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CRYSTAL GRCT AITH CHA LCTERIZATICN
“ha Sian-zhang Chen Qing-han Tian ‘/an-chun

(Instiute of TIhysics, Academia ’inica)
Abstract

Inperfections such as cracks, inclusions, growth striations, color centers, inhomogen-
eity and cellular structures, that frequently occur in artificially srowm crystzls are
discussed.s The phenomena of constitutional super-cooling are dealt with in more detail.
The origzins of the occurrmnce of these imperfections and the me-cures adopted to over—
come them are recommended, It is stressed, moreover, that the work on growth of crystals
and their char-~cterization must be closely coordinated so that the final zoal of obt_ining
rerfect crystals may be attained through successive stages of experimenirl research.

1y Introduction

The ovjective of the scientific study of the growth of crystals is to understand
and thoroughly master the nrinciples inheremnt in the §tructure of crystals in order to
facilitate the growth of high-quality crystals which possess specially determined capa~
bilities, ‘hat is meant by high quality is crystals which have few imperfactions, have
a igh degPee of uniform completeness, and, of course, also have gocd functional prop-
erties (with the exception of a few cases).

The branch of science dealing with the rowth of crysials, from the last century
to the present, has undergone a long, slow process of development; it has cnly been
after the decade of the 1950's, due to semiconductor techmology, 2nd -articularly after
“he r2-id develovment of light excitation technology, that thewe has been a -ressing
nead for all “yves of high aqualit; sinzle-crist2l materials in cxder fo ~uitue on 2
larje scnle the surzing develonment of this branch of science and to cause he iech-
nic2l skill of “"zrowing crystals", which had been carrizd out on the basis of exper-
iencey %o gradually become relatively mo=e sci-ntifice This has been narticularly true
in *he last ten r"earsg because of requirements forerystals vhich were relatively dif-
ficult %o grow as well as ever-higher recuirements for thie quality of cerystals, -hexe
has been und-~i-ken a series of relatively profound rese-rch rrojecis into ~any of th
basic phenomena involved in ‘he growing nrocess; :he theor- of the rrewih of crys:ials
has achieved a zrest develorment, 2nd ‘he technclesy of srowing erysz~ls has also been

gre~tly improved. In the area of varicus problams such as :he theory of constituticnal




(1'2), phase diagram theory (3), etec.y it has alrezdy been rossible to ap-ly
these advances to guide the actual execution of the srowing of crystals, and excellent

surer-cocling

results have already been achieved, Despite this, however, in the work of srowing crystals,
at przsent, oper~tions based on experience are still the principal trend., ‘hy has there
still been no complete soluticn of the problem of controling the cuality of crysials during
the process of growth in oxder to achieve an ideal level? This is the guestion.

Because of this problem, at -resent, every tyme of approach is being employed which
might speed up the development of the science of crystal growth (including both the aspects
of theory and actual technical experimentatiom), and these problems completely occupy the
ninds of orkers in the field of crystal zrowth.

Concerning the relationship between crystal growth and char~cterization as well as the
influence of these two factors on the development of the science of crystzl crowth, we have
compiled from the literature on the subject as well as from work done hnr: in China a good

deal of experience and inst—uction which approach the problem from all angles. Here, we take
very seviously the discussion of the close orsanic relationchip vhich erists between the
work of characterizing erysttls and the zrowing of them. For :he sake of spezd and conven-
ience, ve tried to carry cut an anclysis using several dif” ront vyres cf commonly scen
imperfections in crystzls; after that, we carried out some prelininary discussiocns cn the
relationships that rust exist between the oper-tions of char~cterizing crysials and grov-
ing them,

2y Imperfactions “hich Commcnly Anpearsd in the Initizl

Phase of Cxperimental Crystal Grow:th and llethcds of

Overcoming Them As Yell As the Relationshin 3etween
these Imperfzctions and Correciion iletheds and
Crystzl Charactarization

Crystals, especially crystals ‘thich are rarticularl; diflicult to grow, in -he initial
vhase of exvarimental growth, often exhibit imparfecticns ‘he most comuon of ~hich are “he
types listed below: 1) cracks, 2) inclusicns, 3) grow-h striaiion, +) color c-niemz, 5.
inhomoaensity, and 6) constitutional super-cooling imp-rfeections or cellular structures.
3»2low we will distin-uish beiween these conditions and discuss them.

1, Cracks

“"hen atiommting to srow any tyre of crystal material, the first tyre of prchblem cne rums
into is froquently cracks. For erample, when we try to srow crystals such as Nd: YAG, LillbC
E'\IbO3 md so on, the first crystals grown all encountered problems with cracking. According
to the princi-les of elastic mechanics, cracks obviously occur due to the fact that stres:es
within the crystals exceed, in localized areas, the extreme limits of naterial failure,

”
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However, this kind of gencral knowledge is not enough to concretely guide the improvenent
of growth experiments, Because thers zre a great many reasons for increases in localized
stresses, looking from the angle of growing crystals, measures for overcoming the problem
of ecracking may not all be the same; there may be several types of m:zasures to accomplish
thisy even pracisely orposite ones,

ifter erystzl srowth, the problem of cracking during the procesz of cocling to rocm
temperature is an example, It is the general experience that very slow cooling is advan-
tageous io the reduction of thermal siress and is, therefore, advantageous in aveiding
cracking of ecrystals and othe» imperfections., TFarticularly is this so where it concemns
crystzls writh relatively different rates of heat conductivity, However, przciically speak-
ing, if, in the cocling process, the interior of a crystcl develored certzin “changes",
then, it would be rossible to drop the temperature relativaly cuickly and, =ven so, still
have the effec: of being advontazeous to the nrevention of crocking., For example, SNN
single crystals, Auring the vost-oven cooling procesz, lsvolop the chemical rsaction belows

35,12l Cy s ’9-99939----) Srlaiib 0, o 4530, 0

-

“his tyre of sutecicid decomposition reaction causes changes in volume and craaies cincks
in c¢»y3%i-1s. Zrop ing the temperature relatively auickly, for example, - dronping the temp-
arature at a m=te of BOOOC/hr throuzh the ecutectoid decompositicn region rprevents the
sutectoid “ecomposition rezetion from tzking place, however, and bri:’xgs the crystzls to
»som temper~ture with “heir stability intaet and cracking prevmted.\"}) And agein, as an
zzzavle, LiITbOB, during the cocling process after growing, when the crystals are going
through ‘their solidification line period, if cocling is done gradually, then, there develops

“he precipitation of a secondary compound LilTh OQ(S); because of this, cracks can easily

‘ 3
be caused(G). However, if the temperature is dropped relatively more auickly ~hroush this
time nzriod, then, *he crystals again ar—ive a room temperriure stable and uncracked.

Zowever, with rega=i to another set of "changes", the methods above camnot be emplgyed.

Jor e::rmplg, KNbC3 erysinlsy ‘uring the process of afiter-oven cocling, due to cubic-ii—s
. sa_uare—?-zz—c, verpendicular structural change~ n crystzls, there are caused rather large
and sudden changes in the point drop constant(7). “hen the cooling is auicky the struct-

- ural stresses p-iduced can eagily produce cracking in crystals. Only a very slow cooling,
-causing stresses to slowly be relzzsed, can prevent cracking. DMy ferro-electric erysi-ls,
for exanple 3N crystals, when cocling goes through iis ferro-zlectric tempcraturz change

( ‘.‘c=§60°C), due to the Curie point -ieciniiy, 2nd the frct that the heat pulsaiion coeffic-
nt solarity is diff:zvent in different dirsctions, rapid cooling (for examnrle, 100°C/ur)

il

i

i)

cause tha crystals %c¢ crack, However, if the ‘emprrature is dreusht dom ver slowly,




(8)

(for example, 30°Z/hr), then, cracking can be avoided' ‘.

Concerning the situation where there exists a  peritechtoid (ﬁe?ﬁ;ion ~hich leads
to cracking, for example, 631203.T109(9)and LiBare(’O)as well as k0;\' "7/, the mehod

for preventing *his cracking should be to accurately select, an the basis of the rhase dia-
]

gram (Fig 1), the compounding r=tio of fusion bodies and, thereby, rrevent the occurrence

of the peritéchtoid Teaction (as shown by 4, in Tig 1).
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1. Tig 1 An Illustrative Peritechtoid Phase Diagram 2, M1-—Ba.tio of chemical compo-
nents proéucing peritechtoid re-~ction 3, M,)-—‘:'he ac+-ual mix of constituents wvhich nre-

vent veritechtoid reaction

“hen tubbles, striaticn or high levels of impurities or inhcmogseneity exist within
errstals, the cocling process can also csasily gauje eracking. or example, when crystals
are zrown by the extraction method, and the lid ‘concentmtion is exceszively high in the
tail portion of the crystals develop bubbles or cloudy stiriated layers, tiere is frequently
cracking during the zrowth or cooling processes; ai this time, there is a need %o first !
improve the technology of growing crystzls (for example, inproving hecat fields, etc.) in |
oxder to reduce this type of imparfection in crwstals. b

Generally speaking, even if the reasons for the phenomenon of cracking in simple
crystals are very complex, it is all the more necesz-ry to car-y out charnctarizatiion
cancerning this phenomenon, Only after carrying out observation ani exnperimental analysis
will it be possible to finally uncover the reasoms for this phenomenon and the aprropri-
ate neasures for overcoming it.

2. Inclusions in Crystals

The term crystal inclusions refers to bubbles, liquid phase in~lusions, s well as
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solid phase granules, etc, Undier stress, these inclusions can cause cracking; however,
most just seem to be scattered grznules within crystals. They are second phase inclusions
within crystals; because of this, reduction of second phase impurities in fusion bodies
warld obviously help reduce this type of imverfection., However, as was the case with the

problem of cracking, the causes of this problem of inclusions came from the actual
concrete situation and nothing else; because of thig, methods of overcoming this problem
can only be discovered relatively quickly if the work of characteri;ation is closely co=-
ordinated with this attempt.

For example, in GGG (or Nd:YAG) crystals grown using an iridium compound, there fre-
quently occur tri-nagular or hexasomal iridium gronulesy this is cdue to the ox¢dation and
reduction reactions carried out between the iridium commound, the fusion bodies and the
gases in the fumace“”.
later, they finally enter into the crystals, =xperimentation demonstrates that, in the
case of certain solid thase granules, these granules can only be easily czptured by the

these reactions cause the iridium to enter *he fusion bodiesj

crystals when there exists a critical speed of zrowth Vc(1428nd V is -reater than Vc.
Therefore, the reduction of the speed of ~rowth and its fluctuations is also an inportant
neasure in ‘he reducticn of sclid phase zranules, Alzo, to zive another example, in ld:
TAG crystals grown in a molybdenum compound in a graphite resistance oven, there are also
often discovered jranules of molybdenum and carbon. Resezrch demenstir-tes that, eoxcert
for -he proper establishment of methods for the reduction of pollutants in fusion vodies,
change in fluctuation speed of crystals has a very obvious influence on the amount of

(1)

In NQ:7AG crystels, large bubblesy minute, widely dispersed, invisible smell btubblesg

s50lid nhase gronules in crystals which are zrown, and this fact should command at:enticn.

and depressed bowndary surfaces or constitutional suver-cooling imperfactions are all known
to occur, However, in ”L‘eo2 and PbSGe3011 crystals, it is reported that(16)

of convex boundary surfaces, it is very easy for crystals to give rise to bubtles; more-

s in the case

over, ‘/hether bubbles aprear or not is related to the purity of the raw materials used,
hen the purity of the raw material 'l‘e()2 is raised from 99.8% to 99.09%5 it is no longer
certain that btubbles vill appear, and so on. It is clear that the precise causes of the
shenomena of the anppearance and disappearsnce of bubbles can only be determined after the
carrying out of detailed research,

Conceming licuid phase inclusions which are caused by the prenomenon of constitutione
al super=cooling, we will temporarily cease the discussion of it here and hold that dis-
cussion until later,

There i3 still another type of crys:ial which, in the ccoling process, sives rise to
second phase granules, for example, the proci-itation of LilbO. crystals vhich is mentioned !
above as well as the products of the general decomposition reaciicn of a ~onpouné of nioce
tic acid, strontiun and sodium, etec. llormally, researchers use optical microscopes to
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observe the external form of gronules in oxder to differentiate between metallic grenules,
liguids, bubbles, etc. In other cases, resz=rchers use electron probes, ion probes, op-
tical sxcitation spectroscopy and similar analytical methods of minute dierimination in
order to charzcterize the constituents and rhase of granules, thereby, helring to deter-
nine the causes of gronules; however, cometimes, there are difficulties with making

fine distinctions. In such cases, it is poscible to employ suprlemeniary experinmentaticn,
observing the princirles of tronsformation which govermn imperfections under rarticular
conditionsy in this way, it is frequently possible to bring a very rowerful discrimination
capability to the "precise diagnosis” of the imperfection. For example, the precipitation
phenomenon praduced when I:J‘.I\l'bo3 crystals very slowly pass through the solidification line,
caus® transparent crystals to become cloudy; however, when the temperature is raised
back over the solidification line, crystals again retum to a transparent state; after
thisy if the temperature is dropped relatively quickly, then, crystals can rzfum to room
tenperature preserving their single-crystal rhase stability and ironsparency, This kind
of ‘ransformaticnal plasticity, on the cne hand, points out a method of overcoming precip-
itation and, at the same time, also makes a powerful detertination of the character of
this tyve of imperfectian. Moreover, the bubbles, liguid phase inclusions and so0lid phase
zrapules in erystals do not, then, basically change during these types of temperature
changes. A

3e Growth Striations

Concermning the anpearance in crystals of the striated formation of different layers,
this type of phenomenon is called growth striatiom., Concerning transparent crystals (for
evample, Nd:YAG), diffences in constituents lead to changes in the index of refractiom;
under vertically polarized light, when one observes a slice of such a sample one sees sev=~
eral lines of different brightnesses (actually, they are different layers); their out-
lines actually represent the shape of the boundary bvetween solid and liguid 2t each ins=
‘ant, Careful observation can then discover that the forms of growth striations are very
complicated.s It is frequently possible to divide them into several groups. Scme struc-
tures are relatively simple and have good periodicity; some forms are very compliccied
and have no strict periodicity, even to the point of being completely withcut coveming
orinciples. Concerning their classification and -he causes of their production, althoush
there has been unceasing work on the subjeect sinece the 1960's, it is only wzcently that
there zas been a rslatively high legree of unde-s:ianding of “his subject. In ordar to
Taike ‘he presentation convenient, e have drawn g 2 in order to explnin the rasulic of
international resezrch on this problem in the last few y-a-s,

“he cause of srowth striation is the difference veiween solid pnase cryst-is ard
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iz ? Tarious Tause: and lechanisms for the Occurrsnce cof Crysinl Growth Jiriaticn

i
"1, (1) Zxz2mal boundary disturbance 2, rull speed uneven, Crysizl pull rod "crawl” =nd

vibr~tisn, Oven body mechanism vibration 3, Decline in the mate of he~t increzse, nsta=-

“bility of mas-s within the fumace 4, Iluctua*ions in temperature of fusion .odies =,

Pluct:aticns in the speed of crystal growth €, ilon-roiation~l t;re ~rowth siriations 7.
(Period is ecual to *he veriod of temperture oscillatién) 8. Jotaticnal speed wieven
9. Tluctuations in speed of liguid flow 10, Thanzes in %hicimess of boun.-=y layers

11, Ra > 2% and enlarged 12, (2) ¥atural convec<ion 13, (Convection ~aused by tomp-
erature, gravity and constitutianal gradient) 14, Stable flow =~ unstnble turbulance

1%, Constant fluctuation in temperature of fusion bodies, amplitude srerter and greater

— —— — ,

daii stk




16, Related to GL’ urelated to g (See note) 17. Convecticn caused by surface tension
gradient (3) 18. (4) Torced comvection 19. (As stated) 20, Ilaminar flow ==Pturbulance

21, Rotational type zrowth striaticn 22, (Striation dist~nce equals the pull in one cry-
stal rotation period) 23. Crysizl roiation 24. (3e;mold nunber Re caused by se=d crystals
and rotation of the crucible) 25, Incorrect heat field 26, Zach rotntional period pro-
duces one periodic temperature fluctuation be (Note) Tven though, when g is large {on
the surface), the influence of g conceals surface tension; when g is smzll, the effects
of surface tension are dominant

liquid phase components, as well as so-called fusion substance segresztion ~henomena, It
is related to -rowth cond:;.tions. Under stable comditions, the BFS formula, which has
alrzady been developed(18’ iss

c,=K-C, (1)
(1%
K*+(1-K")exp} -5 |

to
~

K=

In these equations, CS is the concentration of "impurities” in crystals; CB is the aver=-

age concentration of "impurities" in fusicn bodiesy K is the coefficient of effective lig-
*

uation of "impurities"; K is the coefficient of licuation or segre.ation of "imrurities"

*
on bowndary surfrces; at low null speeds KﬁKo (equilibrium liquation coefficient); Dy

is the distribution coefficient of "impuriiies™ in fusion bediess S is the thickness of
"impurity"” boundary layersy and, V is the speed of crystzl srowih,

Changes in the perioiicity of K cause *the very slow, smooth changes in Cs and then
forms the inhomogeneity in the crystzls as a3 “hole,

It is necessary to point out the fact that use of the IiS equaticns is very limited
in 20st fusion tody Trowth systomsy  they are suiiable for use in zituaiions where zhanges
in the speed of zwowth (or the thiclmess of diffusion layers) , ompli*ude and Srejuency are
211 »2latively small, However, most fusion body growth sysiems all have very larse fluct-
uations in speed of growth and have very obwvious non-enuilibriwm trepertiess Tteczuse of
*his, the BIS model is certainly an inanrrooriate one to use, However, qualitativel;
spaaking, *he 375 equation certainly has meaning as far as lealding one to a u=y of ovire
coning srowth striations, Habitually, -—rowth striations are Ziviled into two trres; one
is the rotational {vre growth striation, and *his can be ascridbed %o rozary movement cf
the errstal or the crucible (the pericd is the same in either czse), The second is non-

rotary growth striations whether the period or time inte~val of this i‘ype is eouzl or




unequal to the period of external boundary turbulance or fusion body temperzture oscillation

is a very complicated question. Iet us explain a few things about Fig 2,

1) The ability to eliminate growth striation imperfections is the oprcblem of first
importance concerning the existence of materials with same-component points and the locat=
ing and matching of these points with fusion bodies. ‘/hen K?E& K6= 1 hr, theoretically
3peaking, licquation phenomena would not exist, In such a situation, since the growth con-
ditions are not sufficiently stable, clear growth striation phenomena would not appear
either(19).

2) Sudden changes in rotation speed can cause the state of liquid flow and tempe
erature in fusion bodies to exhibit changes, Experimentation has already revealed that (20)
when the speed of rotation is intermitently changed 1 tum per minute, then, clear growth
striation occurs., Moreover, using automatic control methods to very slowly change the rot-
ation speed %%’: 0.3 rotations per hour), it is then possible to reduce this type of
growth striation to a very low level, Therefore, a stable rotational speed has particular
importance for the elimination of growth striations.

3) Instability of liguid flow. ZIven if, in symmetrical hent fields, instabiliity of
extermal boundary conditions is =2liminated, it is still possible for growth striation phen-
omena to occur, Zecause, in the type of fusion body which is normally employed and is cold
on top and hot on the bottom, there exists unstable heat convecticn, particalarly in the
case of fusion bodies with high melting points, =r-latively larze temperaturs fluctuatiions,
which are caused by heat-convection instability, are frequently 2 principal cause of <he
occurrznce of srowth striation in crystzls. In oxder 30 control the nfluence of uns*able
heat convection, the me*thod of crystal rotation is often =2mpicy~d; <he forcel convection
prcduced by rotztion of crystals can take the interface between colid 2nd liguid znd "iso-
late’ <hem from each other, 2lso causing the thiclkness of boundari»s to become uniform.
dowever, forced convection, in and of itself, can cause naw srowth striation.

iAnother method is to find a way to reduce heat convectiony for examrle, reiucing *he

. . e e (21-24) . . . :
temperature gradient in fusion oodles(‘ 4’, adding inhititors to fusion bodies in oxder

~ ~ ~e~

e ses . v a4 25«2 . ) \ L A2, 27 .

to inhibit the flow in those oodles( > 7), lovering the denth of fusi n bodie ' ), 2%tce

Cf courses if there is no gravitational field, there will be no heat cocnduction :ither,
Therafore, %hgse versons who have srown crystals in space (g20) have achieved excellent
’

798 %0

\NE9 L)

results However, at the present time it is still impos:cible %o elinina‘te convec-

tion caused ty surface tensicn gradients(so).

~nong tiie methods available for the observation of zrowth striation are ontical nmicro-
scopes, {-ray imaging technigques, rlectxon probes and ion vrobes as well as other meiihcds,
Among these, the use of optical methods and X-ray imaging are the most common. One of the
important new findinss uncov:red by these observations is the amplitude of ths changes in

the period and components of growth striation, This not omly —2cuires the analysis of

9




what types of changes there are in the conditions of growth which can cause a cert:in type
of periodic striation; it also reauires a comparison of the levels of importance of the
various types of factors involved in the striation which is caused. This is always a very
delicate and, sometimes, a very 1ifficult thing to do. Jometimes, it even reaches the point
where there is no discermible order to it. 3Because of this, the only thing that remains
is to characterize the growth striation and analyze the conditions of growth, then, put
these efforts together in a timely fashion, carry out many analyses and rejeated growtih
experiments; only then is thers the possibility of discovering precise causes and making
nrogress toward overcoming the problem., For example, T i(31) and others discovered
that the 230 microne-period growth striations which aprear in GGG crystals are produced by
small, sudden changes in the potentiometer power r=adings for each rotation; this is one
example.

t is easy to produce another examples growth striation is ordinarily a damaging
imperfection; however, in the last few y=ars there has also b=en discovered a very effect=-
ive use f:r it, which is called boundary surface marking technolozy., This technique sets
up in the crystal a very clear, temporary mark. It can ve employed to accu-ately de‘er-
nine minute gr-wth speeds and changes in those speedsy it can distinguish cirultaneously
betuween different types of growth areas, etc. 4t present, there are three meth:ds that
can effectively cartrol striation; <hey are the vibration method, the temperature me-hod,
and the thermoeleciric method, In order to g=in a betier understanding one should consuit

(52).

zhe literature

~

e Color Centers

The ~roblem of cclor centers in crystzls inecludes 2 crent ds~l of material; concemn=-
ing ortical crystals, color centers can 12-d to supplement-ry optical absorption which
can rrofoundly influence the optical capabilities of crystals. For example, a crystal made

rom a ~ompnound of neodynium, aluninum and ytirium is a =24 ‘ish-brown color when i< com-s
out of -he oven and ruts out 2lmost no light excitation ., Chere 2re some Id:YAG ecryz<nis
which, due <o *he light abscrption of color centers cause the ligit excitztion ef’icimcey
of the crystzls to drop, severely effacti'g the quality of the cryst-ls. .

The causess of color centers in crystals can be divided into tvo tyoves; one is impur-
ities; the other is imperfeciions in the crystal structure; this phenomenon is 2lso rela-
ted to the conditions of growth.

Tor erample. a content of only 4 vpm of Ce3+icns is enough to make ld:YAG cryztols
carry a yello. cclor, lMoreover, approximately 10 rom of 3y5 and Fe2+ icnsy in the 1,°7¢
micron ontical absorption rmnse, can cause the optical excitation of NA:YAG to b l:isir-
Ode( /5/

Cesides this, oxide crsials often fom color centers because of shortag>c of oxygen,
10




If one is growing “\'N'b03 crystals and if the fusion tody contant of & 0 is tooc high, even if
other conditions are relatively suitable, the crystals will often aprenr to have a blue
color because of a shortage of oxygen; \inder these circu-siancesy it is necessary to emvloy
special heat refining measur-s (maintaining temperntures higher than the 15000 nelting point
for 24 hr); only after these measurss are taken is it possible tc obtain pure, high-qual-
ity colorless crystals(7). The results of ressarch by sev-ral units here in China is that
when fusion bodies are initially employed they always result in a blue-colored crystal;
however, if use of the fusion bodies is repeated several times, even at relatively low re-
fining temperaturss, it is possible to obtain colorless crystals, The reason for this is
still not very clear,

Due to the fact that color centers are difficult to directly characterize, it is
necessary to employ supnlementary experimentation and to closely correlate crystal growth
sxperiments in order to aid "diagnosis", TFor example, one has the idea of adding a certain
type of impurity, observe changes in the color center situation, and, by this means, pre-
cisely determine which kind of trace elements produce which tyres of color centers and the
r23scns for these relati-nshipse Again, terizing N4:YAG crystals grown in a graphite resist-

(4 )when the crystals come out of the coven, they unexpectedly

ance oven as an exanple,
have an avsorption peak of 3700 angstroms; often, sirmltoneously, thers is an absorpticn
pa2-k of 4800 angstroms and the crystals have a brown color, However, somewhat later, in
the air, amnezling and ultra-viclet tests reveﬂ.l‘3 ): the 3700 angstrom absorvticn reak

1.

tecones an even zore intrinsic characteristic; only under czrtain conditions ioces the

om

18C0 angstrom absorbtion peak exist and the crystals have their browm cclor, If these cen-

ditions do not exist, the 4300 angsirom absorbtion venl: will not aprear, Ccnceming the
cause of the 3720 angs=ror absorption penk, 2n analysis of zzses in the furmace rev:al:z

(3%)
that the oxygen par-ial -ressure in the fumace is axt:-emely low, the reductim of the
es is very strong and that the combination of hiszh temmer-ture and 2ir =n-nling can
comnletelj d=stroy the 3700 angstronm absorbtion veak., 3ecause of this, it can bYe conjec-
“ured that 5536 ): given these kinds of oven sases, :th~ color conters wnich form in ihne
large owysen spaces ‘thich form in the crrst-ls 2re the mai:r cause nroducing <he 3720 ang-
strom absorviion ps2k, S3Subsequent experinentation 21so reve-led that, in the :srowth cre-
ces3s, the CO contained in the furnace iz always 2dded. (his simrly confirms even more the
possibility of fusion “odies in the growth process or oxrygen shortage in ihe erystals as
reasons for the formation of color cem‘.ers(3 7). However, the extiremely low oxygen ~art-
ial rressure in the mases of the oven as well as the sirong r2duction a-e both theoretically
capable of causing orygen spaces; references(BS)

partial pressure is the principal cause, In order tc make progress in actual chamet ri=-

speculate that the ~xtremely low oxygen

zation, specimens of matarial (M)from the top and botiom portions of crystals, and sepera‘e

samples were i-ken from this material in order to determine the heights correstonding to

o baton s
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the peak values of the 3700 angsirom absorbtion bend; it was discovered that, in low temp-
erature areas of the top of the crystals, the pe~k absorbtion values were all relatively
small; it was demonstrated by the analysis of temper-ture-related changes in gases that
lowering of the tempersture causes a lessening of the reduction of the CO-CO2 system; at
the same time, the partial pressure of 02 is lowered, Looking from this point of view,
the aprearance of the 3700 angstrom absorbtion pezk is primarily due to strong reduction
of the gases in the oven and is not primarily iue to the size of the 02 rartial pressure,
This is in very good agreement with the results of annezling experiments on the gases in
a grachite resistance oven under high temperature, Because of this, one of the greatest
possibilities is that, with forced or natural gases, the intermal oxygen~space inperfec-
tions, which are created in the formation of crystals, could, in this way, explain all
the experimental results and point out methods for the elimination of color centers(34).

5. Overall Constitutional Inhomogeneity of Crystals

In systems where the total amount of impurities in fusion bodies does not change,

the average distribution of ~olvent in crystals elosely corresponds to the formula below:
K1 -
Co= (1=r) (3)
O .

fal

vz s the initial concentration of solvent in fusion bodies; g is the zolidificaticn
-

Iraetim, that is, the fraction of the total initial volume of the fusion tody which i
occunied by the solijified part (assuming that the volume a% the “ime of erys nl formaticn
do25 not change); CS is the solidification froction hich is the solid compcnent ef g.
“rom the formula above, it is nossible to determine that, when K£ 1hr, Cg changes grajually.
3esides this, the wneven eviporaiion of constituents can likewise cause the solid todies
pTroduced in erysisl formation tc exhibit 2 kind of sr~dual change.

voncerning the macroscopic inhomogeneity of erystal compenents, samples of the cry-
st2ls can be vut through cualitative analysis,

Concemning situations where the solvent coefficient of liguation is very sm2ll, oxd-
inarily, fusion bodies with re'latively largze amounts of compund cause crysiazls which are
tulled out to only occupy a smail fraction of the fusion body; in *his c2ze <he chane
in the value of g i3 not ~reat; this causes the change in ihe concentraiion of imruriti:s
in erysials %o be relatively small; therefore, this improves, across the board, constitu-
tional inhomogeneity., For example, Nd:YAG crystals are usually handled in this way.(sa)

Moreover, Li.}!‘bo3 crystal inhomogeneity is related o the chemical ccmposition of the
fusion bodies, Crystals which are grown from “usion bodies which have idea} compositicnal
mixes (N‘n._,o5 and Li.0 each constituting 5C/%), change on the order of 3x10'4/cm due to the
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dual index of refraction produced by constitutional changes, This severely limits the
effective phase match length of crystals, Moreover, fusion bodies which use the same com-
position (51.5% N'b205. 48,5% L120) grow crystals which can have changes as low as 4x10 /
em or less due to the dual index of refraction produced by compositional cha.ngesué)
Again, if one is growing BMN crystals from a compound of niobic acid, barium and sodium,
crystals which are grown with fusion bodies made with an idezl compositional mix

have from one end to the other a curie point difference created by dissimilar constituents
of AT _+ 15 C, moreover, crystals grown with fusion bodizs using the same constituent
mixes haVe cor"es*\cndmg curie point differences of less than + 5 0(39)

Gmtlle( 40); has also used a “constant-temper2ture-long-bubble'" method to cause thor-
ough constitutional uniformity in KIN crystals, It works as follows: under conditions
in which the crucible is hot on the bottom and cold on the top, there is placed at the
bottom of the crucibls considerable constituent material close to the solid material for
cryst-l formatim. The liquid flow takes the saturated liguid phase on the bottom and
sends it to the top; +there, where the temperature is relatively low, crystals form
on the seed crysials. Due to the fact that the temp~rature of the seed erystals is con-
tant, it is possible to obtain crystals which are completely uniiorm in thei ' canstituents.
Conceming the curie point differences vhich are caused by constitutional <whomogeneity,
horizontally AT + 3 °C, vertically AT 20°C ( the measurements of the crystals is 40x4Cx
30 mn),

If the surface layer is uneven, it will then be found that the inhcmogeneity memtioned
above nct oply manifests itself vertically, but also radially, A typical example would be
Nd:YAG crystals grown on a concave surface at(?‘«?}direction; ~he centers and edges of
these crystals often give rise to core centers and side centars formed by{’ﬂ 1}snall cry-
stal surfaces, The concentration of Nd3+ in the core centers will come out approximately
205 higher than .in neighboring areas that have no small crystnl surfaces. <his is due to
<he segregation coefficient and the crystal surface index being different and caurcing dis-
rarities, In order to overcome this type of inhomogeneity, using crystals srown on flat
bouniary surfaces to conitrol the apvearance of small crystal surfaces is a workable and
effective method.

Another very sensible method is the one reported by Fukuda and others(41); they en=-
ployed the guide model nethod (ZFG technique) to grow Li(Nb, Ta ) 05 (x=0.05), and achieved
specimens which were relatively wiform throughout, However, the tasic principle behind
*this method is to determine the liguation coefficient on the basis of surface tensiong
the 1iffervent tyres »f ions in various fusion bodies give diffarent liguation coefficients
due to the fact that they have different surface tensions; this method cert-irly does not
have uwniversal ap-lication to the problem of overcoming overall inhomoseneity in erystals,
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3, Constituvional Super-cooling and the Imperfaocticnsg It Causes

re vhenomenon of constitutional super-cooling is one subject in the theory of crystal
: which has been researched r2latively successfully. The relaticnship beiween crystal
fections and growth conditicns which this research has uncovered has already reca2ived
¢ amcunts of experimental verification and has successfully been used to guide the im-
;ement of zrowth thecknology.
In the work of experimentally growing crystals, constontly preventing the rhencmenon
constitutional super-cooling is necessary if one is to greatly increaze the quality of

reg
wrst2ls growm, However, =

rettabl

‘ J{m.s important -henomenon was ne;lected by peorle
sr a long timey therefore, some people are of the ovinion that those who work with the
srowth of crystsls should be made to constantly remind themselves of this phenomenon znd

that the words "Constitutimal Super-cooling” should be carved on the door of every labor-

that follows combines our own work and reports froi abroad, izking the zrowth of
crystzls by fusion as the main subjecty in a discussion of this rroblem,

1, Theoretical Analysis of the Fhenomenon of Constitutional Super-ccoling

Considering only s*able state growth systems, if the constituents of the crystals and
the fusion bodies are different, we take and zimplify it into a single two=clement system
Zor purposes of consideration. In this system, one rart is seen 2s an imrurity in the bro2d

qulidation

sense; its concentrtion is moted as C; if iis effectlveA coeficient is less than

one, then, during the growth process, due to the Yrejection” functicn of the biundary sur-

lc,

f~eeg, 2 concenirz<ion zrzdient can be preduced; therafore, this causes the 2quilibrium
solidification *emperature a' various points an the fusion bodies to undergo changes (see
Fig 3).

If the vositive temperature gradient on fusion bodies is not large enough, as in
straight line I, then, there can still exist in the fusion body a suner-cocled area (the
shaded section in the figuve), This type of super-cooling phencmenon, vhich is caused by

onstituent changes, Is5 refered to as constitutional suner-cooling, i'rom Fig 3 one can
see that conditions under which constitutional suner-cocling does not aprear are when the
rates of slope of the temperature distribution curve for the fusion bodies and the esquil-
iorium solidaification ‘emporature curve are at least ecual on the boundary surfaces, That
is, in the formula

"'C C4)

excert for tie symbols which have alr2ady ba-n used, GL is the vertic-l temr~-sture gradient
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bodies in the vicinity of the bowm =z :urface tetaen so0lid an? licuid; m ig
13 phace line, In Fig 3 % is “he distance from the bowndzp

in fusicn
the »a2 of slope of the 1

igu
surfice be<reen s0lid and 1liquid,

B2r at-aniion to K*sC. /“ (*hen x=0, C.=C. ) and :'.:C"/CB' squatiocn ) can be revy

:o:

<en o 7
G m
—VL>T(C,°—-C,) (35)

A% low ull speedsy K¥=X,, “hat i3, Cp =) C., therefore, in the equation :alow

G m
V> (C:—Cs) (6)

 And Iy are the equilibrium concentrntions of the <wo phases, solid and ligwdide I% can
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and irremular cellular stmctures)("is). and, as shown in “ig 4, *his le~ds directly to
minute "thre-ds" and "dots", which ¢an only be seen under a microscope.(47'49).

Generally speaking, it is very easy to make veopie rezlize that severe network-like
structures are caused by constitutional suver~cooling, and ninute-scale imperfections liite
"threads" and "iots" are, therefore, frequently overlcoked. In reality, these types of
inverfections are also the results of constitutional super-conling, although the severity
of the efiects is less. Lso-52]

2) Large amounts of experimental data demonstrate tha.a, on a graph relating CB and

G
—£- , there exists a line of demarcation determining -hether or not network-like Struc~

v
tures appear or not. As is shown in Fig 5(1), if one takes these data an: uses them to
construct a chart refle~ting the relationship between GL’ CB and V, then, it can be e-sily
seen that the occurrence-non-occurrence line for network-like structures follows changes
in Cgor G;; sce Fig 5(2) and 5(3). For example, under the growth conditions indiczted
at P, if C3 is a short time, crystals have no network-like structures; if CB is a large
amount of time, then, network-like structures do appear,
Konodo(SS)and Niizeld.(54), while growing Rh:LiNbOS
when GI/V is somewhat longer time, there also exists an analogous occurrence-non-occurrance

crystals, also discovered that,

line for growth striation (see Fig 6, extractai from graphs in refemces (i8) and (53)).
This seems to indicate that growth striation is caused by increased temperature gradients
prenoting conveciion instability of fusion bodies,

Cf courseyit i3 entirely possible for there to eris®t this kird of situation: that is,
when <he value of GI/V, vhich is needed to overcome constitutional super-cocling, is, 2t
the same time, large enough to cause growth striatian, ilmost all the erystals which we
saw c¢-niaining the growth striation rhenomeonon were most 1.kely of this type. For exanmple,
for certain GGG crystals, after using optical methods to examine them from zeveril :ireciicns,
we could not see any srowth striation, FHowever, on an {-r~y iiffraction scan, srowth stri-
ation was 3till found to e::ist.kss) At the very least, the Rh:Lilib0_ erample lemonsiraiec
that, amcng the prereguisites for overcoming cornstitutional super-coéling. the reduczion of
the temperature gr-odient is effective in raising the gquality of the crystals,

However, the value of GI/V cannot aprroach too closely -he eritical noint. =-e still
must consider the temperature oscillation produced ty fusion body conveciicn ing*atilitys
theraefore, causing temvernture gradient oscillation, “his “yve of oscil ation cre-~tes -he
pos3ibility for having the discriminator line which =mz acros:c the midéle of Piz € and
describes instantaneous srowth speeds, thereby oroducing instantaneous constituticnal surer-
cooling, Concemming the critic~l mavimum value of GL/V, ‘his question is in great ne2d of
attention., 2ecause of this, in order to raise the nuality of the single orys:ials oproduced,




[Q T

X -

T, T,

]

} Tul~
}
T

T, /m

X —-

] Tax-.
{

T, T
T,

Fig 4
Fic 4 Relationship Between Constitutional Super-cocling and Crystal Imperfeciicns T 4‘5‘_'3

c,

Cs

1) 3

Dms RutMamRERLERERKENER
x—REREPHRAREG O—RATHAMBG G

Fig 5
e Tg 5 The Relationship Between ‘he Cccurrence of Network-like Structures in Crrstals

and rowth Conditicns x=3t-nds for the occurrence of network-like struciures
in erystals 0~ s%tands for the absence of network~like st-uctures

we st first use an optimum ralue of GL'

3) 1If e %ake a group of v-lues of GL/V which have ba-n employed to elinminate consti-
tutional suner-co-ling during the growth of varicus erystnls, a8 thece values have beon
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revorted in several articles, and arrange these vilues in order from largest to smallest,
it is possible to arrive at a pattern like the one in Table 1.: the size of GL/V is def-
initely related to the ease of crystal growth, '‘/hen materials were used in vhich the value

of GI/V was very large, crystal srowth was exceedingly difficult (however, :che values of
GL ameasured by varicus pecrle can, because of the diferent methods usedy be different;
also, the vnlues of V used are not necessarily critical values; therefore, these compar-
ative v1lues can only offer a brief outline of a comparison),

A voint worthy of attention is that, due to ecuation (6), the crystal material which
has particularly large constitutional differences between solid and liquid pvhases requires
relatively large critical values of GL/V; because of this, there is consicerable diffi-
culty with crystal growth. Real attentiom is already being paid to this soint(?'),

4) In equatim (4), what, in fact, does Cp represent? Giving tentative consideration
to the simplified, two vart phase diagram (Fig 3(1)), the liquation coefficient of the im=
purities in this system (impurities in the broad smse) is K & 13 therefore, under con-
ditions in which there is a fixed degree of super-cooling Iuring crystal zrowth, the 3it-

uation is as disnlay=d in Pig 3(1). 4s Cb incresses, CL'CS also inersains, “herefore,

CB' in this meaning of it, rerresents the relative sizes of the constitutisnal lifferences
of the solid and liquid thases. Concemi g cryst~ls which have impurities in them, this

is nothing but the zmount of imrurities contained in them with &3421. Cornceming *the zen-
2™l situation with impurities, we can say that any “2ctor ~hiect is able to cause consti-
tutimal 2ifferences b-tween sclid and liauid nhases can be ceonszidered to te —~prezsnted by
CB' Jor exanmvle, *ne amoun-s of L&TO °I"/€;fLFhiSh are deviations rrom the zame constit-
uent nix and are present in LiH'bO3 fusion bodies‘'””’/, These could also b~ called¢ "consti-
zuti-snal impuri+ties" in oxder to rellect their 1ifference from the other ty—es of impurities
that have been discussed. oreover, CBrd erystals and liquid rhace comronent iist@gctions
can be inlluenced by the adiition of a second compound, 02016, vhich can be ad=ed(°°).

Therefore, we can just as well call them "compound impurities”., Asnin, conc-ming the sit-

uation of ‘usion body zrowth of ecrystals like Li(Nb. ‘STa” ‘C) and many other multi-cons-
‘et “e .
tituent cr-3tals, srowth of there cerrsials i3 vory close %o rrowth of crrstils by the s0lu=

4imn "ethod; CL'CS i3 relatively larze; . Towth snecd:z awre all very small, c»»ziing the

complicatad factors ereti.g ~onstitutisnal suner-cooling; ‘e could just 23 well zall these
- ™solition imrurities," The~e have also besn ‘hose who have roiced the "structural super-

cooling” viewpoint(ée), :hich says that fusion bodies or solutions first form ¢rvstal form-

ation mita of diffar"nt cizesy the narts or sections srow to the top of the sryct-ls and

3top in the diffusion layer where they have a function analogous to that of impurities,

?, Several Measures for Ov:rcoming Constitutional Super-cooling

Mehtods which are employed to overcome constitutional super-cooling and which have
19
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been used accoriing to theoretical =stimatss bassd on successes in wnderstanding the theory
of constitutional super-cooling can frequently obtain satisfying resulis, .ccording to
ecuation (4) and ecuation (2)s most of the methods increase C-L and reduce CB,ér or V,
3alow, *he various methods are diztinguishe? and in*roduced.

1) C, (Pusion body constituent), If izpurities are added purvosely in order to give

rarticular capabilities or characieristics o cr'stals, then theyr are not a parameter which

¢*n b2 regulated. The only thing is thats lue to the fact that constitutional supcr-cooling

has limited the specific growth conditions, the concentration of impuriiies cannoi be too
high, Besides this, other "impurities" should all be reduced as much as possible,
Concerming comrounds which all possess the same constitutional noints, their composi-
tions should te precisely analyzed, and, then, using rigorous mixing technigues, the com-
vosition of crys<tals should be made as clcce az possible to the composition of fusion bod-
iag, Conceming the composition of fusicn bedies arcund ervstals, it is 2ven more nescces-
sary to car-y out their selection accordins to actual shase dizgrams and experimentzticn,
Therz are <hose who say that, iue to rany reasons, it is v-~ry difficuli ‘o acheive

~

“he iiazl compmesi<ion of fusicn todies whiech iz wequirsd; because of <hiz, it is suggest-

ad that a "wolley Zir2’ method be used for carsring out exmerimentati /e Initially,

uter bomn’aries of the vicinitr of the num-riczal value, cn the basis of this

W
)
ot
i
y
D
ot
]
ot
V3
(4]
o

2stimate, nake ur several fusion dodies of diffsrent corrositicns, 2nd <nen, from the res-
3 of aciual erysizl growth, carry cut 2 comrarison,

Cone=ming fusicn Sadies of 1 fived commesizicn, crznge the v2lue of G. /’»’. and ovtain
the diserininator roint for the czcurrance or asneoccu-Tince of network-iike structures.
axing 2 z2rias of these fizerinminaicr noinzz, line <ther un znd one geots a licecriminator
lines cuvrose that the discrinminator line and <iz vertic~l corstizutional axis of a fuse
ien Body intersect at a point A (Tig T), then, han tho Tusion tody cm stituent is A, it
is oossidle to allow very larz2 sroth speads ~nd still not czuse the ceccuxrrence of con

stitutional suner-ccoling (GI/V-QO) Thereforey A ccrracrenis to the cp-imin compositicn
of fusion todies at whnich C, --)O (4hat isy *re somrositisn roints are i ~¢..e)

In actual arplicaiion, due to fthe fact “hat it is iifTieult te set a rrecise analysis
af ;L' and, 3ue to the influence of factors sush as fusicn body conveeticn or cold air

in the obsexvation window or diffsrences between the g2z -empaz~ture an? *he liguid temp-

s»ature, it i3 frecuently very 4ifTicult to get "miform numerical values {ron one obsezvation

%o the next, Therefore, wr may as w2ll say that <he <empsmture gradient is fixed and
only change the -ull speed, Tor 2uample, if e uzes 4ifferent oull spe-ds to zrow dif-
farent rarts of the same crystal, as chown in Fig 8; cne can them exiract, nsing the methed

in Tig 7, the ontizum compositicr of fusion bodies

2) ‘ and liquid flow speed are related; <he T-gtor the lisuid flow spead, the smaller

is. It has alr~zdy heen said anove that there ars o <inds of convection in fusimm
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25 % B om * | GV (G- hbt R Ya un % a
AL:O, #)¥ | ~1 [56) |
LiNGO, ¢ <208k © ] ~1.1 (57)
¢ dogx & ~2.6 (58] )
Li:O=354%(s )T ~2e [59] ‘
Li:O=60% (¥ 5.5 [59]
Rh:LiNbO, >2 (53]
Mg:LiNbO, 1.6~3 [54][60]
) » FxQ 1~2.3 (e1]
LiTa0 e € ! 1.16~ (62)
Gd,Gas0,:(GGG) i 2.5~3.5 { . [(63] .
Ba.NaNb;O,;(BNN) ! 2,5~4 ! [641(65]
KNbO, { ~8 ! {12]
Sr.NaLiNb,Os 1 15~20 ! L¢3
Li(Nb,.55Ta.0:)0s | 20~25 | [41]
Tadle 1

1, Table 1 Values of GI/V Used to Sliminate Constitutional Super-cooiing 2. Crystals
)

ani Musion Bodies 3, oC-hr/mm“ 4, Refersnce source 5, nure 6, mm 7, molecular

8. not large

bodies: heat convection and forced convection, Forced convection is sirengthened as the
sveed of crystzl rotation increases, Heat comvection is sirengthened 28 the temperature
sradient is increased, These two tynes of convection are rutually oprosed; therefore,
under any given speed of crystal rotatim, the two types of convection rezch a balance, ; |
causing the ligquid flow of the fusion bodies to greatly weakens ‘ is obviously increased,
and it is at this time that the phenomenon of constitutional super-cooling aopears; this
must be prevented by any means possible (15). In the growing of Nd:YAG crystzls, the crite
ical rotation spexd value w c~t g;A‘I‘RB"" 2] 1/24-2 h1as already been confirmed; in this
case R is the diameter of ihe crucible., Ordinarily, one employs =elatively lew pull zpeeds
(v2ry convex boundary layers) or slizhtly high critical values for ro“ation speed (flat
boundary surfaces) in order to prevent constitutional suver-co ling., ihe actual choice of
a high or low spe~d of votation ought to consider the possible preduction of other imperw

fections as well 2s the si;e of their influence.
3) G, and V

A mod2rnate mange adiusiment of G, and V is *he most effective, simpl>zt and —ost convenlient

L
mathod for overcoming constitutional surer-conling. For examnle, Nd:¥AG crysials normally
have a srowth speed of arrroximately 1mm/hr; however, under similar conditions, when Nd

md tYAS erystals are mixed, they may produce the rhenomenon of constitutionzl surer- }

22




T
b
./\

GV

S 7 FREEBEASN Han” <EE
x—BkRNAMBHE O—AEATRRENY

Fig 7
o Fig 7 Illustrative Chart of the "Volleyr

ire" Method of Determining the Optirum

1
v

Composition of Musion Bodies x- network-like
structures appear in crystal O-network=1ike
structures do not appear 2e TMusion 3ody
Composition

. 7
cooling, Comp-rchio and others( 'O)took the growth spesd and lowered it to 0.03mm/hr thereby
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Fig 8
1. Fig 8 TIllustrative Chart of the
Situation “hen Different Pull Specds
Are Used to Grow the Same Crystal 2,
Constitutional Surer-cocling Occurs
5o Constitutional Super-cooling does

not Occur

succassfully overcoming constitutional suser-cooling and obtaining crysszals of excellent

auality, Howevar, eoxcessive increasing of GT and lovering of V can z2ls0 bring with it dis-
-4

advantngeous influences, such 2s, instability of heat convecicn, -ull rod "crawl", Tluc-

tuations in *emperature, the influence on V wvill become evcessively clsar, 2%C.y etc.

~

“hen therz is no other way, we may az well initjally smploy 2 relatively large G. in

ordexr to overcome constitutional suvsr-cooling.

L

Because the i:fluence of constituiicnal

surer-cooling on crystals will normally be greater than the imparfaciions caused by therzal

tress, the subsequent use of a high-temperature, long-durrticn annenling method eliminates

the thermal str2ss nroduced by the size of GL'

(1)

4 Recently, Jackson and others

also employad neriodic remelting and re-rowth tache

nigues; in experiments, they were able to determine the ontizum period for and extent of

-remelting ;3 they were also able to take imnerfections on ihe zurf-ce of erystals and erad-

icate them, Therefore, under conditions in which the original inclusions produced and
constitutional super-cooling were not changed, they were still able to achieve =slaiively
good results., It seems that this is 2 new svenue of aroroach in the overcoming of the

phenomenon of constitutional super-cooling,
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Above we have alre-dv seen that characterization is extremely important to the Zevel-
opment of the work of growing cryst-ls and ought to receive adequate and serious attention;
howevar, on *he other hand, if observation and research on imrerfections does not grow apace
and become related to the parameters of growth and the basic problems of growth, then, that
research and observation cannot be of much help in the growing of crystals; moreover, the
formation and principles of organization of many imperfections cannot be grasped with com-
rlete clarity (for example, the various kinds of imperfections caused by instability of
lijuid flow, which are at present being extensively researched, are of tnis kind)§ because
of this, without progess in each of these areazs, observation and research alone can be
useless in voth the areas of crystal growth and charncterization,

We hope that, in the period of experimental growth when crys*als are still being grown
bvadly or not well enough, we will be able %o closely coopverate in both areas, take obser-
ved imperfections and relate them to conditions of ecrystal growth, as welil =s carrring out
anorotriate numnriczl analysis, therety obtaining the optimum v-lues Zfor severl important
conditions, which e bte used in carrying out yet more growth evrerimmtaticn and, through
repetitions of this cycle, obtain crystals of excellent nuality, At the same time, we horte
0y step by step, precisely detavmine and exterimentally verify the causes of imparfections;
nerhaps we will be able to discover in the characteri-ation crocess 2 tyme of imperfection
which 225 a larze influence on the carabilitv of crystals (ouch as, grarvlar diffusion in

TdsYAG, which severely influcnces its ootical excitation capability) arnd immediately "feod-
back"” to the growth Trocess a vprecise correction of growth tarameters and obi2in sooner 2n
aven more rerfect crysial of superior guality.

This is nothing more than being able to g2in rel=ztivelr deepn wndersisndirg cof the »ro-
cess of crystsl growth from observations of imp:rfections =2nd, *herety, siiding mcre srowtih
axrarimentation. Cr, to tum it around, only 2f*er repeated =xperimentati-n in crystal
growth is it possible %o check out this knowledge, hich then makes it possible to offer
aven more clues for +he improvement of this knowledge. In recent ye-rs, the sci=mce of
erystal srowth has been in the rrocess of a gradual maturation; the S2p between theoxy
and practice has heen gradually narrowed; in some ar~2s these twe asmects hove alre=ady been
‘mified (critique of attendence at the 1977 Fifth Session of the Intemnational Crystial
Growth Canference), The nroblem of constitutional super-cooling which this article concen=-
trates on discussing is an example, YNot only can the theory of eonstiinti~nal super-cool-
ing be used to exnlain the formation of neiwork-like structures which can be seen by the
naked eye, but it can 2lso be e:tensively used to exrlain the occurrence of several tyres

of imperfection, 3y taking the results of these obtservations of imperfections and putting
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them through an ef’sctive analysis of constitutional surer-cooling, one can link them to
many 2spects of the ccnditions of crystal growth, can obtain optimum values for these
observed guantities and, thereby, grow crysizals of high quality,

Due to the gradual maturation of conditions, at nresent, intemmationally, every day
brings more sericus zttention io the dual vrovlems of crystal srowth and characterizaticn.
Tor example, at present there are, already nubliched, both books and periodiczls called
"Crystal Growth and Chamcteriéation"(sd'72); however, there seem to be currently only two
all together and ‘hese are of simple content; +this is very inadequate. In order to quick-
en the develomment of the science of crystal growth in China, we suggest that workers in
the f£i21ds of crysial growth and characterization coonperate closely and join their minds
in collective eoffort to rz2pidly roise the level of the work of crystal growtih and character-
ization.

Generally speaking, the intermational trend has been, in recent years, to take several
er-stils which neve practical value and grow them well and in large quantitiesy at the
sane time, in the process of invesiigating new materials, there gradually apreared many

'y

ewrgtals wrnizh were relatively 4ifficult to grow; their arviication canability was rather

socd, and *they had a future; however, there was s%till no saiisfzctory growth method which
2llcwed “he obtalining of large, hirh-cuality single crystals;y “his limited their aprlic-
atim ’::'fi soread, Anong these crystals were inclusion crystals -uch zs b0 3(7 72>. Sr,
o N
TG, T, TIG, 3—’!.";‘i03 and zo cn (according *to »reliminary ~stimates, azong the several
-neusand cuiiez alse~dy mowm, inclusi-n crvstals account for about nalf) "/, igain, as
in =k =ohage dilagren, crystals whose zolid vtheze (:_C: and lituii rnase line nave largs
iiz<aness T-Tusen them, such az, JIM(I7Tac --\.Jb :'\’l:’; ré 30 on, S rell az crystals vhile
have co*zll-:::ted com ticns 2nd struc fura'«'. such as, g, (R.l _7;0 P (artificial nica,

?3

10 and nrotain crystals, eices as well 1s cw"-=’s wnese comocnenss
1 3Trmuctur: eﬂ.sily sive rise o changes, such =s, CaCC., XKIl,, 2tc, {sie} This ica

tacinic2l pmoolam taken fron aciual pr-eiicey 2t the same time, it gives %10 the =cicrce

T errstrl growth 2 new subject for in-depth research, /e feel shat it is alresdy time

(o]

<o “ake Tasatren Ints orysials that are relavivelr 1ifficul:t %o ~row nd tut it on 2 Saily
work schedule, XL this type »f prozlam in crvswal —Towth could ne solved, on the cre ~ani,
i< wonld ze nelnful <o the work of invesiigeiing new crrstal naterials, 2nd, on the oiner
hand, would sromote the steady devel:mment of crystal zrowth <hzory =nd technology.
Basidss thize characterizaticn nethods are very nuierousy however, :ach method ras
advmiages and disadentages, and we must chocse the sirong and imnreve the wealks we
eanrot ovaremrhasize one mathod %o the neglaect of the others, JSpeaking comrasmiively,
ontical methods mun from 20NN=307" wnsstrems and {-r2y and electron ©-2m 2ethods can
raach £,5me1 angstroms, Therefore, concimi-z 7ery ninu<e imperfactions, it is neces-

3ary to use (=r2y zcan or elaciron nicroscore technology. Hovevar, onticnl methods are
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simple, convenient and visualy moreover, they can exvlain the distribution forms of large-
scale imperfections(15); sometimes, it can alsc easily and simply explain problems which
are not easy to exvlain using X-ray technology, for example, the nerpendicular a,b,and ¢ a2x-
ges of c¢rystrls as determined by a light cone diagram(4).

According to preliminary estimates, conceming crystals in gzneral (includes crysials
whose level of p-rfection and growth are experimental), among their immerfections, it is
nossible to use optical methods of observation in about P-8053 *hose which recuire the
use of an electron microscope acount for about 103 those requiring the use cf X-ray
scaning techniques is about 10%; and other methods ( the corrosion methed, the "rag oma~
ment" method, etc.) account for approximately 5.

Sometimes, »elying exclusively on direct observation (that is, obsarvation after a
crystal has already completed its grcwth) makes it difficult to precisely characterize
imperfections and easy to meke mistaken judgments. If, during the process of adding heat
we observe changes in the crystals' light cone diagr-ms, we can alsc visually observe
phase change§ in the c¢rystals and determine the temper~tures at which <hese vhaze chang=s
take place(dl. In the process of adding’h@at, we can also obse:ve imrerfections in
the crystals "in operation', so to speak.(7b If trogress is made in the aprlicaticn of
nagnetic fields, electric fields or the carvving out of strong light irradiation, neutiron
activating irradiation, and so on, and experimentation and observaition is carried out in

these ars2s, then, there will be even more news to tring to the ai:zemn® a% nrecise charac-

terization of imrerfecticms,
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Summary
CRYSTAL GROWTH AND CHARACTERIZATION

Wu Qian-zhang Chen Qing-han Tian Wan-chun

( Insititute of Physics, Academia Sinica)

Imperfections such as cracks, inclusions, growth striations, color centers, inhomogeneity
and cellular structures, that frequently occur in artificially grown crystals are discussed. The
phenomena of constitutional super-cooling are dealt with more details, The origins of
occurance of these imperfections and the measures adopted to overcome them are recommend-
ed. It is stressed, moreover, that the work on growth of crystals and their characteriza-
tion must coordinate intimately so that the tinal goal of obtaining perfect crystals may be
attained through successive stages of experimental resear.ch.
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