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* VACUUM VAPORTZATION STUDILS OF LITHIUM FLUORIDE SINGLE CRYSTALS

D. L. Howlett and G. A. Somorjai
Inorganic Materials Research Division;'Lawrence Rediation Laboratory

Department of Chemistry, University of California
~ Berkeley, California 94720

 ABSURACT

The vacuum SUblimatiOn kinetics of the (1oo)¥facé of lithium fluoride
single.cryStals are investigated in the temperaturefraﬁge'of 690°C to 820°C
by'méans'of'g microbalance. Pure LiF Sublimes_at about 1/6 of the calculated
maxiﬁum rate. Tt has an'activétion'enthalﬁy‘of»sublimation of 66.7 kcal/molev
that isuequal to the équilibfium enthalpyfof-sublimaﬁion (Hg = 66.3 kcal/@ole).
The de?ehdence of ‘the .sublimation rates on cation fmpurities (Ca®" andiA13+) .

that were incorpotéted in the ILiF single crystals is studied. Calcium-dopedA

, samples have lower sublimation rates and aluminum-doped samples havevhigher

sublimation rates than the sublimation rates of pure LiF crystals. ‘The

sublimation rates are independent'of the dislocation density in the various

sublimed crystals. The results of this study when combinéd with the

subiimétioh kinetics studies of other alkali halides (NaCl, KC1) show that
surfaée non-stoichiometry rather than ion diffusibn.isrthe'rate'COnﬁrolling

process of the sublimation.
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~ INTRODUCTION

Alkali halides represent an important group of iomic crystals.

They have cubic strﬁctures and have melting points in the rangé of 988°¢

for‘NaF to L450°C for IiI. Monomer and dimer molecules are the vapor
species formed'when.NaCl and KCl-sublime.: LiF has an appreaiable:(~h moled)
trimer concentration iﬁ the vapor phase'in'addition to the monomer and
dimer co’nc‘éntrat ions. 1 |

Thé'spblimatioﬁ.kihetics‘of NaCl have bean studied® in order to
re#eai the meahanism by whichaion‘pairs break away at the subliming sur-
face. The acfiVation enthalpies:qf sﬁblimation have beeﬁ detefmined and

correlations Between the sublimatioh rate and both the divalent cation

impurity concentration.and the concentration of dislocations in NaCl

crystals have been establishéd. in order to_further elucidate the sub-
iimatioh'mechanism.of alkali halidesvand to‘verif& whether the sublimation
characteristics of othei alkali halides are similar tb‘ﬁm& of NaCl the
sublimatiqn kinetics of LiF single cfystals have been invéstigatéd.’ We
have méasured the vacuum‘sublimation rate of ﬁhev(lOO) cryétai‘face.of

LiF as a function of témpérature. We have also studied the sublimation

~ rate as a function of impurities in the crystal lattice (Ca®' and A1)

and the effect of dislocation density on the sublimation rates.
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TheISamples-used in this study were pure and impurity-doped lithium
fluoride single crystals. The pure, and the calcium- and aluminum-doped | 0?
lithium fluoride crystalé were obtained from the Harshaw Chemical Corp.

vStudies.of the Vacuum.sublimation ofvother alkali halides indiéate
marked effects of small amounts of selected impurities on the sublimation
chaz_'actefistics.2 The results of spectroscopic analyses of the pure
and doped LiF crystals are‘givén in Table 1. Analysis was made only for
.possibie cation impurities. Other work on alkali halides has shown that
monovalent anion impuritieé at various concentration levels had no effect
6n the-Suﬁlimation»réte.3 Althdugh the accuracy of the analysis is_i30%,
thiS'was judged to be satisfactory,:since previous alkéli halide studies
) éhdwed detectabie changes in the sublimatioh raﬁe only with order of
magnitude changes in impurity'concentraﬁion.2

Lifhium'fluoride waS'obﬂained as large single crystals and these
were élea#ed to prepare the'samples for sublimation. The samples used
in sublimation runs were about 2 x 3 X 5 mm. |

In order to clean the crystal of oil films and possible chemical
vqontamination each lithium fluoride sémple'was rinsed in a 90% methanol,
lo%‘waﬁer soiution. The sample crystal to be sublimed was then wrapped
in a non-reactive (3 mil Pt) metal foil leaving only the face to be
sﬁblimed-exposed. o : S - &~

| A correlation between subliﬁation rate and dislocation denéity has
been found in sfudies of‘the vacuum sublimation of,sodium chloride. 1In

order to measure the dislocation density of lithium fluoride an etching
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solution; consisting of équal parts coﬁcentrdted'hydfoflﬁoric aéid and
glacial‘aéétic écid.'and é one yolume ﬁercent ofvéoncenfrated HF saturated
with FeCi3,IWQS used that 3pecifically_déve16pes disloéations-as sQuare
étch'ﬁité.u This etchant brings out.ail of the different types of dis-
locations eqﬁally well régardleés of crystal'history.‘ The dislocation
efch'piﬁs'wére counted before and after the sublimation. Itch pit counts
were madeé ﬁSihg a Zeiss Metalograph. = The cryStai faces did not have a
unifbrm distribution of etch’pits, rather'there were:regions.of large'and
Smali.etch pit densities. The average vdlue of the etch pit densities
could, however, be calculated. A detailed descriptibn of the vacuum and
microbalance systems'are'fOund elseWhere.3'

The background preSsure ﬁas kept'much‘lowef fhan the apparent pressure
from the subliming sample (p = 7.4 x 10™* torr) by at least a factor of
a hundred (~107¢ torr) sovthat‘moleéules; reacﬁi#e or ﬁonreactive,.in
the ambient would rarely,impinge on the‘subliming.surface. Thé.capacity'

of the balance3 is'l'gram,and weight changes as Small.as lpg have been

" detected. In determining rate through weight loss per time measurements,

the balance was used as a null device. A set of wire calibration weights

were . v used to determine the

' balance's sensitivity. The sensitivity for the balanceiwas about 13.5

- millivolts per milligram.

Oven calibrationvto determine temperature gradiénts was carried Qﬁt

and similar results to previous Studies3 were dbtained. After a constant

.temperature was attained in the hot zone the sample was lowered into the

oven and hooked to the balance. Weight loss measurements were then taken.



" The sublimation runs at the slowest rates took about seven hours (Rate =
3 x 10_2 mg_min-l_cm"g), and at the fastest about twenty minutes (Rate = - o
7 x lO'l.mg'min_l ém"g).
. _ _ T
T@e measurements carried out using the vacuum microbalance give the
absolute'weight loss of a sublimating crystal as a functioﬁ of time.
This weighf loss isvnormalized'by dividing the rate‘of weight loss by the
gebmetricél‘surface area ofvthe subliming crystal face. The rate of .
weight loss, Rg g cm~2 min"B'is then plotted as the logarithm of Ry
&efsué the reciprocal température,.l/TdK. This plot giveé a straight
line where the slopeyields the activation enthalpy of sublimaﬁion,‘AH:,
Expefiments in fhis study utilized three crystal samples from each
of the pﬁre; calcium~- and aluminum-doped LiF éingle crystals being used
in the’sublimation runs. Results reporfed‘for the evaporation ratesrof

each type of crystal are the average of those sublimed._

RESULTS

A plot of the vacuum sublimation rate, log Rg, versus 1/T(°K) for
pure LiF (undoped)ris shown in Fig. 1 along with a curve of the logarithm
of the maximum‘sublimation rate for LiF for cbmparison. The maximum

sublimation rate curve was calculated from the equilibrium vapor pressure

>

data of Pugh and Barrow” -and the kinetic theory using the formula

Bt
]

R = P(EKmRT)-t'whgre T is the absolute temperature, R is the gas

max ,
constant, and m is the molecular weight of the subliming species taken
as the weighted average of the various LiF vapor molecules. The weight-

ing factors were obtained from the work of Eisenstadt, Rothberg and Kusch.l



The vécunm Sublimatien rate es a Tunctien of tempefatnre for LiF crystals
that were dopeo with 250 ppm ca101um is plotted in Flgure 2.

IiF- All; mlxed crystals were from a 0. l) mole % % ‘Al- doped parent
crystal. Plots of the vacuum sublimation rates as a functlon of
'temperature fdr:the LiF-Ale mixed crystals is shown in Fig. 1. Since,
unlike the other erysta]s scme of these sampleu gave different rates
» there are two curvesvshown in Flg. 1. We believe that the changlng
sublimation rate from semple to sample reflects the variation of the
aluminum concentration from semple to'sample.

_»Ineother studies of alkali halide vacuumvsublimation the etch pit
density at the suhliming face was found to influence the rate (i.e., the
NaCl sublimation rate increased with increase in etch pit density).
Unlike for NaCl the etch pit density for LiF Was.feund to decrease during
ven experimental run..-The”etchenit density decreased from 1-5x 107
per em” to 1-6 x 106 per cm?; The sublimetiOn rates could be febfbduced
for all of the LiF crystals regardless of their initial dislocation.

» density, indicating that the dislocation density had adjusted to a constent
_level.ehortly after the sublimation‘experimentvcommenced. Thus, the
variation of:the dislocation densitytin the different samples had no
effect on the SublimatiOn.retes.

The activation enthalpy of . sublimation, AH*, was calculated for each
crystal from the experiment. These actlvatlon enthalples are given in
Tehle 2. It should be noted that absolute weight loss measurements
determine an_average activation enthalpy (per mole of vapor)'for the

combined vapor flux (monomers, dimers and trimers).
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-DISCUSSION

Thevsublimation characteristics of lithium fluoride single crystals
are summarized by the following statements.

1. The vacuum sublimation rates of the (100) crystal faces of high
purity lithium fluoride were lower by about a factor of six (@3(730°C) =
0.17) than the vacuum sublimation ratés that can bé calculated using the

5

equilibfium vapor preséure data. The average activation enthalpy of
sublimation (i.e., the weighted average of ménomer, dimef, and trimer
activation enthalpies) determined by the microbalance studies is AH: =
L 66.7 KCal/mole.. This is'comparable'to the equilibrivm enthalpy of sub-
limaﬁion,‘AHs = 66.3 kcal/molé.’ |

2. The sublimation rates of Ca~doped (250 ppm) LiF samples is re-
. ducéd with respect to that of puré LiF crystals (ds(73QVC) = 0.07). The
actiVatidﬁvehthalpy of:sublimation is AHg = 62.6 kcal/mdle:for these
d0ped'crys£als. | |

3. High purity LiF crystals that had different dislocation densities
(in the range of 10° to 107 dislocations/cm®) exhibited identical éub-
limatiqn rates.' | ,

u LiF-AlF> mixed crystals (LiF doped with 0.15 mole% Al) exhibit .
sublimation rates that are higher than that for ﬁndoped samples. '

The'vacuum sublimation rates of high purity LiF crystals are lower
thaﬁ the_maximﬁm rates, similar to the behavior of NaCl and KC1 crystals.
Also, the éctivation enthalpies of sublimation‘are nearly identical to
the enthalpies of sublimation for all of thése alkali halide crystals.

It wduld‘appear that the sublimation mechanisms of these ionic compounds

should be similar.
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Cé;doped LiF dnd NaCl exhibif';gﬁgz sublimation rates than thdt of
the undéped'crystals. On the other hand, Ca-doped KC1 crystals have been
found té have Ei&ﬁéﬁ sﬁblimatioh rates.6 Ca-doping introduces caﬁion
vacanciés.in the alkali—halidé crystals in addition to the equilibrium
concentfatidn’of vacancies that are present in the pure.crystal. Although
the c&léium'gdhcenﬁration is in the ppm range it has major effect oﬁ the
ratés'ofbéﬁblimaﬁion. The calcium concentration in the crystals is too
low to block a large fraction of the surfacevtoAprevent sublimation ahd
there is no ekperimentél evidence for the accumulation of calcium at the
surface. Therefore it appears that calcium:ions in the alkali halidé crystals
influence thé sublimation rate by changing ﬁhe vacanéy ¢onCentrations'at
the'surfaée, i.e., thé surface Stoichio@etry;

.There is strong evidence from the work of T. E. Gallon, et g}.T that
the chémical composition of different alkéli halide crystal surfaces does
not reflect the stoichioméﬁry Of the bulk phase. AugeriEléctron Spectroscopy
studiéS'of IiF and NaF surfaces freshly cleaved in ultra high vacuum or cleaved
in air have detected the presence ofkﬁﬁch highef intehsity Augef peaks

due to the halogen than to the alkali metal.7

Although calibration of
the intensity peaks has not been carried out to permit quantitative sur-
face chemical analysis, the data indicates that the halogen atom concentra-

tion is'higher'than the metal atom concentration.

‘ For KCl, on the other hand, Auger Electron Spectroscopy studies

vshowéd roughly equal intensity peaks due to potasSium and chlorine atoms

at the surface. Clearly, as indicated by these studies, the alkali metal

concentration was much higher at the KC1l surface than at the LiF and NaF
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surfaces. 1Mass—spectfqmeteric.studi¢s7’have also revealed that upoﬁ
- cleavage the fréshly created surface dissociates and alkali metal dnd
halogen vapor aloms afe'dctectable. Dissociation-aﬁpears to be most
marked for LiF and verj small in the case of KC1.

Theéé ihveStigations indicate‘that ndn—stoichibmetry exists exists
at fhe surface of alkali halides.. |

Mo LiF, NaF, and NaCcl (100) surfaces appear to be richer in halogen

than in alkali metal atoms, i.e., they are likely to have a larger con- -

centration'of cation vacancies than anion vacancies. The introduction

of calcium ions into these crystal latlices creates even more c;tion
vacancies ahd resﬁlfs in an even greater deviation from.stoichiémetry.
Since these iohic crystals sublime as ion pairs (Nac1, NaQClg,vLiF; Liz¥z,
ete.) ndngStoichioméfry at the subliming surface could readily decrease
the subliiation rates.~ This way, the lowéring'of the sublimation rétes

. of NaCl and LiF when dopéd With calcium can be:rationalized.

The'effécﬁ of Cahdoping on the number of cation vacancies in a
crystal can aiso explaih thé.éffect of Ca-doping on the sublimation rate-
of KC1l where there was an increase in the subliﬁation rates obtained.

'If one assumed that the potassium étom concentration is greater than the
chlorine atom concentration at the (100)- surface there is then d non-
stqichiometry that implies a iarger surface cohcentration of anion vacancies
.fhan:cation vacancies. For this crygtal (i.e., KC1), aoping with calcium
increases ﬁhe cation vacanéy concentratién and improves the stoichiometry.

" Thus, the‘sublimatioﬁ rates increase upon céléium doping of KCl crystals.
Based on this médel if is expected4tha§ the surface conéentration of the

ions in the minority will control the sublimation rate.
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Barr8 has suggested that the bulk‘diffusion of more slowly diffusing
ions contréls'the Subiimétion rate of alkali halides. This suzgestion
qu based on the good agreement found between the activafion enthalpies
of bulk diffusion of the more slowly»diffuéinngl-ion and the activation
enthalpy Of'sublimation for Nadl.8 |

The activation enthalpies of sublimation,vthe activation enthalpies
of anion and caﬁion'diffusion;-and'the enérgies of forming a vacanéy pair
for NaCl, KC1, and LiF are listed in.Table 3. Barr's model cannot easily
explain the opposiﬁé effect of c¢alcium dopipg on the vacuum sublimation
rétes of LiF and NaCl on the one hand, and KC1 on the other since the
more slowly diffusing.i6n is C1™ in KCl as well. However, this disagree-

9

ment‘caﬁ be.rationalized.éince Fuller repbrted that cation diffuéion,'
which,is_enhanced by Ca-doping, makes an important contribution to the
total diffﬁsion flux in KC1 and in fact.is doﬁinant at low temperatures
(< 500°C) .'

Insbection of Table 3 reveais fhat the average.activation enthalpy
" of LiF sublimation (66.7 keal/mole) is much higher than the activation
enthalpies of either anion (50.6 kecal/mole) or cation (43 keal/mole)
diffusion in LiF. The activatiqn enthalpy of éublimation of the monomer
(~62 kcal/méle)lvis already markedly greaﬁer than the activation ehthalpies
".of diffusion for either ion.. |

Thus Barr's model of ion diffusioﬁ as a rate defermining step of‘
the sublimation cannot_explain thé sublimation ﬁecﬁanism of LiF. There

must be another step that has a greater energy requirement that controls

the rate of sublimation.
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" Since sublimation invleesAthe formation of ion pairs at the surface
that subséquentiy desorb, the energy.of forming é vacancy pair at the
surface @ay also be a rate determining step. Irom Table 3 one can éee
that for NaCl the energy of formihg a vacanc& pair (Schottky defect) is
less than the activation enthalpy of anion diffusion. On the other hand,
for KC1 and LiF.the'energy of vacancy pair formation is greater than
AHE (aﬂion). Although the energy of vacdncy pair formation of LiF
(53.7 kcal/mble) was estimated from low temperature ionic conducti#ity
studies and may be in error, it has to be increased by at‘least 10
kcal/ﬁole to be of importance in the sublimation mechanism of LiF single
cerystals. |

It.éppears that the,sublimation'ﬁeéhanism of all alkali halides can-
not be éxplainéd by the simple slow ion diffusion mechanism proposed by
Barr.8'5Siﬁce'sublimation tgkes plaée via several consecutive reaction
,sfepsvthat ihclude-bulk and sﬁrface ion diffusion, bond breaking and
desorption, it is not surprising thét small changes in the energy re-
quireménﬁs of any of théée reaction steps éan change thé rate determining
reactibn step. It is appafent, however, from our studies and frqm studies.
of calcium doped-NaCl and KC1 crystals that point defects at the crystal
surface play an all important roie'in_the sublimation of alkali halides.
Minute changes in the ion vacaﬁcy concentrations can markedly chénge the

sublimation rate. The non-stoichiometry at the surface that is charac-

teristic of the ionic compound or that is created.by the incorporation of

impurities seems to control the sublimation rates.

Variation of the dislocation density of ILiF apparently has not

changed the sublimation rate. Similar insensitivity of the sublimation -
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rate to changes of dislocation density was found for KCl.6 On the other
hand it was shown that"for‘ NaCl the increased concen.tra‘cio:n of dislocation
has increased thé sublimation-fate.' It appears that theAannealing rate of
excess dislocétions that were inﬁroduced by‘stfgss determiﬁés wﬁether high
dislbédtibn dénsities'cdﬁ be maintained at the subliming surfacé. The |
annealing ratés of excess dislocations are‘probably more rapid in LiF‘
and KC1 crystalé than iﬁ NaCl. - |

'We_have found that the sublimation rate of LiF-AlF3 mixed crystals
is highef.fhah fhat of pure LiF. The.vaporizatiéﬁ of.LiF éhanges'drastically
iﬁ the presence of AlFs, the majority vapdr species is LiAlF4 while the
presehée of LiéAlF5 and. Li3AlFs molecules also'beﬁomes detectable.lz' Thus
the mechanism of sublimation of pure and Ca—dopediLiF cannot be cbmparéd
with thé sublimation mechaniém of these mixed crystals that must follow

. a'differeht recaction pathf
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TABLE 1

- Spectroscopic. analysis for Lil' crystals used in experiments

Crystai'xmpUrity ~ Pure LiF Al-doped TiF Ca-doped Lip

A Cwm o 1

Al | 25 o 0.15% 25
s T v 1
,35:   I o | s

) ca R w . es0
ca o 1 | e 1

Fe N | 20 - 25 20

'Mg o o 60 10

' Pbi ND 20 . ND
si | 100 | 90 10
& w20 D

All concentrations are in ppm unlessvotherwisé noted.

ND = not detected
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‘TABLE 2

lithium flioride single crystals.

© res

Activatién enthalpies of sublimation of:the (100) face of pure and doped

Crystal S AH:,(kcal/mole)
pure LiF 66.7
LiF-AlFs (1) 80.4
LiF-AlF5 .(2) 81.4

Ca-~doped LiF

62.6

Enthalipy of.sublimation'of LiF

LH = 66.3 kecal/mole -
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TABLE 3°
The activation energies of sublimation, AH:, anion and cation diffusion; »

% . o ¥ . R . ' . . . Al £
AHD anion and AHp cation, and the energies of vacancy pair formation AL, of

NaCl, KC1 and LiPF.

AH: AHT) anion AH;) cation AR vacancy pair
NaCl 55+2(2) 5 (8 b1k (8) 45.5 (10)
KC1 bk x2(6)  48.8 (8) 39.9 (8) 53.1  (9)
LiP 66.7 + 2

- 50.6 (11) k3 (11) - 53.7 (11) .
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