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It is shown the possibility to calculate the amount of effused
manganese on a NaCl crystal heated in airo assuming oxidation ai the man-
ganese on the surface and its difiusion inta the matrix bulk. Conversely,
the diffusion coefficient can be measured froro the amount effused.

RESIJt1l'N

Se muestra la posibilidad de calcular la cantidad de manganeso
difundido en cristales de NaCl calentados en aire, si se asume la oxida-
ción del manganeso en la superficie y la difusión del mismo en la matriz.
Por otro lado. el coeficiente de difusión puede ser medido a partir de la
cantidad de manganeso en la superficie.
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1. I~'TPODUCTl()N

The vaporization rate of alkal i hal ides has hCC'1l sho•••.TI to be de-
penden! on the mnount and type of divalC'llt imrurities prcsC'nt in thf> cry~
t.1.}(1,2,3). In sorne systcm~ therc 15:1 highef inpur]ty conccntration on
the surface COIT!!1<lrcJ \dth tha! \\'ithin the hulk(4,5). Th" C'lcctric noten.
tial bctwecn thc slIr:;1Cc an{l the bu!k nf (lll .11k311 héllidc crystal (6\ .."aus(>s

a \'3ri.1.tion in vacancy conccntration th~lt ought, in principIe, segrep,<ltc
thc divalent cation irnrurity to thc slIrfilcp(7).

It is no! clc.1.r(3) wh('th(,T surfacC' arrcr:ation Juring vapori:ation
OCCUTS in order to establish eaui.lihriulll bct\\'CCll rhe surf.1ce and htllk(4.5~

3S a result of the oxidation Di thf' impllritics on rhe sllrfé'lccCR,12) or as

~ r('sult of a kinctic hui1d ur(21 hccaus(' of surface r('ce",sioll. The slIr-
f<l((' rccession couhl hc rroJuced hy <l f.1stcr \".1pori::at ion ()( tIle f,l.1trix

crystal cornpart"'C.1\.¡i th that of the iJ"lpurit ¡cs.
It has been reported previously that the mang<mescimpurities

contained in NaCl crystals effused to the surface during heat
treatment(8-10). This fact has been used to study the nucleation of the
thin film forrncd(l1-13). Bere, we study this system to elucidate the main
contribution to the surface agregation, the thermod}namic cquilibriurn, the

oxidation rate and surfacc recession.

2. 11IEnRY

Each of rhe nroposcd fficx1elsprroicts differC'nt r('sults as a func

t ion of !leat trcatrncnt.
Thc rroposL'ti morlc1 for t hCl1nodynamie C(lU i 1i hr iumassumes a very

th1n "cl1.1.l',p:edl<1v('r"'surrounding tile cr)"sta1; these char.gesare in ;'l zonc
a fe\\' atanic layers thick and the CClllilihritnn statc ror a t('r.J~)Cr;:ltllre
near soaoc :s obt:lincd in a few hOllTS(S). In C<luilihriUJ!l the aMount of

~lIrface mpurities .::hould dccrease raridlv towards thc crystal l~ulk.
In the Case of surfac(' oxidation thc lllodel rn.-.Jicts a continuos-

1\" incrc.1sjnp élI10llllt o' Jll:m~;)nese C'1l the surfacc effused froM thc bulk

~'1\'ing rise tO:1 M:1n,r:l1lC'scconcentréltion incrc;]sing to\'..'ard tt'.c hun.

The surt¡lC'C' l'Pcession moJel prc<1iets él continuoslv incrcasjn~

.1fi1ount of man.vanesc 011 the .::urfacC'. IV.'J"('he(;HlSC of the hi~l.bl'r C'va['0ra.
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tion rate of the NaCI. In this case the surface mangancsc should diffuse
toward the bulk, producin? a concentration dccreasing toward the hulk.

To elucidate which cf the aboye 15 the mair: mechanism we necd on
Iy follow the tirle depcndenCc cf the arnOlUlt of the man~anese on the sur-
face and the concentration .gradient insidc the crystal. l'le will al50
salve a simplificd model fay the oxidation rateo

~'.reconsjder that any ion of Mn2+ which arrives 3t the surface be
comes inunediately oxidazed and that the diffusion of the MIlO molecules
into the crystal is ncgligi.ble; tilen we can assume the surfacc to be a
sink for the }'.n2+ ions in the voltunc. Accordingly, knowing the diffu-
sian coefficient, the tL'lTlPCraturc and the duration DE the heat trcatment
we can then calculate the aJ'lount of' nnO (or r.1n.203) on the surface for a
one dimcntional case. Using ~ick'S second law it can be obtaincd:

C(x,t) 1 rr2Dt 2 rrx
2n+1 exp (- -V(Zn+l) ). sin t(Zn+I), (1)

where the following initial and boundary conditions were uscd:

C C, (0<X <t; t O)
C O (x = O,!; t> O),

where
C(x,t) is the conccntration in a raint x at a time t,

C, ís thc uniform initial concentration,
D is the diffusion coefficient,
t i5 the duratian of the heat trcatrncnt,
t is the thickness of the pIate, and
x is the distanee to the left faec.

(Z)

(3)

Figure 1 shows the solution of Eq. (l) for di [ferent va]ucs of

By intcgration of Eq. (1) from O to 1 "'lC obtain the total amollnt
of ~In.in a vollE.1edcfined by 1cm2 arca and the thickness of the cI)'stal.
Subtracting this amount frem the Quantity contained initialy in this vol-
lDTIC. we obtain the qwntity of I>lnon the surface as
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Fig. 1 Concentration as a function oE depth x. It is shown only halE
oE the symmetrical figure.

(4)

\~here N is the amount af ~1non each of the boundary sur faces of arca A.
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Figure 2 shows the rclation betwccn the aroount of Hn on the SUr-
face (norrnalized to 1) and the ratio t/~2 for different values of D.
From this figure we can see that for different valucs of N, the values
of D are sufficicntly separated, only if the ratio t/t2 is sufficiently
large; making possible to measure the diffusion cocfficicnt, knowing N.
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Fig. 2 The relative amount of Qxidized manganese on the surface as a
function of t/12• far diferent values oi D.
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3. EXPERI!-1FNfALPROCEOORE

Thc samplcs were gro~~ in OUT laboratory by means of thc
Czochralski method in controlled atmosphere (300 torr of Argon) in a
glassy carbon crucible hcatcd by induction. The MnC12 was added to the
NaCI salt in a 1\ in wcight concentration. 10 obtain él more uniform ~~
concentration the crystal was annealcd at 650°C for 24 hours in an incrt
atmosphere (Ar) and cooled ~lowly to room tcmperaturc at arate of
1.5'C/min.

From this crystal we cut three pIates and heatOO thcm at 4S0'C
in apen air for 24, 48 and 96 hours respectively. For each pIate we taok
a mirror sample in arder to measure the initia1 concentration Ce. After
oxidation, we cut away the edges oí the pIates making the effusion
unidimensional-like. The MnO-Mn,O, thin film(S,9) was collected with a
wet filter paper, which afte~~rds was immerse in a solution oí Hel in
order to disolve the oxide. The arnount of NaCl left in the filter paper
was neasured in arder to correet the value oí N. To vcrify the agreement
of the rneasurements with the model, we a150 measured the roncentration
gradient of the ~m2+ ions left insidc the crystal, by cutting thin layers
with a microtome, and ana1Y5ing the resu1ting powder.

4. RE9JLTS

Figure 2 shows three experimental values for the effuscd manga-
nese together with the calculated curve using thc mcan diffusion coeffi-
cient (15) of 0=(1.5 , .5)xlO-9 cm2/scc.

Figure 3 shows the theoretical concentration cunres for a '•.al-
ue of 0=1.5 x 10-9 cm2/sec. and the experimental data obtained be ~aSUT-
ing the concentration profiles. These l~ints have a grcat dispersion be-
cause of the smal1 amolU1t of samplc uscd in this measurcmcnts.

Because the concentration of the manganese on the 5urface in-
crcascd continuosly, and the conccntration increased towards the bulk,
\I.'econcIudcd that, in SUC:l systern, thc oxidation rate is the main mecha-
nism. The ar,reCMcnt with the concentration profile couId be bctter if
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the condition C=O on the surfacc for the ~m2+ is clirninated.
longcr
l1atrix

times there appcars
ano the impuritics.
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Fig. 3 Theoretical curves and experimental data points for the concen-
tration profiles.

It has beco ShO\~11(l2)tilat thc oxides appear aftcr a hcat trcat
mcnt, cven in high vaa.lLrnabout 10-6 tOfr, in NaCI cruystals Jopco \</ith
any of the following divalent irnpuritics: Ca, tbl, Fe, Co, Pb, Zn and Eu.
To mensure the calcium on the surfacc of NaCl in thcnnodyn..'UTl.ic cquilihri-
tun, <Inoxigen-free atrnosphere is uscd(4).

h'e have sho\o.TItlmt it is possiblc to calcula te the amount of

cffuse<! manganese and the sizc of thc denlctcd layer, infamation that i5
sornet ¡mes nceded in thin film fonna.t1on or \\¡hena crystal is going to be
uscU after a hcat trcatment. Also it is possible to measurc the diffu-
sion cocfficicnt. by the amount of cffuscd material, thercfore avoiding
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the determination of a concentration profile.
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