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Nanocrystal growth in alkali halides observed by exciton spectroscopy

M. Haselhoff* and H.-J. Weber
Institut für Physik, Universita¨t Dortmund, D-44221 Dortmund, Germany

~Received 11 February 1998!

We have developed a method to study the growth of CuCl and CuBr nanocrystals in alkali halides byin situ
absorption spectroscopy. Exciton lines are used as a signature of crystallinity and a broad absorption peak
measures the number of Cu1 ions. The mean radiusR and the concentrationxcr of nanocrystals are determined
simultaneously, which in turn enables the determination of the particle densityN of crystals as a function of
time. Neither the size-distribution function norR(t) follow the prediction of the classical growth theory.xcr(t)
reveals two different growth mechanisms, one for high and one for low growth temperatures.N(t) demon-
strates that the growth of big crystals at the expense of small crystals happens from the beginning of the growth
process. This result contradicts the traditional view of Ostwald ripening as a final stage of precipitation and
stresses the dynamical character of cluster growth. The experimental data are described by a set of empirical
parameters that can be used as a guide for controlled growth of CuCl nanocrystals in NaCl. The smallest
nanocrystals detected by exciton spectroscopy consist of 50 unit cells. The kinetic properties of KCl and NaBr
crystals doped with CuCl and CuBr are very similar to those observed in NaCl doped with CuCl.
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I. INTRODUCTION

The processes that are responsible for phase separati
the course of a eutectic decomposition are important for
properties of materials, in particular of alloys. They are a
important from a more fundamental point of view becau
grain growth is a rather common phenomenon in nature.
view articles are published from time to time to report t
progress mainly of theory.1–3 For experiments microanalyti
cal tools are needed that are able to detect very small
ticles ~about 1 nm in radius! and to analyze simultaneous
their chemical composition. These requirements are fulfil
by only two experimental techniques, direct imaging a
small-angle scattering. As usual, both techniques have t
merits and their shortcomings. However, none of these te
niques has the capability to follow the decomposition re
tion continuously from the early stages of nucleation to
final stage of coarsening. We present a technique that d
not show this disadvantage without missing the sensitivity
detect clusters with a radius of 1 nm as demonstrated in
present paper. We will analyze not only the chemical co
position of the precipitates but also even their state w
respect to crystallinity.

Although the phase diagram CuCl-NaCl was determine
long time ago in 1914~Ref. 4! and although since then th
physical properties of this chemical system were studied s
eral times,5–8 a continuous research work is missing. The
exists a simple reason for the only moderate scientific in
est in this material. The as-grown crystals are metastable
the relaxation into the stable state needs months and
years. Changes on a long time scale were observed
optical-absorption spectroscopy in the near uv.5–7 Ueta,
Ikezawa, and Nagasaka~1965! ~Ref. 8! were the first authors
to suggest that microcrystals of CuCl in the NaCl matrix a
responsible for the absorption structure near 3 eV. A f
years later Fußga¨nger9 presented a systematic work in th
low doping regime. In this case absorption bands near 5
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dominate the optical spectrum. In 1988, Itohet al.10 proved
the connection of optical absorption near 3 eV to the size
CuCl crystals embedded in NaCl by small-angle x-ray sc
tering.

The current interest in CuCl nanocrystals stems from
exciting new effects that originate in the size dependence
quantum phenomena.11–13 These confinement effects ar
studied mainly in II-VI semiconductors dispersed in a vitr
ous matrix. It is possible to prepare CuCl nanocrystals
oxydic glasses, too.14 However, only in a crystalline matrix
can CuCl nanocrystals show a common orientation
recently demonstrated by two-photon absorpti
experiments.15 Therefore, in doped alkali halides the aniso
ropy of the embedded nanocrystals can be observed, bu
in doped glasses. Another motivation for the study of Cu
in a crystalline matrix was the investigation of the elas
interaction between nanocrystals and the surround
lattice.16 Images of CuCl in NaCl taken with a scannin
near-field microscope demonstrated the existence of de
mation fields around the embedded nanocrystals.17 In agree-
ment with this microscopic observation, the increments
the elastic constants in the composite material could be
plained by a prestressed NaCl lattice.16

In the present work we elucidate the potential of copp
doped alkali halides and of the exciton spectroscopy
studying kinetic processes in the course of phase separa
in a eutectic system. In these materials optical-absorp
measurements enable the detection of the nucleated co
compounds in the matrix with a high sensitivity, the di
crimination of different states of the embedded material, a
the in-situ observation of growth processes. As these p
cesses are very slow, their time dependence can be reco
with a conventional spectrometer. Furthermore, the eute
temperatures are rather low and single crystals of the h
material are easily prepared. All these properties ca
copper-doped alkali halides to model systems for the inv
tigation of mechanisms related to eutectic decompositi
5052 © 1998 The American Physical Society
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PRB 58 5053NANOCRYSTAL GROWTH IN ALKALI HALIDES . . .
Recently, we have demonstrated that our idea to study
eutectic decomposition by optical-absorption spectrosc
works in NaCl doped with CuCl.18 In the present paper w
improve the decomposition of the optical spectra, investig
the dependence of growth mechanisms on the growth t
peratureTgr , and demonstrate that the mean features of
observable phenomena are the same in different material
tems.

The experimental techniques are shortly described in S
II, and in Sec. III we demonstrate the way to decompose
absorption spectrum into different contributions. This d
composition is the basic step to study kinetic effects byin-
situ measurements. Section IV presents experimental res
obtained in four different samples. In Sec. V the measu
time dependence of the mean radius is compared with
dictions of the classical growth theory, and the function
dependence of the concentration of crystals on time is a
lyzed. Some conclusions are discussed in Sec. VI.

II. EXPERIMENT

NaCl and KCl have been grown by the Czochralski te
nique with a mole fraction ofx50.01 CuCl in the melt.
Single crystals of NaBr doped with CuBr have been prepa
by the Czochralski as well as by the Bridgman techniq
We have studied two samples of NaCl doped with Cu
abbreviated in the following as CuCl:NaCl. The CuCl co
centration isx50.002 andx50.0008, respectively. The con
centration of CuCl~CuBr! in KCl ~NaBr! has not been de
termined quantitatively. The values of absorption coefficie
indicate a rather small copper content. For optical-absorp
measurements the crystals are cleaved and the thin slice
mounted into a liquid-nitrogen cryostat that can be used
the temperature range 78–700 K. Each temperature cyc
started above the eutectic temperatureTeu in order to create a
reproducible state of the sample. It is characterized by a
tistical distribution of the copper ions. Then the sample
quenched to the growth temperatureTgr at which the absorp-
tion between 3 and 5.5 eV is recorded as a function of tim
Finally the sample is cooled down to 78 K. At this tempe
ture narrow exciton resonances are observed.

III. DECOMPOSITION OF THE ABSORPTION SPECTRUM

Recently we have demonstrated that the absorption s
trum of copper-doped NaCl can be decomposed into p
stemming from crystalline CuCl and from noncrystallin
copper in the matrix.18 The experiment was performed in
sample withx50.002. In the present paper we consider a
samples with a smaller amount of copper. As a conseque
of the lower absorption levels, the measurements can be
tended to higher photon energies, which reveals a third c
ponent in the spectrum. This demands a more elaborate
composition procedure than applied before.

A. The range of exciton absorption

Due to the concept of excitons, the common movemen
holes and electrons requires periodicity. Therefore, the
pearance of exciton resonances can be considered as a
nature of crystallinity. They are easily identified by the sm
linewidth at low temperature. Examples of exciton abso
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tion are shown in Figs. 1–3. In particular, Fig. 3 demo
strates the narrowness of exciton peaks and their strong
pendence on temperature.

Figure 1 shows theZ3 and theZ1,2 exciton of CuCl at 78
K in the NaCl sample withx50.002. Compared with single
crystals, the two peaks are slightly shifted towards hig
photon energies due to the small size of the absorbing na
crystals. Efros and Efros19 developed a theory for spherica
nanocrystals with weak confinement. They obtained the c
finement energy

DE5
\2

2M

p2

R2
, ~1!

whereM is the total exciton mass. Equation~1! can be used
for nanocrystals with an excitonic Bohr radius smaller th
the radius of the nanocrystals. Itohet al.10 proved by small-

FIG. 1. Absorption spectrum of copper doped NaCl atT578 K
~squares!. The sharp lines of theZ3 and theZ1,2 excitons indicate
the existence of crystalline CuCl in the sample. The solid line r
resents a theoretical simulation of the absorption spectrum as
plained in the text.

FIG. 2. Absorption of CuCl:NaCl at the growth temperatu
Tgr5350 K for two different times. The dotted lines show the a
sorption aftert58 h and the solid lines aftert520 h. At T5350 K
one observes only the broad peak ‘‘H,’’ whereas atT578 K both
exciton lines are resolved.
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5054 PRB 58M. HASELHOFF AND H.-J. WEBER
angle x-ray scattering and absorption spectroscopy that
~1! works in CuCl:NaCl with the total exciton massM
52.3m0 (m0 is the electron mass! of the Z3 exciton. Its
energy in the bulk isE053.218 eV at 78 K.

In the range of excitons the solid line in Fig. 1 is dete
mined in the following way. The total absorption coefficie
a tot is calculated as an integral overa!(v,R) of a nanocrys-
tal with radiusR weighted with the size distribution functio
f (R):19

a tot~v!5E
0

`4p

3
R3a!~v,R! f ~R!dR. ~2!

In Eq. ~2!, a!(v,R) is an absorption coefficient per un
volume. The height of theZ3 exciton is fitted to the experi
mental data, and the relative height of the two peaks and
energy difference of the peak maxima are taken from
experimental results in single crystals.20 The peaks are
shaped by assuming a size distribution of nanocrystals
lowing the theory of Lifshitz-Slyozov-Wagner~LSW theory!
~Refs. 21 and 22! and by using Eq.~1!. The experimental
peaks in Fig. 1, in particular of theZ1,2 exciton, are broade
than the calculated ones. Obviously, the real size distribu
differs significantly from the LSW theory.

In-situ observation of the growth of nanocrystals includ
the analysis of absorption spectra recorded at high temp
tures. Figure 2 exhibits experimental curves representing
different states of nanocrystals at two different temperatu
In both cases the spectrum at 78 K was recorded immedia
after the measurement of the spectrum atTgr5350 K had
been finished. AtTgr the exciton resonances are mu
broader than at 78 K. Due to this broadening the two pe
are no longer resolved. In addition, atTgr the maximum
value of a, denoted by ‘‘H ’’ in Fig. 2, is shifted towards
higher photon energies. Figure 2 demonstrates that the p

FIG. 3. Decomposition of absorption spectra. Curve (a) reveals
the absorption at the initial time of growth atTgr5400 K. The
spectrum is dominated by a peak at 4.86 eV stemming from io
copper. For the decomposition we simulated the background by
wing of a Gaussian~dashed line!. Curve (b) represents the fina
absorption spectrum after 23 days atTgr5400 K. Curve (g) is the
corresponding absorption atT578 K.
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tion of ‘‘ H ’’ is proportional to the positions ofZ3 andZ1,2.
Therefore, the average radius can be determined also at
temperatures. For each temperature cycle the relation
tween ‘‘H ’’ and the peak positions at 78 K was controlled
least one time.

B. The onset of band-gap absorption

Goñi et al.23 have reported a theoretical approach that
lates exciton and band-gap absorption in GaAs. Using
theory together with Eq.~2! we have calculated the depen
dence ofa on \v for CuCl. The result is the solid line in
Fig. 1. The onset of the band-gap absorption associated
the Z3 andZ1,2 excitons appears as steps near 3.45 and 3
eV, respectively. The agreement between experimental
and theoretical description above 3.6 eV is striking. Not
that the height of theZ3 exciton and the mean radiusR are
the only fit parameters for the whole curve.

The theoretical approach predicts a minimum ofa be-
tweenZ1,2 and the band gap. Figure 2 shows the tende
towards such a minimum. Most likely the absorption of e
tremely small clusters or nanocrystals prevents the eva
tion of a pronounced minimum. To avoid any influence
these components on the decompositon procedure, we
the determination of the continuum absorption at 3.7 eV.
dependence on the photon energy is described by a po
series. We have checked that a power series is the appr
ate approximation in the single-crystal spectrum up to ab
5.2 eV.24 The area under the absorption curve above
photon energy of 3.7 eV is proportional to the content
CuCl crystals. This is also true for the area below 3.7 eV

C. Continuum and ionic absorption

Figure 3 shows the spectrum of the NaCl sample withx
50.0008. Curve (a) was recorded directly after the samp
was quenched fromTeu to Tgr5400 K. The absence of a
remarkable absorption at the range of excitons indicates
absence of a crystalline component. A broad peak situate
the photon energy 4.86 eV is the dominant feature in
spectrum. In the past this structure was assigned to sixf
coordinated Cu1 ions.9,25,26 The peak position does no
change with temperature. The ionic peak is accompanied
a background that increases strongly with\v. A similar
background is also observed in CuCl:KCl~Fig. 7!. The ori-
gin of the background is not clear. It is related to a bro
peak observed in single crystals of CuCl at 6.8 eV and/o
the absorption of molecular units of CuCl. The dashed line
Fig. 3 represents the wing of a Gaussian peak that descr
the background rather well.

Curve (b) in Fig. 3 was recorded after an annealing tim
of 23 days atTgr5400 K. Obviously the onset of exciton an
continuum absorption is accompanied by a decrease of
ionic peak. The difference between curve (b) and curve (a)
increases from 3.7 eV to 5.5 eV by a factor of 2. A simil
increase is observed in the spectrum of CuCl bulk cryst
Curve (b) and curve (g) differ in the range of exciton ab
sorption, and the ionic peak is less broad at the low temp
ture, but the dependence ofa tot on \v in the range of con-
tinuum absorption is similar in both curves. The sm
differences do not permit us to determine the contribution
two different components with high reliability. However,
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PRB 58 5055NANOCRYSTAL GROWTH IN ALKALI HALIDES . . .
comparison of curve (b) with the dashed line suggests th
the background does not change significantly during
growth of nanocrystals. Therefore, in the analysis of data
samples with a low doping level we used the same ba
ground for all curves of the same temperature cycle.

IV. OPTICAL SPECTRA AT DIFFERENT GROWTH
TEMPERATURES AS A FUNCTION OF TIME

A. CuCl nanocrystals in NaCl

We have heated a NaCl sample withx50.002 up toTeu
5600 K. As for this concentration the CuCl crystals melt
K below Teu, we expect that all clusters are destroyed rat
completely. Starting with this state of the sample it is coo
down to the growth temperatures that ranged from 78 K
550 K. After 8 h annealing atTgr the absorption was mea
sured at 78 K and then the sample was again warmed u
Tgr . For Tgr>300 K the measurement at 78 K was repea
after the annealing had been continued for 12 h. The exc
spectra obtained in this way are presented in Fig. 4.
spectra are identical for growth temperatures below 250
We attribute the observed absorption to the fact that in
course of cooling betweenTeu and room temperature som
CuCl clusters grow. Two small peaks appear at the positi
at which the excitons are expected to appear in the b
Their existence can be explained by an unusually high lo
concentration of CuCl in that sample. We consider this p
nomenon to be an artifact of the sample although a sim
effect was already reported by Itohet al.27

The first indication for the growth of small nanocrystals
obtained forTgr5275 K ~see Fig. 4!. With increasingTgr the
exciton peaks shift towards smaller photon energies, wh
demonstrates an increasing of the average radiusR of the
nanocrystals. Together withR the amount of nanocrystal
increases. The latter trend is reversed forTgr.450 K. At

FIG. 4. The temperature dependence of the growth of C
nanocrystals in NaCl. The absorption spectra have been record
T578 K after annealing at different growth temperatures. The
ferent spectra are shifted along the ordinate. Two ticks are sepa
by Da5200 cm21. The single lines and the first line of each pa
have been recorded aftert58 h and the second line of each pa
after t520 h.
e
n
k-

r
d
o

to
d
n
e
.
e

s
k.
al
-
r

h

Tgr5550 K no growth at all is observed. The residual a
sorption is produced during the cooling step as already
cussed forTgr<275 K.

Figure 5 shows absorption spectra of the NaCl sam
doped withx50.0008 CuCl at three different growth tem
peratures. At the initial timet i the spectra indicate that onl
single Cu1 ions exist. For all three growth temperatures t
average radius and the crystalline component increase
the ionic component decreases with time. In Fig. 5~a! the
final time is t f515 days and in Fig. 5~c! it is t f523 days.
Roughly spoken, the growth velocity in this sample is slow
by a factor 10 than in the sample withx50.002, as can easily
be checked by a comparison of Fig. 5 with Fig. 4.

B. CuCl in KCl

The phase diagram CuCl-KCl4 differs from the phase dia
gram CuCl-NaCl. It shows the existence of the orthorhom
compound K2CuCl3,28 which renders the preparation o
CuCl nanocrystals in KCl more complicated than in NaCl.
few days after crystal growth of the copper-doped KCl cry
tals, we observed the precipitations shown in Fig. 6. T
edges of the quadratic cross sections were parallel to

l
at

-
ted

FIG. 5. Absorption spectra of CuCl:NaCl at different timest for
three growth temperatures:~a! Tgr5300 K, ~b! Tgr5350 K, and~c!
Tgr5400 K. The annealing runs start at the initial timet i and stop at
the final timet f . The steps in time are nonequidistant. The time
a curve can be taken from Figs. 10–12.

FIG. 6. A typical photograph of freshly grown KCl crysta
doped with CuCl observed with an optical microscope. The prec
tations have a size of several micrometers. Their edges are pa
to the crystallographic axes of the KCl lattice.
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5056 PRB 58M. HASELHOFF AND H.-J. WEBER
crystallographic axes of KCl. We were not able to detect
exciton resonances of the precipitations, even after focu
the beam on one individual precipitation. Two years later
structures on the micrometer scale are absent and now
detect the exciton lines of CuCl.

Figure 7 shows the absorption spectra obtained in a t
perature cycle. At the initial timet i only single Cu1 ions
exist in the sample and with increasing time a crystallizat
process and a decrease of copper ions is observed.
interesting is the evaluation of the exciton structure shown
the inset of Fig. 7. After some time, the concentration of C1

remains nearly constant but the maximum of the exci
peak continues to shift to lower photon energies with
creasing time. Simultaneously, the absorption coefficien
the high-energy side of the peak decreases. We conclude
the number of small CuCl nanocrystals decreases.

C. CuBr in NaBr

The phase diagram CuBr:NaBr is similar to the pha
diagram CuCl:NaCl,29 but the band structure is different.24,30

In contrast to CuCl, the energy of theZ1,2 exciton is lying
below the energy of theZ3 exciton. The larger spin-orbi
splitting in CuBr enables the resolution of both exciton lin
even atTgr5400 K, as shown in Fig. 8. We have studied t
dependence ofR and of the content of crystalline CuBr o
time atTgr5300, 350, 400, and 450 K. ForTgr5300 K, the
velocity of nanocrystal growth is as small as at 275 K
CuCl:NaCl with x50.002 ~see Fig. 4!. Thus, CuBr:NaBr
samples are more stable at room temperature.]R/]t shows a
maximum value atTgr5450 K, but the growth rate of the
nanocrystalline fraction is maximal atTgr5400 K. Figure 8
indicates a time dependence that is similar to the behavio
CuCl:NaCl as discussed quantitatively in Sec. V D. This
easily checked by considering the absorption maximum
the first exciton in Fig. 8 as a function of time.

FIG. 7. Absorption spectra of copper-doped potassium chlo
at Tgr5330 K. The excitonic absorption in the inset is tenfold e
larged. The sharpening of the exciton peak by a decrease ofa on
the high-energy side is accompanied by an increase of the m
radiusR demonstrated by the shift of peak position and finally ev
by a constant value of the ionic absorption. These are direct fin
prints of Ostwald ripening.
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V. ANALYSIS OF EXPERIMENTAL RESULTS

A. Accuracy of the decompositon procedure

The oscillator strength of the 4.86 eV peak is a measur
the concentration of single Cu1 ions. Fußga¨nger calibrated
the area under the peak including its dependence on temp
ture by using samples with a low doping level. Quenchin
sample fromTeu to Tgr,300 K conserves the statistical dis
tribution of Cu1 ions and the total amount of copper can
determined by measuring the peak area. It can be difficu
avoid the nucleation of crystals during the quenching proc
in samples with a CuCl concentrationx>0.002. We expect
the unwanted nucleation, which reduces the experimenta
curacy, to depend on the presence of structural defects.
influence of defects on the nucleation process was also
cluded from observations in the optical near-fie
microscope17 and it is the most natural explanation for th
appearance of the bulk excitons in the spectra at 78–25
and at 550 K of Fig. 4.

In addition to single ions and nanocrystals, there m
exist molecular clusters that are too small to show the id
spectrum of a single crystal and that are too big to contrib
to the ionic peak. There exists no clear signature of th
clusters. We assume that they contribute to that part of
spectrum we have addressed as background absorption
that is related to the broad structure at 6.8 eV observed in
spectrum of single crystals. It seems to be that this struc
is no characteristic signature of crystallinity, which can e
plain its negligible dependence on annealing. Due to t
observation, we assume that at each time of the same c
the sum of the ionic concentrationxi and of the crystalline
concentrationxcr is equal to the total concentrationx0. The
nomenclature ‘‘background’’ is correct in the sense that
assignment to a special state of precipitated CuCl is not p
sible. In fact, it is an intrinsic component of the CuCl spe

e

an
n
r-

FIG. 8. Growth of CuBr nanocrystals in NaBr atTgr5400 K
observed with absorption spectroscopy. Due to the larger spin-o
splitting in CuBr, theZ1,2 and theZ3 excitons are separated even
400 K. The four groups of curves were recorded with longer int
ruptions~16 h, 19 h, 60 h!. In group one and two the time distanc
between two curves is 1 h, whereas it is 5 h and 24 h in the two
upper groups, respectively. The total time of the experimen
about 8000 min.
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PRB 58 5057NANOCRYSTAL GROWTH IN ALKALI HALIDES . . .
trum rather than a background. Depending on the treatm
of this component, the results vary by 20%.

B. Supersaturation and phase diagrams

From our experimental results the qualitative depende
of the growth of nanocrystals on temperature and concen
tion is intuitively clear. Diffusion and growth velocity in
crease with increasingTgr . Growth rates also increase wit
concentration because the supersaturationDx increases.
However, a quantitative description of the growth proces
in terms of temperature and concentration is difficult. O
reason is the dependence ofDx on T. Dx(T) is determined
by the concentration of the Cu1 ions and by the curveTs(x)
that separates the field of solid solution~SS! from the two-
phases field SS-CuCl in the diagram NaCl-CuCl shown
Fig. 9. Our present and our previous results31 obey the rela-
tionship

Ts~x!5TC

2~122x!

ln@~12x!/x#
~3!

with TC51580 K. In order to define supersaturation it
necessary to distinguish different concentrations.x0, xi , and
xcr have already been defined as the total concentratio
CuCl and as the actual concentration of Cu1 ions and CuCl
crystals, respectively.xs is the final concentration of Cu1 in
the equilibrium state of the sample. The dependence ofxs on
T is obtained from Eq.~3!.

Our results show that the systems CuCl:KCl a
CuBr:NaBr behave in a similar way to CuCl:NaCl. Due
the existence of K2CuCl3 in the diagram CuCl-KCl, the
growth of CuCl nanocrystals is forbidden. Nevertheless
happens. At the moment we have no satisfying explana
for this phenomenon.

The determination of the miscibility gap in the phase d
gram CuBr:NaBr is now in progress. The system can beco
interesting because the two excitons are easily resolve
high temperatures. Unfortunately, NaBr is strongly hyg

FIG. 9. A section of the eutectic phase diagram CuCl:NaC
the NaCl rich side.Teu is the eutectic temperature andx is the mole
fraction. The subsolidus curveTS(x) has been determined by a fit o
the parameterTC of Eq. ~3!.
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scopic. The growth of CuBr in KBr would remove this dis
advantage, but the system CuBr:KBr is supposed to con
an additional compound similar to the system CuCl:KCl.

C. Mean radius as a function of time

Traditionally the precipitation processes are considere
three different stages:~i! nucleation of seeds,~ii ! growth of
seeds to clusters, and~iii ! continuing growth of the big clus-
ters at the expense of the small clusters. The latter stag
called
Ostwald ripening. Volmer and co-workers32 were the first to
consider precipitation processes theoretically. Since then
theory was developed continuously and it was used to
scribe rather different systems.

The theoretical approach predicts the following depe
dences on time.

~i! The nucleation of seeds is characterized by a cons
rate that depends on the diffusion coefficientD(T) and on
the supersaturationDx(T):33,34

J}D~T!Dx~T!expS 2
DF

kBTD , ~4!

whereDF is the free energy for the formation of seeds a
kBT is the Boltzmann factor. Due to Eq.~4!, the number of
seeds increases linearly with time. We identified this fing
print of stage~i! only in one measurement~upper curve in
Fig. 12!.

~ii ! When the seeds grow to clusters, the mean rad
increases accordingly to Ref. 35 as

R~ t !}ADx~T!D~T!t. ~5!

~iii ! In the stage of Ostwald-ripeningR should increase
with time as:21,22,36

R~ t !}R01@D~T!t#1/3, ~6!

whereR0 is the mean radius in the beginning of stage~iii !.
The experimental data are tested by use of doub

logarithmical plots. The results for CuCl:NaCl withx
50.0008 are presented in Fig. 10. As predicted by Eq.~5!,
we find straight lines over a rather long period of anneal
but their slopes differ from the value12 . Therefore, the mos
important parameter describing the evaluation of the m
radius is the exponentn in

R}tn. ~7!

The fitted values forn are given in Table I.
As shown in Fig. 10, at long times the exponents beco

smaller, at least forTgr5400 K andTgr5350 K. This de-
crease may indicate the transition from stage~ii ! to stage
~iii !.

The mean radii atTgr5300 K are extremely small. As the
excitonic structure is well developed in the final spectrum
Fig. 5~a! and as Fig. 10 demonstrates a continuous decre
of R from t f to t i , the small value ofRmin50.9 nm for t i
cannot be considered as an artifact due to a wrong dete
nation ofR in the first spectrum.Rmin is equivalent to about
50 unit cells.
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D. Growth of the crystalline component

In order to describe the increase of the crystalline conc
tration xcr with time, we start with Fick’s second law

]x

]t
5¹D¹x, ~8!

whereD is the diffusion coefficient. Let us assume a hom
geneous distribution of Cu1 produced by heating the samp
50 K or more aboveTs(x). Lowering the temperature below
Ts(x), the separation into the SS and the crystalline ph
CuCl starts by the nucleation of seeds. For the sake of s
plicity, we assume that the average distance between
particles 2l does not change during the growth process. U

FIG. 10. Increase of the mean particle radiusR with time plotted
on a double-logarithmic scale forTgr5400 K ~squares!, Tgr5350 K
~diamonds!, andTgr5300 K ~circles!. The data are derived from th
spectra in Fig. 5.

TABLE I. Parameters for the evolution ofR, the crystalline
mole fractionxcr , and the particle numberN with time at different
growth temperatures. The parameters are obtained by best fits o
corresponding equations~7!, ~10!, and ~11! to the data. The uppe
half of the table represents the results forx50.002 and the lower
half for x50.0008. The results for the CuCl:KCl sample are giv
in parentheses.N is given in (1016 cm23) and D/ l 2 in (min21).
Dxs is the abbreviation of (x02xs)/(xi1xcr).

300 K 350 K 400 K 500 K ~330 K!

n 0.05 0.09 0.13 0.24
D/ l 2 0.03 0.02
Dxs 0.71 0.32
q 0.03 0.02
N 5.4 3.4 0.7

n 0.08 0.29 0.57 ~0.06!
D/ l 2 0.000 17 0.000 21
Dxs 0.65 0.66
q 0.05 ~0.02!
N 3.6 0.48 0.01 ~0.03!
n-

-

e
-
o
-

ing the actual ionic concentrationxi , the supersaturation
Dxi5xs2xi , and the characteristic lengthl , Eq. ~8! is writ-
ten as

]xi

]t
5

D

l 2
Dxi . ~9!

Integrating Eq.~9! and assuming that the total concentrati
x05xi1xcr is constant during the experiment, we obtain

xcr

xi1xcr
5

x02xs

xi1xcr
F12expS 2

D

l 2
t D G . ~10!

As shown in Fig. 11, Eq.~10! fits the experimental data
recorded atTgr5400 K well. The exponential time depen
dence is also observed atTgr5350 K in the same sample an
for two growth temperatures in the sample withx50.002.
The fit parameters are presented in Table I.

In spite of the small values ofR ~see Fig. 10!, the amount
of nanocrystals atTgr5300 K is not significantly smaller
than at the two higher growth temperatures. In the beginn
it is even bigger, as demonstrated in Fig. 11. This res
contradicts the fact that diffusion is significantly smaller
the low temperature. Furthermore, the exponential law
growth @Eq. ~10!# does not hold. Empirically we find the
relationship

xcr

xi1xcr
5p1qln

t

t r
, ~11!

wherep andq are fit parameters andt r51 min is the refer-
ence time. In conclusion, there are several indications tha
300 K the mechanism of nucleation differs from that
higher growth temperatures. It is characterized by a big nu
ber of seeds and a logarithmic-growth law for the concen
tion of nanocrystalsxcr(t). A similar result has been obtaine
by a theoretical model described in Ref. 37. We observe
same phenomenon also in the sample withx50.002 at low
growth temperatures. The values of the parameterq in Eq.
~11! are presented in Table I.

the

FIG. 11. Increase of the concentrationxcr of crystalline CuCl
with time. The symbols correspond to those in Fig. 10. ForTgr

5350 and 400 K,xcr(t) is described with Eq.~10! ~upper solid
line!. This function fails forTgr5300 K ~dashed line!. For this
temperature Eq.~11! describes the data~solid line!.
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E. Number of crystals and size distribution

The stage of Ostwald ripening is characterized by the
crease of the mean radius and by the constancy of
amount of nanocrystals. Recently we have reported evide
for such a combination in CuCl:NaCl withx50.002 atTgr
5400 K by comparingR(T) and xcr(T). The change of
slopes atTgr5350 and 400 K in Fig. 10 probably indicate
the transition from stage~ii ! to stage~iii !, too. TheR(t) and
xcr(t) curves can only give evidence for the existence
Ostwald ripening. A more decisive quantity is the number
nanocrystalsN per unit volume. As Ostwald ripening is cha
acterized by the growth of big clusters at the expense
small clusters,N must decrease with time. Figure 12 exhib
the quantity

N5
xcr

4

3
pR3

VM~CuCl!

VM~NaCl!
~12!

for the sample withx050.0008 as a function oft. VM is the
molecular volume. At the lowest growth temperature,N in-
creases in the beginning. Apart from this short stage of s
nucleation,N decreases during the whole growth perio
This surprising result, which is observed in all samples, c
tradicts the traditional picture of grain growth in differe
stages with Ostwald ripening being the final stage.

There is seemingly a contradiction in our analysis of e
perimental data.xcr is described by an exponential or a log
rithmical time law, although the mean radiusR(t) follows a
potential dependence andxcr}R3 seems to be a natural a
sumption. The contradiction exists because we have
glected any size distributionf (R). To avoid wrong conclu-
sions it is necessary to check its influence, in particular onN.
The linewidth G of the exciton structures depends on t
width Gd of the size-distribution function. Here we do n
need the exact functional dependence, but only the fact
G increases withGd and vice versa. We use the widthG3/4 at
3
4 of the peak maxima at 78 K as a measure ofGd . As shown
in Fig. 13,G3/4 increases linearly withR22. The comparison

FIG. 12. Particle numberN per unit volume of grown nanocrys
tals as a function oft for different temperatures. Symbols as in Fi
10.
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with data calculated on the basis of a LSW distribution ag
demonstrates the bad congruence between experiment
classical theory. Due to Fig. 13, the maximum ofGd occurs
in the beginning of growth and Figs. 1, 2, 4, and 8 demo
strate that the broadening of the excitons is significan
stronger at high than at low photon energies. The latter ef
cannot be explained by the confinement effect alone i
symmetric distribution is assumed. It is necessary to ass
that there are more grains with the radiusr ,R than with r
.R. Therefore, the negative slopes in Fig. 12 cannot
artifacts introduced by an inadequate management of the
distribution in Eq.~12!.

Due to the strong dependence ofN on the growth tem-
perature~see Fig. 12! it is a suitable quantity to estimate th
efficiency of nucleation. We have includedN in Table I by
using simply the average of the observed values.

VI. DISCUSSION

A. Experimental progress in growth experiments

Recently, Weaire and Murry3 reviewed some fundamen
tals of grain growth and concluded that the congruence of
theory with experiments is very limited. Similar judgmen
have been mentioned by other authors, too.1 We believe that
the experimental part of the problem can be improved
optical spectroscopy because there are some importan
vantages over small-angle scattering, which is the lead
experimental technique for the study of grain growth. The
are as follows.

~i! The richly structured optical spectra provide us w
more direct infomation and harder results than the mono
nous scans obtained in diffraction experiments.

~ii ! The optical measurements discriminate between
ferent states of the precipitations.

FIG. 13. Width of the exciton lines of CuCl:NaCl atT578 K
determined at 3/4 of the peak height. The solid lines representG3/4

for a simulation of the absorption spectrum by use of Eq.~2! and
the Lifshitz-Slyozov distribution function.
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~iii ! Optical measurements are cheaper and can be
formed more easily over a period of several days. Diffract
experiments are usually limited to one day.38,39

B. On the comparison of growth experiments
with classical growth theory

There are mainly two problems that can be responsible
discrepancies, the simultaneous action of different types
microscopic processes and the complexity of real mater
The first subject is discussed with the assistance of Fig.
which showsR, xcr , and N of CuCl:KCl as a function of
time. The data are determined from the spectra of Fig. 7
inset shows thata(v) approaches the shape expected fo
LSW distribution. In Fig. 14,R(t) andxcr(t) indicate a sud-
den change of the slope att!5103 min. ForR(t), Eq.~5! and
Eq. ~6! are fitted fort,t! and t.t!, respectively. The solid
lines indicate that the classical growth theory seems to w
In accordance with the identification of Ostwald ripening f
t.t!, xcr is nearly constant at this stage. However, the b
ken lines demonstrate that one potential time law forR(t)
and one logarithmical law forxcr(t) fit all experimental data
from the beginning to the end nearly perfectly.N(t) demon-
strates what really happens. During the whole time of
measurement the seeds and small clusters are dissolved
velocity of dissolving is extremely different below and abo
t!, which causes the sudden changes in the slopes ofR(t)
andxcr(t) curves.

In our experiments we have observed different pheno
ena that demonstrate the influence of matrix defects
growth properties. One example is the fingerprint of bu
excitons in the sample CuCl:NaCl withx50.002 ~see Fig.
4!. The growth parameters in Table I present a second
ample. Most striking is the big difference of two orders
magnitude for the parameterD/ l 2 in the two CuCl:NaCl
samples withx50.002 andx50.0008, respectively. The dif
ference in the CuCl concentration is only partly explaina
geometrical differences. Recently, we observed in a scan
near-field optical microscope that the growth of big clust
is related to a local assembly of Schottky defects.17 Such
assemblies of defects are able to reduce the diffusion
and the diffusion coefficient drastically and they should
fluence the primary nucleation of seeds strongly. A nuc

FIG. 14. The growth parametersR(t), xcr(t), andN(t) of CuCl
nanocrystals in KCl. The lines represent different kinds of fits
explained in the text.
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ation process related to nonideal and disturbed lattice
called heterogenous nucleation.40 It is manifested in the
strong dependence ofN on Tgr shown in Table I. Obviously,
such a strong influence of defects can make a compar
between experimental results and theoretical models use

C. The dynamical view of cluster growth

In addition to the accidental influence of defects on t
growth properties, there are lawful trends, too. Most striki
are three phenomena.

~i! The increase of]R/]t with Tgr as shown by the expo
nentn in Table I.

~ii ! The change ofxcr(t) from an exponential time law a
high to a logarithmical law at low growth temperatures.

~iii ! The continuous decrease ofN with t observed in all
samples.

Item ~iii ! is the key result. Obviously there exists a pe
manent competition between growth and dissolution point
towards a dynamical cluster growth model. Such a theor
cal model was developed by Kampmann, Wagner, a
co-workers.41,42 Unfortunately its application needs numer
cal methods. Our results suggest that the job could be d
by analytical expressions, too.

Figure 15 illustrates a typical situation in the course
phase separation.xp is the CuCl concentration of the nano
crystal. In our experiments we did not notice any effect
dicating a deviation fromxp51. x0 is the total andxs the
equilibrium concentration of Cu1 ions. xi is the actual con-
centration of Cu1 ions in the matrix far away from the pre
cipitated nanocrystals. Figure 15 shows two crystals w
different radii. The concentrationx! in the neighborhood of a
nanocrystal depends on its radius. A general relation betw
cluster size and the concentrationx! in the reaction zone of a
droplet with radius R is given by the Gibbs-Thomson
equation40

s FIG. 15. A schematic plot of the concentration profilex(r ) dur-
ing the precipitation process of CuCl nanocrystals in the NaCl m
trix. The hatched areas represent two nanocrystals with the radiRA

andRB surrounded by a reaction zone~gray area! with the concen-
trations xA

! and xB
! . The concentration at the surface of a clus

decreases with cluster size, thusxA
! lies abovexB

! . The whole con-
tent of CuCl is given byx0. The concentration of CuCl in the
clusters is given byxp'1, the actual concentration of Cu1 ions in
the matrix byxi , and the final ionic concentration byxs .
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x!5xsexpS 2sVM

RkBT D , ~13!

wheres is the surface tension. At sufficiently high grow
temperatures,x!'xs ~Fig. 15! and the distance between th
two nanocrystalsA and B is twice the diffusion length
When seeds nucleate their radii will vary.xi decreases as
consequence of nucleation and continuing growth. As in
beginning the size distribution is broad, it will happen th
for some clustersx! (xA

! in Fig. 15! exceedsxi . As a con-
sequence the surface ofA is dissolved, which in turn in-
creasesxA

! and thereby the velocity of dissolution, too. Wi
proceeding time the size distribution becomes more nar
s

e
t

w

and the decrease ofN(t) is reduced just as shown by th
experimental curves in Figs. 13 and 12. In conclusion,
have the feeling that the cluster dynamical model could
able to describe our experiments even quantitatively, in p
ticular if the preparation of nanocrystals is improved. Su
an improvement should be achieveable on the basis of
present results.
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15D. Fröhlich, M. Haselhoff, K. Reimann, and T. Itoh, Solid State
Commun.94, 189 ~1995!.

16H.-J. Weber, K. Lu¨ghausen, M. Haselhoff, and H. Siegert, Phy
Status Solidi B191, 105 ~1995!.

17A. Diegeler, M. Haselhoff, W. Rammensee, and H. J. Webe
Solid State Commun.105, 269 ~1988!.

18M. Haselhoff and H.-J. Weber, Phys. Status Solidi A164, 445
~1997!.
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