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Single crystals of hydrogenuranyl arsenatehydrate(HUAsH) were grown in tetramethoxysilanegels at different temperatures,
belowand abovetheparaelastic—ferroelastictransition temperature,T0. Thecrystalswerecharacterizedby X-ray diffraction, chemical

etching, scanning electron microscopyand optical microscopy.The habit of the gel grown crystals allowed the three-dimensional

featuresof the domain structure to be studiedfor the first time. A correlationwasmadebetweencrystal perfection, domain structure

and growth history.

1. Introduction In this studythe morphologyand characteriza-
tion of gel-grown single crystalsof HUAsH are

Troegerite,H2(U02)2(As04)2 8H20, is a mm- described.
eral belonging to the metatorbernitegroup which As-growncrystalsas well as cleaved(001) slices
canbe representedby theformula A

1~(UO
2XO4)~ were characterizedby X-ray diffraction, chemical

nH2O, whereA may be almostany monovalent etching,scanningelectronmicroscopy(SEM) and
or divalent cation and X = P or As. Previousre- optical microscopy.
search[1] hadbeen done on syntheticcrystalsof
troegerite (HUAsH) preparedfrom solution by
cooling from 100°Cto room temperature[2]. The 2. Experimental
mica-likeplateletsobtainedwere studiedby X-ray
diffraction, opticalmicroscopy(OM) anddifferen- The chosen growth medium was tetrametho-
tial scanningcalorimetry(DSC): two phase-transi- xysilane (TMS) [8,9] which allows one to obtain
tions were found and the domain structureof the gelled solutionsof arsenicacid. Whenthis solution
ferroelasticphasewasdescribed[3—5]. gellified in the test tubesan aqueoussolution of

Two problems were still unsolved in this uranylnitratewascarefully pouredover the gel.
material: By diffusion of both reactantsnear room tern-
(1) Domain structureon faces other than (001)

peraturethe following reactiontakesplace:
wasnot known, becauseof the mica-likehabit of
the plates. 2 H3AsO4+ 2 U02(N03)2
(2) It had not been possible to detectby X-ray TMS

diffraction (precessionmethod)any differencesbe- (U02 )2H2 (As04)2 8 H20 + 4 HNO3.
aq

tween the tetragonal (phase I) and monoclinic
(phaseII) axescontainedin the (001) plane. The gel forming agent TMS acts only as a

Thicker crystalswere necessaryto solve these support for the diffusion, limiting nucleationand
problems;so we grewHUAsH crystalsby the gel allowing the free growth of the crystal in all direc-
method,which is well adaptedfor growing single tions [6]. Severalconcentrationsbetween4 and 10
crystalsof sparingly solublematerials[6,7]. vol% of TMS were tried. Nucleationdensitywas
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stronglydependenton arsenicacid concentration. w
Below 0.3M no nucleationoccurredin the gel and *

only a few crystals were obtainedabove the gel —

interface. ,,.- ~‘ / .~

Solutionsof arsenicacid over 1 M may inhibit — .-

diffusion in the gel by producing a very high - ~

nucleation in the interface. To circumvent this .- -

problem U tubes were usedinstead of test tubes; ..‘ . I .,,~-

arsenic acid and uranyl nitrate solutions were
poured each in a different branch of the tube ., ~ ~J .~

allowing diffusion of both reactantsin the gel, - ~.. — ~. - ..‘ 4
acidifiedup to pH 1.2 with 20% aceticacid. - ‘\,~~“ -

For arsenic acid concentrationsnear 0.5M
abundantprecipitationalso occurredin the inter- a Q1!r_rr
facebut after one or two hours small polycrystal-
line aggregatesandwell developedplatesnucleated -~.-

in the gel (fig. 1). Both forms competedin the zone ________ - ________

from the gel interfaceto about4 or 5 cm below it, * ...

but further away from the interfaceisolatedplates
of about 1 x I X 0.3mm weremorefrequent. _________

The two factors that limited the final crystal .*~

size in this method are the depletionof the re- .. ______

actantsand the increasein the by-productcon -_______

centrationduring crystalgrowth.To avoid the first ________ _____

of theseproblems,in someof the experiments,we ___________

renewedthe initial uranyl nitrate solution in the ______

testtubes.Only a slight improvementwasnoticed:
the ultimatesize of someof the crystalswasabout
2X2X0.5mm. b~

One advantageof the gel method is that it is
particularlywell suitedto grow singlecrystalsboth
above and below T0, the transition temperature. T :40°C
When the crystalsso obtainedwerecooledbelow
1~,it was possibleto comparethe resultantdo-
main structures.Chosengrowth temperatures(1)
were 23 and 40°C.At this last temperature,two
different procedureswere followed: (a) thecrystals
were takenout of the gel while they were still at
40°C,that is beforegoing through the transition;
for thesecrystals7 = 40°C;(b) the growncrystals
were left to cool downto room temperature(23°C)
in the gel, and kept in the gel at this temprature
for several days. To stressthe point that crystals
grown with this proceduresuffered a changeof 01mm
temperatureduring the growth period, from now C -

on their growth temperaturewill be indicatedas Fig. 1. SEM micrographsof as-grown cr~talsof iIUAsH: (a)

= 40/23°C. polycrystalline aggregate;(b), (c) well developedplatesgrown

Best results were obtained in all the cases at = 23°Cand = 40°C,respectively.
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working with test andU tubesuder the following w
— TMS concentration10 vol%; W

— arsenicacidsolution 0.5M;
— uranyl nitrate solution 0.5M;
— total time allowed for growth wasabout 30—40
days.

3. Experimentalresults

ThecrystalswereidentifiedusingX-ray powder
diffraction patterns.At room temperaturepreces- -~

sion patternsof the monoclinic crystals failed to a
show any departurefrom tetragonalsymmetry.

Threetypesof thick plateswereobtained:type
I, with well developed(001) faces which gavea
perfectreflection in theoptical goniometer,type II
with a singlegrowth hillock appearingat thecentre
of the plates, where four symmetric sectors ,-‘

originate,andtype III, with oneor two off-centred -/
hiliocks present(fig. 2). Most of the crystals ob-
tainedbelongto type II.

In the optical goniometer, reflections due to the
hillock faces(type II and III plates) showedper-
fect tetragonal symmetry around the tetragonal
axis and their normal formed a 20 minute angle
with it. The morphologyof the crystalschanged
slightly with the growth temperature.This was - 1
particularly noticeable in the different develop- Fig. 3. (a) (001) cleavagetraceson (110) face: (b samecr\staI

ment of the (hh0) and (hhl) faces(fig. 1). after dehydrationunder the electronbeam.

The layeredcrystallinestructureof HUAsH is
responsiblefor theperfectcleavageon (001). This
cleavageis evidentin the scanningelectronmicro- pie was kept for severalhours underobservation,
graphsof the carbon—goldcoatedHUAsH plate- dehydrationstarted,as seenin fig. 3b).
lets (fig. 3a). Thesecleavageswereproducedunder
the electronbeamof the SEM and are probably
due to local stressesgeneratedby non-homoge- 4. Domain structure
neous heating of the sample, particularly when
workingunderhighmagnification.Whenthe sam- Crystals obtained by the gel method have a

paraelastic—ferroelastictransitiontemperature(T0)

[0011 ~ between26 and28°Cwhich is quite similar to the
_____ ~ highesttransitiontemperatureobservedin crystals

grown from solution [1].
~/‘ / ,~2c/ This phasetransition is detectedoptically on

II the (001) face by the observationof domainsat

Fig. 2. Different typesof plates.Schematicdrawings:(I) (~1) 90°,with domainwalls running nearly parallel to
plate; (II) plate with singlecentral growth hillock; (III) plate [110] and [110] directionsof the tetragonalphase
with off-centred hillock. (fig. 4).
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[~:23°C ..

___ -

_______________________ go5mml
1~:4O/23c - ~ .A~.

~ Fig. 5. Small crystal immersed in the gell matrix. shos~ing

- , . domain walls parallel to [1101 and [100].

~* 4* .

- - cleavageslices are observedin the optical micro-
~ .~. ~ ..-. scope.With white light, perpendicularincidence,

crossedpolarizersand a ~X plate, nearly parallel
domains in sets I and II show different optical
orientations:when domainsin set I appearblue,
those in set II appear yellow (fig. 6a). In most
crystals these slightly rotated domains seem to
havea common origin, although sometimesthey

— O~mm run parallel for short distancesbefore diverging

Fig. 4. Domain structure obsersedon (001). Optical micro- (fig. 6b). A typical exampleis indicatedby arrows
graphstaken betweencrossedpolarizers: (a) as-grown crystal in fig. 4a.Theserotateddomainsare similar to the
(7~= 23°C);(b) crystal cleavedthrough the nucleationcentre twisted structurementionedby Benyacarand de
(Tg = 40/23°C). Abeledo[1] in solution grown crystals. We have

notyet found a plausibleexplanationfor thepres-

Domains with domain walls parallel to [100]
can be detectedonly with oblique illumination [1]
and they werealso observedin gel-growncrystals. cD I~®
Fig. 5 showsa very small crystal, still immersedin
thegel matrix andshowinga simpledomainstruc- ~ -~

ture in which both types of domainsare present.
Domain structuresof both solution grown and D

1~/o~ Dit/Du

gel-growncrystalsare identical.Crystalsgrown at ~/ t1~ ~
<T0 and crystalswhich haveundergoneseveral Du

phasetransitionsshow a fine grid-type array of b

many small thin domains and in most of these Fig. 6. Schematicdrawing of I and II arrays of 90° domains.
Thick lines indicate blue colour; thin lines indicate yellow

crystals a superpositionof two slightly rotated
colour. (a) q rotation angle betweenI and II sets. (b) Interac-

arrays(I and II) of the 90 domainsappear(figs. tion betweennearly parallel domains belonging to different

4a and 4b). This is particularly clear when thin sets;(P) apparentcommonorigin.
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enceof thesetwo setsof domains. ing an anglewith the c tetragonalaxis and some-
Crystalsgrown at 1> T~and slowly cooledin timesinteractingwith one anotherwereobserved.

the gel, whenobservedunderthe sameconditions, A few bands or walls parallel to the c axis were
showonly a few broaddomainsorientedpreferen- also present. Thesebands should be related to
tially along only one of the two (110) tetragonal domainswhichwereobservedon the (001) faceof
directions.The thick crystals obtainedby the gel the samples studied under the same conditions
method allowedus to gathernew information on becausethey disappearedwhen the sample was
the three-dimensionalcharacteristicsof the do- heatedabovethe transition temperatureand they
main structure.Although it hasnot beenpossible could also be observedat T < T

0 in the interior of
to obtain thin sectionsparallel to the tetragonal the crystalthrougha changeof focus.
axis due to the very easy and perfect cleavage A slightly morecomplexstructurewasobserved
parallel to (001), optical observationswerecarried whenthelateralsurfacesof thecrystalwerestudied
outon (100)and(110)lateralfacesof the as-grown with asymmetricallydiaphragmedillumination in
crystals(7~= 40/23°C). order to enhancethe contrastof the bands;inter-

In transmittedlight and crossedpolarizerstwo actionbetweenbandswashereclearly visible (figs.
sets of birefringentzonesof variable width form- 7a and7b).Whenthe samplewasheatedaboveT0,

ru -~

a 01mm a 01mm

__ ii

i111S) ft1’~ .~. -

b 0,1mm
0,1mm

Fig. 7. Transmissionoptical micrographsof as-grown crystals ,

(7~= 40/23°C) taken with asymmetrically diaphragmedil- Fig. 8. SEM micrographsof as-grown crystals(T~= 40/23 C):

lumination: (a) (100) face; (b) traces of domains crossing (a) secondaryelectron image 25 kV; (b) the same area dis-
severallateral faces, playedwith Ymodulationmode.
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not all of thesetracesdisappeared;the remaining 6. Growth history and crystalperfection
onescanbe relatedto surfacerelief. To provethis,
scanningelectronmicrographswere taken(figs. 8a When typical gel-growncrystals(type I andII)
and 8b). The relief was particularly remarkable wereobservedin the optical microscopeat T> T0
whenthe secondaryelectronmodewith Ymodula- (tetragonalphase)they showedhomogeneousex-
tion was used(fig. 8b). tinction andno visible inclusions.

We must recall that thesecrystals initially grown In a few type III crystals, extinction was not
at 7> T0 wereleft to cool in the gel andwerekept homogeneous:the strainedzone shown in fig. 9
in the gel at room temperaturefor several days; coincideswith theoff-centredhillock andis proba-
during this stagethe crystalscontinuedto grow in bly related to the presenceof localized defects.
the ferroelasticphasein which domainsare pre- Interactionof close, parallel dislocationsof like-
sent.Therelief observedon {hk0) and {hhl} faces sign originatingat the core of the crystal may be
could be explainedby a difference in the growth responsiblefor the polygonal growth spirals ob-
ratesof neighbouringdomainswhich havediffer- servedin the optical microscopeon the as-grown
ent crystallographic orientations. Besides, these (001) surfaceof sometypeI crystals; similarspirals
surfacestructuresare alwayspresentin thecrystals wereobservedin othermaterials[10,11].To check
grown at < T0 but they are absentin crystals thedistributionof imperfectionsinsidethecrystals,
grown at 40°C, which were never allowed to go cleavageslicescut asshownin fig. lOb wereetched
throughthe transitionduring the growth stage. 1 mm with a 10% aqueousnitric acid solution at

It canbe concludedthat domains(anddomain room temperature.The slice (L1) intersectingthe
walls) are responsiblefor both birefrigent zones core of a typical type II crystal (7 = 40/23°C)
andrelief observedon { hk0) and {hkl} faces. showedremarkableinhomogeneityin the distribu-

tion of squareetch pits; they were preferentially
located in a central nearly squarezone(N) (fig.
1 la). Outsidethis zoneonly a few pits developed.

5. Growth history .

Fig. 1 lb shows a pair of matching cleavage
surfaces(zone C, centreof N); the etch patterns

It has been stressed[10] that in the case of originate from a pair of screw dislocations of
crystals grown by flux and solution methodsa oppositesign which are relatedto the top of the
variety of growth featuresexist even in different
specimensfrom the sameexperiment.The gener-
alization on growth mechanismsfor crystals ob-
tained by these techniquesshould then be ex-
pressedwith care.

This is also true in the conventionalgel growth
experiments;the gel is not in a stationarysteady
statebecauseof changesin the reactantconcentra-
tion along the length of the tubeandas a function
of time. The local conditionsaroundeachgrowing -

crystalare not well definedand it is not possible
to generalizeany growth mechanism.

Neverthelesssomequalitativeinformationabout
growth history and crystal perfection may be in-
ferred in the case of gel-grown HUAsH, from 02mm
defects revealed by chemical etching and from
domain structuresdeveloped both in as-grown Fig. 9. Type Ill crystal. Non-homogeneousextinction and pref-

specimensand cleavedslices. erential generationof domainsobserved in the strainedzone

below the off-centred hillock.
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5 3 centralhillock observedon the (001) face of these
crystals.Similar interrelationbetweenhillocks and

dislocated regions have been reported in other
2 / ~ layeredstructures(suchas graphite)andin refrac-

~ crystals [I ~Etch ~ a~aysohi

Fig. 10. Schematicdrawingof growth sectorsfor crystalsgrown

at T
0 = 23°C:(a) (N) central zonecorrespondingto the initial

stagesof growth; (1—4) (110) sectors’ (5), (6) (001) sectors.(b)
______________________ L2 - . . . - -

_________ ~ Growth sectorsprojection on (110); arrows indicate birefrin-

L ~ gent zonesadvancing with decreasingtemperaturewhen the
— crystal is observedbetween crossedpolarizers(T< T0); (L1),

N 6 b (L2) cleavageslabs.

0403tff0

, ~

__ mm

Fig. II. (001) clea~edslab (L1) of a typical type II crystal: (a) Etchpits localiied in the central zone(N) (centre(C) of (N) out of the

field of view; only one fourth of zone (N) is shown). (b) Zone (C); etch patternof a pair of screwdislocations on (001) matching

cleavagesurfacesthroughthe nucleationcentre.
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originatefrom etchingbothat point defectsandat 7. Growthhistoryand domain structure
dislocationsformed in the rapid initial stagesof
growth; the deeppits thatwere observedare most We must recall that ferroelasticdomainsare
probably associatedwith the outcrop of disloca- quite sensitiveto stresses,whichevertheir origin;
tions. Besides,in somecrystalsa slight difference external applied stresses,mechanicaldamage,in-
in pit densityis found aroundthe diagonalsof the ternalstressesassociatedwith the presenceof see-
zone(N) delineatinga petal-likefigure. tor boundariesand growth defects,all of them

The observationssuggest the following se- influencedomainnucleationandgrowth,sogrowth
quenceof growth stages: history may be inferred alsofrom the generation,
(1) An initial rapiddentritic growth.This assump- growth anddistribution of ferroelasticdomains.
tion is supportedby the featuresrevealedin fig. In crystals grown at = 23°C,the domains
12. It showsa very small crystalwhich grewon the observedon (001) at T slightly below T0 (see fig.
tube wall; a petal-like figure reveals the imprint 4a), are preferentiallyorientedin the four sectors
left in the gel by the dentritic crystal,which latter (110); they originateat the crystaledgesandprop-
grew and suffered different perturbations(partial agatealong[110] or [110]towardsthecentreof the
dissolution and recrystallization)until the final face. If the crystal is observedstandingon (110)
squareshapewas achieved.Gel cusp-likecavities betweencrossedpolarizersat the extinction posi-
similar to those mentioned by Henish [6] and tion, birefringent zonesappearat the transition
indicatedby arrowsin fig. 12 are observed,gener- temperatureat the crystal edges, advancing to-
ally associatedwith the corners of most of the wards the core. The “transition fronts” roughly
HUAsH crystalsstill immersedin the gel; theyare delineatean “hour glass” contour as shown by
filled with nitric acid containingsolution which is brokenlines in fig. lOb.
responsiblefor the partial dissolutionprocess. On lowering the temperaturefurther, birefrin-
(2) A morestable“further growth” stage,revealed genceappearsthroughoutthe crystal.
by the absenceof etchpits at the outerzoneof the So, the coreandthe (001) sectorshavea slightly
crystal; the neat outline of (N) is the boundary lowertransitiontemperature(~17~= 1°C)than the
betweenboth zonesand reveals the shapeof the four (110) sectors(seefig. lOa).
crystalwhen stablegrowthstarted. To checkthis, the uppermostcleaved(L2) slice,

which cuts mostly through the (001) sector, was
studied. It did not show an inhomogeneousdo-

- ~:. ~ maindistribution: domainsappearsimultaneously
\ . at T = T0 throughoutthe cleavedslice.

- Similar behaviour is generally observed in a
crystal grown at = 40/23°C,notwithstanding
the fact that someadditional featuresare present

~ .-.,~, ~ in a slabcutting throughthe nucleationcentre(fig.
~ -. 4b). Four different zones (a, b, c and d) are

- present in this figure, which can be related to
growth bands,involving stress-inducingimpurity

segregation[12,13]; growth bandsarising from lo-
cal variationsof the impurity content can show
slightly different transition temperatureL,~.This

- could be the origin of the differences observed~ ~
betweenzonec (no domainsare yet present)and

Fig. 12. Small crystal immersed in the gel. Petal-like imprint neighbouringzonesb and d which havealready
left in the gel by the initial dentritic crystal. Black arrows gonethroughthe transition.
indicate the cusp-like gel cavities at the cornersof the final Thesezonesare outlined by the domain tips
squarecrystal. and show the sequentialcontoursof the growing
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crystal. Anisotropic strainsare presentin zonea, grown crystalof HUAsH could be moreprecisely
and as we haveshownin fig. 1 Ib, they are related establishedif X-ray topographscould be taken
to the presenceof dislocations.Apex perturba- aboveand below the paraelastic—ferroelastictran-
tions,clearly visible in the outlineof zonesb andc sition temperature,T0.
are indicative of growth instabilities at the early
stageof growth [14]. Later, well developedfaces
formed as the crystal grew under more stable Acknowledgements
growth conditions.
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