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Preliminaryresultsarereportedfor thesynthesis,crystalgrowth thattheabsorptionedgeof theiodine growncrystalsagreeswith
andcharacterisationof EuTe,EuSeandEuS. The crystalswere the values given in the literature.The rest absorptionand the
grown by chemical transport (EuTe, EuSe) and sublimation refractiveindexof EuTeandEuSeis lower for transportedcrys-
(EuTe,EuS)in evacuatedandsealedmolybdenum crucibles.The tals and the lowest reported up to now in the literature. The
temperatureof the iodine transport was 1700°C and that of magneticpropertiesofEuTegrownby iodinetransporthave been
sublimation2050°C.Reaction betweeniodineandmolybdenum measuredand found comparableto the ones reported in the
wasavoidedby working at temperatureswhere themolybdenum literature.
iodidesarenot stable(T> 1500°C).Opticalmeasurementsshow

The compoundshave beensynthesisedby directre-
1. Introduction action of the elementsin evacuatedand sealed silica

Physicalandchemicalinvestigationson hightemper- ampoules.The reaction withtelluriumbegins at much

aturematerials have beenseriouslyhinderedup to now highertemperaturesandis notcompletedeven byheat-
dueto the difficulties of growing crystalsat hightern- ing for many days at 880°C,as can be seen by the
peratures. Highmelting points, non-compatibilityof faint yellow vapourin the arnpoule(table 1). Heating

the wall materials,high degreeof imperfection and athighertemperaturesinsilica ampoulesis notpossible
non-stoichiometryare somedifficulties frequentlymet becauseof thereaction withsilica.
whenhigh temperaturecrystal growthis tried. How- The reactionof europiumwith sulfur is almostcorn-
ever,it couldbe expectedthat if vapor phasemethods pletedbetween90 and180°Cin48 hours.Thetemper-
in closedsystemsandparticularly chemicaltransport atureof 90 °Ciscritical. Whenit is reached,theheating
couldbeused,someofthese difficultiescouldbesolved, ratemustbesloweddownto 2 °C/hrin order to avoid

We have usedthe sealedmolybdenum crucible explosions.To ensurecompletereaction,theampoule

method’),whichhasbeensuccessfully used upto now is heatedfor oneday at 880°C.At this temperatureno
inourlaboratory2),forcrystalgrowthbothby chemical reaction withthesilica wall canbe seen.
transportandsublimation.Singlecrystalsof EuTeand The contentsof the silica ampouleswere used as
EuSehavebeengrownby chemicaltransportat 1700 °C starting materialfor sublimation experiments.The

andthoseof EuTeandEuS bysublimationat 2000 °C. powderwas transferredinto a degassedmolybdenum
In thefollowing thesynthesis,crystalgrowth andchar-

acterisationof thesecompoundsare reported. TABLE 1

Characteristictemperaturesof thesynthesisof europiumchalco-
2. Synthesisand sublimation of EuTe andEnS genides

The difficulties of synthesisingbivalent europium Temperatureof Temperatureof Max heating

compoundsarise fromthehigh reactivity of europium reactionof Eu reactionof temperature
2 with 12 theelementsmetal and the sensitivityof Eu + to oxidation. The (°C) (°C) (C)

handling, therefore,of the europium metal and the
compoundsin powder form took place in an argon +12 175-270 600—730 880

filled drybox. A 30%Na—70%K liquid alloy hasbeen EuSe+I
2 175—210 185—210 750

usedas getter. EuS — 90—180 880
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HIGH TEMPERATURE VAPOUR PHASE GROWTH 147

C culated3).Though theyare different from the actual
undercoolingsin thecrucible,theycanbeusedin order

N. to increasethereproducibility of the experiments.

<CI) 3. Synthesisandchemicaltransportof EnTeand EuSe
— ~ Forchemicaltransportthe samemolybdenumcruci-

bles wereused.To avoid any reaction of the iodine
with thecruciblewalls theexperimentswereperformed

— at temperatureswherethemolybdenumiodidesare not

____________________ stable4)(T> 1500°C).The high temperaturesduring
the sealingof the crucible makedifficult the selection
of the transportingagent.Evenwith intensive cooling,
the temperatureof the chargereachesa few hundred
degrees Celsius.Thistemperaturemakesimpossiblethe

f = filament use of most conventionaltransportingagents,under
c — crucible highvacuum,dueto their highvapourpressure.There-

fore, to keep high vacuumduring the sealingof the
crucibles,Eu1

2hasbeen usedas asourceof iodine and
the synthesisprocedurewasmodified. Stoichiometrical

I [ amountsof the elementstogether withthe necessary

quantityof iodine weresealedandheatedin the am-
H2o poule, wherethe following reactiontakesplace:

Fig. 1. Principleoftheapparatususedfor sealingmolybdenum Eu+~ X2 +n ~ � (1—n)EuX +n Eu12+4n X2
cruciblesunderhigh vacuum.

(X = Te,Se).

crucible(30 mm diameterand120 mmlength) andthe Details aboutthe way to introducethe iodine in the
crucible wasput in the sealingapparatus.To sealthe evacuatedsilica ampoulehave beengiven earlier

3).

molybdenumcrucibles,any commercialelectronbeam As it canbe seenfrom table1 for EuSe, thereaction
welding apparatus canbe used.In our work, we have of europiumwith iodine andseleniumtakes placein
useda simpleapparatusbasedon the same principle the sametemperaturerange (175—210°C).To ensure
(fig. I). A dc voltageof 2000V is appliedbetweenthe completion of the reaction,the ampouleis heatedat
hot filament andthe crucible.Part oftheemittedelec- 750 °C.However, the temperatureof the reactionof
trons heatthe thin edgeof thelid andsealit with the europiumwith tellurium is not influenced bythe pre-
crucible.To avoiddecompositionof thestartingmate- senceof iodine.
na!, effectivecoolingmustbe used. Before thesealing The contentsof the silicaampoulesweretransferred,
starts, thevacuumin thesealingchamberis l0 6 Torr; under argonatmosphere,in the molybdenumcrucible,
during the sealing,the vacuumfalls to l0~Torr. At evacuated andsealedas above.
pressureshigher than 10 ~ Torr, dischargesin the It was assumedthat chemical transportwill take
chambermakesealingimpossible. place accordingto the equilibrium

The sealedcrucibleis put in a high temperaturefur- EuX + ‘2 ~— Eul + 4X
2

nace for the crystal growth. We have usedbothHF- “X Te S’~
high vacuum,silica double-walled,water cooled fur- — ‘

nacesand resistanceheated, high vacuum, graphite The EuI2 and chalcogennecessaryto start the trans-
furnaces.In thesefurnacestemperatureprofiles have port are providedby thesynthesis reaction.
been measuredwith tungsten—rhenium(97% W—3 % A problemof the synthesisof thebivalent europium
Re versus75 % W—25% Re) thermocouples.From chalcogenideshas beenthe Eu

3+ content. Investiga-
theseprofiles apparentundercoolings,AT, canbe cal- tions with Mossbauer-effect5) haveshownthat someof
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148 F. KALDIS

the first synthesisedpowdersof EuTe6)containedup io3
to 25% Eu3~• With recrystallisationat highertemper- ç
atures,it waspossibleto suppressthe Eu3+ content.

An advantageof the useof equilibrium (1) for the
crystalgrowthof bivalenteuropiumcompoundsis that ~
in the gasphaseonlyEu2~is stable.Eu1

3decomposes ~ 10 - EuTe subL 2.684 -

at temperatureslowerthan 1000 °C.Any Eu
3+ content ~ - -

of crystalsgrown underthese conditionswould prob- ~
ably result from a secondaryreaction of defects or EuSe trans . 247

from subsequentoxidation. (1) 10 - EuTe transp. 2.654 -

4. Resultsof the crystalgrowth 0.5 10 1.5 2.0 2.5

At this first stageof our investigations,with which WAVELENGTH ( ii

thispaperis dealing,it wastried primarily to improve, Fig. 2. Opticalabsorptionasa function of thewavelength for

as far as possible,the quality of the crystalsandnot EuTe (iodine transported andsublimated),and EuSe (iodine
transported);n = refractive index.

their size. The crystalsgrewas ratherthin layers(2 to
3 mm thick) on the lid of thecrucible becausefor the (1580°C),in order to havehighvaporpressureof the

first experimentsonly small amountsof startingmate- transportingagentin the gas phase.
rials wereused.It is clear that if greateramountsof TheEuTecrystalsare wineredandtransparent.Micro-
starting materialare used,the crystalscan be much scopic investigation withpolarised lightshowedhigh
thicker. The conditionsof the crystal growth experi- homogeneityand almostno stresses.Thisis partly the
mentstogether withsomepropertiesof the crystalsare result of thelowergrowth temperatureswhich areonly
summarisedin table2. possiblewith chemicaltransport.

d) Iodine transportofEuSe:Microscopicinvestigations
TABLE 2 showedsomeinclusions of anotherphase.X-ray dif-

Crystal growthdata for europiumchalcogenides fraction photographsshowedthis phaseto be molyb-
denum.

Dimensions
Ti T

2 iT 12 fh
(°C) (°C) (°C) (mg/cm

3) (mg/h) °tals ~YS 5. Physicalpropertiesof the crystals

EuTe+1
2 1722 1627 95 1.35 18.6 9 >< 8 >< 3 For the characterisationof the crystals,optical and

EuTe 2000 1857 143 — 14.7 5 x4x2 magneticmeasurementswere performed.Fig. 2 shows
EuSe+12 1687 1619 68 1.0 9.3 4x4x3 the optical absorptionas afunction of the wavelength
EuS 2050 1950 96 — 16 2x2x2

for singlecrystalsof EuTebothtransportedandsubli-
matedandof transportedEuSe.The absorptionedges

a) Sublimation of EuTe: The crystalswere a dark shownby thesecrystalsare the same as the ones given
red colour and to some degreetransparent.Micro- in theliterature

7’8’9)• Furtherthey show noappreciable
scopicexaminationshowedthat thecrystalshadsmall free carrier absorptionbeyond the absorptionedge.
dark inclusionsand mechanicalstresses. Therest absorption andrefractiveindexof transported
b) SublimationofEuS: The colour of the crystalswas EuTe aremuch lowerthan the oneof the sublimated
green.Thecrystalsare not transparentbecausethe ab- andevenlower than any othervalue mentionedin the
sorptionedge is at1.645eV. Microscopic examination literature’O)• The rest absorptionof transportedEuSe
showed that the crystals are homogeneousbut have is also much lowerthan the valuepreviouslygiven in
stresses. the literature8).Therefore,it is clear that the trans-
c) Iodine transportofEuTe:Thetransporttemperatures portedcrystalsare optically pure. A thoroughinvesti-
werechosento fulfil thefollowing conditions:1) higher gationof therefractive indexesascriteriafor the purity
than 1550 °C,in order to avoidreactionof iodinewith of thesecrystalswill be given elsewhere’0).

molybdenum,2) higherthantheboiling point of Eu1
2 Three types of magneticmeasurementshave been

II — 15



HIGH TEMPERATURE VAPOUR PHASE GROWTH 149

performedwith iodine transportedEuTecrystals.The perimentalconfirmationof Fisher’s relation’2) which
paramagneticsusceptibilitywasmeasuredin a field of statesthatthepeakofthespecificheatshouldbelocated
about 13 kOe between100 and 300°K.The effective at the sametemperatureasthe maximumslopeof the
numberof Bohr magnetonsperformula unitwasfound susceptibility.
to be 7.65. This is comparedto the theoretical value

g(J(J+l))~= 7.94forthefreeEu24ionwitbj = s ~ 6. Conclusions
Using the method of Busch eta!.”), the induced Crystal growth of EuTe andEuSe byiodine trans-

ferromagneticmomentof the samplehas beendeter- port in aclosed systemcantakeplaceat 1700 °Cusing
mined in apulsedfield. Bothexperimentsshowthatthe sealedmolybdenumcrucibles.A comparisonof the
numberof the effective Bohrmagnetonsis lower than physical propertiesof the transportedcrystals with
the theoretical,asit was alsopreviouslyfound6).One valuesin theliteratureshowsthat the transportedcrys-
possiblereasonis that the crystalsusedfor thesemea- talshavebetteroptical properties andsimilarmagnetic
surementshad some condensedEu1

2 on their surface ones.
whichhydrolysesin the humidity of the ambientatmo- The high temperaturetransportmethod describedis
sphereto the hygroscopicEuI3. In this case, thefor- probably not limited to thesecompoundsbut canbe
mula EuTeused for the calculationswas notcorrect, used also for other systemsat temperaturesup to
Another explanationwould be thepresenceof euro- 2000 °Candhigher.
pium, due to the partial decompositionof Eu12 or the
incompletereactionof europiumwith tellurium. Acknowledgement
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