nominator of Eqs(14) is positive for operating conditions of not take place in the liquid phase in front of the growth
solidification from solutions First, the bulk diffusion term, interface. Third, a thermal term, representedd§y; , corre-
represented bys., corresponds to an enhancement of thesponds to a decrease of the growth rate on the tip of the
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perturbation due to an increase in the equilibrium concentra- 3100 —

tion Cq caused by the temperature increase. This effect in- ; LT Giorme Onttauetler

hibits the morphological instability caused by the two previ- 2900 L 7 7\

ously mentioned effects for the case of positive average < C L7 : \\ T~

temperature gradienG+. In the case of the onset the tem- ~ C ’ Lo

perature supercooling in the liquid phase in front of the so- & 2700 r / ! ‘\

lidification interface which, for instance, may appear in float- E : ! : )

zone crystal growth under high pulling rafd¥’] the average &5 2500 I !

temperature gradient may become negative. In this mode the S r : :

thermal termaG will enhance the instability along with the ¥ 2300 [ bt

diffusion termG, while the thermal-kinetic terrpA CG+ i -

will inhibit the instability. Equation(14) gives the following 9100 Diiiii, i o L

criterion for the morphological instability of the solidifica- 4 5 6 7 8 9

tion interface in crystal growth from solutigri.8]: B:La ATOM RATIO
G=G¢+(nACy—a)G>0. (18 FIG. 1. Part of the La-B phase diagram by Storms and Mueller

(Ref.[19]) and Otaniet al. (Ref.[20]).
This criterion means that if the value of the generalized
gradientG is positive then the diffusion enhanced by the We note here that the thermal-kinetic tesmd C;G1 may
thermal-kinetic instability is no longer compensated for bymarkedly contribute to the instability when the temperature
the thermal effect associated with the liquidus line slope orof solidification is below=1500 K. However, a thermal
the phase diagram and average temperature gradient. Thasalysis of the float-zone traveling solvent growth of LaB
criterion differs from that of increasing supersaturation gra-carried out in Ref[15] shows that the characteristic range of

dient[4], which may be written as the solidification temperature is 2500—2900 K and the effect
of the kinetic resistance is negligibly small. Thus, the growth
G*=Gc—aGr >0. (190 rate is determined by the interplay of quasi-steady-state heat

and mass transfer from the dissolution to the solidification
This criterion takes into account the temperature gradient ifnterface. Therefore, neglecting non-steady-state effects, and
the liquid phaseGT =n gradT,; while the thermal perturba- for negI|g|ny small kinetic resistance settiig A Cy—0, (ii)
tion of the solidification interface depends on the tempera:-i Ci— Ce(Ti), and i) [A(T;)+D,a]/B(T;)—1, we obtain
ture gradients in both phasggq. (14)], similar to the case of the following dispersion equation for this particular case:

interface perturbation in crystal growth from supercooled co(T)0

melts [6]. Criterion (18) agrees well with the criterion ob- QDla[ Ge—aGr— Ced TV az]

tained by the growth velocity gradient approd&;10] and _ kgT; (20
gives a more accurate treatment of the contribution of the ) QD;apAH’ )

relevant thermal effects. As will be shown later, this may

lead to a considerable difference between criteria in the par-
ticular case of HTS growth of Laftrystals and is crucial for without the thermal-kinetic effect, whep=0, the stability
understanding the origins of occurring microscale defect patcondition is essentially that of Mullins and Sekeléd de-

0 . _—
1 Ceq(T')) T katky

terns. duced for the case of crystal growth from the melt when the
impurities or dopants rejected by the progressing solidifica-
IV. MORPHOLOGICAL INSTABILITY tion interface decrease the equilibrium temperature of solid-
AND SUPERSATURATION GRADIENT liquid transition. However, it is worth noting that in high-
temperature solutions and, for instance, in traveling solvent
A. HTS growth of LaBs crystal growth, the temperature of solidification is not fixed

In order to be more specific we will now consider the and depends on many operational parameters. As will be
problem of morphological instability for the particular case shown later the possible shift of the temperature of solidifi-
of HTS growth of LaR crystals in excess df) La and(ii) B. ~ cation within the range 2500—-2900 K may alter strongly the
Crystals of LaR are currently used as electron emitters ofconcentration gradier®, [see Eq.(24) below] responsible
high brightness and longevif2] and their growth in excess for the instability as well as the termG+ responsible for
of La[11,12 or B [13] allows crystals of better quality than stabilization of the growth interface.
those from the conventional float-zone technique to be ob- The maximum of the increment under the instability con-
tained. The excess of La or B, provided initially within the dition, G=Gc—aG1>0 corresponds to the perturbation
processed specimen, allows the temperature of dissolutionavelength given by21]
and solidification to be decreased in accordance with the 0 y
phase diagram shown in Fig. 1. The dashed lines in this _ 3 CedTNQy
figure show the data obtained by Storms and Mudlie] N max= 21 Ge—aGr  kgT, ' (22)
while solid lines represent data obtained by Otainal. [20]
that exhibit a considerably weaker dependence of the solid- To obtain numeric estimates we consider the growth of
liguid transition temperature on the value of B:La atomicLaBg crystal in the simplified form of a semi-infinite cylin-
ratior. drical rod in the 1D heat transfer approximation neglecting
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the radial component of the heat conductance equéfigh

and assuming that the heat transport by specimen movement +0 :
is negligible in comparison with axial heat conducti®@8]. 3.0 ¢
Under the above assumptions the value of the temperature _ ,4
gradient inside the solid phase in the 1D approximation in- 7 c
cluding radiative and convective heat removal from the lat- : 1.0 g
eral surface may be expressed| 24] =~ 00 ;
c F
Gr,=| & [08c(TF =T~ heTo(Ti=To) S a0f
172 -3.0 £ |
+0.260(TP =T —eaTHT—To)l{ . (22 S S O )
10~® 10 ° 170 10 7
whereR is the crystal radiush,=30 W/n? K is the convec- perturbation wovelength A (m)
tive heat transfer coefficient=0.7 is the crystal emissivity, 2.0 ¢
o is the Stefan-Boltzman constant afig—=300 K is the am- 15 E
bient temperature of heat removal from the lateral surface of F
the crystal. This expression allows us to obtain the value of < 1.0 g
the average temperature gradient via the heat balance on the > 0.5 F
growth interface as j 0o F .
2 g
2kGr —pAHV 2K G £ -05F |
Gi= > = = (23 2 : |
ks+ky ks+ky g-10¢f '
In steady-state growth mode the crystal growth rate is -1 3 ,’ (b)
adjusted to the operational pulling rate at which the crystal is —2.(130'_6 E— 10‘ e “'1'6' ST -

pulled out from the solution. This allows us to express the
value of the concentration gradie@i- through the value of
the pulling rate as

perturbation wavelength A (m)

FIG. 2. The dependence of the perturbation increment versus the
\V/ Ps Vng(Ti) perturbation wavelength for various growth rates of LaBexcess
GC:QD —~7D . (24 of La(a) and B(b), calculated for the Otaret al. (Ref.[20]) phase
1M 1 diagram (solid line9 and Storms and MuelletRef. [19]) phase

We will consider here the stability of the solidification di2gram(dashed lines

interface for two cases, corresponding to the growth from 0
solution with excess of L&4<r<6) and to the growth from _dceq‘ _ Mgpsor  dr

solution in excess of B6<r <8). For the case of La excess =T | - _(rM s+ Mia)? aTl_ - (26')
we assume that the solidification is controlled by the mass T Ti
transfer of B, the equilibrium concentration of which is ex- . .
pressed through the solution density as In_our calculations we b%ve 3used the foIIOV\ﬂggg saet of
physical data:(25=1.18<10"“* m°>, (), ,=7.08X10 “° m”,
. f Peoy ke=k;=30 W/mK, ps=ps=4760 kg/n, D,;=5%x10"° m?s,
Cee(Ti) = MM (250  and AH=10° J/kg. The value of interfacial free energy for
B La the cubic crystal lattice is estimated to an order of magnitude
and the value ofr is given ag[25] as y=AH'/6a3=330 mJ/mM, whereAH'=3.37x10 %° J is
the latent heat per one molecule of LgBiday,=4.1 A is the
dcgq‘ M psor  dr lattice parameter. All calculations are carried out for a crystal

(44

- dT |Ti_(rM gt MLa)z d_T T ! (26) radiusR=5 mm.

. B. Results and discussion
where Mg and M, are the atomic masses of B and La,

respectively, and (T;) corresponds to the liquidus line on  In Figs. 2a) and 2b) we present the dependence of the
the phase diagram. For the case of B excess we assume thrturbation increments on the perturbation wavelength
the solidification is controlled by the mass transfer of La, thefor various pulling rates for the case of growth(& excess
equilibrium concentration of which is expressed through theof La, r=4, and (b) excess of B,r=8. The solid curves
solution density as correspond to the phase diagram of Otanhal. [20] while

the dashed curves correspond to that of Storms and Mueller
[19]. Solid curves in Fig. @) show that for pulling rates
V=0.5 and 1 cm/h the value af does not become positive
with increase of perturbation wavelength and, therefore, the
and the value oty is given aq25] solidification interface is stable. Only for the growth rate

0 _ Psol ,
CeqLa(Ti)_ rMB""ML_a, (25)
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FIG. 3. The dependence of generalized gradient, calculated for ®tamli (Ref. [20]) (solid and Storms and MuellefRef. [19])
(dashed data, exhibits a transition from instabilits>0) to stability (G<<0) with increase of B:La ratio froon=4 to r =6 for the given
growth rate(a). An increase in the B:La ratio leads to a decrease in the concentration grédiéat and increase in the thermal inhibition
term aG+ (b) due to increase im=d Cgo(dTi (c) and average temperature gradi€nt (d).

V=2 cm/h is the value ofw found to become positive for into the growing crystal and, thereby, the value of the aver-
A=X\o>5 um and to have maximum at,,,=9 um. In the  age temperature gradient at the solidification interface, as
case of the Storms and Mueller liquidus ling, and \,,,x ~ shown in Fig. 8d). The intersection o5 with aG gives
shift to smaller values due to the smaller valuegchf/dT| the transition from instability to stability. Figuregc3 and
on the liquidus line. For the case of growth in excess of B, &3(d) show that the liquidus line of Otaet al.[20] which has
shift to the better interface stability occurs due to the largetarger values ofl; anddr/dT; with larger values ofw and
values of|dr/dT| for r>6 in comparison with excess of La, Gy implies a considerably larger range of stability in com-
r<6. For the case considerad:8, the interface stability is parison with that of Ref{19].
ensured folV=3 cm/h. In Figs. 4a) and 4b) we show the dependence of the
In Fig. 3(@) we present the dependence of the generalizedeneralized gradier® on the growth ratdéa) and the wave-
gradient,G=G— aG, versus the B:La atomic ratio within length\,,, corresponding to the maximum of increméh,
the range &r <6 for the given pulling rate/=2 cm/h for  both calculated for various values of the B:La atomic ratio
the two sets of the liquidus line data. The increase of Ldor the case of Otaret al.[20] data. Solid lines in Fig. @)
content reveals the transitions from interface instablityO  correspond to the present model and the dashed line is cal-
to stability G<0. The case of the Otamit al. [20] diagram  culated taking into account only the effect of the diffusion
corresponds to the larger stability rangez4.4, in compari-  driven instability and neglecting the thermal inhibition term.
son with that of Storms and Mueller>5.3. The details Figure 4 a shows that the increase\bfeads to the transition
explaining these dependencies are given in Figs)-3(d).  from stability (G<0) to instability (G>0) at the definite
In Fig. 3(b) we present the corresponding dependence of théhreshold rate. An increase of the B:La ratib<r <6) shifts
instability driving diffusion gradientG., together with the this transition to larger threshold values of the growth rate.
thermal term, @Gy, which inhibits this instability. The At these threshold growth rates the value)gf,, tends to-
curves are given for both sets of the liquidus line data conwards infinity (since G—0). The value of\,. iS shown to
sidered. The concentration gradient is shown to decreasd#ecrease very sharply from the level of several hundreds of
sharply when the value af approaches the stoichiometric microns down to=10 um. For instance, for =4 this de-
point (r =6) since the value obscgq(Ti)/pl tends towards crease occurs within the growth range fresi.4 to 2 cm/h.
Q! and thereforagG.—0. However, the value oGy in-  The growth in excess of B shown reveals the same qualita-
creases with increase in This is due to the combined action tive behavior, with a shift of the instability-stability transi-
of two effects. First, the increase pfleads to an increase in tion threshold to larger values of the growth rate when the
T; and to an increase iaxdr/dT;, shown in Fig. ). Sec- B:La atomic ratio approaches the stoichiometry paists.
ond, the increase af leading to the increase i; also in-  The maximum of increment is shifted for this case to larger
creases the heat transfer flux from the solidification interfaceralues of\ . ranging from several hundreds of microns to a
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few tens of microns. The graphs fay,,, shown in Fig. 4b) . . . .
reveal that the preferential perturbation wavelength may at- F'G- 5. The dependencies & and G on increase in the

tain the length of several hundreds of microns if the growth8™oWth rate show@ the simultaneous onset of morphological in-
rate is held close enough to the threshold value. stability and increasing supersaturation gradientferks, (b) the

. L onset of increasing supersaturation gradient before the onset of
Let us now consider the criterion for the onset of the g sup 9

. . o s morphological instability fokk,>kg, and(c) the onset of morpho-
supersaturatlon . gra(_ilen_(constltutlonal supercooling in logical instability before the onset of increasing supersaturation gra-
front of the solidification interface. For the case of the diffu- dient fork <k. .
sion controlled growth of LaBwith Ci—>ng(Ti) the onset T
of increasing supersaturation gradient takes place when the

slope of the concentration gfﬁ‘.‘?"e@% becomes 'afger than erably differ and thus these criteria will contrast markedly
that of the slope of the equilibrium concentration, corre-

. n\é\lith each other. Unfortunately, there is a lack of data on the
i L ehavior of the heat conductance of laBhe possible dif-
of the solidification |nterfacm§Tl. Thus', the criterion for ¢, .oce of heat conductance of solid and liquid phases may
the onset of the supersaturation gradient, expres§lo  |ead to different curves for the morphological instability cri-
differs from that of onset of morphological instability, given terion and the criterion for the onset of the supersaturation
by expres_smr(lS), where the value of the average tempera-gradient. In Figs. &)—5(c) we show the behavior o& and
ture gradient is used. _ G* for the cases ofa) ks=k,;=30 W/m K, (b) k;=2k,=60

In all the above calculations we have used the same valy/m K, and(c) k,=0.5,= 15 W/m K. The case of the equal
ues of the heat conductande,=k;=30 W/mK for both  heat conductances gives coinciding curvesGoandG*, as
phases and the value of the latent heat release is negligibbhown in Fig. %). In the case shown in Fig(l) the larger
small so thaGy, =G=G+_and the curve for the criterion of yalue of liquid heat conductance leads to the onset of the
the morphological stabilitys coincides with that of criterion supersaturation gradient at a markedly smaller growth rate,
for the onset of the supersaturation gradi&it However, V=0.7 cm/h, than that for the onset of morphological insta-
the heat conductances of solid and liquid phases may consithlity, V=0.9 cm/h. This is due to the difference @y,
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=GTs/2 andGT=26T5/3. In the case shown in Fig(& the We have found that for the case of positive average tem-

smaller value of liquid heat conductance yields an onset oPerature gradientno temperature supercoolinghe solute

the supersaturation gradient at markedly larger growth rate&concentration driven instability may be enhanced by the ther-

V=2.75 cm/h, than that for the onset of morphological insta-Mally activated kinetics and is inhibited by the thermal effect

bility, V=1.85 cm/h. This is due to the difference @ associated with the slope of the liquidus line on the relevant
: : : | _ _

_ _ phase diagram. In the particular case of LaBowth from

=2Gr_ andGr=4Gt /3.

high-temperature solution in excess of La or B the stability

Let us now discuss how the effects considered above mays e sojidification interface is shown to be determined by
reveal themselves experimentally. The onset of morphologige interplay of the concentration gradient, which causes in-

cal instability should lead to the appearance of interfac&apility, and the thermal effect associated with heat transfer
waviness, which is known to be the precursor of growth Ofom the solidification interface combined with the slope of
the columnar structures. The onset of the supersaturation grgg.idus line, which inhibits instability. The thermal/kinetic
dient leads to the occurrence of a metastable supersaturatgglact is shown to be negligibly small for a temperature of
solution zone in front of the solidification interface. If this gqjigification in the range 2500—2900 K. The competition of
supersaturation reaches the critical value homogeneoygese two effects determines the transition from stability to
nucleation occurs within the region with the supersaturatloqnstabi|ity_ An increase in the excess of La or B solvent is

above critical. If the supersaturation gradient occurs agnpown to cause a transition from stability to instability due to
smaller growth rates than the morphological mstablhty(i) a sharp increase in the concentration gradient Gica

(k;>ks), morphological instability has not yet occurred, and ygrease in the temperature of the solidification interface and
if the supersaturation within the supersaturated area reachggggciated decrease in the heat transfer flux from the inter-
the critical value then the solidification interface will be kept ¢3¢ into the growing crystal, ani) a decrease in the de-
planar and the nuclei will appear in front of and attach 10 it.yative of the equilibrium concentration versus the solidifi-
Inasmuch as the solidification front is stable, the attachedtion temperature. The increase of the growth rate is shown
nuclei should decrease the local growth rate and, thus, th&y, |ead to transition from stability to instability due to an
will finally be trapped by the progressing LgBolidification  jcrease in the concentration gradient in front of the solidi-
interface. The coalescence of these nuclei with the progres§ation interface.
ing _solldlflcatlon interface may also cause s_olute_ trapping \we have compared the criterion of morphological insta-
leading thereby to the appearance of inclusions in crystaljjir, of the growth interface with that for the onset of su-
produced. The composition of these inclusions should diffefersatyration gradient in front of the interface. These two
from the stoichiometric composition. That is, for growth in crjteria are shown to be equal only for the particular case of
excess of La withr =4 the composition of these inclusions equal heat conductances of solid and liquid pha&esd
will be close to Lag. Under higher growth rates, when the \, e the [atent heat is negligibly small in comparison with
onset of morphological instability takes place these nucleizongyctive heat transferf the heat conductance of liquid is
being a local perturbation, will lead to an increase in thejager than that of the solid then the onset of the supersatu-
local growth rate leading thus to the appearance of columnggyion gradient occurs at smaller growth rates than the onset
and dendritic structures. If morphologlc_:al'|nstablllty 0CCUIS of the morphological instability of the solidification inter-
at smaller growth rates than the constitutional supercoolingyce |f the supersaturation reaches the level of the homoge-
(ky<ks) and the supersaturation gradient has not yet 0Cpeoys nucleation this will lead to the appearance of nuclei
curred then the solidification interface should become wavyyhich will then coalesce with the progressing solidification
giving rise to growth of the columnar and dendrititic Struc- interface. This may lead to solvent trapping causing thereby
tures. The appearance of growth columns and dendritg,e appearance of inclusions with a higher content of solvent
branches may also cause solute trapping and associated {interial. In this case the inclusions will appear at smaller
clusions in crystals. The increase of the growth rate beyond i rates than those at which the interface waviness and
the threshold value for the onsgt of supersaturation gradiely|,mnar and dendrite structures appear. If the heat conduc-
will lead to the occurrence within the supersaturated area ofyce of the solid is larger than that of the liquid then the
nuclei that will be trapped by the unstable solidification in- ynset of morphological instability occurs at smaller growth
terface leading to dendritic structures with inclusions of ates than the onset of supersaturation gradient. In this case
smaller B content in the case of growth in excess of La. e waviness and columnar structures will appear at smaller
growth rates than the appearance of nuclei in front of the

V. CONCLUSIONS growth interface.

In this study we have considered the problem of the mor-
phological instability of an atomically rough interface in
LaBg crystal growth from high-temperature solutions within ~ We would like to express our gratitude to Dr. J. Hester
the framework of linear perturbation theory including diffu- (NIRIM) for reading the manuscript and providing useful
sion mass transfer, heat transfer through the growth interfaceuggestions. One of the authdi®.A.L.) would like to ex-
incorporation kinetics, relevant phase diagram, and interfapress his gratitude to The Science and Technology Agency
cial free energy. of Japan for financial support.
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