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The growthhistory of PbSsinglecrystalsin silicagelsacidifiedwith HCI andHC1O
4 hasbeen studied.A morphologicalevolution

from dendriticgrowth(along(100) in HCI medium and(111) in HC1O4 medium) to singlecrystalswith equilibriumshapehasbeen
observed.Themorphogeneticalprocessis relatedto the growthmechanismdominatingatdifferentgrowth stages.This explanation
agreeswith thechangeof supersaturationexpectedin diffusing-reactingsystemsandwith thesurfacetopographyanalysiscarriedOut

by scanningelectronmicroscopy.

1. Introduction HC1O4.Themorphologyof the crystalswasmoni-
toredin situ by optical microscopy.Somecrystals

Galena, lead suiphide with halite-type struc- were recovered from the gel, and their surface
ture, is the most important lead mineral in the topography was observed by scanning electron
earth’s crust. Apart form the lead content, re- microscopy.An evolutionfrom instability to equi-
coverableamountsof Bi, Ag, Cu, etc. are usually librium wasfound via two different dendriticpat-
present.PbS is further interestingbecauseit is a terns which dependon the growth medium. An
naturally occurring semiconductor[1]; indeed, explanationof this evolutionis presented,which is
transistoraction has beendemonstratedin some supportedby crystal surfaceanalysisand the pre-
of the purestspecimens[2]. sentstateof the theoryof crystalgrowthin diffus-

Blank and co-workers[3—5]and Sangwaland ing-reactingsystems.
Patel [6] havedescribedthe growth of PbSsingle
crystals at room temperature.They used a test
tube variant of the gel techniqueand used an 2. Experimentalprocedure
acidified mediumwith HC1 to pH 6 [6] or lower
[3—5].In a previouspaper[7], the presentauthor Previous studieswere carried out by using a
has reportedthe growth of PbS singlecrystalsby two-layermethodin testtubesin a mannersimilar
usingU-tubesand a HC1O4 mediumwhich leads to that reportedby Blank et al. [3] andBlank and
to largecrystal size. During theseexperiments,it Brenner [4]. A three-layermethod was also in-
was observedthat most of the growth process vestigated.However, the systemhas since been
occurs in the instability region and after further improvedin termsof crystalsize, nucleationden-
growth, the equilibriummorphologywasobtained. sity and easeof observation,by employinga U-
Thereforeit wasthoughtworthwhile to studycare- tube arrangement.The results reported below,
fully the morphological growth processof PbS therefore,referonly to the last technique.
crystalsat roomtemperature,whichcangive relia- The U-tubesemployedprovidedthreedifferent
ble information on the fields of both, mineral diffusion path lengths: 80 mm, 140 mm and 280
genesisandgrowth of crystals. mm. Thehorizontalpart of the U-tube was filled

This paperdealswith the growth behaviorof with silica gel producedby the acidification of a
PbS single crystals by the counter-diffusion Na2SiO3solution (Merck, sp.gr.:1.059g/cm

3 pH
variant, using gel media acidified with HC1 or 11.2) with a HC1 (3N) or HC1O

4 (3N) solution
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until the desiredpH was obtained.Gelling time is 3. Results
pH dependent,being about 100 h for pH 2 and
125 h for pH 1.3. The two reactantsolutionswere 3.]. Identification
pouredon the verticalbranchesof the U-tube. An
organicsulphurcompound,thioacetamide(Merck The experimentsbegun(t = 0) by placing the
analyticgrade),was employedas the suiphideion reactantsolutions in the two branchesof the U-
donor because,as Blank et al. [3] pointedout, the tube.Theinductiontime t

1, i.e., the timetakenfor
use of this compound makes available only a the first crystallites to appearundermagnification
limited amount of S

2 ions at any time. This x500, is related to the diffusion path length,
avoids an excessivePbSsupersaturationandcon- being 4 days for L = 80 mm, 9 days for L = 140
sequentpolycrystallinenucleation.As leaddonors, mm and25 daysfor L = 280 mm; t is relatedto
Pb(N0

3)2or Pb(N03)2previouslycomplexedwith the nucleationtime, which cannotbe directly mea-
Na—EDTA were used,always in doubly distilled suredfrom the experiments.After thesevaluesof
water. Thus, the chemical reactionsimplied were: t1, somecrystalsappeared,which hada steel-gray

color anda strongmetallic lustre; they wereiden-
H20 tified as galenaby X-ray diffraction. Spectropho-

Ch2CSNH2 S~+ CH3CONH2, (1) tometric techniques[7] showedthem to be of high

purity, in agreementwith the results of Blank et
H20 al. [3]. Within t = 40—50 days, some large and

Pb(No3)2 Pb~2NOV, (2) transparentsingle or twinned crystals appeared,
which were identified by X-ray diffraction as eth-

H * ylenediaminetetraaceticacid (EDTA), a byproduct
Pb(N03)2+ Na2—EDTA Pb~+ 2 NaNO3 formedafter reaction[3]. In thosecaseswherethe

growth periodwasfurther prolonged,suchcrystals
+ H—EDTA, (3) attainedlarger sizes (= 15 mm), sometimeseven

growing around the PbS crystals previously
Pb

2~+ ~2 PbS. (4) formed,andocluding them.

All the experimentswere conducted at room 3.2. Crystal morphology
temperature.In somecasesa hybrid gel technique
was used,a variation in which crystalsare grown According to~earlier experiments [3—7],PbS
in a gel-free zone situated in the middle of the singlecrystals grow in silica gel in the form of
U-tube [8]. The evolution of the crystal mor- cubes(100), andcubo-octahedra(100) and(111).
phology was monitored daily by transmission Dodecahedron (110) and pyritohedron (210)
optical microscopeandbinocularlens.Thecrystals formswerenot found.Twinnedcrystalshavealso
were recoveredby dissolving the silica gel with been observedin some cases,and close to the
sodiumhydroxide(iN) andmechanicalmanipula- cation branchesof the U-tubes nearly spherical
tion. They were then washedwith distilled water crystalsare formedby repeatedtwinning on (111).
andalcoholuntil free of all silica gel undermicro- However, it is important to note that the above-
scopic inspection, cited forms (cubes and cubo-octahedra)belong

Identification was made by chemical analysis only to the final growth stage. An advantageof
and X-ray diffraction (single crystal and powder the gel method is that crystalscan be observedin
methodswith filtered Cu K~radiation).The mor- all stagesof their growth. Our observationduring
phologyandsurfacestructuresof PbSwerestudied the experimentsclearly shows that a morphologi-
by optical microscopy(OM) and scanningelec- cal evolution from skeletaland dendritic crystals
tron microscopy(SEM). For the SEMstudies, the to the above-mentionedforms, especiallyto cubes
crystalswere fixed on Al bases.Gold metallization (100), occurs. It is also worth noting that for all
wassubsequentlyapplied, the initial valuesof gel pH investigated,the mor-



f.M. Garcia-Rui: / Growth h,.vtors of PbSsinglecryoats at room temperature 443
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Fig. 1. Optical micrographiesshowing threedifferent stagesof lig. 2. Optical micrographiesshowingdifferent growth stages
the PbS single crystals growing in silica gels acidified with found in PbScrystalobtainedin silica gelsacidified with HCI.
HCIO

4. Scale bar in (a) and (b) 0.3 mm; in (ci 1 mm. Scalebar in (a)and(b) 0.5 mm; in (c) 1 mm.
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phogeneticalmechanismof the equilibrium form [00k]. The addition of PBCvectors gives the S~-
is relatedto the growth medium(HC1 or HC1O4). form (110) andS2-form (210). However, the sta-

bility of profiles of the (210) face may be more
3.2.1. Growth in HCIO4 medium important than the (110), becauseprofile periods

Whenthesodium silicate solutionsareacidified or (110) are doubled. The octahedronK-form
with HC1O4, the resulting PbS crystals show a (111) presentsalso a doubled profile period.
tendencyto nucleatein the form of dendrites,with However, Hartman [11] considers(111) as the
overgrowth at the corner of the cubegiving mor- K-face with the smaller growth rate, due to the
phologiesalong (111) (fig. la). Thus, an eight- influenceof the solvent.
branchedcrystal is formed. Then, the openspaces Krebs[12]considersthat partial covalencepre-
betweenthe branchesare filled by growth along vailsin galenaby the admixtureof lead6p orbitals
the cubeedgesand, in this way, hopper crystals into the sulfur 3p orbitals.Therefore,if a covalent
are formed,as shownin fig. lb. With time,crystals bond model is assumed,then the { 110) S-form
take the cubeform, with non-flat wavy faces, the hasthe simplestprofile and,consequently,should
center of the faces being slightly depressed(fig. bemorphologicallymoreimportantthan the (210)
ic). S-form.The profile of the octahedronface is also

the smallestpossible, and the growth rate along
3.2.2. Growth in HCI medium (111) shouldbe considerablyhigher than in the

When the sodium metasilicate solution is ionic model.Therefore,theresultsdescribedabove
acidifiedwith HC1, a very different but alsointer- in section 3.2 show that in PbS single crystals
esting growth sequencecan be seen. In the early grown by diffusion in silica gel, a clear tendency
growth stages,one can also observe dendritic to equilibrium morphologyexistsin bothHC1 and
growth, but this time along the cube directions HC1O4 media.
(100) (fig. 2a), in such a way that six-branched
dendritesare formed. Afterwards, the tips of the 4.2 Morphologicalevolutionof PbScrystals
branchesexperiencea developmentalong theother
two (100) directions, giving the “hypercube” The tendency to the equilibrium shapeob-
morphologyshown in fig. 2b. As a result of the servedin the growth of PbScrystals is expected,
growth process, the morphology of the six- when consideringthe kinetics aspectsof crystal
branchedskeletonsevolve, until cubeor cube-oc- growth by diffusion. In previouspapers [13,8] it
tahedralformsoccur,asshownin fig. 2c. hasbeendemonstratedthat the rateat which the

ionic concentrationproduct (~AB) grows at the

point where the nucleation takes place can be

4. Discussion obtainedfrom the expression:

4.1. Theoreticalmorphologyof PbS — C
2 C ~ 2 L
OA OBerc

2~(~+~)The atomic arrangementof galenais the same
as that of NaCl, i.e., cubic closed-packed,with Pb where COA and COB are the initial concentrations
atomsin the octahedralinterstices[9]. If a Born of the reactants,DA and DB are their diffusion
ionic model is assumedfor galena[10] a periodic coefficients, erfc is the inverseGausserror func-
bond chain(PBC) analysisof crystal morphology tion, and t is the time.
gives similar results as those for the NaC1 case Fig. 3 is a plot of a typical case,showing the
[11]. Thus, the strongestbondsare found between increment of the ionic concentration product
two adjacentions, Pb and 5, consideredas point versustime from a computerexperiment.CA and
charges. Although no difference betweenthe at- CR being equals for all the t values, the nuclea-
tachmentenergiesof Na andCl exists,only three tion will occur when ~AB = K~,where K~is the
PBC vectors are found, namely [~00], [0(0] and ionic concentrationproductfor nucleation.Let us
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deals with a non-homogeneoussystemin which
jxi macroscopicconcentrationgradientsexist. Then,

oncethe first precipitateis formed, new reactants
are continuouslyarriving at the site. The exact

/ patternof the incomingflux dependson the diffu-
/ sion coefficients,the concentrations,the valuesof

/ K, and K0, andthe length of the gel column [15].

~ / L - 12 As a general rule, the growth rate of the super-/ E~A, 5~10’~cm
2/s saturation will decreasecontinuously in such a

~ / ~ cm2/s way that PbScrystalsenterinto the growth region
• I C

0~0.1M wherethe growth rateis controlledby the two-di-
/ c0~a5M mensional (2D) nucleationmechanismproposed

~ / by Kossel and Stranski(KS) [16], where hopper
• ( crystals are expectedto occur. Finally, growth is

controlled by screw dislocations,by the mecha-

2 nism of Burton, CabreraandFrank (BCF) theory10 10 [17], giving polyhedralcrystals. It shouldbe noted
(hours) that, according to the analysisof Kuroda et al.

Fig. 3. The rateof developmentof concentrationin the point [18], this transition from the continuousgrowth to
wherethe first precipitatewill appear. the KS and BCF growth mechanismsis accel-

eratedby the increasingsizeof the crystals.There-
fore, it is suggestedthat the growth of PbS single

now considerthe caseof PbS,a compoundwith a crystals by diffusion transportat room tempera-
solubility product, K,, of the order of 10— 28; K0 ture is successivelycontrolled by three different
will thereforebesomeordersof magnitudehigher. mechanisms,as shownby the arrow in fig. 4.
In accordwith fig. 3, K0 will be overtakenby irAB The morphologicalevolutionpatternsfound in
in the lower partof the curve,wherethe develop- the experimental results describedabove are in
ment rate of the supersaturationratio is a = agreementwith this argument. Also, more evi-

~‘AB/KS. dencefor this interpretationcanbe obtainedby a
As a consequence,nucleationas well as the careful analysis of the surfacemicrophotography

earlier growth stagesof the PbScrystalswould be of crystalsbelongingto different growth stagesof
situatedin the instability regionof the qualitative the morphologicalsequence.As the earlydendritic
Sunagawamodel [14] (seefig. 4). Therefore,from pattern belonging to eachgrowth medium(HC1
the nucleation stage to a certain critical super- and HC1O4) imposestwo different morphological
saturationa~,the dominantmechanismis con- evolutions, we will analyze each of them sep-
tinuousthree-dimensional(3D) surfacenucleation aratelyin the following sections.
growth and,in accordancewith theory, a dendritic
array is expectedto arise.Then,as a result of the 4.2.1. Surfacetopographyof PbS crystalsgrown in
precipitationprocess,the supersaturationwill de- HCIO4 medium
cay towardsthe equilibrium concentration.When Themorphologicalsequenceof the PbScrystals
obtainingprecipitatesof insolublesubstances(such growing in HC1O4 medium, i.e., dendritic growth
as PbS) by rapidly mixing two solutions (for in- along (111) —* hopper (100) faces—~ polyhedral
stance,thioacetamideand lead nitrate), the equi- crystal with equilibrium morphology,is that ex-
librium concentrationis soon attained, and the pected from PBC analysis.Fig. 5a shows a [010]
precipitateis “quenched”without later morpho- view of a PbSdendritecut in half. Three genera-
logical evolution (disregardingOstwald ripening tions of branchesare observed.The tip anglewas
phenomenaat longrangetime). 60°andthe axial anglefound was70°,i.e., similar

In contrast,the presentcaseof growth in gels to the anglebetweenthe preferredgrowth (111)
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STABLE REGION au.F-~ UNSTABLE REGION—

SCREW DISLOCAT ION 2D-NUCLEATION CONTI NUOUS GROWTH

—5-- _~~~—/

POLYHEDRAL CRYSTAL ~( ~ DENDRITIC CRYSTAL

SUPERSATURATION

—lI~i,
Fig. 4. Top: A supersaturationversuscrystalsize diagram(seeref. [141)showingthegrowthevolutionof PbScrystalsgrowingin gels
andthe threedominatinggrowthmechanisms.Bottom: Enlargedviews of thecrystals.

directions.Thesebranchesconsistof smallcrystal- an evolving dendrite.Note again the relation be-
lites, with sizesvarying from 0.5 ~tmin the zone tween crystal size versus distancefrom the core,
nearerto the core, to 10 ~tm in the tip of the and the fact that the crystalson the tips already
primary branches.Thesecrystallites show (100), show hopper faces, suggestingthat two-dimen-
(110} and {111} facesand,as their size increases, sional nucleation is already the main growth
only (100) faces,i.e., the equilibrium shapebegins mechanism.Thisis clearerin fig. 6a,which shows
to dominatethe morphology, a SEMview of a typical hoppercrystal.At higher

Fig. Sbshowsoneof the branchesbelongingto magnification(fig. 6b) onecanobserveclustersof
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Fig. 5. (a) Dendritic growthalong[Ill] in PbSsinglecrystalsgrowingin HCIO
4 medium.(b) A dendritic armheloningto a evolver

crystal; arrow showsgrowth directions.

1 ,.tm edgesize -- about2000 (010)layers - on the faces disappearbecauseof their higher growth
crystal surfaces.The smaller nuclei show {100} rate.
and (110) faces,hut on the larger onesthe (110) In some of thesenuclei with an edgelength
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larger than 2.5 x i04 A, the hoppercore can be

clearly seen, which suggeststhat the Berg effect
[19] is also presentas in the whole face. The
topographyof the evolved hopperfacein fig. 6c
showsthe surfaceto be built by a largenumberof
nuclei with an averagesizeof 20 ~tm. It suggests
that the spread of 2D nuclei is not the main
processof filling the surface,and that nucleation
occurs by the attachmentof block nuclei. This
mechanismwas inferred by Glasner and Tassa
[20] for the caseof KCI crystal grown from solu-
tion. Thestackingof block nuclei dominatingthe
spread rate of growth layers could explain the
misorientation between block nuclei observed,
sometimeswith a valueof 12°.This misorentation

b imposes the surface topography observed after
further growth into the 2D growth region, when

11:

g(~ppry~ ______

and (110) faces.See text. Fig. 7. (a) A l~terstage of the PbS crystal showing lineage

texture.(b) Th�K-curfaceof the (111) faces.
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the crystal approaches the equilibrium mor- interfaceshavenot beenobservedby microscopy
phologyand the existenceof the so-calledlineage and the evidenceshown by the surfaceanalysis
texture[21]. lead one to the conclusion that the changeof

Fig. 7a shows such a textureon a cubic single shapeleading to the theoreticalmorphologyob-
crystal with slightly concave(100) faces. As pre- servedin PbS crystalsgrown in HC1O4 mediumis
dicted from the PBCanalysis,theoctahedral(111) related to the growth mechanismdominating at
faces are K-faces. In fig. 7b the kink surface different supersaturationvalues. This, in turn,
microtopographyof (111) facesat later stagesof supportsthe theoreticalmodel of crystal growth
its existence can be observed.No evidence of by the diffusion mechanismusedhere.
screw-dislocationgrowth has been clearly found
on the crystal surfaces.Thus, for the length of 4.2.2. Surfacetopographyof PbScrystals grown in
time of the experiment (~40 days) the process HCI medium
hasbeenstoppedin the KS region. However, the The resultsobtainedin the caseof PbScrystals
next growth stageis expectedto be in the BCF grown in HC1 mediumare also consistentwith the
region, asshownby thearrow in fig. 4. argumentsdiscussedin section4.2.1, but in this

The fact that dissolution—precipitationphe- casethe morphological evolutionimposedby the
nomenadue to the effect of surfacetensionon the dendritic patternis quite different. Fig. 8b shows

0 030 _____

~: b _______

- -1~ ~- -~ ~‘~:i

Fig. 8. Dendritic growth along(100) in PbScrystalsgrown in HCI medium;(e) is a view from thecoreof a [0101dendriticbranche.
Seetext.
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the dendritic morpholgy coming from the pos- explains the overall morphology observedin fig.
tulated skeletoncrystal diagramaticallyshown in 8d. Fig. 8e showsa similar dendritecut in half. At
fig. 8a (seealso fig. 2b). A six-branchedpatternis the center, the cross-shapedsection of the stem
observedwith preferredgrowth along (100), i.e., can be observed,and in the outerpart, the mor-
normal to the(100) F-faces.The secondaryfamily phologyobtainedby preferredgrowthalong (111)
of branchesgrow along directions perpendicular can be clearly distinguished.Note that as the
to the stem. Eachsecondaryfamily appearsto be growth progresses,the (111) faceson the crystal-
a continuousstructure,perhapsbecausethe inter- lites, which form thedendritedisappear.
dendriticarm spacingof the third order family is After further growth in this stagea cube-like
very small and after further growth it is rapidly crystal with face centeredplateauis formed, as
filled (seefig. 8c). Thus, thesectionnormal to the shown in fig. 9a. The plateauon eachcubeface
first-order dendritesis cross-shaped.After a cer- shows growth layerswith macro-stepheights,in
tam critical size, the preferredgrowth directions such a way that the plateaucentersare slightly
change drastically from (100) to (111). There- depressed(fig. 9b). The empty spacebelongingto
fore, the top of eachbranchof the stempresent the position of an ideal octahedralfaceis shown
now four ([111], [111], [111]and [111])main direc- in fig. 9c. Note that all the cornerson the dendrite
tions of development,the otherfour directionsof show triangular (111) faces, but the edgesare
the (111) set being retardedby geometry.This sharpand no trace of dodecahedralfaces is pre-

2~I. -~ ___________

Fig. 9. The transition from dendnticgrowth along[1001to cube form in PbSgrown in HCI medium.
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sent. This explains the next morphological step .

observed(fig. 9d),whereonecandistinguish(100)
and (111) faces, the {110} edgespresentingser-
ratedprofilesby the presenceof (111) surfaces.

Theabsenceof steppeddodecahedralfacessug-
geststheinability for 2D nucleationandthespread
of growth layers on F-faces, the main growth
mechanismbeing the nucleationon {111} faces.
This is best illustrated on fig. lOa, in which a
crystalbelongingto a furthergrowthstepis shown.
Here a cubo-octahedronform with smooth {100}
faces and rough (111) surfaces is shown. The
block nucleibuilding octahedralfacespresentclear
(111) surfaces,andit seemsthat the growth con-
tinuesby stackingof blocks on the (111) surfaces
(fig. lob). Note the differencesbetweenthis case
and the case of PbS crystal grown in HC1O4,
wherethe topographyof the {111) facesis drasti-
cally different.

Birchall and Davey [22] have described the
formation of skeleton crystals along the (100)
directions,andcenteredplateauson cubefacesin ~fl
NaC1(isostructuralwith PbS)crystals,grown from _________

solutions in the presenceof sodiumalginate(SA) -

and X and K carragheens.Theseauthorsexplain
the phenomenonasdue to stepbunchingresulting
from the preferentialpolysaccharideadsorptionat .

Fig. 10. The K-surfaceof the(111) lacesin PbScrystalsgro~.n
the edges which retard the developementof edge . .

in HC1 medium.
nuclei. In the presentcaseof PbSgrowth in HCI
medium, it seemsalso plausible to attribute the
observedbehaviorto an impurity effect. In fact, (reaction(3)). However, thesameS

2 ion donor is
all the previouswork on PbSsinglecrystalsgrown usedin the caseof PbSgrowth in HC1O

4 medium
in silica gel was carriedout in HC1 acidified gel resulting in the dendritic pattern,as theoretically
[2—6],varying the pH, lead donor solutions and expected.Further work on this point must be
temperature.The most comprehensivetreatment performedto elucidatethe effectof impurities.
was given by Sangwal and Patel [6]. Although
some of the conclusionsinferredby theseauthors
are inconsistentwith our results (specifically the 5. Furtherconsiderations
assertionsthat (a) the growth proceedsby succes-
sive depositionof the materialon cubefacesonly, The morphogeneticalpattern recordedin this
(b) large amounts of gel are included by PbS study leads one to consider the use of crystal
crystals during growth, and (c) at later growth growth in porousmediaasa techniquefor obtain-
stages(100) facesdevelopedfurther than (111)), ing experimentallythe equilibrium shapeof the
their results can be reinterpretedin agreement crystals. In this technique,diffusion in the solu-
with the explanationproposedhere. Sangwaland tion bulk hasbeendemonstratedto be the rate-de-
Patel describethe larger growth rate on (100) to terminingstepof the growth processwhich occurs
be a consequenceof the adsorptionof acetamide, under isothermalconditions. In our experimental
forming from the hydrolysisof the thioacetamide arrangement,aninitial macroscopicconcentration
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gradient is imposed on the system which later polishedsectionsof our syntheticgalenacrystals
evolvestowardequilibrium. However, the process by using ore microscopy reveals, after etching,
of morphologicalchangedescribedhereis clearly different internal heterogeneities.As Sunagawa
different from those discussedin the classical points out [27], by comparingwell-decodedpara-
methodby Lemlein andKliya [23,24], becausein genetic records in synthetic crystals with those
gel growth, the placewhere the crystalsactually observed in nature, we will have the key to
grow must be consideredas an open thermody- deciphering the growth history Of minerals.As
namicsystem.Consequently,accordingto the ex- previously proposed[8], crystal growth by the
perimentaldataduring the processleadingto the diffusion method appearsto be an appropriate
minimum surfaceenergy of the growing crystals, techniqueto this aim.
their volume is not constant.Thus, as discussed
above, we must emphasizethat the change of
morphologyobservedin PbS singlecrystalsgrow- Acknowledgements
ing in gels is a reflex of the dominant growth
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