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CHEMICAL TRANSPORT REACTION ANALYSIS FOR CRYSTAL GROWTH OF
BINARY AND TERNARY CHALCOGENIDES

Rajani Bhushan Agnihotri
Inorganic Materials Research Division, Lawrence Berkeley Leboratory and
Department of Chemical Engineering; University of California
Berkeley, California . :
ABSTRACT
The chemical transport crystal growth of binary and ternary-chelce-
genides in a closed container using halogens as transport agents 1is |
analyzed for diffusion controlled kinetics in terms of thermodynamics
of gas solid equilibria, temperature conditions and initial ;raneport
agent.concentration. | |
' The Stefan-Maxwell fransport equations for multi-component gaseous
diffusion are integrated and related to phase equilibria to predict the
growth ratee of Cdé; ZnS and MnS using I2 as a transport agent under
varying transport conditions. Concentration profiles for the gaseous
species are also predicted as a function of position along the transport
path. The chemicel transport of ternary chalcogenides (AB2X4) is analyzed

similarly. The importance of magnetic susceptibility for characterization

of the compound is shown. A magnetic coil system developed to produce a

linear field gradient for measuring magnetic susceptibility by the

Faraday method is described.



I. GENERAL INTRODUCTION

Chalcogen compounds have attracted much interest because of their
variety of magnetic electrical and optical properties. Many chalco-
genides are industrially important as photoconductors, magnetic semicon-
ductors and chemical catalysts.Binary chalcogenides such as CdS and

1 is

ZnS are well-known for their electro-optical properties. CdS
also used in electromechanical transducers and ultrasonic amp;ifiers.
Generally, the chalcogenides of zinc and cadmium are utilised chiefly
as luminescent and photoconducting materials.2 They are also semi-
conductors. Single crystals of tin and lead sulfide, selenide and
tellurides have attracted interest in the semiconducting properties of
these compounds érising from their use as infrared photodetectors.2
Many semiconductors of the II-VI compounds family can be made p- or
n-type by a simple change in stoichiometry.

Ternary chalcogenide spinels, ABZX4 (X=S, Se, Te) exhibit unusual
magnetic and electrical properties. These compounds are in the same
family as ferrites which are used in microwave devices, memory devices
in computers, magnetic heads in tape recorders and other device
applications. The exchange interactions in ferfites (which are
oxyspinels) are always negative so that tﬁese substances are ferri-
or antiferromagnetic. In chalcogenide spinels, however, positive
exchange interactions are possible giving rise to ferri-, ferro-,
antiferromagnetism, a helical spin configuration and so on. Spinels

2+ 2+

+
of the type (A = Fe” , Mn~ , Co2 ) are ferrimagnetic semiconductors,

ZnCrZX4 (X=S, Se) spinels are antiferromagnetic and semiconducting,



- + '
A CrZX4 (A=Cd2 . ng , X=8, Se) are ferromagnetic insulators excepting

254 which is a metamagnetic insulator.3 On the other hand com-

pounds of the type CuCr2X4 (X=S, Se, Te) are ferromagentic and exhibit

HgCr

CuRh,.S, and

metallic conduction.4 Finally, three compounds CUVZSA’ 254

Cuhase4 have been found to be superconductors.s’6
The series of ternary chalcogenides M Cr2X4 M = Pb, Sr, Ba, Eu
and X = S, Se) are known to crystallize in a hexagonal structure.
These compounds are found to be ferrimagnetic semiconductors except
for PbCrZSe4 which has a metallic type of conductivity dependance on
temperature. Because of their structure these compounds are expected to
exhibit highly amiotropic physical properties in contrast to the cubic
spinels.7
Rare earth chalcogenides such as EuX (X=0, S, Se, Te) are magnetic

semiconductors.8 Ternary chalcogenides of the form EuLn2X (Ln =

4
Lanthanides, X = S, Se) also have magnetic ordering.9

We can see that for an understanding of the physics and chemistry
of these materials, crystals are a prerequisite. One can use a
polycrystalline sample for many studies.but for a study of structure and
transport properties as well as industrial applications, a reasonably
large single crystal is needed. Grain boundaries in polycrystals.s
give rise to impurity segregation and particle scattering and thus
single crystals are also required for optical studies as well as for
a determination.of any transport properties. Single crystals are

also required for studies on magnetic anisotropy and electromagnetic

coupling.
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Currently there are various methods by which it is known single
crystals of chalcogen compounds can be prepared. These are
i) closed tube vapor transport
ii) Open tube vapor transport (epitaxial process)
iii) Growth from solution
iv) Solid state reactionms
v) Hydrothermal crystal growth
vi) Liquid transport. (Growth from liquid phase by a chemical reaction)
One form of vapor transport is the simple sublimation-condensation
process. This can be done for compounds that have high volatility.
CdS and ZnS are best grown by this technique:.lo’11 However, dissociation

of the compound in the vapor phase.is considerable so that a more

realistic reaction for the "sublimation'" process is

CdS(S) L Cd(g) + S(g) .

The Piper-Polich method12 of moving the vapor zone separating the
source material and the single crystal product through a temperature
gradient has become the method of choice, since the thermal gradient
stabilizes single crystal growth,

Crystal growth from the melt becomes difficult for materials
having high melting points or which show appreciable dissociation at
the melting point. To obtain single crystals of such materials vapor
phase growth methods are used.

To minimize contamination from containers, and to improve growth
rates, it is preferrable.to carry out methods for growing crystals at

temperatures well below the melting point of the material involved.



This can be achieved through chemical transport reactions, a term intro-
duced by Schafer.13 Instead of directly vaporizing a solid at high
temperatures, the solid could be reacted at a lower temperature to
form volatile chemical intermediates. These intermediates can be
reacted back to the solid at a different temperature_utilizing the
temperature dependance of the chemical equilibrium involved.

In this work, we will focus our attention on the closed tube
chemical transport method for preparing single crystals of binary and
ternary chalcogenides.

In this technique, a silica (quartz) ampoule is evacuated,partly
filled with the source material and a volatile transport agent and
placed in a controlled two-zone furnmace. (Fig. 1). Since halides
are generally more volatile than other metallic salts, the transport
agent i1s often a halogen or a halogen-containing compound. The

reaction follows the general reaction equilibrium,

A + B = C

) T 3 va

(8) (8)

where A is the solid to be transported, B is the transport agent and

C and D the volatile intermediates. The different II-VI chalco-

genides that have been grown by this method are given in Table I.

A very good case for the use of a transport agent in growth experiments,
even when the compounds have high vapor pressure, is when an alloy crystal
product is desired to be formed from compounds having different vapor
pressures at the same temperature. Cherin et al33 found that because

CdS had a much higher vapor pressure than ZnS at a given temperature,



it 1s impossible to grow 'mixed" (alloy) crystals of Cderi1 xS by
sublimation.34 However, with I2 as a tranSport agent, the equilibrium
constants in the reactions of CdS and ZnS are close enough for co-

N

transport to be possible. Several other studies héve been made of this
reaction.35_38

Chemical vapor transport is‘the'principle technique availéble to
synthesize many ternary chalcogenidé spinels,‘even in the polycrystal-
line form. It is useful particularly for those ternary and quarternary
'compdﬁnds.that melt incongruently or that have high equilibrium‘dis—
sociation pressures at their melting points due to one or more vola;ilev
éomponents. These difficulties are frequently encountered in
chalcogenide spinels. A list of ternary chalcogenides that have been
prepared by the closed tube .chemical transport process is given in
Table II.

Gibart et a1>? §btained an improvement in tﬁe size of the single
crystals by pulling the ampoule slowly through the temperature |
’-gradient.A One céuld explain this result as foliows: As the firsf
single crystals are formed, they extend spatially;.céusing the next
crystal zone of deposition to be at a slightly different temﬁerature for
a fixed profile. Hence if the ampoule is displaced continuously with
respect to the fixed thermal profile, the deposifion will fake place
at a more constant temperature. If'is obvious that the pulling rate
must be ciosely related to the crystal deposition rdte. Gibart et al.39

increased the size of FeCrZS4 crystals from 2-4 mm to 15 X 6 X 0.6 mm

by pﬁlling.



Another improvement on the ordinary closed tube method is the

ampoule designed by Widmer.ao This double-wall (Fig. 2) permits the

5

outer evacuated jacket to reduce the radial temﬁeréture gradient in
fhekampoule.and also to protect the growth region from convective heat
currents in the furnaég tube. CdCrZS4 crystals were improved in size
from 0.2 to 0.6 mm to 4 x 6 x 3 mm by this method.

In this work, attention has been cen;ered on crystgl growth by

the chemicalltransport method.r We apply thermodynamic and diffusivity
data and‘assume éertain chemical equilibria for tﬁe gquatiéns of motion
of the gaseous chemical intermediates that are formed by the.reac;ibn_
of the transpdft agent and the solids to be trahsported. A model baséd‘
on the Stefan-Maxwell equations is propoéed and soived td bbtain rates
of product'formation as a function of imﬁut variables to the system
e.g. temperature con&itions, transport agent and transport agent feed.
We can also predict the pressure iﬁ the ampoule and the concéntratioﬁs'
of the various species as a function of position-in‘the ampoule.

Aiso since the mégnetic properties of the tefnary chaléogenide
spinels are so varied, we have included a section which outlines simply
the magnetic behavior of these compounds. Since magnetic sﬁsceptibility
is an important tool in characterizistic‘of'cheiffstructure, a set of n
magnetic deflection coils that produce a linear magnétic field gradient

was designed for use in the Faraday method.
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Compound .Agent
Cds 12
L
Cdse I,
L
CdTe 12
ZnS- ;2
I
)
Cl
)
-
ZnS(cubic) 12'
" ZnSe 12
I.2
L
)

Table I. Chemical transport of II-VI compounds in a closed tube.

Temp. Profile

Lo

T=830, AT=15
850650

1000~+500

1050»750

1050-+770

1050900
'1200-+1060

1050-800
785-780
- T=850,4T=5 .

Transport Agent
(mg/cc)

4.0
5.0

5.0

5.0

4.0

5.0

Linear Growth Rate
(cm/sec)

Ref.

1.0 x 10~

1.0 x 10~

2.0 x 10~

6

6

6

14

15,16

15,16
17

18,19

15,16

20
21
22
23
24

25

26

15,16

- 27

28

29

_L—



.Table I. continued

‘Temp., Profile

Compound - Agent Transport Agent Linear Growth Rate Ref.
. ‘”_ o) (mg/cc) (cm/sec)
ZnSe(cubic) HC1,Br, ‘ '
I, 28
ZnTe 12 23
ZnAs 1 B 23
MnS I, 1000-550 15,16
Hgs c1, 30
FeS,CoS, _
NAS €, 3
EuTe 1, T=1680,4T=95 1.35 2.0 x 107/ 32
EuSe I, T=1650,4AT=68 1.0 4.0 x 1078 32
FeS I, 900-700 13
CrTe I, 1025-850 13
A
' o
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Table II. Chemical transport of ternary chalcbéenides (ABZXA)

1 | 750-700

Substance Transport Agent . Temp. Profile Rate
o
CdCr,S, c1, 825-775
C.rCl3
'CdCrZSe4 ' CdClz-—Se-CdCrZSe4 800-700
HgCrZS4A c1, 900-780
HgCr,Se, CrCl, » 700-670/10 cm
ACr,S, AlCl, 1000-800
(A=Cd,Zn ,Mn) |
ACr,Se, alc1, 900-600
(A=Cd,Zn,Hg
Cu)
CuCr-ZSe4 I, 1150;1100
CoCr,S, I, | - 1150-1000
| CrBr3
FeCr,S, ca, 1100-1000
ZnGaZS4 12 .: 1100-1000
Cdea,S, I, " 650-600
HgGa254 I, '\ 1100-1000
ZnGaZSe4 12 : 1100-1000
CdGa,Se, L, : © 950-750
chaZSe4 I, ‘ | 760-700
Znln,S, I, 750—700

Ref.

41,42
43

44
45
46

47

47

48

39
39
16
16

16

16

16

16
15,16

49
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Table II continued

Temp. Profile

(°0)

Rate

Substance Transport Agent
CdInZS4 I2

I
HgInZS4 'Ié
Znln,Se, .Iz
CdIn,Se, : 1,
'HgInZSe4'_ 12
_MnIHZSA_ 12
Coln,S, ' I,
CoCrZ'S4 NH4C1"
Cr,S, Br,
GeFe,S4 I
Geans4 12
SiMnZS4 I2

8504750

850-750
950-650

700-650

650-600 -

- 750-700

1100-1000

850-800

1150-1000

'Fast (51)

Low (51)

Very low (51)

Very low (51)

Medium

Médium

. Low

Low

50
51
51
51

51
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Figure Captions

Fig. 1. Schematic diagram of the asseﬁbly for chemical transport

reactions in a closed ampoule.

Fig. 2. Double~walled ampoule by Widmer.Ao
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IT. CHEMICAL TRANSPORT IN A CLOSED SYSTEM

A. Introduction’

Thevterﬁ chemical transport was put forward by Schafer et al|
to describe the fact that a'chemical compound can be'converted tovav
‘more volatile chemical intermediaté at one temperature,and then can
be reobtained at a different fempe:atﬁre where the equilibrium favors

‘the formation of the original compound. Thus for. a reaction of the

type

+ B = C +D

Ay TP T @ TP

the Aern would change with temperature according to

3
7T (AG/T) = - —

where AH is the heat of reaction. Heﬁce the different equilibriﬁm‘
constants at different temperatures will cause a concentration gradient
to exist in the reaction vessel, in our case a closed, evacuated
aﬁpbule;

The chemical transport process can be di&ided into th:eévﬁartsd
i) Heterogeneous equilibrium at the source end, at a temperature, . -
Tl.
ii) Transport of the gaseous species formed in i) to the other end
af the‘émpoule at a temperature TZ;L |
iii) Heterogeneous equilibrium at this product epd.at Tz.
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Schaférl outlines the various mechanisms by which transport can
occur.v | |
i) Moiécular flow: This mechanism dominates at extfemely low pressure,
P < 1072 atm.

ii) Diffusion: This is the controlling transport pfocess’in the ranges
of temperature and ptessure used generally for chemical transport (e.g;,
10-3_< P<3 étm, and for 400 to 1100°C.). When this process isvgenerai—
ly the rate determining step, then reaction eqdilibfium is established
between theksolid substances and the transport Speciés,

1iii) Thermal convection: At pressures of P > 3 atm'thermAl coﬁvectién
has an important contribution to the chemical transport.

We will concentrate more on the diffusion proceés. If the reactions
are carried out at the medium temperature range, diffusion is the slowest
‘ step only for the higher tétal pressures. As the ?réssure is lowered,
diffusiVe‘transport increases until it ceases to be the slowest Step.
Then the caICUiated transport rate assuming diffusion to be rate con-
trolling will be smaller than the actual rate at low pressures. One can
in general, expect that the diffusion range will exténd tb lower pres-~
sures with increasing temperatures. It is alsoIPOSSible-to expand the
diffusion‘range by the choice of tube dimensioné, espgciaily By chobsing
a narrow diffusion path.l

The mass flux in a situation wheré there exist‘both concentration

and thermal gradients is excellently treated by Bird, Stewart and

Lightfoot.2 -The mass flux,’ji is



-19-

® .. (T

o3 T 3,943, 03 ® ey :
where
ji(x) is the concentratioﬁ or érdinary diffﬁsion flux,
ji(p) the pressure diffusion flux,
and

»ji(g), the forced diffusion, flux

(T)

3,7, the thermal diffusion flux,

For a closed system, ji(p) = 0 because of equal pressure through--

“out the ampoule. Also ji(g) = 0 because the only external force is
gravity and that has an equal effect on all regions if the ampoule is

horizontal or nearly so. Thus

Ty

(x) | j
i

| ji ;‘jk .

where
. (T) T
iy . Di VinT

The thermal diffusion coefficient D T is known to be negligible com-

1
paredvto that for molecular diffusion. In our range of pressure,

10“3 < P < 3 'atm we are neglecting any thermal contribution to mass-

transport. Consequently the mass flux is éimply;

where for multicomponent diffusion
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| o |
3G, \ o

;¢ M. M . =L Vx
31 oRT Z M5P15 %5 IQZ:;(axk)T,p’XJ‘
i s,k

where ¢ is the total molar concentration, p the gas'density,

M is the Molécular weight

Gj’ the partial molal free enthalpy, and

Dij’ the multicomponent diffusion coefficient. -
For n > 2, it can be shown that generally Dij #* Dji’
For a high temperature and a low pressure system, we assume the

vapor species té behave roughly like an ideal gas. Then the mass flux

is simply
o _ .
—'C— Z . V%, . . i=1, 2,. . .n
P 3 .

For an n-component ideal-gas mixture there is a relation between D

ij
(the diffusivity of the pair i-j in a multicomponent mixture) and ﬁij

(the diffusivity of the pair i-j in a binary mixture).3 The Dij's are

not convenient to use because they are concentration dependent. Besides

Dij has the added advantage that ﬁij = ﬁji and is independent of the

composition.

Curtis and Hirschfelder3'converted the above equation to the formbﬂ

o

n .
1
Vx, = Z —— (x,N,-x N.) ,
i j=1 cDijv i "1
Ni==Molar flux of component i with respect to fixed coordinates.

The set of such equations is called the Stefan-Maxwell equations. They

constitute the starting point of many multicomponent diffusion problems.
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Although many researchers have applied the chemical transport pro-
cess in a closed tube few haﬁe analyzed the diffusion process involved.
Schafer énd his co—workers4’5 developéd an approximate theory
relating the rate of transport to various macroscopic parameters: e.g.

the relative amount of vapor solvent, temperature etc. In the reaction

Bs,0) T ¥Bg) = 3C(g)

.the solid sﬁbstance A is transported from the regibh at temperature T2
to where tﬁe temperature is Tl}_ If the numbgr of moles of solid sub-
stance A‘is»known,'then the number of moles of solid substance A that
has been transported can be obtained from the stoichiometry of the

reaction:

If the reaction proceeds with a change in the number of moles
(k*j), the requirement of an equal total pressure in the tube will give
rise to a flow of the entire mass, along with the diffusion process.

Then the number of moles of transported gas is

ch k(CB+CC)

ds 3§ Cp¥k C,

ng = Dqt

where Ci = cpncentration of species 1; s = length of ampoule; q = cross
section of the diffusion path; t = time. Thethird factor due to the flow
is equal to 1 for k=j. Without an appreciable error this factoris set = 1.

Converting concentrations t - =
g ations to partial pressures, PC(Z) PC(l) APC,
Schafer obtained '

 = EE '
n. SRE APC (moles)
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and

= 1, Dgt : ‘
n, = 3 SRT APC (moles) . @)

The diffusion coefficient D is expressed as a function of temperature

with Do measured at EPO = 1 atm and To = 273°K:

ZPO T 1.8
=% % T - @
o
On combining Eqs. (1) and (2) we obtain the number of moles of A
transported,
0.8
P T
poai Ze Do T T
A J zp T 1.8 sR
o
For more than two gaseous components e.g.
iA + kB = jC + D, .
) T e T %% T P (3)
we will have
PG: PD = j:8

and a stationery state of mass transport in the tube will require

where DB’ DC and DD are the diffusion coefficients fof the gases B, C and
D in the gas mixture. This consideration only holds for the condition
that the reaction of Eq. 3 involveg no change in the number of moles, i.e.

k = j + 2. When the transport reaction produces a change in the number
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of moles, the flow of the mass in its entirety m#éf be ﬁaken into
acéount. Sﬁhaferh acknowledges this but does not offer a solution to
this problem. Schafer simplifies his estimate of fhé transport rate
further by using approximate diffusion coefficienfs.

Mandei and Lever in a series of papers treat‘the theoretical case

with greater detail. M-andel7 used the simple diffusion expression,

'(Flux)i = (Diffusivity)i(Area)(ancentration Gfadient)i

This approximation, however, does not take into account the flow term
caused by a difference between the moles generated and initial number

of moles. Mandel's later pape:s, an apologia, seeks to justify the
above agproximation.réther than‘oo_obtain'the exact solution to the
Stefan-Maxwell equatidns. Furthermore, the diffusion coefficients of
the indiVidﬁal gaseous compounds are assumed to be those of a ﬁixture
rather than binary diffusion coefficiéﬁts. The partial pressures of the
different_speéies in the tube are given by furtherbapproximations.

In Part (3) of his initial papér,7 Mandel treats the effect of surface
reactlon rates on the producf formation rate,

Subsequently, Le;erg_treats the proﬁlem of multiple reaction
equilibria for vapor transport. Heré, thermal diffusion is neglected
and the flow is expreésed very simply in terms of the diffusion coef-
ficient and a simple parameter deséribing the o§era11 gas composition,
without reference to individual molecular species. Mandel11 extends
this to fransport of several solids by using couplihg'parameters that

can be determined from a (N-1) dimensional equation set where N is the
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number of equilibria. In a later work Lever10 also treats .the problem

of a single heterogeneous equilibrium and the transport of a solid |

therefrom.

Our approach to the problem of chemical transport differs from
those above in that we take the Stefan-Maxwell equations as our basis,
and do not approximate these or the actual concentratiqns df.gaseous
along the transport path. Using the stoichiometry of the reactions .
involved, the Stefan-Maxwell equations are solved assuming gas-solid
reactions at ends of the transport path. We use binary diffusion
coefficients because of the advantages outlined earlier, but assume the
diffusivities are constant and have values correspondingvto the mean
temperature along the transport path.

Since we are interested in a rigorous statement and solution of the
chemical transport process, we cannot approximate the diffusion
equations as done by Schaferlland Man@e17. However, we do have‘to make

"the following assumptions,

1. The transport process occurs at steady state,

2. The total pressure in the tube is constant and independent of
position. This constraint means that the total mola; concentration
is constant throughout fhe tube.

3. We negleéfwthe change in partial molal vplume‘of-the gaseous
speCies'due to temperature changes.

4, Since the pressure is low (10—2 - 3 atm) and the temperatures are
high (~700°-1000°C) the ideal gas assumption for the gaseous

species is valid as an equation of state.
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5. .The chemical transport agent (in this case é‘haiogén) iﬁtféduced~
‘in the tube is of known quantity and is in the gaseous étate at the
temperatures in question, :

The p&qblem of simulating the transport conditiéns'operating'under
diffugional control‘then reduces to the solving of the Stefan-Maxwéll‘
equationévof motion of the gaseous species‘subjecf to the boundary
conditions of the problem. These are

i) The heterogeneous equilibria at the two ends:.
iA + kB =4C 4D
By T @t e

where the equilibrium constants K = P% PD PBA‘ are deduced from a free

energy calculation (See App. 2).

.ii) The conservation of the transport agent introduced into the closed

fube;

The unknowns for ‘a system of N gaéeous species are the.conéenﬁra-.
tions df (N—l)vspecies and the mass flux of one species. From stoicﬁi—
oﬁetry this flux is related to fhe flux of 3ll other gaseous species;
Hence we have N unknowns. The number of equations needed, N, in general
consist of the transport agent conservétiﬁn and the heterogeneous
equilibria at the ends of the tube. For a simple transﬁort problem
involving binary chalcogenides, we have a 3 dimensional problem (ie. N=3),
while for a ternary chalcogenide or spinel, N=4, Various degreés bf_
refinement in the model are required by an increase in N to 5 or 6.

- In the problém, the binary diffusivities of the_varibus gaseous

species are obtained as outlined 'in App. 3.
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For a solution of the problem, we ‘require to find ~1i) the concen-
tration of the various specles as a function of position along the tube,
and ii) the mass fluxes and hence the product rate of formation of the

solid phase.

¥y
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B. Chemical Transport of Group II-VI Compounds

with Halogens Transport Agents

Siﬁgle cryStals of the divalent chalcogenides can be grown in the
vapor phase by sublimation or by chemical transport with varioué transport
agents, e.g.INHACl, H2, halogens etc. On sublimation of the compound,
the gaseous species are the elements theméelves while with Hz,‘the.ﬁe;alf
and the corresponding hydrogen chalcogenide gas are formed, e.g.

‘MX+H2=M(g)+H2x' | o | (a)
where X is S, Se or Te and ﬁ_is a divalent catioh.'

With free halogens as transport agents; thentémperatures of transpoft
are considerably reduced below those required for sublimation.' If I2 is
added, the gaseous metal is bound ip the iodide form, and the eqﬁilibrium
is conséquently shifted in favor of the gaseous participant in the reac-
tion. Thé general reaction can 5e_represented by

MI + 0.5 X (B)

M) ¥ agg) T Ma(g) 2(g)

1. Diffusion Controlled Transport

| The one-dimensional transport process is shown in Fig. 1; The
directions of diffusion of the variéus gaseous species afe also shown in
the figure. We designate the gas phase species 12, M12 an_d‘X2 by the

subscripts 1, 2 .and 3 respectively,



The multicomponent.(Stefan—Maxweli) diffusion equétions
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are
3 .
v —E L (x,N,-x.N) i=1, 2,3. (1)
3T R *1517%0 T T
. cD, .,
j=1 ij
Also, in the gas phase, for all z
3\
E x,(2) =1 (1a)
i-1

where

c 1is

Dij

z is

is

and

Because of

" the species MI,, S

the mole fraction ofithe»épecies‘i

the molar flux of the speciesvi with regpect_to fixed coordinates,
the total molar concentration,

the binary diffusion coefficient for the‘species pair'i,j

the distance along the ampoule |

the above constraint, only two of fhe séﬁ of equations (1) for

2 Sy and I are independent. These reduce to the form

(see Appendix 1A) in terms of the product flux J

+d (1b)

Vx 2 1

1= alxl + blx

Vx, = ax; + b2x2 + d2 (1c)

where o
a=g<_1____;__> o311
1 clz ~ 2 ecl= ~
Dia 2Dp3 D3 Dy
bl=%<:L_:_l_> o =32 L
' Dip  Dy3 " \2Dy5 Dy
d = J d P
1 2 b
13 Y23
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The integrated solutions for these equations are - -

b,d.-b.d mz z
M e ' e AP ST
2°17%%2 -

i e B 1 R G Yo e S
- - - ?
27 3b-ab, * m-b, m,b, *3 17%2

where

(a;+,) i
2 1 2 v
m,m, = 12 + -2—-‘/(a1+b2) -4(a1b2—azbl).

Generally, it hés been found that the discriminent is negative and so we
have imaginary roots. Then we can represent the solutions ésv

: sz
=q, + : +
X _al e (cl CcOos rz c2 sin rz)

and

. sz
Xy =0, + e (c3 cos rz + <, sinrz )

x3=l—-xl—x2

where r and s are given by

T =v(ml—m2)/2i, s = (m1+m2)/2"
= At ¢y = (A = A) |
AL A2 ' A1 A2 |
C, = a + ¢, = ia -
3 2 [ml b2 m, bz] 4 2 [ml— 2 mz-b2
o bydymbydy a1dy-ayd;
Otl = — and a, = T
azbl—alb2 7 azbl—alb2
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To obtain a particular solution to the above general solutions for
X1s Xy and X4 we must know the values of the quantities Al’ A2 and J (which

is implicit in the constants a, bl -+« etc.). These three unknowns re-

quire three equations. These equations are

i) the heterogeneous equilibrium at the source end,
X, X 1/2
I i B
1 Tz=0  x
1l z=0

K (cRT

1/2 o
D | @

" ii) the heterogeneoué equilibrium at the product end
X, X 1/2

K, =k _ =23 | (arpt? (3
' 1 z=L '
ii1) and the overall iodine balance in the closed tube.
If € is the concentration of 12 initially fed to the system
(moles/cm3) and if A is the uniform cross section area of the tube, then
| L | | | |
AeL = A, ;{ (x,+x,)dz | , (4)
0
This leads to the relation developed in App. lA; Sec. 1I.
We also need to know the total concentration of alllgaseous species
in the tube, c¢. This is obtained from the relatioh (see App. 1, Sec. II).

c 3/2
(—e' -1)

(4RTle)l/2 . : (5)

Once c is calculated froh Eq. 5, the system of three non-linear
algebraic simultaneous.equations, Eqs.-Z; 3 and 4 can be solved for the

unknowns Al’ Az and J.
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These equations were solved on the CDC 6600 at the Lawrence
' Berkeley Laboratory, and on the CDC 6400 at the University of Californié
Computer Center, Berkeley, California. Details of the computational

method and the program are given in Appendix 4.
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2. Results and Discuésion

The computed results of.the simulated transport broblem are given
in Tables (1-6). Using these we have plotted.the product flux as a
function of the iodine feed and the temperature gré&ient across thg'
ampoule. It has been found in general that
i) For a given temperatﬁre gradient at the temperature in question,
1100°K, the product formation rate incfeases with the amount of iodine
initially fed to the system. (Fig. 2, 4, 6) |
ii) The product rate, for the same iodine feed, increases with the
temperature gradient. (Figs. 3, 5, 7) |

Results obtained for CdS, MnS and ZnS transport by 12 beag out the
above except for MnS where the product rate undergoes a weak maximum as '
a function of the iodine feed. This result could be connected to the
and K

fact that only in MnS were K less than unity. With ihcréasing

1 2
AT, this maximum shifts to the right (Fig. 4) corresponding to increased
concentrations of the transport agent. | |

| The concentrations of the various gaseous species as_é function of
position along the ampoule invol§e exponential and trigonometric function

dependence.

x(IZ) = -2 + (clcos rz + c, sinrz) exp(sz)
x(MIz) = 2 + (c3 cos rz + <, sinrz) exp (s2)

x(S = l-x(Iz) - x(MIz)

2)
where x is concentration, z is ‘distance alohg the ampoule and r, s, Cys

Cys Cg and c, are parameters found for a particular transport conditiom.

The nonlinearity of the concentration profiles is indicated by r and
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s. These quantiﬁies ;re,>however;_so minor as to effectually give a
linear concentration gradient.‘ As a general rule, the nonlinearity in-
creases with both iodine feed and temperature grgdieht (Tables 2, 4, 6)
except for a weak maximum observéd for MnS (Table 4).

Better\product formation rates were obtéiﬁed for cases where 1SY apd
K2 (the.equilibrium constanﬁs at either end of the tube) were closer to
unity. Thus, product rates were lower for CdS.than for'ZnS or MnS. One
important factor in choosing the temperétures in the tube is that they
have to be higher than the boiling points of the ihtermediate halides.
If not, the solid or‘liquid halide forﬁed would envelope the depositing
vchalcogenide and the reaction would stop. Therefore, for Cds, the
temperatufes'wére Quch that Kl,Z were very high andbconsequently the yield
wés low.

Kaldis 1%

»cgrried out the chemical transport of CdS with I,. His
experimental results are shoyn in Fig. 12. The compariéon oprroduct'rates
with a change in AT is interesting. The curve for CdS is linear.for
AT = 55°C and below this, there is a hump near the:origin.
Kaldis sgggestS’that the heterogeneous rate reaction could be the rate
determining step in this region. Above AT = 55°C, the linear variation is
similar to the curve we have obtained (Fig. 3) éxcépt that our curve is
‘more nonlinear. Though we have not calculated thé transpdft rate for
ZnSe, the linear variation for this compound is similar té the variation
for ZnS (Fig. 7).

In another experiment,rhe found that the chemical transport rate at

T = 1130°C decreases when the iodine is added to the ampoule concentration.

Since the_sublimation of CdS occurs rapidly at this temperature, the
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transport process is actually a combination of sublimation and chemical
transport by the halide. The experimental transport rates are approxi-
mately a factor of ten higher than those predicted by the above theory.
The effect of thermal convection and sublimation tramnsport or incorrect
thermodynamic data could be the source of the difference.

The limitations on the accuracy of our resﬁlts stem principally
from errors in the thermodynamic data, and from errors in estimatin.g
diffusivity. Bothofthese are inevitable because of the exploratory ap-
plicatiqné to which chemical transport is applied. ‘Data for many com-
pounds in which we are interested has not yet beén measured.  In
addition, some error accompanieé the assumptions made:

1) 1In actuality, there is a great probabiliiy-of multiple reaction
equilibria but the reasonable assumption is that one gas-solid reaction
predominatés.

2) Sulfur is assumed present only in the form of Sz...This is true to
a large extent because at high temperatures thé‘polymerg S4, S6’ SS
break down into S2 and the equilibriﬁm heavily favors 52'

3) The dissociation of iodine, I, = 2I, was neglected. The species I

2
would involvgvanother diffusing species and ‘also énother_term in the
reaction equilibria. We have lumped the monatomic iodine with the
diatomic molecule. Generally the concentraﬁion of I dées nof:exceed
a few % of I at typical transport temperatures.

4) The results which we have obtained dp not take into account the

sublimation reaction, which is assumed much slower than the chemical

transport reaction considered.
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The simulation of chemical transport of Group 1I-YI compounds has
several incentives. In addition to comparing the suitability of different
halogens and other compounds as transport agents, the solution method

proposed allows a prediction of the product compound formation rate for

, diffusion con:rolled transport under different conditions of temperature, .

initial transport.agent concentration and choice of transport agent. The
method allows a prediction of the concentration profiles for various
species along the trénsporﬁ path, can provide the total.pressure in the
transport tube, and can provide data for predicting the optimum conditions
for crystél growth..

The actual production of crystals by chemical trénsporc correlated
with the ?redictions of this study are not considered here. Réther, it
is assumed that i) a single transpoft reaction equilibriuh appliesvand-
ii) diffusion is thebrate determining step;_'If the aétual experimental
results are close to the ones we have predicted, it will tend to supportv

these starting premises.
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C. Chemical Transport of ABZX4 Compounds with

Halogens aé Transport .Agents

By an analysis of the chemical.transﬁort'procéss we hope to predict
the yield of ternary chalcogenide crystals transported in a closed tube.
Since diffusion in the gas phase rather than the gas-;olid reactions'is
assumed to be rate controlling, no conclusion caﬁ be made on crys;al size
but rather the mass rate is calculated.

| In order to set up‘transport equations we need to know first the
chemical reactions involved in such a transport process. Here the actual
transport réactions become important as Are the gas ﬁhase species,

Wehmeier13 proposed the following reactions for the transport of

AB,X, compounds with halogens.

2%
AB,X, (o) ‘+' 4 Yy Ml 2B .ZXZ(S) (1)
By + Y™ My + 05Ky . @
ByX3(e) * 3Y2(g)# 2BY3(g) + 1.5%, (3)

(2)

where X and Y are the chalcogen and transport agent respectively. Thus,
if the separated binary chalcogenides are introdﬁcéd as source compounds,
the binary halides are formed at the source end. These then formvthe'
solid ternary at the product end. |

14

Lutz et al.” when referring to the transport of Cr233 with IZ’

postulate the formation of Crl This additional gas phase species is

9
important, comsidering the fact that many ABZX4 coﬁpounds contain
chromium. On the other hand, Nitsche et al.15 propose the following

reactions.
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When the starting material is a mixture of powdered AS and BZS3,:-

and I2 as the transport agent , then the transport reactions are

By Tl T M T 7 %2 W
BSye) * Magg T Blyg tT S e
= 3BI > B - (6)

- BaS3ee) T Bl T Bl T 7 Saqe)

The further postulation is that when the binafy éulfides are reformed
in fhe cooler zoné of the ampoule by displacement of the equilibriums of |
Reactions (4) and (6) to the left they react to form the ternéry-conr
pound. : | |

Thus far, we have the formatioﬁ of the mono-=, bi- and trihalides in
the gas phase. Nelson and Sharpe16 have probed the stabilities and inter-
‘reiation of the different halides for the first transition series. But, |
in the absence of conclusive tests, we are nét sure of the.species'present
in the vapor ph#se. Pinch and Ekstfoml7 divided chrémium compouﬁds into
two groups; The first group contained spinels with high-vapor-pressure

metals (e.g. Zn, Cd, Hg) as divalent cationms. For this group, divalent

cations would be transported as monatomic vapor,

= 1 :
M%) T A T2 Yo T T2t ”)
The Cr ions would be transported as a tri-halide,
3Cl + Cr, X ® 2CrCl + 35X o 8
I o T R T S o OO B - ®
= (9)

Cr¥se) T ™o T CEue)
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The reaction of Eq. (7) is the decomposition reaction for the spinel.
However, if additional elemental metal K were suppled in the starting
material, it would be transported also in elemental form. The above

authors also put forward the formation of ACl in the vapor phase,

2

ACr2X4( y t 4 Cly gy = ACLy g + 2CKCly +_gx2(g). (10)

The second group of spinels proposed by Pinch and Ekstrom contains
~ divalent transition metal ions (Mn, Fe, Co) or a mixture of mono- and
trivalent 1ons»(Cu1/2Ga1/2, Agl/ZInl/Z’ or Cul/ZFe1/2)'

Probable reactions are then

W2+ e |
et Cr2s4( ) +acLy @ M Cly(gy * 20TCLy () + 25y ) (11)
1+ ot - _1_‘ + 1 3+
M1/2 1/2 Ca¥u(e) * 4Clag) T M Cligy +3 N Clygy ¥ 20mCly ) 425, (o).
(12)

As seeﬁ from Table II in Part I for growth of'épinels, iodine i8 a
favored fransport'agent; This ié because genérally the iodine reaction
has the/lowest Aqnalvalue and thus the'most favored equilibrium position
required for transport. Hdwevet, if 12 is used abové 600°C,_sope dis—
éqciation into eiemental iodine will occur. Thi§ dissociétiQn.wi11 give
- rise to another gas species in the tube. |
Therefore, without further information on definite chemical species
vparticipaﬁing in the ternary transport teactions_webassumed the following
simplest reactions in order to simulate the conditions in the ampoule, We .
set up transport equations which would prédict the mole ffactions Of gas
species in the ampoule and thus predict the rate of pfoduct formation in

the ampoule, -
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| N 1 .
Moy Tl T M Y2 X | “
Ba¥3e) ¥ 3T T B3 ¥ 7 Xy s
(15)

Mg ¥ Pl T o T MM T HMace

Here 12 can represent any halogen.wﬁilevABzxa is the gene;al fopm of
a ternafy compound. |
| Tﬁe closed vessel geometry and direction df diffusing species_are
shown schemaﬁically‘in fig. 11. At one end of the closed vessel, Rb;ction
Eqs. (13) and (14) apply to stoichiometric mixtures of binary chaicogénides
AX and B2X3 heid at a temperature Ti, :The halides that are formed after
reaction with the hﬁlogen diffuse to the other end of the ampoule where
Reaction Eq. (15) applies at temperatufe'Tz. At this end, the gaseous
species react to form the solid spiﬂel. The free energy conditions should

be such that the binary chalcogenides are not formed again at the product

end. To ensure this Wehmeier 13 has proposed the following AG functions

02 1y
- Ap O o (15) 2
8G(y3) = 8633y + 0.3 AGJ5y + RT In ——-————20.7
and ‘
,0.7
= 46,%,, +0. ° + _—
BG(14) = B6(y4) + 0.7 8G(45y * RT In —5= )
: Pasy Y27

For a successful reaction, the free energy of the binary transport
. reactions (13) and (14) postdlated #bove are negative. I1f either binary
rea¢tiqﬁ has a positive value of AG, decomposition of the ternary phase
will occur. The_quantities needed in the above equations are the partial

pressure of the transport agent p(lS)(IZ) and the standard free energies
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for Egs.{15), (14) and (15). One stumﬁling bldck here is the difficulty_ ,
in estimating the free energy of formation of the ﬁernary compounds. Even
the estimation from their partition functions is difficult because of a
dearth of spectroscopic data. Hence we have to approximate the chemical
equilibrium at the product end. I

The thrée different processes occurring in the ampoule are then

a) formation of AIZ’ BI3, etc. at T b) diffusion of these species to

l’
the product zone and c¢) formation of solid ABZX4 at T2. Of these three .
steps, we assume that the rate limiting is b) i.e., the diffusion process.
Steps a) and c) are at equilibrium.

1. Diffusion Countrolled Transport

The multicomponent diffusion equationsvin the gas phase are2
n

in = Z: 5 (xiNj = xjNi)'
j=1 ij .

In our case i = 4.
Let us represent the different substances 12, AIZ’ BI3 and X2 by
the subscripts 1, 2, 3 and 4 respectively.

The diffusion equations obtained are then

- . -

1|1 1 _ 1 _

Vxl = E--ﬁ (xlNZ_XZNl) + : (xlN3 x3N1) + 5 (xlN4 x4Nl)

- 12 13 14 -

v ==-1--——l-—(N—N)Jc—-l—(N—N)+_1_(N-'N)7

) <|3 R B 5 XyN3TXgNy ) 5 e RRLTAL

| -"21 23 o 24 -
_1f 1 1 1

Vx3 =3 5—— (x3Nl x1N3) + g—— (x3N2—x2N3) +-g—— (x3N4-x4N3)

-"31 32 34 -
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where ‘ x, = l—xlfx2-33 |
c, the total concentration, is obtained by using conversion criteria at
the source‘ehd (see App. 1B, Sec. II).

Solving these equations (see App; 13, Sec. 1) we obtain

. ' 2 : .
= . : z ' ' K
Xy Al + z(al}\1 + bZAZ + c1A3) + 5 (a1 Al + bl)z +;C1A3)
[} o °
- (a,d1 + ble‘T'cld3)
22 - -
= e Z_ ' ' '
X, = Az + z(aZAl +,b2)\2 + c2A3) + 5 (az)\1 + bZAZ + c2A3)“
- (azd1 + bzéz + c2d3)
- . .2 :
= & ' ' '
X3 A3 +‘z(a3>\l + b3A2 + c3l3) f- 2 (a3A1_+,b3A2‘+ c3A3) B
-} o o'
| - (a3d1 + b3d2 + c3d3)
3 e '
x4=lexi.

i=1
Heré a, b, c etc. are as defined in Appendix 1B, while A;» A, and Xé
are constants. These three constants (Al,‘kz and A3) together withVJ,
the product flux, constitute the four uﬁﬁnown qu#ntities. "We need four

/ _ :
boundary or initial conditions to solve for these unknowns. The four

boundary conditions are then

1) The equilibrium constant K., for Eq. (13) at the source end at T1,

1A



) 1/2

2 1 |z=0

ii) The equilibrium constant K,_ for Eq. (14) at the source end at.Tl,

1B

/2

2 3
(P Y (P ) . 2 3/2
BI3 x2 X, X | /2

K. = = 34
1B | 3 3
@) %)

(c_R.Tl)1

2 2=0

iii) The equilibrium constant K2 for Eq. (15) at the product end at TZ’

4
4(P )4 . bxy
o Iy | -1
" K = = — . (CRTZ)
; 2 (P ‘)2 X, X 2x '
(p Y(Pr ) X3 X, :
AI2 BI3 82 z=L

iv) 1lodine fed in' the system is equal to the iodine pré;ent in different
compounds containing iodine IZ’ AIz, BI3. If Io 1é:the initial iodine |
concentration (ﬁoles/cm3)
L
_Io = AJ c(x1+x2+-23-x3)dz.
0

This -relation is evaluated in App. 1B, Sec. II

v) Conversion equilibria at the source end. This is given in App. 1B, Sec. II.
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2. Results and Discussions

The transport problem for the ABZX4 compounds wés.rgduced to a four
dimensionaL set of noﬁline#r algebraic equations in four real variables.
We khdw that the mole fraction of any species has to lie between O and 1.
This constraint, when applied.at z=0, led to‘the placing of limits on
the value of three of our variables. These were 4 < Ai <5, -1< Az <0
and -2 < A3 < -1. In addition we must have J # 0 since the product flux.‘
is always ébsitiVe. Because the equation set was nonlinéa:, howevé:, only . -
an approximate solution could be found for any given set of conditions
since convergence wés slow and not always towardé a solution within bounds.
In general, we coﬁld not obtain a satisfactory solution to this problem.

After the initial variable values were set within their respective
ranges, the method of computation was the‘unconstréined minimization
technique using the Newton Raphson method with internmally approximated
gradients. This method was generally unsuccessfﬁl. Davidon's method of
variable metric miminization also failed to préduée.a convergence within
;he required ranges}v Oné reason for the failure to converge to a éolu—
tion could be the lack of accurate data. Thermodynamic data on Eq. 15
was scarce and for the severe limiting ranges that we imposed on our
variables;‘any inaccuracy could be significant. In general the available
methods work best when the variable magnitudes are comparable. 1In oﬁr

problem, however, the product flux J differed from the mqie fractidnsv

'xi by many orders of magnitude.



Table 1. Cadmium sulfide transport by iodine. Product rates of formation for various transport
condition.

Iodine

Serial Source Product ~Pressure  Conversion Total concn. Prodﬁct Rate 3
No. Temp, T1 Temp, T2 Feed in ampoule 1in reaction in ampoulg (Gm/sq.cm/hr)*10
(°K) . (°K) (moles/cc)Xx10 (atm.) at source (moles/cc)X10
I @) | 1125 1100 100 - .0137 .9933 .1497 .04263
2 | . 200 L0273 | .9906 .2991 .05985
3 e e .500 L0681 ' .9852 .7463 .09330
1B S 1.000 11360 .9793 '1.490 .1299
5 0 n 2.000 L2712 .9710 2.971 .1797
6 S > 5.000 L6744 .9553 7.388 .2722
7 S h 10.000 1.341 .9385 " 14.69 .3675
8 20.000 2.662 L0161 29.16 L4879
IT (1) | 1150 1100 .100 .0138 .9939 .1497 .0792
2 o ,: . 200 L0276 .9914 .2991 L1113
3 e = .500 .0689 .9866 - . 7466 .1736
i | S . 1.000 .1376 .9812 1.401 .2618
5 = o 2.000 2744 .9737 2.974 .3349
6 | m 0 5.000 6827 9593 7.398 5084
7 | 10.000 1.358 9438 14.72 6877
8 20.000 2.698 .9232 29 L9157

.23
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Table 1. (Continued)

Serial Source ?roduct Iodine . Pressure Conversion Total_ concn. Product Rate 3'
No. Temp, 'I’l Temp, 'Tz Feed : in ampoule 1in reaction in ampoule 6 (Gm/sq.cm/hr)x10
(°K) (°K) (moles/cc)*x10" (atm.) at-source . (moles/cc)*10
IIT (1)] 1200 1100 .100 .0141 L9949 1497 .1385.
2 » » .200 .0282 .9928 .2993 1946
. ot omd .
3 P 5 .500 .0704 .9887 . 7472 . 3040
6 | S, 2 1.000 (1407 | L9842 1.492 L4240
5 = oud 2.000 ‘ . 2807 .9779 2.978 .5881
6 3 NS 5.000 .6989 .9656 O 7.414 .8957
7 10.000 . 1.392 .9524 14.76 ' 1.216
8 20.000 2.766 .9346 29.35 .1.626

-5~




Table 2, C(CdS transport by Iodine. Parameters for concentration profiles along the closed ampoule.

Serial - Source Product Todine : : : : N
No. TeTfé)Tl Tg?gﬁ)Tz ; (moleziig)xiOG‘ R S | ?1 C2 » C3 C4

I () | 1125 1100 | .100 .00001 | .00003 | 2.00448 |-.8302 |-1.3364]-.1697
2. . u .200 .00002 | .00004 | 2.0063 |-.8310 |-1.3376|-.1699
3 = = ~.500 | .00003 | .00007 | 2.0099 |-.8326 |-1.3400]-.1701
4 7 ° 1.000 .00004 | .00009 | 2.0139 |-.8344 [-1.3427|-.1704
5 = ® 2.000 .00005 | .00013 * | 2.0195 |(-.8368 |-1.3465|-.1708
6 '1-. 2 S 5.000 .00008 | .00019 | 2.0302 |-.8415 |-1.3437|-.1716
7 10.000 | .00011 | .00026 | 2.0419 |-.8466 |-1.3616(-.1724
8 20.000 .00015 | .00035 | 2.0576 |-.8535 [-1.3721|-.1735

I (1) | 1150 1100 ' .100 .00002 | .00006 | 2.0041 |-.8301 |-1.3361|-.1696
2 ~ N | +200 .00003 | .00008 | 2.0057 = |-.8309 |-1.3372|-.1697
3 B e .500 .00005 | .00012 | 2.0090 |-.8324 |-1.3395|-.1699
4 < ° 1.000 .00007 | .00017 | 2.0126 |-.8341 |-1.3420|-.1701|
5 = ® | 2.000 .00010 | .00024 | 2.0177 |-.8365 |-1.3454|-.1704
6 N N 5.000 .00015 | .00036 | 2.0275 {-.8411 {-1.3521|-.1710
7 | | 10.000° .00020 | .00048 | 2.0382 |-.8460 |-1.3594|-.1716
8 20.000 .00027 | .00064 | 2.0526 |-.8526 |-1.3692|-.1725

-9




Table 2. (Continued)

Source

Serial Product Iodine
No. : Te?gé)Tl Te?gi)Tz (molézjii)xlo6 R S Cl C2 C3 C4

111 (1) 1200 11100 .100 .00004 | .00010 . | 2.0034 .8300 [1.3357 F.1695
2 .200 .00006 | .00013 2.0048 .8308 F1.3367 F.1695
3 i e .500 .00009 | .00021 | 2.0075 .8322 L1.3386 |-.1696
4 S S 1.000 .00012 | .00029 2.0106 .8338 |-1.3408 |.1697
5 " P 2.000 .00017 | .00041 2.0149 .8360 |-1.3438 |.1698
6 G o 5.000 .00026 | .00062 | 2.0232 | -.8403 |-1.3496 }.1700
7 3 " 10.000 .00035 | .00084 2.0322 .8450 |-1.3559 .1703
8 20.000 00047 | 00112 2.0446 .8512 |-1 .1707

. 3645
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Table 3.

MnS transport by Iodine.

Product rates of formation for various transport conditions.

Serial Source Product Iodine Pressure. Conversion Total concen. Product Rate 3
No. Temp, Tl Temp,_T2 Feed _ in ampoule 1in reaction in ampoule 6 \(Gm/sq.cm/hr)xlo
(°K) (°K) (moles/cc)x10 (atm.) at source (moles/cc)X10
I (1) | 1125 | 1100 .100 .0128 .8009 . 1400 1.620
2 .200 .0251 L7466 L2747 1.893
3 | = =8 .500 .0608 - 6639 6660 2.182
4 | S S 1.000 .1185 .5959 1.298 2.313
5 ! ! 2.000 .2306 .5260 2.526 2.353
6 R ® 5.000 .5557 4355 6.089 12.269
7 - = 10.000 1.082 .3713 11.86 v2.123
8 20.000 2.111 .3128 23.13 1.929
II (1) | 1150 1100 .100 .0131 .8358 .1418 92.99"
2 .200° L0257 .7876 .2788 3.564
3 | & =3 .500 .0626 L7116 .6779 4.184
s | & 3 1.000 .1221 6467 - 1.323 4.496
s () ! 2.000 .2379 .5779 2.578 4.633
6 = & 5,000 .5735 4857  6.214  4.537
7 = " 10.000 1.116 .4185 12.09 4.286
8 20.000 2.174 .3556 23.56 3.928

_817..



Table 3. (Continued)

Serial Source Product Iodine Pressure Coﬁversion Tbtal concn. 7 Product Rate 3
No. Temp, Tl Temp, T2 Feed in ampoule 1in reaction in ampoule 6 (Gm/sq.cm/hr)X10
(°K) (°K) © (moles/cc)x10 (atm.) at source (moles/cc)x10 :

1 ()| 1200 | 1100 1100 .0136 8893 (1445 -

2 | 200 0269 | .8530 .2853 -

3 = =8 .500 .0658 .7920 .6980 7.592

4 3 3 1.000 .1290 .7363 1.368 8.361

5 ! ! 2.000 .2520 6737 2.674 8.826

6. | & & 5000 .6089 .5838 6.459 8.909

7 - " 10.000 1.185 .5139 12.57 ‘' 8.592

8 20.000 2.305 L4453 24.45 8.019

* = bad convergence.

—6?_



Table 4. MnS transport by Iocdine. Parameters for concentration profiles

along the

closed ampoule.

Serial Source Product Todine . o
e Te?gé)rl IQ?EQ)TZ (molezjig)xloG‘ﬂ " ° 1 Cz_ E “
I. (1) 1125 1100 .100 .00074 | .00188 2.1422  [F1.0193 |1.4306 .1113
2 e e 200 .00087 |..00220 | 2.1846 |-1.0408 [1.4593 f.1127
3 = S .500 .00160 | .00253 2.2523 1.0746 |1.5050 F.1155
4 ! K 1.000 .00106 | .00268 2.3113  |-1.1034 }1.5447 F.1181
5 S - 2.000 - .00108 | .00273 | 2.3753 |-1.1341 |1.5875 }.1213°
6 & 3 5.00 .00104 | .002632 | 2.4636 [1.1758 [1.6463 |.1260
7 10.000 .00097 | .00246 2.5302 |-1.2068 [-1.6906 |-.1299
8 20.000 .00089 | .00224 2.5943  |-1.2362 }-1.7330 }.1338
II (1) 1150 1100 .100 - - - - -]
2 | . 200 .00162 | .00410 2.1524 -1.0334 [1.4402 }.1069
3 e e 1,500 100190 | .00481 2.2127 |-1.0653 1.4814 |-.1084
K G S 1.000 .00204 | .00517 -~ | 2.2669 |-1.0929 {1.5182 }.1103
5 ! ! 2.000 .00211 | .00533 2.3274 -1.1227 £1.5589 |-.1129 |
6 b E 5.000 .00206 | .00522 2.4137 - |-1.1637 }1.6165 F.1173
7 N b 10.000 .00195 | .00493 2:4808 |-1.1948 |-1.6611 1.1213 |
8 $20.000 .00179 | .00452 2.5470 - |-1.2247 }1.7048 |.1256
| |

_Og—



Table 4, . (Continued)

Iodine

Serial "Source Prbduct_. ,
No. Te?gé)Tlv Té?gﬁ)Tz (m¢1;27ig)x106 R S C1 C2 C3 . C4

III (1) | 1200 1100 1100 - - - - - -
2 .200 - - - - - Ny
3 = e .500 .00339 | .00858 . | 2.1489 |-1.0488 [1.4430 L.0978
4 S S 1.000 .00373 | .00945 2.1926 |-1.0733 1.4733 }.0981
5 " o 2.000 .00394 | .00998 2.2440. |-1.1003 F1.5084 |.0995
6 o 2 5.000 .00398 | .01007 2.3220  |-1.1388 }1.5609 F.1028
7 v & 10.000 .00384 | .00971 2.3865 [-1.1690 |1.6038 F.1064
8 20.000 .00906 2.4533  |-1.1991 |-1.6479 |.1108

* =

l

bad convergence.

.00358
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Table 5.

ZnS transport by Iodine.

Product rates of fromation for various transport conditions.

Serial

Iodine

Conversion

Source Product Pressure Total concn. Product Réte
No. Temp, Tl Temp, T2 Feed " in ampoule in reaction in ampoule (Gm/sq.cm/hr)xlo3
(°K) (°K) (moles/cc)x10 (atm.) at source (moles/cc)x10
1. )| 1125 1100 .100 .0135 .9676 .1484 .2384
2 | .200 .0270 .9550 .2955 .3255
3 | & =8 .500 .0669 L9315 7329 .4813
s | G 8 1.000 1327 .9070 1.453 6337
5 ,ﬂ ,i 2.000 - 2624 .8753 2.875 .8150
6 3 @ 5.000 6437 .8209 7.052 ~ 1.087
7 = ® 10.000 1.264 .7699 13.85 Yo1.297
8 20.000 2.475 L7111 S 27.11 1.488
II (1) | 1150 1100 .100 .0137 .9722 .1486 4351
2 | | 200 .0273 9613 .2961 .5956
3 | £ =i .500 ©.0679 .9408 L7352 .8848
4 | 3 3 1.000 1347 .9192 1.460 1.170
5 ,1 :, 2.000 .2668 .8909 2.891 1.514
6 | R 5.000 6556 .8417 7.104" 2,037
7 © " 10. 000 1.289 .7946 13.97 2,452
8 20.000 2.528 .7393 27.39 2.838

A Tl



Table 5. (Continued)
Serial Source Product . Iodine Pressure Conversion ‘Total concn. Product Rate 3
No. Temp, T1 Temp, T2 Feed in ampoule in reaction in ampoule 6 (Gm/sq.cm/hr)*X10
(°K) (°K) (moles/cc)x10 (atm.) at source  (moles/cc)X10
ITT (1) 1200 1100 .100 .0140 .9791 .1490 .7367
2 .200 .0280 .9708 .2971 1.012
3 .500 10696 .9549 .7387 1.514
4 bhﬁ e 1.000 .1385 .9379 1.469 2.017
5 S 5 2.000 .2748 .9154 2.915 2.633
6 i u 5.000 .6775 .8750 7.187 - 3.597
7 - X 10.000 1.336 8351 14.18 ‘4387
8 ® S 20.000 2.627 .7868 27.87 5.155

_ES‘_



Table 6.

ZnS transport by

Iodine. Parameters for concentration profiles along

the closed ampoule.

~ Serial ~Source Product Iodine
No. Te?gé)?l . Te?gi)Tz (moléziig)x106' R S C1 02 C3 C4
I (1) 1125 1100 .100 .00009 .00023 2.0219 -.8651 |-1.3482 (-.1563
| 2 - = .200 .00013 .00032 1 2.0304 -.8692 |-1.3541 }-.1568
3 E E .500 .00019 .00047 2.0467 -.8768 1-1.3651 (-.1577
4 U} ‘3" 1.000 .00025 .00062 2.0640 -.8849 |-1.3769 |-.1587
5 = . 2.000 .00032 .00080 2.0868 -.8954 [-1.3923 b.1600
-6 § § 5.000 .00042 .00106 2.1270 -.9139 |-1.4195 }-.1624
7 10.000 .00050 .00127 2.1662 ~.9316 -1.4459 1-.1649
8 20.000 00058 .00146 2.2131 -.9527 |-1.4775 ;.1680
II () 1150 1100 .100 .00017 .00042 2.0187 ~.8646 |-1.3464 .1556
2 .200 .00023 .00058 2.0261 -.8684 |-1.3515 }-.1558
3 tf= tf= .500 .00034 .00086 2.0402 | -.8757 |-1.3613 -.1563
A 3 N 1.000 .00045 | .00114 2.0554 -.8834 |-1.3718 r.15.68
5 ¢1 | :, 2.000 .00058 .00147 2.0755 -.8935 |-1.3856 |-.1575
6 %: é: 5.000 .00079 .00198 2.1114 -.9112 -1.4103 }-.1591
7 - v 10.000 _ .00095 .00238 2.1470 -.9283 |-1.4346 |-.1608
8 20.000 .00109 .00276 2.1903 -.9488 |-1.4641 |-.1632
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Table 6. (Continued)
Serial Source Product Todine
No. Temp, T Temp, T -‘Feed R S C c c C
¢xy * °K) > (moles/cc)x10° ! 2 3 4
III (1) 1200 1100 .100 .00028 . | .00070 2.0141 -.8638 | -1.3436|~.1546
‘ 2 < N . 200 .00038 .00097 2.0197 -.8673 | -1.3477-.1545
3 § E .500 .00057 .00144 2.0305 -.8740 | -1.3556|-.1542
4 Cu °" 1.000 .00076 .00192 2.0422 -.8811 | -1.3641| -.1540
5 w = 2.000 .00%00 .00251 2.0580- | -.8904 | -1.3754]-.1538
6 ' g § 5.000 .00136 .00343 2.0870 ~.9068 | -1.3959| -.1539
7 : 10.000 .00166 .00419 2.1163 -.9227 | -1.4165| -.1544
8 20.000 .00492 2.1530 -.9418 | -1,4420|-.1554

_gg..
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Table 7. The parachors of‘elements29

The parachors of elements commonly encountered in chemical transport re-
actions are tabulated below in alphabetical order. Values in brackets
are estimates which may be in error by * 10 units. Those marked by an
asterisk are based on limited data and may be in error by * 3 units.
Otherwise the error is * 1 umit.

Element. ., Symbol [P] Element Symbol  [P]
Aluminum Al 38.6" Lead Pb 76.2*
Antimony Sb 66.0 Lithium Li (50)
Argon A 54.0 Mercury Hg 69.0
Arsenic As 50.1 Molybdenum Mo (80)
Barium Ba (106) ‘ Neon Ne 25.0
Beryllium Be 37.8% Nickel Ni (50)
Bismuth - Bi 80* Nitrogen N 12.5
Boron B 16.4 Osmium ' Os ) 80.4*
Bromine Br 68.0 Oxygen 0 20.0
Cadmium cd (70) Phosphorus P 37.7
Calcium : Ca (68) Rubidium Rb (130)
Carbon C 4.8 Selenium Se 62.5
Cesium Cs (150) Silicon si 25.0
Chlorine cl 54.3 Silver Ag 63*
Chromium Cr 54,0% Sodium Na (80)
Copper Cu (46) Sulphur ) 48,2
Fluorine F 25.7 -Thallium T1 64*
Gallium Ga 50* Tin Sn 57.9
Gold Au 61* Titanium T4 45.3*
Helium He 20.5 Tungsten W (90)
Hydrogen = H 17.1 | Zinc In 50.7*
Iodine I 91.0

Indium In (69)

Iron - Fe (52)

Manganese Mn (54)
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Table 8. Critical properties of metal halides

—— 4

Number  Compound z[P] Boiling Point T, P, (atm)
| A CK) (B

1 €d1, 252 1069 1640 35.2
2 ML, 236 - 1100 | 1701 37.1
3 Znl, 232.7 1000 1549 37.5
4 cri, 236 1100 1701 - 37.1
5 cri, 327 - - 28.8
6 Inl, 342 3 1140 27.8
7 Gal 323 622 924 29.1
8 GdI 353 1610 2365 271
9 AlL, © 311.6 - 695 1037 29.9
10 Fel, 234 1100 - 1703 37.4
11 Fel, 325 - - 28.9

12 Inl, - 251 1000 1535 35.4




10.
11.
12,
13.
14.

15.

16.

17.

18.

-58-

BIBLIOGRAPHY

H. Schafer, Chemical Transport Reactions (Academic Press, New York

and London, 1964).

R. B. Bird, W. E. Stewart and E. N. Lightfoot, Transtrt Phenomenon

(John Wiley & Sons, Inc., New York, London and Sydney, 1966) Ch., 16-
18).

C. F. Curtiss and J. 0. Hirschfelder, J. Chem. Phys. 17, 550-5 (1949).

H. Schafer et al., Z. Anorg. Chem. 286, 27 (1956).

H. Schafer, et al., Z. Anorg. Chem. 286, 42 (1956).
R. Nitsche, H; U. Bolsterli and M. Lichtensteiger, J. Phys. Chem.
Solids 21, 199 (1961).

G. Mandel, J. Phys. Chem. Solids 23, 587-98 (1962).

R. F. Lever and G. Mandel, J. Phys. Chem. Solids 23, 599-600 (1962).

R. F. Lever, J. Chem. Physics 37 (5), 1078-81, (1962).

R. F. Lever, J. Chem. Physics 37 (6), 1174-6 (1962).

G. Mandel, J. Chem. Physics 37 (6), 1177-80 (1962).

E. Kaldis, J. Crystal Growth 2_376—90‘(1969). |

F. H. Wehmeier, J. Crystal Growth 6, 341-5 (1970).

H. D. Lutz, et al., Mon. Fur Chemie 101, 519-24 (1970).

B. J. Curtis, F. P. Emmeneéger and R. Nitsche, RCA Rev. 31, 647-61
(1976).

P. G. Nelson and A. G. Sharpe, Inorg. Phys. Theor., J. Chem. Soc.
(a), 1966, p. 501-11.

H. L. Pinch and L. Ekstrom, RCA Rev. 31, 692-701 (1970).

Laurence L. Quill, Ed., Contributing authors, Leo Brewer, L. A.

Bromley et al., The Chemistry and Metallurgy of Miscellaneous

Materials: Thermodynamics (McGraw-Hill, 1950).




19.
20.
21.
22.
23.

24,

25.

26.

=59~

L. Bfewer, Report CC-672,»May 15, 1945,

K. K. Kelley, U. S. Bur. Mines Bull. 383 (1935). |

R. Colin and J. Drowart, Trans. Faraday Soc. b4(¢1Q); 2611-21 (1968).
Kenneth A. Kobe and R. Emerson Lynn, Jr. , Chem. Rev. 52, 117 (1953).

Meissner and Redding, Ind. Eng. Chem. 34, 521 (1942).'

Samuel Sugden, The Parachor and Valency (George Routledge and Soms,
London, 1930).
Robert Herzog, Ind. Eng. Chem. 36 (11), 997-1001 (1944).

R. J. Bouchard et al., Inorg. Chem. 4 (5), 685 (1965).



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

-60- .

FICURE CAPTIONS
1. Schematic diagram of a closed tube for chemical transport
crystal growth of MS compounds.

2. Product flux vs iodiné feed concentration for transport of

_ CdS by 12 for different temperature gradients.

3. CdS transport by iodine. Product flux vs temperature'gradiént

for a base temperature T, = 1100°K.

4. Product flux vs iodine feed concentration for tramsport of

_MnS by 12 for different temperature gradients.

5. MnS transport by I Product flux vs temperature gradient for

2.
a base temperature T, = 1100°K.

6. Product flux vs iodine feed concentration for transport‘of'ZnS

by 12 for different temperature gradients.

7. ZInS transport by I,. Product flux vs temperature gradient for

2
a base temperature T2 = 1100°K.

8. Standard free energy of formation vs temperature for CdS(s) and

CdI .
2(g)

9. Standard free energy of formation vs temperature for MnS(S)

and MnIz(g). -

10. Standard free energy of formation vs temperature_for In283(8)
d InI .

T

11. Schematic diagram of a closed tube for chemical transport
crystal growth of AB2X4 compounds.

12. Kaldis12 curve for dependance of the mass transport rate
upon the undercooling AT. I2 concentration'is 4 mg/cm3. T= 1/2'
(T;-T,) is 830°C for CdS and 850°C for ZnSe. Ampoule geometry is

d =35 mm agdAlength = 90 mm.
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III.V‘MAGNETIC SUSCEPIIBILITYVY

A. Magnetic Behavior of 2-3 Spinels

In this section we will examine the relation between the magnetization
of spinels and their structure. Spinels can be ferro-, ferri-, antiferro-
or simply paramagnetic. |

In transition metal compounds, the orbital angular momentum is-
quenched.l Paramagnetism is then essentiélly due to the electron spin.
At high temperatures these spins are raﬁdomly orieﬁted due to thermal
agitation. When a magnetic field is applied,'thé dipoles (caused by'thé
spin) align parallel to the field causing a magnetiéation M. At lower
temperaturés, the thermal agitatioﬁ‘is lower and M becomes larger until
the saturation magnetizationvis reached. The suscepfibility,x at aﬁy
temperature is the ratio of the magnetization M at thdt,tgmperature to
the fieldvapplied. »

Ferromagnetism is caused by the exchange ihteraction of one dipole
on a neighboring dipole causing it to align parallei to the first. In
this way, all the magnetic dipoles_ih the system are aligned parallel.to
each o;her; vAt the Curie Temp, Tc however, the thermal agitation
overcomes this exchange interaction and the material again becomes'
paramagnetic above TC.

In antiferromagnetism, the exchange interaction between neighboring
dipolés causes them to align antiparaliel to eachjbtherf Thus we have
every alternate magnetic ion pointing in the same direction. The
ions pointing in the same direction may be hypothesized to be part of
a sublattice. Hence we have two sublattiées inferlocked in each other

and having magnetic moments in the opposite direction. The net
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magnetization of the material is then the difference, and this is

equal to zero. At a certain temperature T,, the Neel Temperature, the

N?
thermal agiéation again overcomes the exchange interaction and the
material becomes paramagnetic.

In ferrimagnetism, the two opposing magnetic suﬁlattices (as
mentioned under antiferromagnetism) do not have equal magnetic moments
and so the net magnetiéation is not zero. |

Meﬁamagnetism is a phenomenén in which the antiferromagnetic material
is converted to a ferromagnetic one on applying a magnetic field..

A ferrimagnetic material consists of two magnetic sublattices A and
B. The net magnetic moment of the material is the difference between the
magnetic moments of the twovsublattices. The temperature dependance of
ﬁhe magnetization of these two sublattices will also be diffefent. Hence
the net magnetic moment will change with temperature. Thus from the
shape of the x vs. T curve wé‘will know the kind of magnetism prevaleﬁt
in the lattice. Knowing tﬁis, we can correlate it with the structure
of the 1attice.b |

fhe saturétion magnetizhtion of any material is'thevsum of the
saturation magnetization of the individual sublatticgs. Thus when the
composiﬁion and consequently the position of ions on.different lattice
sites in the compound are changed, we would expect a corresponding
change in_the saturation magnetization. Thus a clue to the compound
structure is obtained from the change in saturatioﬁ_ﬁagnetization with

composition., The following examples illustrate the above.
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Example 1
Pinch and Berger2 substituted trivalent In for divalent Cd on the
tetrahedral A-site in the spinel CdCtZS4.“The magnetic moment in Ha
per formula unit measured at 4.2°K in a 10 kOe field is plotted vs. y,
the concentratlon of trivalent In in the compound InyCd 2 4 In
the spinel In2CrS4, divalent Cr was found by Flahaut et al, "Hence
Pinch posited the following phenomenon: In is substituted for Cd.
In-_*3 teplaces Cd+2 in the A sites. Cr remains on the B sites. . But,
for charge equilibrium, some Cr+3 ions go to Cr+2 state. This has 4
unpaired spins compared to 3 for Cr+3. Hence in a compound
2+ 3+

Ccd In [Cr
1-y [y Y2~y

to NuB

1S, the saturation magnetization will change from
4 g

6uB
| = 3(2-y) *

Their experiﬁents showed that the magnetic moment per molecule varied
as N = 3(2~y)-4y. This meant that Cr+2 ions are eligﬁed antibarallel
to the Cr+3 ions on the same B sublattice. The presence of Cx:+'2 ions
is strengthened by .the fact that oxidation of tﬁe sample leads to
decrease in the moment while reduction caeses an increase.

Example 2;3 FeCrZS4

This compound is a normal spinel and is ferrimagnetié,below a TC of

Hoo 20 43

190°K. The spin arrangement is Fe [Cr ]S CuCr,S, is ferro-

274

o +3 . +4
magnetic below the T of 400°K. The spin arrangement is Cu [Cr Cr
When we substltute Cu in the FeCr2 4 System, it behaves like a ferro-
magnetic material at high Cu concentrations, and as a ferrimagnetic

material at low Cu concentrations.

*Flahaut et al., ¢. r. hebd. Seave. Acad. Sc. Paris 253, 1956 (1961).

18

&
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Example 3.4.- ,. Nif‘ezo4

This compound has an inverted structure and is ferrimagnetic. There

are 8 Fe+3 ions in the A sublattice and 8-Ni+2'ions arée on the B Subf
lattice. Fe+3 has five unpaired spins wﬁile Ni+2 has two unpaired spins

do!p;es/ Forty u, on each sublattice (due to Fe3+) compensate each

B
other. The eight Ni+2 ions on B give the net magnetic moment = 16 Mg

per unit cell,

Fe o [Ny o Fep ol Oy
v 4 4
40 16 net 40

: + ‘ +
Suppose a small amount of nonmagnetic Al 3 ion is substituted for Fe 3
For an Al composition of 0.2 Al atoms per formula, the Al 3 ions go

in the B léttice. Then we have

(Fey g Fey p) [Niy o Nig o Aly , Fey g1 0,
v v 4 P 1
8 8 8 net 32

32

+ | +3
Thus Ni 1ions are used to compensate for the Fe 3 ions .on the A sub-

lattice.

When Al = 0.4, all the nit2 ions are used to compensate.

(Feq ¢ Feg.4) [N1y o ALy , Fey (10,

¥ 4 4 +
24 16 16 24



-77-

ﬁence net magnetization is zero. further addition of Al+3 ions 7
dilutes the B sublattice further and the magnetization is reversed and
becomes that of the dominant A sublattice. |

Hence we can see :haf measurement of magne;ic.susceptibility~of
a spinel and its variation with composition and temperatﬁre gives us a
clue to the nature of the charge and the position of an ion in the

lattice.
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B. . Experimental Setup for Measuring Magnetic Susceptibility

Measurements of magnetic susceptibility at different temperatures
provideslimportant information on the charge and positioﬁ of the differ-
ent ions in a spinel lattice. It allows quantitative comparison of ;he
magnetism exhibited by different épiﬁels (pure and ﬁixed) and givg us
clues to the different lattice exchange integrals in the crystal.

Methods for measufing magnetic susceptibility belong to two ca;e?'
gories:5 1) force methods wherein one measures the magnetic forqe
exerted on a sample placed in an inhomogenedus magnetic field and
2) inductioﬁ methods wherein one measures the signal»ihduéed by moviﬁg
" the sample with respect to detecting coils.

The first category; exemplified by the Faraday ﬁethod has high -
sensitivity and is_suitable for measuring para- and dia-magnetic
susceptibilitiés. The sécond category (ex. the vibrating sample
magnetometer) does not have the sensitiQity of the Faraday method but
can be used'for measuring ferromagnetic susceptibilities which cannot
be done by the conventional Faraday technique. This is because of the
need of a field gradient in the Fgraday method. Conventionally this
is done by specially shaped pole pieces on the iaces oi.a large electro-
magnet. If we had a ferromagnétic sample, this.would affect the field
gradient which is a function of the field., Therefore the sensitivity
of the experiment would become a function of the field. Thus we can
nevér accurately study the field dependance of the magnetization.

To get around this problen, Lewis6 following the lead of

7
Sucksmith et al. and used a set of coils, rather than specially
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shaped pole caps, to provide a field gradient in a Féradéy system. The
force is now directly proportional to the sample magnetization. Moreover

the field gradient can rapidly be turned off or reversed.

1. The.Faraday Method

The Faraday method for measuring the magnetic susceptibility in-
volves determining the force on a sample when it is placed in a magnetic

field. The forcé relation is

where F force acting on the sample

‘magnetization'of the sample

-

M

X

and BHx
5z the magnetic field gradient.

The magnetization is related to the susceptibility x by

M = xH where H 1is the field stréngth.
x X T X :
Thus |
v aHx
Fz = X Hx =5 .
z z

The schematic of the experimental apparatus constructed is shown
in Fig. 1. The sample was suspended by a wire from.fhe'pan of a micro-
balance, The sample was positioned in the gap betweén the pole faces
of a magnet placed ﬁertically below the balance. fhe'suspénsion wire
was isolated from air currents By means of a pyrex ;ube. The set of
coils we had designed to generate a linear fieid gradient was affixzed
flat onto the individual pole faces of the magnet and connected to

cooling water lines and a dc power supply.
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2. Coil Design

A deflection coil system was designed to produce a linear field
gradient. In order to be symmetric about the centeriine of the magnet
pole faces, two pairs of D-shaped coils, one below the cehterline and
another above it were manufactured. For symmetry; similar coil sets
were placed on each pole face (Eig. 2). The.current flowing thtoqgh
fhe coils.was such that the field created by :he'upper'coil was,oppOSité
to that of the lower coils, and the net effect at z = 0 1s zero. Our
coils were constructed to fit a 4 in. diam. magnet pblé face. The
return path of the coils was outside this 4 in. diam. so as to minimize,i:
| image charges in the return lines. The current through the coils could
- be reversed By a switch in ;he circuit. This would reverse the field

gradient and help give us average values of the susceptibility;

3. Coil Construction

Thin insulated coﬁper ribbon was employed as current carriers to
maximize current density and still allow the use of easily available
power suppiies. The copper ribbon was Eacked by teflon (Fig. 3). The
slight additional width of teflon provides electrical insulation betﬁeen
the copper strip and the copper plate. In a test case, no contact éould
be detected. The strips_are arranged on a copper plate such that each
plate has a pair of D-shaped coils (consisting of about 200 turms of the
copper strips) lying basé to base (Fig. 2). The strips are attached to
the élate by an epoxy resin. We have used two copper plates on each
pole face. We can add more depending on the gradienﬁ required or the

magnet gap allowed. The copper plate nearest the pole faée has a circular



-81-

_collar that fits over the pole face. 'The other céppef plate is then
attached to this one by copper screws. Thus the éssembly is fixed on
the magnet. The cooling'water lines are made of copper and are soldered
onto the plate. They border the inner and outer edges of the D-shaped
coils. The cooling water inlet and ouﬁlet lines and thé current leads
were at the outer edge of the plates so they do not come within the
gap between the pole faces.

Each coil had an impedance of ~ 0.61 Q. They were connected in-
a parallel series-arrangemenﬁ (Fig. 4) such that the bverall impedance
is ~ 0.62 Q for eacﬁ set of two copper plates. The two sets attached
to the pole faces were then connected in series to give a total impedance

of ~ 1,25 Q2. A dc power supply of capacity 36 V, 20 amp drove-the coils.

4. Experimental Observations

The current through each coil was 5 amp. when a current of 10 amp.
flowed from the dc power supply. The field gradieht measured in a magnet
field of 5000 .g. was 89 gauss/cm (Fig. 5). The magnetic field of the
dc magnet was constant in a region of ~ 1 in. diam. at the center of the
polé faces (Fig. 6). The field gradient pfoduced by the coils was lineér
‘in a regiontof ~ 1.50 in. around the center o6f the ﬁole faces. For the
femainder of the section, it was roughly linear. Thus we had a region
of ~ 1 in. diam. in the center of the pole faces where the field gradiént
was linear (Fig. 5).

Measurements of susceptibility were carried'out with CuSO4-§H20'1n
a sample 3 mm diam. holder tube to minimize the non-uniformity of the

magnetic field along the y-axis.
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A 5000 oe dc fiéld and 89 eo/cm field gradient produced a force of
0.35 mg on a 0.16 g sample of CuSO4~5H20 whose known gram susceptibility

is 5.85 x 107° cgs.

5. Conclusions

It was noted that the maximum dc field differéd slightly from the
center of the pole faces (Figs. 5 and 6).‘ This could be due to the basé
of the'@agﬁet causing a shift of.the lines of force. Linearity was best
in the fegipn -0.625 in. < z < 0.30 in. For the larger vertical regién
-0.75 in. < z < 0.5 in. the deviation was 15%. |

There was a slight difference between the measufed field gradient
and the apparent field gradient as calculated from the experiment on

CuSo

4'5H20 ( 73 gauss/cm).
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FIGURE CAPTIONS
1. Schematic diagram of the apparatus for meaéuring ﬁagnetic
susceptibility. |
2. A view of the deflection coils designed:fo?produce'a linear
field gradient. | |
3. Créss—sectional view of the copper ribbon.
4. Current flow through the deflection coils.
5. The magnetic field gradient produced by the deflection coils.

6. The magnetic field produced by the dc magnet.
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APPENDIX 1A
Section I.

The multicomponent diffusion Eq. is

Ty T2 (vyxon%) | (1)

Flux balance at steady state gives us

NM12 = ZNSZ = - NI2 =»J (product flux). (z)

. Equations for the three species are

! - x,J _
Vx, = L x,J+x,J]+ :l— 1 x,J (3)
P12 13
o o X J
vk, = Ll [xg-xd) + 2 [E - xg (4)
2 clf 2 1 ) 2 3
L 21 ’ 23 )
.A U x.J x.J
Vx. = l ———1 -x.J - -4-——1 ) + ——1 x,J - —2—- ’ (5)
3 C o 3 2 ﬁ 3 2
L"31 32
also
X4 =1 - %, - x, for any z, and ﬁij = ﬁji . v (6)

The variable x4 can be eliminated from Egs. 3 and 4 with Eq. 6.

Then we have two equations in two unknowns in the form

v = '
¥ =8 x +b) x, +d; 7

sz = a2 x1 + b2 x2 + d2 ) (8)
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where the arbitrary constant vector A is defined by

The inversion of A is then

where
J /1 1 J /1 1
s =7 - =) s a=c (= - 7)
P1o 2Dy 4 P23 Dai
) 1
b1=i - Al> b2=%<A3 -3 )
C’/\
D1y Dy3 2Dy 3 Dy1
J
dl= AJ ; d2=-/\
. CD13 CD23
Putting Eqs. 7 and 8 into matrix form we have
Vx = Ax+D (9)
‘where
»Vx - [VXIJ , A = a3 bl] , x X1 , D = dl]
V2 22D i £ il CP)
The general solution of Eq. (9) is
x = 2 _a (10)
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and
b,d.-b.d

1 ) 1 271 172

a,b.,-a,b
271 7172
_ aldz—azdl

A : o
X =_Ae—z represents the solution to the homogeneous parts of Eqs. 7

and 8, which are Eq. (11) and (12) respectively

Vx1 - ayx, - blx2 =0 ' (11)

sz - A% - bzx2 =0 (12)

Solutions for Eqs. 11 and 12 are

e T4 e 2t | | (13)
15 4¢ 2¢ _ .

mj 2 m)2

X, = A.e + e ‘ (14)

where

at, 2

We now prove that A3 and Aa are dependent on Al and 12. Replacing

values of Xy and x, in Eqs. (11) and (12), we have

2

m] 2 myz w2z mo2z mjz mp2
mlxle + mzxze - alxle - alkze - blx3e .— blkae 0

(16)

myz : ' myz .



-93-

Since both exponential terms are positive, each of their

must be 0.

ﬁlll—alkl—bll3'= 0 or.. Al(mlfal)fkjbl =

mz)\z-allz-—bl)\4 =0 ' or Az(mz_al?_xabi =
Similarly froﬁ i(iZ).

mlk3—ézll-bzk3 =0 or A3(ml—52)—lla =

mzlg"azxz"bzk4 =0 ot Ay (mymhp) Aoy

Taking Eqs. (18) and (20)
Al(ml—al)—XBbl =0
—Alaz + A3(ml-b2) =0

if we multiply (18) by (ml—bz) we obtain

Al(ml-al)(ml—bz) - A3b1(m1—b =0

coefficients

0 (19)
0 (20)
0 (21) .

- (22)
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Since ml is a root of

(m-a,) (m-b,) - éébl = o_

then (ml—al)(ml-bz) = azb1

Hence Eq. (22) becomes

Aab, - A b, (m

1307 = A3y (mp=by) =0

or

A3(m1—b2) - azkl =0

Hence Eqs. (18) and (20) are linearly dependent.

‘and (21) are linearly dependent. Therefore,

. ah @gmap) X
3 ml—b2 bl 1
and
A= 3% (my=a, \
4 m2—b2 bl 2

m, z m,z
_ 1 2
X, = Kle + Xze
m, z m,z
.. azkle .\ a2A2e
2 m,-b m,-b

(23)

(24)

Similarly Eqs. (19)

(25)

(26)

27

(28)
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The vector

bzdl’bldz .
5 . . (29)

a;dy-ayd,

-1 1

a,b,-a;b,

!

|

o
A

Hence the general solutions of the nonhomogeneous»Eqs.(7) and (8) are

bzdl—bld2 m,z , mzz

1 a,.b

Z (30)
217217

. - aldz—azd1 a.A m,z a i emzz
72 azbl—alb2 m, - (31

3 L-x -x, . ' (32) -

L
1]

However, the roots n, and m, are generally complex and we will
now derive solutions in terms of trigonometric fﬁnctions.

We already have the solution of the homogeneous Egqs. (11) and -
(12). These were given as Eqs. (27) and (28). |

Now assume that m; are complex with real and imaginary parts defined

e

by

m1 =g + 1ir

m2 =g - 1ir.

Then, on simplifying we find

. .52 " _
x e _[(A1+A2) cosrz + i(>\l Az)sinrz]

= %% 32A1 + 8212 cos rz ale - 6212 in rz
2% | b, " m,b, ) +1 m b, ~ m,-b .

»
I
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where

= 1(A; = A

c, = A, + A c 1 2)

1 1 2 _ 2

= a Al + Az c, = ia Al' - 12
37 %2\ ab, T o0, 47 P22\ 2o, T mb,

Only two of these constants are independent since

0
|

cl(s-bz)—rcz - az[cz(s—b2)+rcl]

c, = a c, =
v3 2 (s—b2)2+r2 A (s-b2)2+r2

The final expressions for the concentrations are then

X =y + %% (c1 cos rz + c, sinrz)
= a, +e°2 ( + in rz )
X, = o, e C4 COS rz ¢, sinrz
x3 =] - x1 - x,
where
. bzdl—bld2 o . aldz—azdl
1 aZbl_ale ‘ 2 »aZbl-ale
. =4 vclt—czr e o4 c1r+c2t
3 2 r2+t2 4 2 r2+t2

. 2 '
r = 4(a1b2—a2b1)—(al+b2) and t = s-pz .

Thus, cl and c, are the arbitrary comstants which.are determined from

\

the boundary conditions.
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APPENDIX 1A

Section II.

1’

<, and J (the product flux). Besides these we also need to know c,

The unknowns in the equations derived in App. 1, Sec. I are c

the total concentration of all gaseous species in the ampqule.

Accordingly, we need four equations to obtain the four quantities

meﬁtioned above., These equations are: | |

- (1) the equilibrium condition at the source end.

(ii) the equilibrium condition at the product énd.

(iii) Iodine conservation in the reactions,

(iv) Conversion criteria at the source. (This gives us 'c', the total
coﬁcentfation) |

(i) Equilibrium at the source end:

1/2

Xo¥3
X

X = 2
1 1 2=0

This gives us

, . 1/2

) a2 32 L

EXZ + —2+t—2 (tcl—cmﬂ l:OL3—C1 - ——2:-? (tcl-r'CZ)} L
Kl = £ N L3 (CRTl)

[al + cl]

/2

(ii) Equilibrium at the product end:

K, = —— (CRTé)l/z
X z=L -
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’ 2 3 sL |, ' o 1
K2 = [a + - 55 © 3(c1t-c2r)cos rL + (clr+¢2t_)sin rL; (CR,TZ')‘

r +t

a ] ' a ' .

/2

. VR
r-!-_czt)] sin ’rLﬂ -

sL 2 - — 2
a,-e” e+ —— (c,t-c r)]-v cos rL + [c + = (c
[ 37 {[ 12,21 : 2 242 1
X ' sL
oy + e (c,cos rL + c, sin rL)

1 .

(iii) Conservation of Iodine

If I_o is the total Iodine fed in,

i‘ .
Io = Ac f {xl(z) + :gz(z)}‘dz
(o}

Putting in the expressions for xl and xz,

. o az(clt—czr)
I c, + ==
i) . 1 r2+t2
i L(oc1+a2) + . [

r2-|-s2
az(clr+c2t) |
2% T 327 |
{ _r+t sL - sL
+ 73 * |se sin rL-r(e” cos

s'(eSLcos rL-l)‘ + reSLsin rL]

rL-l)]
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(iv) Conversion criterion at the source

At temp T

1’

1/2 1/2

_PP3 B

1 Py 1 2=0

/2

K (crr )"
IO'
Suppose initial iodine feed conc. = € = R Also, let y be ‘the

conversion for the reaction

MS + I, * MI +-% S

2 2 2

Then, conc. of I c =c = (1-y)e = cxl

Cyr, T G2 T EY T X,

2
- =-§-z=
°s, T €372 T X3
2
K, = €y - 51/2y1/2 R - (RT )1/2
1 1/2 (1-y)e 1

2

3/2 (eRT1>1/2
15 1y 2

Since the mole fractions of the gaseous species add up to unity,

ey , 36 , (=y)e _

2c c c
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[ A |
c 2 + 1-y =1+ y/2
C
y = 2_(‘5- 1
and
& - 32 2
Ky = o 3e GRLE)
' 3 -=

These four Eqs. in (1) -(iv) give us the uﬂknowns cl, Cys J and
c. We can then predict the product flux and also the mole fractions

of the gaseous species along a closed ampoule.



[ ]
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" APPENDIX 1B

Section I.

If the diffusing species are as represented as -

I, : 1, Al : 4,

2 2 3 2

the Stefan Maxwell equations can be represented as

: 2, BI_ : 3, S

=1
Ve =G [D 1No%Ny) +D (x Nq-x4 1) +D (xlNa x4“1’] &
12 13 - 14
e, = 1|2 (x.N,-x_N 1 (x N -x.N,)) + — (xN -x,N,_) (@)
2 cls 271 71 5 273 7372 274 742
: 21 23 24
Vx =1L {x N, - ) + — (x ) + — (x x,N,) (3)
3 cla 31" 1 3 5 2 3 5 X473
31 32 34
also x4‘= 1 - X T Xy - Xg . at any z. (4)

If‘Ni is the flux for species 'i', and if diffusion is the con~

trolling phenomenon .,
-1 -1 =-1 :
N =3 N 7 N z N : (5)

and

_l. 1. - |
Ny=5N, =-7N - - | | (6)

If the product formation rate is F moles/hr theh-% moles/hr-sq cm is the

flux of AIZ because every mole of product = every mole of A12 transported.

Let J represent NA12'= NZ'_



Hence Eq. (1) becomes

" where

Similarly, Eq.

where
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Vxl - alxl - blx2 - clx3 - d1 =
al=+g[} +A2,_2]
Dio Di3 14
boo+ 8 [1 3
(P12 D4
r -
C1'=+4_CJ‘ _A—__Al
P13 D4 |
PR
1 cb
14
(2) becomes
sz - a,%y - b2x2 CoXy = d2 =
=_i<._l__‘_1__‘>
2 c A -~
o1 Da4
- __J_-<4 _ 2 _ 3
2 c A A a
Dy Dys D24
=_l<1 1)
2 c A A
Dy3 Doy
|
- J
2 D

(7)

(8)
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Also Eq. (3) has the form

Vx3 - 2% - b3x2 - CaXq - d3 =0 K 9
where
25 1 1 20 f 1 1
BTl "7 ) by = -\
Dy; Dy ' \D3, Dy,
if a4 1 4 , 2J
3 c\5 T3 T ) BT
Pii Pa Dy Dy

Putting this set of Eqs. (7), (8) and (9) in matrix form, we obtain

Ix = AX+ D (10)
where
_Vxl _ Xy ‘ dl
Vx = | Vx H x= [|x . D= 1}d
Vxg Xy . dj
4 by ¢
A =l2, P o
a; by ¢y

The homogeneous solution for Eq. (10) is x = A_éézr The non-
homogeneous solution is found as follows:

Suppose the solution is x = A eé? +‘§

Then
vk = A A 2%
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Pﬁtting‘these values in'Eq. (10), we find

AA - AA -AB =D

hence

B=-ATp

The generél solution of system (10) is then

Xx=2A (-:-é-z - A_lD

We expand the exponential in a Taylor series.
N Az 'é?zz '.5323
e = L-’- -i—!- + T+——3—!—+ seene

Let us first take a solution to include 22 terms only. Then

; ' '
ap by o\ /3 b9 /8 P
L 2 = . = = L '
A A A-A a, b2 ¢y a, b2 c2 82 b2
) ‘ ' '
a3 by c3/\a3 by ¢, 83" by
Also we défine the inverse matrix_é-l
(-3 -] (-]
al bl cl
_1_ o o (]
A" = a, b2 <,
-] -] o
a3 by ¢4

(11)
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Thus,

1 r .
100 3 b9 L, P b1' 4
Az _ : z_ 1. ' 1
e— 10 1 0 + gz a2 b2 c2 ,+ 5 a2 b2 c2
10 0 1 1 1 ]
a3 by ¢y a3’ byl e

z2 -1

x = D+ Mzt 2 oop-a-aTh

In scalar quantities

, 2
= z . ' ) ' :
xp = M+ oz(ah] A, Fedy) + 2 A(al Alfbl Abes ")
- (a] 4 + b7 d2.+ c] d3) (15)
Similarly,
22 _
= i ' ' '
%, 12 + z(a2A1+b2A +c2X3) + 5 (a2 Al+b2 }\2+c2 X3)
- (ajd; + b5d, + c5d,) (16)
= = T ] 1 ]
%3 = Ay ¥ oz(aghytbdote dg) + 5 (ag"Aptba A kg A ))

The boundary conditions given in App. 1B, Sec. II will be used to
solve the values of the constants and coefficients in the above

relations.
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APPENDIX 1B

Section II.

The unknowns in the equations derivgd-invApp.lA‘Séc I a;e Al;lz;k3,
J (the product flux) and c; the total concentration'ih the tube of
' tﬁe varioﬁs gaseous species present. Hence, we‘neéd 5 equations to
solve for the unknowns. Once we know these, we can predict a parti-
cular solution fof the mole fraction of each species along the ampoule
and also, the product formation rate.
The equétions we need are supplied by the following boundary
conditions
(1) The equilibrium condition for reaction 1A at tﬁe source end.
(ii) The equilibrium condition for reaction 1B at the source end.
(iii) The equilibrium condition for reaction 2 at the product end.
(iv) JTodine conservation in the ampoule.
(v) Conversion critérta at the source. (This gives us c¢ , the total
molar concentration.)

(1) Equilibrium for rxn- (13)at the source end:

1/2 : '
P P , 1/2
§>A12)<Ax2> ) P2 P4
P P _
L

KlA =

X X 1/2
_ %% /2 |
KlA = ——:;[—~— (cRTl) | z=0
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(ii) Equilibrium for rxn (14) at the source end.

. (PBI )2 (P )3/2 - g . 3/2
K = 3 *2 _ 3 "4
1B 3 3
(1) "1
2
o 2, 312
- 374 1/2
= 3 (cRT,) |
»Xl 2=0

(iii) Eqﬁilibrium for reaction (15) at the product end.

K
g

K, KyglT=T,, z=L

wherg KS is the equilibrium constant for the reaction
AR+ ByXy = AB)X,

a AG -
ABzxz f,ABZXZ f.Ax f;B2X3

T
Ax?32x3 _ -RT

AG ~-AG

Generally, data for the standard free energieé of formation of ABzxz
comﬁounds is not available. We can approximate Ks = 4.1if A32X4

is an ideal solid solution but generally, Ks > 4,
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(1v) Iodine conservation in the ampoule.

This condition is based on the fact that all the iodine present
in the ampoule whether as free iodine or iodides, is equal to the

original amount fed in.

o

o .
I = A f [cl(z) + c2(z)_ + % 'c3(z)]dz

o

in terms of a mole balance.

Io L
—_— = + + 1
ic f (x1 X, 1 5x3)dz |
o
This gives us
R T )
Ac Alc c .

where

_E = . - o ] oy _ o o oy _ o o . o
- [}\1+)\2+1.5)\3 dl(al+az+l.533) d2(bl+b2+1_.5b3) d3(c1+c2+1.5c3)]

L
+ -E[Al(al+a +1.5a3)+kz(b1+b2+l.Sb3)+k3(cl+c +;i5c3)]

2

L__ 1 ) ] 1 1 ] L ] 1
+ 3 [Al(al +a2 +l.5a3 )+A2(b1 +b2 +1.5b3 )+)\3(cl +<:2 +1.4c‘3 )]

(v) Conversion criterion at the source end.

Conc., of iodine initially fed in = € moles/cma.
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Let

y conversion in reaction 1A

conversion in reaction 1B.

w
then for a basis of 1 mole of ifodine, y moles of MI2 are formed and
w moles of MI3 are formed. The iodine expended = y + 1.5 w, the con-
centration 12 =1 - (y+1.5 w), and X, = 0.5y +0.75uw. ‘Hence if € moles/cm3

is the original feed concentration of 12, then

¢, = cx, = €[1-y-1.5w]

1 1
c, = cx, = €y
Cq = CXy = €W

c, = cx, = €(0.5y + 0.75w)

we know that

c,.C 1/2 .
A 1/2
Kia = ¢ (RT;)

This simplifies to

1/2 eRT,\1/2
_ y(y+l.5w) ( . 1) | 1)

KA T TG 5w

Also, for the equilibrium constant K

1B’
. c'2 c 3/2- ' wz(y+1.5m)3/2 eRT 1/2
_ 3 T4 1/2 _ 1
Ki = 3 (RT)™ = 3\ 78 (11)
5 (1-(y+1.5w)]
We know that ¢ = ¢y + <, + c3 + <,
and so
c = e(l—y-l.Sw)'+ ey + cw + %—(y+l.5w)
or
-§-= 1 + 0.5y + 0.25w. (111)
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Solution of (i), (ii) and (i1i) in terms of c, y and w gives

’ 3
- KlBy eRTl
3
Kia
[N N ¢ ‘/ Kyp KTy
£ 2 4 3
KlA

and
1.5Ay5/2 +y2 + 1,5ABy3/2 +By -B=0 V)
where
KlBeRTl.
A = —
K3
1A
and
2
. 2KlA
: E:RT1

N . :
Having obtained y from the above Eq. (iv), we can proceed to obtain

w and then c, the total concentration.
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APPENDIX 2
Thermodynamic Calculations
Section 1

II-VI Compounds transport.

The general reaction is
MX + I = MI + L '
(s) © “2(g) 2(g) © 2 *2(g)

AG? = AG® 1 ' o
T,rxn Tf MI + = AGS - AGS - AG
’ f f,I f ~.
_ 2(8) 2 ’XZ(g) ’ 2(g) . : ’Mx(s)

r

Most of our thermodynamic data has been takén from Ref, 18 in.
which the reference state for halogens is the gas (even at 298°K)
while thg reference state for sulfur is Sz(gas) at 298°K.

Since we have mostly found the AGE for sulfides, we can represent

the free energy balance as

AG? = AG® - AG?
T £ ,MI “CF MX
b 2(g) (s)
since
AG® = AGS =0,
I f
Bligy  To2)
Here, I, stands for any helogen.

2

We are interested in finding the free energy of reaction at high
temperatures. Thus, for example, by the use of heat capacities, heats

of fusion and heats of vaporization; the values given for 298°K can be
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made to apply at greatly increased temperatures. Since, however, for
most of these compounds the heat capacities are not known especially
at higher temperatures, it has been found useful to apprbximate the

free energy as

AG® . = AH A

Coxn,T 208 ~ 88598 >

where the heat and entropy of formation at 298°K are assumed to be
constant over the temperature range. Although this 1is not true, the

~change in AH and -AS29 1s such that the errors tend to balance out.

298 8
A more detailed discussion of the errors involved is presented by
Brewer.19

For'a.giveﬁ chalcogenide, the calculations‘are'straight forward
because the species are assumed to remain in the solid state at such
high teﬁperatures as are needed for trénsport.

Fof the halides, we have to find the heats and entropies of
formation for the gaseous state. Hence after finding the free engrgy

of formation for the solid or liquid state, we will add the free

energy of fuslon or vaporization as the case may be. Thus,

AG?, = AGS

° ' + °
Gt (g) £(s) * 2Clnelting) T “Cyap.
or
AG® = AG® + AG°®

£(g) f(1liq) vap.
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For the halides, the AG at any temperature can be obtained by
finding the value of (AG—AH298)/T at the désired temperature through
intgfpolating between the values given in Table 6.3; Ref. 24. The

values of AH2 are also given and so we can obtain AGf(solid) or

98

AG h .
f(liq)as the case may be
To obtain the free energy of vaporization, we utilize Kelley's -
method.20
AG = AH -~ AC T &nT + IT
o P
and
AH = AH_ + AC'T
o P
where AHO is
AH = 'I'1 (ASv - ACP)

and
I = Acp 0T, + (Acp - ASV),
where
| Tl = Boiling Point
and '

ASV.= Entropy of vaporization at the boiling point.

This equation given above is valid for the entire liquid range.
For the solids it must be modified.. The_simplest assumptioﬁ when data
are not available is that ACp is the samé for both solid and liquid
ranges. Then the free energy of vapdrization equation will be the

same for the solid as for the liquid except for the addition of the heat
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of fusion to AHO and subtracting thé entropy of fusibn from I.

To usé the above equations, a value of AC? ié needed. Kelley’?'0
gives ACb Values for many compounds. "For ;hose not listed, the rough
guidelines are as follows: For vaporization of a liquid to a gaseous
MX molecule, ACp = -7 cal/°K/mole; for a gaseous-sz, Aép = -10;
for gaseous MX,, AC? = -14 and for gaseous MX, , ACp - -16.

Using the guidelines above, we can proceed to find the thermo-

dynamic values for some chalcogenide transport reactions.

Ex. 1. Cadmium Sulfide Transport by Iodine.

Ccds + I = CdI

1
) T T2 22) * 2 *2(e)

AG® = AG - AGY
T,rxn T,CdIz(g) T,CdS(S)v

Calculations for CdS

(s)°
AH298 = - 49.9 kcal/mole
AS298 = - 22.5 cal/mole-deg .
AGT,CdS(S) - 49,9 + ,0225T kcal/mole

These functions are plotted in Fig. 8, Ch. II.
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Calculations for CdI At 1000°K, AG3 q, \= 03T + 63.3 keal/mole.

2(g)° T
= - - o - o -
Also, ACp— 10,.TBP .1069 K, Asvap 23.8 cal/’mole
Thus Ac;ap = 36.1 +0.01 T &n T - 0.1035 T
and
AG., = AG 4 4G
- T,CdI T’CdIZ(liq)v vap

2(g)

We show this value as a function of T in Fig. 8, Ch. II.

Finally we obtain

AG; =0.00 T T~-0.095T+ 22.7 kcal/mole.
: , XN oot

Ex. 2 Zinc Sulfide Tramsport by Iodine

. ) 1
Sy ¥ hag) T Bl * 252

AGS = AG? - AG?
T,rxn T,ZnIz(g) T,Zns(s)

For ZnS(S):

AH? -60.7 kcal/mole

298

AS?

298 -23.4 cal/mole; K

and

.
AGT,ZnS - 60.7 + 0.0234 T
(8)

For ZnI2 at 1000°K

AG - AH = 28.1 T, at 1000°K

298

8H,ygq = -64.7 kcal/mole.

| AGZnIZ(l) = 0.0281 T - 64.7
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For the vaporization of ZnIZ(l)

Ty = 1000°K
AS. = 23, AC_ = -10
v P
AH_ = 1000 (23+10) = 33000

I = ACp fin T - 0.1021 T = - 102.076

AG =33+ .010T ¢n T - .1021 T

Then, vap

AGZnIZ(g) = AGZnTz(l) + 8G 0
Finally,

AGT,rxn b AGZnIZ(g) - AGZnS(s)

Aern = -0.0974 T+ 0.01 T &n T + 29.0 kcal/mole
Ex. 3 Manganese Sulfide Transport by Iodine

= ] - -]
AGT,rxn AGT,Mnlz(g) AGT,MhS(s)

Calculations for MnS:

AH298 = -59.9 kcal/mole
ASZ98 = -15.8 cal/°K mole
?hus, AGT,MnS(s) = -59.9 + 0.0158 T

We show this function versus temperature in Fig. 9,"Ch. 1I.
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Calculations.for Mnl

Z;m = 111°K, bH,ygq = -72vRCal/@oie
Ty = 1100°K, ASVap =_Zi cal/mole°’K,
Hfusion = 6.5 kcal/mole, Asfﬁsibn = 7 cal/mole°K.:
AG - AHygq = 35 T at T = 500
0G - BHygp = 32T at T = 1000
AG - OHygg = 28 T at T = 1500

From the data given above

3.1 +0.001 T T-~-0.101T

]

AG
vap

and'

AGsub = AGvap + AGfusion

40.6 + 0.010 T &n T - 0.108 T

We.show AGMnIZ(g) as a function of T in Figf 9, Ch. II.
‘Note that for
i) T < 900°K, we add Acsub’ to the AG tabulated above.
ii) T < T < 1100°K, we add AGvap to the AG tabulgted above.
iii) T > 1100°K, we take AG values directly from the table,‘because

AG = 0 above the boiling point.
vap
For an analytic equation we can represent the data for a range
T > 1000°K, the general region for chemical transport by interpolating

between T = 1000° and T = 1500°K.



For MnI_

2(1iq)
Then
aﬁd
Thus AG?

T,rxn

AG - AH
T

298

AGMnIZ(l)

A

G
(vgp}

AGMnIZ(g)

AGMnS(s)

= 0.01 T &4n

= 0.032 T - 0.000008 T
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= 32 ~ 0,008 (T-1000) cal/mole.

Z £ 0.008 T - 72 kcal/mole

0.0 T &n T + .724 - 108 T + 40.6

0.01T &n T - 0.068 T - 0.000008 T2 - 31.4

= 0.0158 T - 59.9

T - 0.0838 T - 0.000008 T> + 28.5 kcal/mole.

.
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Section 2
The thermodynamics of spinels transport follows similar lines as

in Section 1.

We estimate AGT for the trivalent chalcogenides and obtain the

s
equilibrium constant for conversion into the halides.
The equilibrium constants for these two parallel reactions are then
linked in the general equations derived elsewhere.
. : - 3
In this section we calculate AGT,rxn for M2X3-+ 312 2MI3 + 2 82

defined by

- ° - ° )
AGT,’rxn 2 AGT,MI (g)° AGT,M X. (s)
: 3 273
Although. the thermodynamic quantities for many trivalent elements were

calculated, only those for In are given here.

Ex. 1 Indium Sulfide Transport with Iodine

. For In283(s):

AH298,f = ~-82.3 * 4,5 kcal/molg (Ref. 21)
A8298,f = -23.0 cal/deg mole (ap?rox. from ThZS3)
AG.; = -82.8 4+ 0,023 T
For In213(g)
| Tg = 773°K.
AC = -15; AH = T_(AS_-AC ) = 773(24.5+15) = 30533
P (o) B v P - . ‘ .
AG = 30.53+0.015T &an T - 0.1393 T

vap
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AG = 0.048 T - 82

InI3(2)

= AG + AG

AG._
In;B(g) InI3(liq) vap

-0.091 T + 0.015 &n T - 51.47

Thus,

AG,, = 2AG - AG
T,rxn InI3(g) In283

=-.2056 T+ 0.03T &nT - 20.2 keal

The functions AGT,InZS3(s) and AGT,InI3(g) are presented in Fig. 10

Ch. II.

L ¥
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APPENDIX 3

Determination of Gas~Phase Diffusivity

For ordinary diffusion in gases at low density, the Chapman-Enskog

theory 'is used2:

. T (_l_ + _].'..)
- s My My
eD,. = 2.2646%x10 ° —b—"r |
AB a 29~
AB D,AB
Since é = p/RT,
)
D, =0.0018583 ——o B
AB o] 29*
POsB D, AB
in which D, [emsec™ ],c I 31 TIk], platm] | o, [A]
in whic DAB cm sec s | g-molescm ™ J T » platm] S o,p
and QAB [dimensionless ] are the typical units

For gaseous species whose Lennard Jones parameters Op and ;/k

are not knowh, we can use the relation developed by Slattery and Bird;

i/3 5/12,1 . 1.1/2 3 /—m—
(PeaPep) (TeaTep) (MA'MB) a(-TcATcB

in which we use

~

D, lem’sec ™1, platm], T[°K],

AB
and set : a = 2.745x107%
v for nonpolar gas_pairs
b = 1.823 '
a = 3.640x107
or for H20 with a nonpolar gas.
b = 2.334 '
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Thev accuracy of this relation is ~8% and is less than'that of tﬁe
Chapman-Enskog theory. We have used this relation in our estimation of
the binary. diffusivities. | |
For the relation of Slattery and Bird, we can obtain 6AB from’thé
critical temperétures and pressures. For those compounds whose critical
constants are not available, they can be estimatec-l'by different relatioms
given in a review by Kobe and Lynn.22 | |
Meissner and Reddin323 proposed for the critical temperature
for substances boiling below 235°K,
Tc =1.70 TB-Z,

and for substances containing halogen or sulfur and bqiling above 235°K,
Tc = 1.41 TB + 66-11F

where
T = critical temp, °K

boiling point, °K

3
e
fl

F = number of halogen atoms in the molecule.
The reliability of these equations is ~ 5% .
The concept of a parachor developed by Sugden24 is really useful
for estimating critical conmstants.
myl/4 1/4

The paiachor [P] = > - MC

where C = Macleod's constant and M = molecules wt.

Y surface tension at any temperaturé

D

density of liquid at any temperature

d = density of vapor.

23
1f we use Meissner's relation,
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0.6
T, = 20.2 TB

where

TB = normal boiling point

and

[RD] = the molar ref?action ==

n +2

nz—l

- 143 - 1.2[P] + 10.4[R]

M

o

. where n = refractive index of a liquid of density dL’ both determined

at the same temperature. Then we can obtain a very good estimate of Té.

However since we do not have adequate data for [RD] of inorganic

A : 25
halides, we find it much more convenient to use Herzog's relations , '

for T and P .
¢ c
For Tc’ we have
TC/TB = a-b log[P]
and for P ,
c
log Pt = a'-b' log[P].
For inorganic halides,

a=2.602, b = 0.4449

a'=3.4271 b'=0.7829

The parachor can be treated as an additive property..

Y

For a compound, the

_parachor 18 the addition of the various parachors of‘different atoms in

it.
e.g.

[P10a012 = [Plg, + 2[Pl;

Sugdenzé has proposed a table of parachors corresponding to the

different elements in the Periodic Table (Table 7). Thus we can easily

estimate the critical temperature and pressure of any inorganic halide.

Table 8 summarizés calculated critical values for some compounds.
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APPENDIX 4

A Computer Program for Chemical Transport of Group II-VI Compounds

The computational program written to solve the equation set derived

in App. 1A consists of a main program TRANS which reads in initial data, -

calls on subroutines needed in the problem and prints output.

The subroutines called by TRANS are:

TOCON. This subroutine calculates the total concentration of all

gaseous species in the ampoule. »

DIFUS. This calculates the binary diffusivities ﬁij for the various
species ih the system. |

CALFUN. This is actually called by subroutine UTTAM and furnishes

the values of the three equatiohs for a given value of the variable

set.

UITAM. This estimates the best initial values for the unknown

~variables.

YCOMP. This provides values of the functions fl’ f2, and f3 for
different values of the variable set. It is called by DHARTJE.

DHARTI. This subroutine finds the solution to a set of n nonlinear
algebraic equations in n real variables. Our problem is 3-dimensional.

DHARTI is a modified version of the program C4 CAL SIMEX obtained

through the Computer Center, U.C., Berkeley. The method it utilizes is

as follows:

Suppose our variables and equations were represented as x for

(xl,--~xn) and f(x) for [fl(x),-"fn(x)] respectively. The initial

problem is represented as
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fl(x1,°"xn) =0
fn(xl,f"xn) = 0,

We use maxilfi(§)| for the norm Il £(x)Il of £(x). The linear set of

equations in matrix form is then » :

where
A= (aif‘(x)/axj) and B = (—fi(g)), is solved for the correction vector
i :

y. Then the norm Il £(x+y)ll is tested against the norm ll £(x)ll . If
I E QeI < W £ - (2)

 then the correction is acceptéd and the cycle is repeated. If Eq. (2)

is not sétisfied, the correction vector is chopped.. y is repiaced by
| 0.2 y and (2) is tested again. Chopping continues until either (2) is

; ‘satisfiéd or the correction is negligible.

The iterative process is repeated until eifhe;Ax_from Eq. (1)

becomes negligible or until the number of iterations exceeds a limit

" imposed by the programmer. The program arbitrarily takes a correction

Y such that _
| Iyl / Ixll <1077 - 3

as negligible (if Ixll # 0, otherwise the denominatorlin'Eq. (3) 1s takeﬁ
‘as unity). The user should scale the variables‘xi accordingly.

» Of the three unknowns ip the problem, Al, kz and J, the first two
aré of the order of unity while J is very small. Sé J has to be
normalized acéordingly. One also has to assure that J is a positive
quantity. It has been the author's experience that the choice of the _
iniﬁial values has mﬁch to do with_the successful convergence of the

iterative technique.
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PROGRAM TRANS (INPUT,,0UTPUT)
THIS PROGRAM SIMULATES THE CHEMICAL VAPOR TRANSPORT OF 2~8 COMPOUNDS
USING HALOGENS AS THE TRANSPORT AGENTe FROM THIS PROGRAM WE CAN FIND
THE PRODUCT RATE oF FORMATION OF SINGLE CRYSTALS OF 2-5 COMPOUNDSe
WE CAN AL S FINV THE CoNCNe OF THE vAplIoUS GASEQUS SpECIES AS A
FUNCTION OF THE DISTANCE ALONG THE AMpoULEe.
COMMON/TRAIN/PCl4) s TCl4 ) sWM4) 9RIEPSICLONGIASB
COMMON/SAFAR/ROTA, CRASoR1009CONORRRQSSS’TEEQQTEMPIvQTEMPZ’EQKIQEQK
12.RL+SL
COMMON/PARAM/TEMP14TEMP240R1D
DIMENSION T(10),DLG(10),ontlo),oRloD(10).DIFF(Aoal
DIMENSION V(3)sCONE(4)sCTWO(4) s XJAY(4)sFN(3)
DIMENSION COMP(7)
DIMENSION AMAT(342)9sDMAT(393)
INTEGER DIM,CNTROL(7)
READ 200+s(COMP(1)41=1+7)
200 FORMAT(7A6)
READ 201sN+EPSsRyCLONG,PRESO4NT,4NO
201 FORMAT(I497XsF11e893F11049214)
DO 202 I=1sN
203 FORMAT(1447X94F1144)
202 READ 203+(JsPC(I)4TC(I)sWM(I))
READ 205’(ORIOD(I)oI=loNO)
205 FORMAT(8E10e3)
READ 207s(T(1)sl=1,NT)
207 FORMAT(8F10+4)
READ 209,DLAA,DLB8,DLCC,DLDD
209 FORMAT(4F1044)
. READ 211+4A,8 _
211 FORMAT(El1e4sF11e4)
READ 554, (CONE(I)41=143)
55 FORMAT(3F10e3)
READ 56+ (CTWO(I)y1=1+3)
56 FORMAT(3F10e3)
PRINT 7
7 FORMAT(1XsgtHTHE MoLE FRACTIONS(X) OF THE SpECIES VARY WITH DISTAN
1CE(2) AS//5X’41HX(12)--2.+EXP(SZ)*(CI*COS(RZ)+C2*SIN(RZ))/ISXoAIHX
1(M123-2.+EXP(SZ);(CB*CoS(RZ)+C4§SIN(RZ))//5x’21HX(Sz)-1.-X(17)-X(M
11217}
PRINT 8

8 FORMAT(1Xs»THE pARAMETERS R»S9C19C2+sC3 AND C4 WIpLL BE pRINTED IN €

1ACH OF THE DIFFERENT CASES BELON*////)
PRINT 54(COMP(I}eI=1s7)
5 FORMAT(1X+#THIS SET OF DATA IS FOR * 7RG/ 17D
CALCULATE FREE ENERGY AND EQUIL«CONSTANT FOr A GIVEN TEMPERATURE.
DO 6 1=1sNT
DLG(1) =D LAA#T (1) +D  BBxT( I} u2+DLCCxT (1) %ALOG(T(1))+D DD
6 EQR( 1) =EXP(-DLG(I)%1000e¢/(1e9R%T(1)))
CHOOSE ONE SET OF TEMPERATURE CONDITIONSe
ND=NT=~1
DO 500 I1=1¢ND»2
TEMPI=T(D)
TEMP2=TI(1+1)
EQK1=FQK (1)
EQK2=EQK(I+1)
SELECT A VALUE For INITIAL TRANSPORT AGENT FEED.
DO 400 KI=1sNO

L))
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ORID=0RIOD(KI)
PRINT 100, TEMP1sTEMP?
100 FORMAT(1Xs#DIFFUSIQON IS FROM TEMP1=#E12e4s%(DEG K) TOo TEMPo=%E10en
19%(DEG K)%/) ’
101 PRINT 102,EQK1+EQK?
102 FORMAT(1Xs#AT TEMo1s EQUILe CONSTe K1=#E12e492AND AT TEMPOsEQUIL.
1CONSTs K2=%E12e4/)
FIND TOTAL CONCENTRATION IN AMDOULE
CALL TOCON(TEMP1+EQK1sORIDYCON)
IF(CONeLTe0s) GO TO 58
CALCULATE pRESSURE IN AMPOULE AT MEAN TEMPEPATUQE.
TMEAN=SQRT{ TEMP 1* TEMP2)
19 PRESS= CON*R*TMEAN+PRESO/750.
PRINT 777,PRESS
777 FORMAT(1XsxPRESSURE IN AMPQULE -*Ely.as*(ATM)*/)
FIND BINARY DIFFUSIVITIES AT MEAN TEMPERATURE
CALL DIFUS(DIFF4N4PRESSs TMEAN)
FIND CONSTANT COEFFICIENTS FOR SIMULTANEQUS EQUATIONS
XXX=1¢/DIFF(142)
YYY=1e/DIFF{193)
222=14/DIFF(243)
AONE=XXX-0e5*YYY
ATWO=222-%XXX
BONE=XXX=-YYY
BTWO=1e5%22Z-XXX
DONE=YYY
DTWO=-222
DDD=ATWO*BONE—~AONE%BTWO
ALPH1=(BTWO*DONE~-BONE*DTWO!) /DDD
ALPH2=( AONE*DTWO-ATWO*DONE) 7DDD
ALPH3=z1e=-ALPH1-ALPH>
CCC=AONE+BTWO
CONIN=1./CON
QTEMP1=SQRT (CON*¥R*TEMP1)
QTEMP2=SQRT(CON*R®*TEMP2)
BRKT=CCCxxDe+4e%DDD
IF(BRKTeGTe0e) GO TO 400
DISCRIMINANT [S MODULATED
BRKT=ABS(BRKT)
DSCRM=SQRT(BRKT)
5§85=CCC/2
RRR=DSCRM/2.
SL=SSS*CLONG
RL=RRR*CLONG
CRAS=RRR#%#>4+555%# >
TEE=555-BTwO
ROTA=ATWO/(RRR*%*2 4 TEE*%2 )
RIOD=ORID*#CLONG/CON
XJAY(1)=401%CON
XJAY (2 ) =e05*CON
XJAY(3)=e005*CON
CALL UTTAMICONE sCTWOIXJAYsVeN)
FIND SOLUTION FOR SET OF NONLINEAR EQUATIONS.
CNTROL(1)=3
CNTROL(2)=50
CNTROL (3) =1,
° CNTROL (4)Y=0
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CNTROL(5)=13

CNTROL(6)=0

DIM=3 '

CALL DHARTI{(VsAMAT,DMATsDIMsCNTROL)
AFTER FINDING SOLUTIONS FOR SET oF NON-LINEAR ALGEBRAIC EQUATIONS
FIND THE probUCT RATE AND THE ConSTANTS IN. THE CoNCENTRATION EqQNSe

V(3)=V(3)#%2/1000000e '

RMOD=RRR*Vv(3)/CON )

SMOD=5S5S*#v(3)/CON ,

COSP=TEE*V(1)—-RRR*v(2)

SINP=RRR*V(1)+TEExV(2)

C3=ROTA#*COSP

C4=ROTA®SINP

SMOW=WM(2)=WM{1)4+0.5%WM{ 3}

PROD=V(3)#3600,%SMOW

PRINT 3,4PROD

FORMAT (1X s%PRODUCT RATE(GRAM/SQ.CM/HR)-*E1O.4/)

PRINT 9+RMODsSMOD,v{1)sVI(2)sC34Ca

FORMAT (1 Xs#R=¥F11e590Xe%#S5=%#F11e559X 9#C1=%FRe5es2Xs#C2= *Fn-r,.pxn*u-

1%FBo592X 9 #Coy=%Fgass//)

GO TO 400

PRINT 59

FORMAT (1Xs% TOTAL CONCENTRATION IS NEGATIVEx%/)

GO TO 400

600 PRINT 60

60
400
500

FORMAT (IX’*POSITIVE DISCRIMINANT®/)
CONTINUE

CONTINUE

STOP

END

N
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SUBROUTINE TOCON (T ,EQLB,ORID,CON)

THIS SUBRQUTINE CALCULATES THE ToTAL CoNCENTRATION OF ALL VAPOR
SpECIES IN THE AMpoULLtelT ALSo FInuS THE CoNVERSION AT THE SOURCE.

COMMON/TRAIN/PCU4) s TCl4 ) sWMI4) sRIEPSSCLONGYA+B
FACT=EQLB#EQLB/(R*T)

ITER:Q

CON=ORID

UUU=3«#ORID+FACT

VVV=3.#ORID®ORID+34%#ORID*#FACT

FUNC= con**q-CON**9!UUU+C0N*VVV—0Q105»1-2.76&FACT»0RlDiOR!D
DIFC=3¢%#CON#CON=2 ¢« #CON®UUU+VVV

CONEW=CON-FUNC/DIFC

DIFF=(CONEW-CON) /CON

CON=CONEW

IF(ABS(DIFF)=EPS) 22422923

GO TO 99 )

ITER=ITER+]

IF(ITER-25)16916+17

GO TO 11

PRINT 18

FORMAT ( 1 Xs#OVERALL CONCENTRATION NOT CONVERGENT IN 25 ITERATIONsi)
STOP

PRINT 100sTsORID4CON =

FORMAT(1Xs2TOTAL CONC AT#E12e4s#(DEG K) FOR INITIAL IODINE CONC OF
1%E1204 9% (MOLES/CU CM) IS =*E12e49# (MOLES/CU CM)#/)
CONVR:Z.*(CON/ORID-I.)

PRINT 98sCONVR ‘

FORMAT(1Xs*CONVERSION=%#F10e6/)

RETURN

ENO

SUBROUTINE DIFUS(DeNsP,T)

THIS SUBROUTINE CALCULATES THE BINARY DIFFUSIVITIES FOR THE VARIOQUS
GASEOUS SPECIES IN THE AMPOULE.

coMMoN/TRAlN/pC(A"TC(A)’“M(Q)OR’EPS’CLONGOA'B
DIMENSION D(4+4)

DO 10 L=1,4N

DO 10 M=1,N

D(LsM)=0s

DO 20 L=14N

DO 20 M=14N

IF(L-M) 14920914

D(LsMI=D(MsL)

IF(D(LsM)eGTe 0e) GO TO 20

D(tsM) = A/P*T*QB*(DC(L)*DC(M)l§§00133l(TC(L)lTC(M))*‘(00417“8/2."5
10RT(1./WM(L)+1.IWM(M))

CONTINUE

RETURN

END
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SUBROUTINE UTTAM(CONE,CTWO»XJAY+BZsN)

THIS SUBROUTINE IN CONJUNCTION WITH oCALFUN FINDS THE BEST INITIAL

VALUES FOR THE VARIABLES TO BE FOUND IN *DHARTI e
DIMENSION Z(3)sCONE(G)sCTWOL4) s XJAY(4)9B2Z(3)sBF(3)sFNI(4)
DATA (BF(1)sI=193)/3%0s/

DO 20 I=1sN
FN(I)=1000

20 BZ(I)=0.

25
90
80
70

90

BEST=1000.
DO 70 I=1,3
Z(1)=CONE(I)
DO 80 J=143
Z(2)=CTWO(J})’
DO 90 K=143
Z(3)=SQRT(XJAY(K))1%1000.
CALL CALFUN(NsFN+2Z)
SUM=SQRT(FN{1) #%2+FN(2) ##2+FN(3)%%2)
IF(SUM.GE.BEST) GO TO 90
- BEST=SUM
DO 25 IS=1,N
Bz(IsS)=2(1s)
BF(IS)1=FN(1S)
"CONTINUE
CONT INUE
CONTINUE
RETURN
END

SUBROUTINE CALFUN(NsFNe2Z)
COMMQN/SAFAR/RQTA.CRASoRIoDoConoRRR’5559TEEoQTEMP1oQTEMszEOKl'EQK
12sRLsSL

DIMENSION FN(N) 42 (N)

REAL MOD

MOD= Z(3)**2/(CON*1000000.)

RMOD=RRR*MOD

SMOD=S5SS*M0D

SLMOD=SL*MOD

IF(SLMOD«GT«50e) GO TO 90

EXPS=EXP (SLMOD)

COSR=COS(RL*MOD)

SINR=SIN(RL*MOD)

CRAP=CRAS*MOD**2

COsSP= TEE*Z(I)-RRR*Z(Z)

SINP=Z(1)*RRR+TEE*Z(2)

RSVP=Z (1)+ROTA*COSP

IF{RSVPeGTele) GO TO 90

ABCD=EXPS#( COSR®RSVP+SINR®(Z(2)+ROTA%SINP))

IF(ABCDeGTele) GO TO 90
' Fntl)-(2.+R0TA*Cosp)*QTEMPI*SQQT(1.-QSVP)/(-7.+Z(1))-EQK1 :
FN(7)—(?.+ROTAGEXDS*(COSD*LOSD+SINP*SINR))*QTEMPZ*SQRT(1.—ABCD)/(—
12 +EXPS*(Z (1) *#COSR+Z(2)#SINR) }=-EQK?
Fn(3)_((Z(1)#ROTA*CQSP)*(SMOD*(EXPS*COSR-lol+RMOD*EXPS§SINR’+(Z(?)
1+ROTA%SINP ) # LOSMOD*EXPS#S INR-RMOD*{ EXDS#COSR-14)) ) /CRAP-RIOD .
CONTINUE

RETURN
- END.

NG

S
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FUNCTION YCOMP(Z4NFN,NPROB)

C THIS FUNCTION FURNISHES THE VALUES OF FUNCTIONS AND GRADIENTS AS
C REQUIRED IN SUBROUTINE +DHARTIe

100
11

92
12

91

13

REAL Z(1)sMOD
COMMON/SAFAR/RoTA9CRA$oRloD:CON9RRR0$SS¢TEE'QTEMP1oQTEMPZ;EQKl;EQK
12sRLsSL

MOD= Z(3)**7/(C0N*1000000.)

RMOD=RRR#MOD

SMOD=555*M0OD

SLMOD=SL*MOD . =

IF(SLMODeGTe50¢) RETURN

EXPS=EXP (SLMOD)

"COSR=COS(RL*MOD)}

SINR=SIN(RL#*MOD}

COSP=TEE*Z(1)~RRR*2(2)

SINP=2(1)*RRR+TEE*Z2(2)

CRAP=CRAS*MOD#*#*2

GO TO (11912913)sNFN

RSVP=2(1)+ROTA*COSP

IF (RSVPeLEele) GO TO 92

RETURN

YCOMP = (2.+R0TA§CQSP)*QTEMP1*SQRT(1.—R5VP)/(—7.+Z(1))—EQKI

RETURN

ABCO= EXPS*(COSR*RSVP+SINR*(Z(2)+ROTA*SINP))

IF (ABCDeLEele) GO TO 91

RETURN

YCOMP = (2.+ROTA*EXDS*(CoSP*COSR+SINP*SINR))*QTEMPZGSQRT(1.-ABCD)/(-;
12¢+EXPSH(Z2(1)#COSR+Z(2)%SINR) ) =EQK2

RETURN
YCOMP=((Z{1)+ROTA%COSP )} % (SMOD#(EXPS®#COSR=1 ¢ ) +RMOD*EXPS#SINRI+(Z (2}
1+ROTA%SINP) % ( SMOD*EXPS#S INR=-RMOD#* ( EXPS#COSR=14)))/CRAP-RIOD
RETURN:

END
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