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GROWTH OF EuO, EuS, EuSe AND EuTe SINGLE CRYSTALS*
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Single crystalsof the europiummonochalcogenidesweighingup to obtain crystalscontainingtotal impuritiesof about200 ppm
to 60 g have been grown from Eu-rich solutionsand from stoi- primarily C and Ca. The crystals were also usedsubsequently
chiometric meltsby usinga gradientcooling technique.Sinceall for growing crystals dopedwith Gd or La.
four compoundshavehigh Eupartialpressuresneartheirmelting The other compoundswere synthesizedin sealedquartz am-
points,the crystalsweregrown in weld-sea]edtungstencrucibles poulesby the reaction of Eu metal at about600 ~C with vapor
1.25 or 2.5 cm in diameter, of the otherelementsuppliedby a reservoirat a lower temper-
The oxide was synthesizedand grown in the samerun. Dried ature. Single crystalssimilar in size and purity to those of the
Eu

203was heatedwith anexcessof Eu metalto about2200 ~C, oxide were then grown by the gradient cooling technique.The
and the solution obtained was directionally frozen from the effect of deviationsfrom stoichiometryon optical and electrical
bottom by cooling to room temperatureat 5—50 ~C/hr.The re- propertiesarediscussed.
suIting bouleswere singlecrystals with total impurities ranging The melting point of EuO, measuredwith anoptical pyrometer
from 250 to 5000 ppm. Thesecrystalswerethen remelted,either and a W—(W, 26% Re) thermocouple,was 1980±20~C. EuS,
with or without additional Eu metal, and directionally frozen EuSeand EuTe all melt between2250 and 2500 C.

1. Introduction side by slowly cooling either metal-rich solutions or
stoichiometricmelts sealedin tungstencrucibles.The

The divalent europium chalcogenides,which have synthesisandgrowthof EuO will bedescribedin detail,
the rocksaltcubicstructure,are ofconsiderablecurrent and variationsin techniqueused for EuS, EuSe and
interest as magneticsemiconductorswhich are trans- EuTewill thenbe noted.
parentin the infrared

1). Someof their characteristic
physical psopertiesare summarizedin table 12).

2. EuO crystals

TABLE I At the melting point of EuO,the partial pressureof
Physicalpropertiesof the divalent europiumchalcogenides Eu vaporoverthe compoundis probablyabout 1 atm.

[This estimate4)isbasedonan extrapolationof partialMelting Lattice Room Critical
Corn- Color in point* param- temperaturetempera- pressure data for EuO—Eu mixtures5) and EuO—~
pound reflection eter abs.edge ture Eu

304 mixtures
6).] Therefore synthesis and crystal

-~ ( C) (A) - - (eV) (-K) -- growth mustbeperformedin a sealedsystem.Tungsten

EuO Magenta 2016 8 5.143 1.122 T, = 69 crucibles 3 in. long and either 0.5 in. in diameter

~ ~ ~ x 0.020in. wall (total chargeabout25 g) or I in. in
EuTe Dark green 2320—2450 6.598 1.959 T

0 9.6 diameterx 0.060 in. wall (total chargeabout 85 g)
..---:-- - were used for growing mostof the crystals.They are

* Determinedin this study. . . . . .

suppliedwith “insertion” lids, whichare welded in an
argon atmosphereby means of a laboratory atc

Thegrowthof EuOcrystalsfrom metal-richsolution melter
7)at a currentof about 100 A. During welding

was first describedby Guerci and Shafer3).We have the crucible is held in a water-cooledcylindrical graph-
grown crystalsof all four compoundsup to 2 cm on a ite anode,as shown in fig. I, which restrictsmelting

* This work was sponsoredby the Departmentof the Air Force, to a narrow zone and keepsthe chargecool. A few
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INSERTION CAP twenty atmospheres:the tungsten lids and bottoms
- . TUNGSTEN CATHODE ® of the crucibles frequently bulge hut have never

ARC broken.)Thefurnaceis then cooled at about 10 C/hr
- . WELD to l200 C and at 20 ~C/hr to room temperature.The

- ~ INSERT -Cu ANODE temperaturegradient is such that the solution freezes

r from the bottom to the top.
After cooling the crucible is very brittle and canbe

removedby gently cracking and peeling it from the
SLEEVE

wATER-COOLED .~ TUNGSTEN CRUCIBLE ingot to which it adheresbecauseof the excessmetal.
The lower two-thirds of the ingot is generallya single

CHARGE
GRAPHITE INSERT crystal with marked cubic cleavageperpendicularto

the <100> axis. Although it is difficult to removethe
Fig. I. Apparatus for s~eIdingin~crtion caps to tungsten

crucibles. crystal from thecruciblewithout somecracking,cubes
upto 2cm on anedgeandweighingover30 g havebeen

crystals were also grown in molybdenum crucibles recovered.Above the crystal there is a two-phase
with similar results. legion of leatherytexture,and abovethis is a layer of

Synthesis and growth from solution are accom- excessEu metal.

plished by sealingEu203 (driedat 1000 C~ in vacuum The EuO crystalsare moderatelystable in air hut
and pressedinto pellets)togetherwith an excessof Eu tarnish noticeably in a few weeks. A typical mass
metal into a crucible in the ratio of onemoleof Eu203 spectrographicanalysis of the first portion of the
to two moles of Eu (l00~excess Eu). One or two crystal to freezeshows C = 100, K = 50, Ca = 35,

crucibles are mounted in a cylindrical molybdenum N = 20, Sr = 12, Te = 12, Na = 8, As = 4. Mg = 2,

block (with a small sighting hole drilled through one all othersless than I atomic p.p.m. (crystal 95).
wall) inside a resistancefurnace with tantalum or Doped or undopedcrystals have beengrown from
tungsten heating elements

8)asshown in fig. 2. With the synthesizedcompoundby adding b’;, excessEu

argon at atmosphericpressureflowing through the metal (by weight) and a dopant if required, and re-

furnace at 30 cm3/min, the temperatureis slowly peating the above procedure.The concentrationsof
raisedto about2300 ~C.(It is estimatedthat the euro- impurities in the first to freezeand last to freeze por-
pium pressureat this temperaturereachesat least tions of crystal 48, grown from a solution dopedwith

8000 p.p.m. Gd are shown in fig. 3.

15cm The sealedcrucible methodhasalso beenemployed
TANTALUM
HEATER _________________________ TANTALUM to grow single crystals of EuO from nominally stoi-

WATER-COOLED ________________ HEAT SHIELDS chiometric melts, by using the synthesizedcompound
JACKET

TUNGSTEN in this manner,which do not adhereto the crucible,
CRUCIBLES do not containa secondphaseof either Eu metal or

CRYSTAL higher oxides. The formation of’ single phasematerial

The melting point wasdeterminedby melting a singleSIGHT PORT ~ ~~~MOLY BLOCK without addingexcessEu metal. The crystalsobtainedin this manner shows that EuO melts congruently.
crystal in asealedmolybdenumcrucibleand measuring

the temperatureof the thermal arrest observed on

eter. The averagevalue obtained for 57 cooling runscooling. Consistentresults were obtained with a W—GAS — GAS (W, 26’~Re) thermocoupleandwith anoptical pyrom-

CURRENT on the samesamplewas 1980±20 ~C.
An attempt was made to grow crystals by slow

Fig. 2. Apparatus for growth of Eu chalcogenide crystals from
solution and melt, cooling of meltscontainingexcessoxygen. In all cases
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the crystalscontainedsmall amountsof Eu3O4 as a CRYSTAL 82-0 CRYSTAL 82-0
BOTTOM TOPsecondphase.

1000-
The results of mass spectrographicanalysis of a

a-single crystal grown from a nominally stoichiometric a.4 Gd*

melt dopedwith 0.8 at~Gd are shown in fig. 4. It ~ ~oo N
0

can be seen that the degreeof purification due to ~
4
a-segregationof impurities is much less than that ob-
2 10
w

Srservedin growth from Eu-richsolution (fig. 3). o
2

In general undopedcrystals grown from Eu-rich 0

solution are highly transparentin the infrajed from *DOPANT 5000 PPM ADDED
2—10 ~m, with absorptioncoefficientsin this region

of less than 1 cm ~, while crystalsgrown from a stoi- Fig. 3. Impurity segregation in EuO crystal grown from Eu-rich solution, doped with 0.5 at% Gd. (Diagonal lines connect
chiometricmelt have much larger absorptioncoeffi- points for the same element and do not imply a linear distribu-

cients’). The room temperatureelectricalresistivity of tion.)

the last-to-freeze portions of doped and undoped
crystalsgrownfrom solution isas low as 10_I ohm-cm,
while that of crystalsgrown from the melt is about50 5 x l0~ohm-cm at room temperatureand increases
ohm-cm.The first-to-freezeportionsof both solution slowly and smoothly with decreasingtemperatureto
and melt-grown crystalshave resistivities above 106 about 5 x b0~ohm-cm at 50 °K, passing smoothly
ohm-cm,the limit of our measurement. through the Curie point. The tesistivity of the Eu-

The homogeneityrangeof EuO is quite narrow and saturatedsampleisabout102 ohm-cmatroom temper-
difficult to measure.Weight changeon combustionof ature, rises to a maximum of about l0~ohm-cm at
EuO~to Eu703 gives valuesof x = 1.000±0.005for 80 °Kandthendropsto aboutl0~ohm-cmat 50 °K.
typical single crystal samples,but there is sufficient This behavior,which is associatedwith the ferromag-
scatterin theresultsso that it hasnotyet beenpossible netictransitionin EuO,hasalso beenobservedin some
to correlatethem with otherproperties.The variation as-grown samplestaken from the last-to-freezepor-
of the unit cell acrossthe homogeneityrange is also tions of solution-grown ingots

2). Thesestriking dif-
small anddifficult to measurereliably. Shafer9)reports ferencesbetweenthe Eu-saturated,as-grown,and 0-
a latticeparameterof 5.142A for anumberof annealed saturatedcrystalsshowthatdeviationsfrom stoichiom-
samples containing excess metal and 5.143A for etry are of greatimportancein determiningthe prop-
samplesequilibratedwith Eu

3O4.Othervalues in the erties of EuO.
literature range from 5.142—5.145A, as do all those
measuredfor EuO crystals in this laboratory, the
highervaluesbeingassociatedwith excessoxygen. CRYSTAL-45 CRYSTAL-44 CRYSTAL-45

The optical and electrical propertiesof EuO are BOTTOM TOP
Gd

Ca
extremelysensitive to the small variationsin compo- ~

sition occurringduringcrystalgrowth or in subsequent 1000
a. Yba-annealing. The effects of composition were demon-

stratedby an annealingexperimenton a high-resistivity ~ ~
o 100 N

crystalof EuO. Onepart of the crystalwasannealedat ~ ______________ _________________________________ Sra.
I— Sr ~‘—‘-—..~——~ .,_—1400 °Cfor 60 hr in a sealedcrucible in thevaporover a.

Z 10a mixture of Eu andEuO andanotherpart wassimi- 0
0

larly annealedin the vaporovera mixture of EuO and
Eu304.After annealing,thesesampleshadlatticepara- 1 Al

meters of 5.1422 and 5.1438±0.005A respectively, *DOPANT NOT PRESENT IN STARTING MATERIAL
8000 PPM ADDED

comparedwith the initial valueof 5.1432A. Fig. 4. Impurity segregation in EuO crystal grown from nomi-
The resistivity of the 0-saturatedsample is about nally stoichiometric melt doped with 0.8 at% Gd.
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3. EuS, EuSe, and EuTe crystals niufli vapor also increasedthe resistivity. The weight
changesaccompanyingthe addition of chalcogenide

The other threeEu chalcogenideswere synthesized or evaporation of europium suggestthat the homo-
by reactingEu metalwith chalcogenvapor, using the geneity rangesof the sulfide and selenideare several
methodof Miller’°) and Holtzbergi i), Chunksof Eu atom percentwide.
metal were placedat one end of a fused quartz tube In cooling experimentson the thiee compoundsun-

20 cm long, and the stoichiometric amount of the melted material was observed in crucibles heated to

chalcogenat the otherend. After beingevacuatedand 2250 - C, measuredin a blackbody hole with an optical
sealed,the tube was placedin a horizontal mLlffle fur- pyrometer.Crystalsof all threecompoundshavebeen

nace 50 cm long with the metal kept below 600 C grown from the melt by cooling from 2500 C, mdi-

and the chalcogenin a cooler region near one end of cating that their melting points all lie between 2250

the furnace, in order to prevent too rapid reaction, and 2500 - C.
After the reactionwasessentiallycomplete,usually in

a (lay or two, the temperaturewas raised to 900 C Acknowledgments
for 16 hr. Therewas no evidenceof reaction with the We would like to acknowledgethe assistanceof
quartz. Mr. E. B. Owensin analysingthecrystalsandMrs. M.
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solution by adding 20 wt 0< excessof Eu metal to the
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