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Elastic interaction between CuCl nanocrystals and a matrix of crystalline NacCl
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CuCl nanocrystals embedded in single crystals of NaCl are used as a model system to study interfacial
elastic forces and to compare experimental results with the predictions of elastic continuum theory. The
concentration of nanocrystals and the stress they are feeling are measured by exciton spectroscopy. Elastic
constants are determined with remarkable accuracy by resonant ultrasound spectroscopy. All measurements
show significant changes of optical and elastic properties abig¥e333 K. They are a consequence of a
sudden increase of cation mobility. Depending on the original state of a sample, the result is a spontaneous
nucleation of nanocrystals or a weakening of interfacial forces abgvBwo elastic phenomena are observed
that do not exist in pure NaCl. The first one shows the signature of an elastiocfl#idi;=c1, andcy,=0. The
second one appears as the incremritof the differencec;;—c,, aboveT,. The changes of optical and elastic
properties observed in two samples being in different thermodynamic states are consistently described by a
modified elastic continuum theory.
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[. INTRODUCTION possibility to prepare large samples. They are needed to mea-
sure average elastic and optical properties with high accu-
Electronic properties of semiconductor nanocrystals oracy.
quantum dots are modified by the quantum-confinement In CuCl:NacCl, the concentration of crystalline CuCl mol-
effect}? The resulting new linear and nonlinear optical prop-ecules is less than 19 As a consequence of low doping, it
erties are a subject of current interest and a lot of new phes possible to observe elastic mechanisms which are related
nomena have been observed for CuCl nanocrystals embeth well-separated basic units. They will be called elastic do-
ded in NaCl(abbreviated as CuCl:NaCl in the following  mains. The small concentration and the small sizes of nanoc-
Interpretations of optical experiments that probe electronigystals make the detection of effects difficult, which can be
properties of quantum dots usually ignore their coupling totraced back to the impact of embedded crystals. An experi-
the surrounding. But this coupling is important. It is neededmental technique of high sensitivity and accuracy is resonant
to handle nanocrystals in experimental work and sometimesltrasound spectroscopRUS).%1° Evidence for elastic in-
it is used to explain the occurrence of self-assembled quarteraction between CuCl nanocrystals and the NaCl matrix
tum dots? The standard treatment of interactions betweerwas observed previously by RUS measurements on samples
nanocrystals and their surrounding is based on the continuuwf different thermal history! The previous experiments also
theory of elasticity:®> An impressive example of the impor- revealed the crucial influence of sample imperfections which
tance of built-in stresses and strains is the dense quantum datay even prevent the evaluation of reliable results. To in-
arrays, which are believed to exist only due to the stabilizacrease experimental reliability, we now perform elastic mea-
tion by straing Elastic interactions in heterogeneous mate-surements as a function of temperature. In this way, the in-
rial are mainly considered theoretically because their experifluence of the sample irregularities which do not depend on
mental detection is difficult. Therefore, it seems to be artemperature is removed. Furthermore, elastic measurements
open question whether the widely used continuum theory ofire complemented by optical ones. As is well known, exciton
elasticity describes the reality on the nanometer scale of hespectroscopy in CuCl:NaCl can be used to study thermody-
erogeneous materials completely. The main aim of thewamic and kinetic phenomena in the course of phase-
present work is to clarify this question. separation process@siere we also use the effect that spec-
In contrast to epitaxially grown semiconductor systemstral positions of excitons depend not only on the size of the
CuCl nanocrystals nucleate in a NaCl single crystal as a comanocrystals but also on the stress they are feeling. A further
sequence of a thermodynamically driven phase separatioimprovement of experimental reliability has been achieved
Therefore, the built-in strain is not needed to explain theirby using two types of samples which are in different states
stability. Another advantage of the system is the chemicatlue to a different thermal history. Samples of the first type
variability. CuCl may be replaced by CuBr, Cul, and theare saturated with nanocrystals at the growth temperature
corresponding silver halidésand the matrix can consist of Ty=376 K and become unstable at high temperatures.
different alkali halides. The chemical variability permits the Samples of the second type are made from quenched as-
systematic study of interactions between nanocrystals angrown single crystals. They contain no or only a few nanoc-
crystalline matrices and the tailoring of materials with re-rystals and become stable upon warming up because the
spect to properties resulting from this interaction. Howeverstrong increase of ionic mobility stimulates the nucleation
the main advantage of CuCl:NaCl for our purpose is theand the growth of nanocrystals.
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Section Il presents a model of elastic interaction betweermre the invariantsS=(S+Sg+Sp)/3 and To=(T,+Tg
a nanocrystal and the surrounding matrix which is based orTg)/3. They describe two basic quantities, namely relative
the elastic continuum theory. Such a theory is of particulaichanges of volume and negative hydrostatic pressure. Notice
simplicity in CuCl:NaCl because the small concentration ofthat S,=a is valid even in the matrix in which the 13 terms
nanocrystals guarantees that coupling between them is of nfo not vanist{see Eq(3)]. Hook’s law for these components
importance. Experimental details are given in Sec. Il and theeads
results of elastic and optical measurements are presented in
Sec. IV. In Sec. V, experiments are analyzed and discussed, To=CorS, (4)
and in Sec. VI those results are emphasized that are be”ev%erecmzc”+2cr®:c11+ 2c,, is one of the two scalar in-

to be of general importance. variants of the elastic tensor. In the present section, we use
the relations ¢, =Cge=Copp=C11 and C,e=C,»=Cepp=Cio-
They are indicative of elastic isotropy.

In conclusion, the elasticity of a nanocrystal is described
A. Basic equations by

Il. MODEL OF ELASTIC INTERACTION

The lattice constant of bulk CuCh,=0.5416 nm is TNC = TNC = TNC = TNC— CNCgNC, (5)
smaller than that of pure NaGbky=0.564 nm. Therefore, ) ) ] .
without any relaxation a spatial gap would appear betweed he corresponding equations for the surrounding matrix read
CuCl nanocrystals and the surrounding matrix if they are M
embedded in a single crystal of NaCl. However, strong T?”=[C01a—2(cll—c12)—3] ,
forces between nanocrystals and the matrix reduce or even r
close the gap. The existence of such forces is expected be-
cause both chemical components possess the same fcc sub-
lattice of their anions. This view is supported by the results
of two-photon absorption experiments, which show that the
crystallographic orientations of guest and host coinéfde. ™ = CM M 6)
Our description of elastic interactions begins with a hypo- 0 o
thetical situation. A spherical nanocrystal already exists. Its
lattice parameter iag and it is surrounded by the interfacial ) )
gap and by the matrix of NaCl which contains the residual B. Elastic domains
copper ions. We assume that both materials behave like elas- The idealized structural unit of the composite material is a
tic isotropic ones as long as only spontaneous forces angphere of radiudR,. Its center is occupied by a spherical
effects are treated, which is the case in the present sectionanocrystal which is surrounded by the matrix consisting of
Now we consider the local stress&s and strainsS; in the  NacCl doped by the residual copper ions of the molar fraction
vicinity of a nanocrystal. They are described in terms ofx,. The radius of the nanocrystal R, and the magnitude of
spherical coordinates with the origin in the center of ther, is approximatelyR,=~ Ry/(x,)*, wherex,, denotes the
nanocrystal. Using Hook's law and expressing strains inmolar fraction of CuCl in the crystalline state.
terms of displacement, elastic equilibrium is written a3 Assuming the validity of Vegard's rule, the lattice con-
stant of the matrix, which is a solid solution, is written as

M _ =M b |"
Tog=Tp = C01a+(011‘012)5 )

V.-(V-0)=0. (1)
-4
Due to the spherical symmetry, radial displacementare Ags= ao{l —xi<M)], (7)
the only type of displacements that can occur. In this case, %
Eq. (1) is solved by where a,, corresponds to a hypothetical CuCl crystal of
b rock salt structure. Without any elastic interaction between
U =ar+ . (2)  nanocrystal and matrix, the misfﬂss—e_xgz_ao—ag would
r produce the spatial gapR. This interaction is described by
Elastic strains are related to these displacement by the interfacial stresses
J The =Tro(r =Ro), ®

u, b U, b
=—=a-2-, p=p=—=a+ —. 3 .
ST B TR r3 ® whereTNS and TM, are given by Eqs(5) and(6). A conse-

r ! . . NC
Here and in the following, the condensed matrix notation jluence of these stresses is dlsplacgme,'}ﬁ;sand Uy g atthe
interface. They close the gap, which leads to the second

applied. Superscripts “NC” and\t” will be used to charac- boundaryv condition
terize quantities that belong to nanocrystal and matrix, re- y '
spectively. The parameteasandb in Eq. (3) are determined NG M bM AR
by boundary conditions. One condition i§'“=0 at r=0. ar-a’- 3= Ry’
This is consistent wittN®=0, which in turn is equivalent to Ro

a homogeneous deformation of nanocrystals. Paramaters Here AR/R,=0.041 is the maximal possible value due to the
andbM of the matrix are both nonzero. Of special importancelattice misfit. As the signs of the parametex¥ and b

9
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should be the same, the radial stress must change its sign at To observe the local stress, a local probe is needed. This

a distanceR,, betweenR, andR,, can be exciton spectroscopy. In bulk CuCl, hydrostatic pres-
o . sure of 1 GPa produces a blueshift of both excitons of
Tra=0r=R, withRy<R,<Ry). (100 7,65 meV2® In CuCl:NaCl, 7.9 meV/GP$12.0 meV/GPa

Equations(8)«10) are used to express the material param-was observed on samples containing nanocrystalfyof
etersa¥C, a¥, andbM/RS in terms of AR/ Ry, Ry/R,, %, and =10 nm{Ry=1.5 nm).*” Thus, exciton spectroscopy and RUS
elastic constants. In case of a pure elastic medium, the d¢rovide us with complementary information concerning the
formation energy should show a minimum which results inexistence of built-in stresses.

R,=R,;, for the present model.

Ill. EXPERIMENT

.N ical esti f f i | h .
C. Numerical estimates and features of experimental methods A large single crystal of CuCl-doped NaCl was grown by

Nucleation and growth of nanocrystals are accompaniethe Czochralski technique. Two rectangular parallelepipeds
by two different processeg) The volume of the matrix with {100-faces suitable for elastic measurements and two
increases because the concentration of ionic copper dehin plates were prepared from the bowl. One parallelepiped
creasegsee Eq(7)]. (sample SEL and one platgsample SOl were heated to

(B) There is a closing of the gaps that are produced by th@50 K. At this temperature, all copper is in the state of ran-
lattice misfits between CuCl nanocrystals and the NaCl madomly distributed ions at cation sites of NaCl. Then both
trix. samples were annealed for 48 h at 376 K to nucleate and

Assuming that the lattice parameter of LiCl, hypotheticalgrow nanocrystal$® Neither the second parallelepiped
CuCl, and NacCl vary linearly with the radii of cations, we (sample SERnor the second platesample SO8were sub-
obtain by use of modified Shannon réélii(ao—ahyp)/ao jected to any thermal treatment. SE2 was used for elastic
=0.079. This value is assumed to represent the upper limit aheasurements at room temperature only. After these mea-
the contraction of pure NaCl by doping with copper ions.surements it was divided into two parts. One p@ample
Now a numerical estimate of strains is carried out by use o5E3 was used for elastic measurements as a function of
data which correspond to sample SEskee Sec. I). The temperature. Optical-absorption measurements were per-
strain according to proces$®) is §=2.4X107°. The maxi- formed on the two plates SO1 and SO3.
mal strain according to proce$g) occurs if the whole free The RUS apparatus was designed to achieve a thermal
volume of gaps is transferred into a compression of the mastability of at least 0.1 K in the temperature range between
trix: §§=-0.002. This value is not consistent with the elastic250 K and 400 K. The samples prepared as rectangular par-
model outlined above. The real strain will be smaller, but itallelepipeds were weakly clamped at two opposite corners by
will be negative. Thus, two compensating effects will super-alumina buffer rods which act simultaneously as sample
pose. These considerations show that the detectiof,of holder and as ultrasonic waveguides. Two piezoelectric
needs an extraordinarily high experimental sensitivity. transducers operating as ultrasound generator and detector,

A highly sensitive probe for the investigation of elastic respectively, were glued to the end of the buffer rods outside
properties is provided by resonant ultrasound spectroscopipe cooled/heated area. Between 130 and 400 kHz, about 40
(RUS), where the elastic constants of a crystal are derivegigenresonances of each sample have been observed. The
from an experimentally measured ultrasonic resonance spetesonance frequencies serve as raw data for the determina-
trum of a freely vibrating sample with a well-defined shape.tion of elastic constants by assuming cubic symmetry. To
The main advantages offered by RUS éeall independent  check the experimental limits, we measured the elastic con-
elastic constants can be studied simultaneously on ongtants at room temperature of sample SE2 and of sample SE3
sample, (i) no medium is required for transducer samplebefore and after it was cooled down to 278 K. The results are
coupling, and(iii) the resulting sample parameters show aC11=49.535) GPa, ¢;,=12.934) GPa, andc,,=12.791)
high internal consistency. The accuracy of the RUS tech- GPa. The uncertainty of our results is much smaller than the
nique is mainly limited by errors of the sample dimensions,scatter of literature values for pure NaCl obtained by differ-
deviations from the ideal geometry, and violations of the freeent experimental techniqué$The average values reported
boundary conditions due to sample mounting. The influencén literature arec;;=49.1(5)GPa, andc;,=c4,=12.81)GPa.
of these error sources on the observed resonance frequencidsre and in the following, noted errors nfmeasurements
should be independent of temperature. Therefore, sensitivitgre calculated according to=[(1/n) = (x—x)?]*2. As the pa-
can even be improved by considering variations of the resorameterc,, is of minor importance, in the present investiga-
nance frequencies of a sample as a function of temperaturéion we consider an uncertainty of about +0.05 GPa as the

Whereas the average strefip is so small that its experi- experimental limit.
mental detection is hard to realize, the radial stress at the Recently, Yamamotcet al?® presented RUS measure-
nanocrystal-matrix interface is rather big. We calculate forments on pure NaCl between room temperature and 770 K.
the reference sample SE1 the tensile strEss=1.8 GPa. Below 420 K, the thermal parameteds;/dT are constant
Because it is strongly localized to the near neighborhood ofvithin experimental error. Therefore, in the present investi-
nanocrystals and because it is accompanied by a correspongation deviations from the linear dependence of resonance
ing transversal pressure, no direct impactTpf on the ob-  frequencies or elastic constants on temperature are the most
servable elastic constants is expected. significant effects which have to be detected. An illustrative
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FIG. 1. Examples of ultrasound resonances for different tem- FIG. 2. Absorption spectra ofa) NaCl crystal containing
; ; 7y ions at 20 K,(B) crystalline CuCl film on a NaCl substrate at
peratures in samples SE1 and SE3. Average distances between twd ’

successive resonances are 8.1 K for SE1 and 4.6 K for SE3. 20 K, and(y) CuCl:NaCl sample at 294 KZ3 andZ, , denote the
two excitons of crystalline CuCl. In the spectruprboth structures

example is presented in Fig. 1. The positions of one resoare strongly broadened.

nance peak taken from the spectra of sample SE1 as well as

of SE3 are shown for different temperatures. There are tWenents are not the amplitudes but the resonance frequencies
reasons for the shifts of peak positions towards smaller frer. e have fitted the experimental databelow T, to a
guencies with increasing temperatures. The first reason is tﬂf@ear temperature dependence to obtain theoretical veﬁ]ues

Irr;grsegrfies ct);u;/c()jlgn”le% ddeunecetoo;r(]a(la;rsnt?cl fgﬁ;ﬂs'&]'tgge;?o r the whole temperature range under consideration. Figure
P an P 3 shows the relative differencesf;=(f;—f/)/f; as a function

re. Figure 1 al hows rather n chan f the am- . .
ture. Figure 1 also shows rather sudden changes of the a f temperature. The existence of a characteristic temperature,

plitudes in both crystals nearly at the same temperature . . .
about 333 K. These changes are indicative of the existencke IS Obvious. The decrease of resonance frequencies above

of a thermal anomaly.

The characteristic features of optical spectra are illus-
trated in Fig. 2. Spectra, 8, and+y represent the dependence
of absorption on the photon ener@=# o of Cu" ions in
NaCl at 20 K, of a crystalline CuCl film at 20 K, and of 9
CuCl:NacCl at room temperature. Signatures of @ns are 0.0 =
two broadbands at 4.40 eV and 4.85 8\The most signifi- o
cant features of crystalline CuCl are the two excit@dgsand -

Z, ;near 3.3 e\?2The exact spectral positioii andE; , of
excitons are mainly a function of temperatufeand of the I v
size of nanocrystal&->*With increasingl and with decreas-

ing radiusR, of nanocrystalsf; and E, , shift to larger |

photon energies. The width of exciton lines depends on tem- v
perature and on the size distribution of nanocrystals. Deter- \
mining the ionic and crystalline contribution to absorption [ v
above 3.7 eV separately, the concentratigrendx,, of both

components of CuCl have been obtained. In the studied -5.0x10™
sample SO1, which corresponds to the sample SE1 used in

elastic measurements, the mole fractions xare4.4x 1074

andx,=3.1x 10

280 300 320 340 360 380

temperature (K)
IV. EXPERIMENTAL RESULTS
FIG. 3. Relative differences of four resonances as defined in the
text as a function of temperature observed in sample SE1. The
Figure 1 gives some evidence for a thermal anomaly atesonance frequencies are approximately 163 kktircles),
T.~ 333 K, but the hard experimental data in RUS measure244 kHz (triangles, 330 kHz(diamond$, and 372 kHzstars.

A. Elasticity
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FIG. 4. Differences\c;; :cﬁ“‘—c-’-ef of elastic constants of sample

o

FIG. 5. DifferencesAc;=Ac{"-c[*" of elastic constants of

SE1 as a function of temperatucﬁ. are experimental data arm{ff
are the data of pure Na@Ref. 20. SquaresiAcy;,, circles: Acy,,
diamonds:Acy,, stars:Acy;—Ac;,, and hexagonsACy;. Horizontal
full lines represent least squares fits of data obtained bélpw

sample SE3 as a function of temperature. Only value\of;
—-Acy, show a linear dependence on temperature whereby the slopes
are different below and abovi,=337 K. For further explanations,
see the caption of Fig. 4.

=330 K. The line aboveTl, is a least-squares fit in the case of

Acqy1—Acq, and a guide to the eye in the case@yf;. Broken and « _

dotted lines are guides to the eye. dAc = 9(Acy1 =~ A1) =
aT

oT
eHere the first number corresponds to sample SE1 and the
mumber in brackets to sample SE3.
The strictly linear dependence 4fc,,—Ac;, on tempera-

-6. 7.1 MPa/K. (11

T, indicates an elastic softening. Figure 3 also demonstrat
that the relative accuracy is as high as 507°, which is the

average deviation of the data beldly from the linearT ture demonstrates that the additional effect, which is charac-

dependence. . . terized by anomalous fluctuations with temperature, is equal
Because of the high accuracy of the experimental result§h Acy, andAc,,. In addition, it is absent ihC,,. This Sym-

it is not astonishing that the scattering of data reported b¥netry behavior is just the signature of afastic fluid Its

different authors is larger than the deviation of our own dat%ontribution to the total elastic constant is called hafe

from the averaged ones listed handolt-Bérnstein® We Figure 4 also ShowACy,. For T T, there are obviously

ulszeothe el?stic coeffii:ients of NaCl rheported Ey Yamarl‘(mto wo contributions, a neg;?ive and acbositive one. The latter

?h'e si?nr: tii:inn(i:guvea;se\slv:eolcigugil;trzsé('?inzu:hgrrse}lgr)erzneci \\//VII icreases in a strongly nonlinear way with tempergture: This

ues from our experimental oﬁes several new features a ontribution is therefore assqmeq to b(_a the elastic-fluid ef-
’ ’ct. The negative contribution is attributed to the same

revealed. Ac; =c;(experimental-c;(reference of sample o oy which is responsible for the second additional
SE1 and SES3 are presented in Figs. 4 anf&, is approxi- elastic effectAc”

mately equal to zero for the whole temperature range in both
samplesAc,; andAc;, are influenced by an additional effect
that appears as a kind of statistical scattering, in particular in
Fig. 5. This additional effect is absent in the differences Figure 2 demonstrates strong differences of the exciton
Acq,—Acy,, which are included in Figs. 4 and 5. In both spectrum at low and ambient temperature. Reasons are the
cases, these differences show a characteristic temperatuspectral shifts of excitons towards the short-wavelength

B. Exciton absorption

which is T,=330 K for sample SE1 and.=337 K for
sample SE3. Above and beloW, the dependence dfc,;

range and the increase of linewidths with increasing tempera-
ture. Both thermal effects are a consequence of electron-

—-Ac;, on temperature is linear. In both samples, deviationgphonon interaction. Figure 6 illustrates exciton absorption of
from linearity are smaller than 0.05 GPa, which has beersample SE1 above room temperature. Between 295 K and

assumed to be the limit of reliability of the resuitsee Sec.
[l1). In the following, the changes afc;;—Ac;, aboveT,
will be addressed aAc’. It is given by

401 K, all absorption curves coincide at the nodal peint
=3.2483)eV. Valov et al?® observed such a nodal point in
CuCl nanocrystals embedded in a glass matrix. They argued
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31 32 33 34 35 36 FIG. 7. Integrated absorption of CuCl:Na@®ample SO} as
E(eV) defined by Eq(12) for two subsequent temperature cyctes- o’

andB— B’. Data pointse and«’ correspond to curves anda’ in
FIG. 6. Absorption coefficienx versus photon energi of Fig. 6.
CuCl:NaCl (sample SOl for different temperatures. The lowest

zezrgp;r(ature is)295._7d+_(curve 2) agdlthe_ hig_hest tergper:;ture 'S =3.259 eV. The blueshifts in CuCl:NaCl are used to calcu-
curvea’). & indicates a nodal point discussed in the text. Iaté the avérage radii of nanocryst§§:24 Results areR; ,

. . =2.7nm,R, ;=2.8 nm, andR, ,=3.7 nm. The latter value
that ¢, represents the convergent point of the Urbach?ail. has peen checked at 20 K, where exciton peaks are more
We have checked that our data obey the Urbach rulefor narrow and therefore better resolved than at room tempera-
< &, which supports the interpretation of Valeval?® How-  re. Results obtained at both temperatures agree within
ever, the main part of exciton absorption occursEor €o. .2 nm. The increase of radilR, is a consequence of the
Therefore, we describe the low-energy sidex(E) in a dif-  Gjpps-Thomson effect, which predicts for a small particle
ferent way than on the basis of an Urbach tail analysis.  sjze a reduced melting temperatéfeThus, at first mainly

As a measure of the concentration of CuCl crystals, Wehe small nanocrystals are dissolved and the bigger ones are
use the integrated absorption left. Notice the rather small difference betweRy), andR,
and the smaller decrease of absorption in the second run.
Both effects are due to the phenomenon that in the first run
mainly the very small nanocrystals have been dissolved. In
conclusion, Fig. 7 does not indicate any anomalyl at

The high-energy limit of 3.64 eV has been selected as a suit- Finally, we consider absorption of the long-wavelength
able boundary between exciton and continuous interband atside.«(E) in the rangeE < (Epq,+ 6E), is used to fit the area,
sorption. Figure 7 presenis™ of the sample SO1 for two the central photon energi,,, and the bandwidth of a
temperature cycles. In the first cycle, heating has been finGauss functiondE is of the order of a few meV. These fits
ished at 422 K(point a’) and then the sample was cooled describea(E) very well for E<Eg,, as illustrated in the
down to ambient temperature. After this first cycle, the con4nset of Fig. 8. The areas turn out to be constant up to 398 K,
centration of nanocrystals was smaller than at the beginninghich agrees with the constant slopecf(T) in Fig. 7. The
because a part of the nanocrystals were dissolved now. Aependence oE,,,, on temperature is presented in Fig. 8.
second cycle was stopped at 438 point 8’). Finally, 25%  The slope increases @t~ 338 K, which is very near to the
of the original nanocrystals was lgfioint y). The first cycle  onset of anomalies in elastic measurements. Only a change
should reflect the anomaly at the critical temperaifiyéthe  of the interfacial stres$; ; between nanocrystals and matrix
changes observed in the elastic measurements are causediyable to describe all phenomena observed atFigure 8
the dissolution of the nanocrystals. Instead of this behaviogemonstrates a change of the slope af(gE/JT)
™ decreases with a constant slope up to about 393 K. The0.0777)meV/K. This corresponds to
linear decrease with temperature is mainly caused by thermal
shifting. Obviously dissolution happens above 393 K. aT

Room temperature is already sufficiently low to observe "0 _ _ 8.4 MPa/K. (13
the position of theZ; exciton by use of the second deriva- aT
tives of the original curves. We obtainee;=3.279 eV,
3.277 eV, and 3.265 eV for the three poinisB, andy in ~ The negative sign indicates a decrease of the tensile stress
Fig. 7. In bulk crystals, the corresponding value Eg which is acting on the nanocrystals already belfw

_ 3.64
a= f a(E)dE. (12

3.1
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3.45 — T experiment$. Dissolving all nanocrystals by heating and
then observing nucleation and growthTat=350 K, a time
dependence was observed which was governed by diffusion.
The time dependence of growth changed significantly at
Ty=300 K.

We believe that the fluctuations of shown in Fig. 4 and
even stronger in Fig. 5 reflect more than just temperature

% effects. They may also depend on time. In this case, their
~, observability in ultrasonic experiments stems from the ex-
£ treme long time constants of relaxation processes which are
w o X
connected to the diffusion of cations.
B. Elastic nonlinearity
Within the elastic model, the modification of elastic con-
3.40 |

7 stants is obtained by expanding the relation between stress
and strain beyond Hooke’s law. The first additional term con-
tains the nonlinear elastic constants of third order and bilin-

1 L 1 L L . . .
300 350 400 450 ear combinations of strain components,

temperature (K) RE cﬁ“’) + qu%‘”)sx- (14)

FIG. 8. Spectral position of th#, , exciton of sample SO1 as a .HereS{‘”) denotes the strain induced at the circular frequency

function of temperature demonstrating changes of the slope. Solid . .
lines are fits to a limited temperature range. The inset illustrates” by the ultrasound. Stresses and strains without the super-

fitted Gauss curves to the low-energy side of spectra for 295.7 KSCI‘Ipt @ arbe reffarred to as spor;]tanioush;q:a*ntltt)les. In the
(dotted ling and 383 K(broken ling. The latter fit also shows the present subsection, we assume that the ¢ geaboveT,

reduced accuracy of fits at high temperatures. Therefore, the chanG&® related to elastic nonlinearity. In cubic crystals, the modi-

of slope at about 410 K is not necessarily real. ication of second-order stiffnesses is given by
eff _
The optical phenomenon which could be detected with C11 = Ca* (Cana + 26119,
sample SO3 reliably is an increasesdf aboveT,. From
these data, the concentration of crystalline CuCl at 373 K S =i+ (20110 + €129 S,

was determined to be>6107°. The value ofT,, was within
experimental accuracy, the same as in the elastic measure-

ments. or A" = (Cyy1~ C129SH = C¢"S. (15)
. o _ 9
V. ANALYSIS OF RESULTS AND DISCUSSION The value of the nonlinear term is given bY=-915 GP4&:
Based on Eq(15), we consider now the changes of;

A. Elastic-fluid phenomenon -cy, above T, obtained for sample SE3 at 373 K. In this

Our experiments demonstrate the existence of two addi$@mPple, the changes are related to the nucleation and growth
tional elastic effects which are absent in pure NaCl and?f nanocrystals. Combining E¢L1) with Eq. (15), we obtain
which are both related to the characteristic temperaTyre [0 the concentration af, =5x 107 (see Sec. IV Ba spon-
Most curious is the appearance of a phenomenon that shoW@n€ous strain ofgP=-2.7x 10" This value has to be com-
the symmetry of a fluid. In particular, Fig. Gample SEg ~ Pared with theoretical estimates. As shown by EQ, the
indicates irregularities of the dependencecgpfon tempera- dgcreases 'of ionic copper concentration will produce a posi-
ture. This finding is consistent with the following observa- iV S, which contradicts the experimental result. Further-
tion we made several times in CuCl:NaCl. A sample whichMore, the maximal strain which can be produced by the de-
is prepared from an as-grown crystal does not show narrof'€ase 0k; in sample SE3 is one order of magnitude smaller
exciton lines at low temperature, which indicates the absencan [S5. Thus, only the mechanism outlined in Sec. Il A
of well-grown nanocrystals. Most probably, defects intro-c@n be relevant. Calculating the average valu&gfor one
duced by Czochralski growth of doped NaCl crystals prevenglastic domain, we obtain for the incremelnt
execution of diffusion and therefore of the nucleation of
nanocrystals. The relation of the elastic fluid effect to struc- Ac’ =c"sy

tural instability is also demonstrated by sample SEif). 4). CNC/R.\3
Because the sample was thermodynamically stable in the be-  =c"[(aV® - aV)x, +a¥] = c”'N{l - %(—b) }xc,,
ginning of the measurementsy was absent below, and Co1 \Ra
appeared only at higher temperatures. (16)

The existence of a characteristic temperature near 330 K
has also been observed previously in crystal growthwhereN denotes the abbreviation
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2(cy;—c )™ AR ments on two samples existing in a quasiopposite thermody-
= NG M (17 namic state. Their different behavior below and abdye
Cor +2(cr1—c)" Ro : : .
served as a check of internal consistency of experimental
Using R,/R,=1, which corresponds to a minimum of elastic results and of their interpretation.
deformation energy, we obta°®*=-2.7x 10°%. The sign In contrast tocy, the second additional elastic effekt”
is equal to the observed one but the absolute value is twehows a clear dependence on temperature. We conclude that
orders of magnitude smaller tha&™. Now we omit the Ac’ is produced by structural changes which are a result of
requirement of a minimal deformation energy and §§8to  the relaxation processes involved @. According to our

determineR,/R,. The result isR,/R,=6.1. results, Ac” indicates very sensitively deviations from an
elastic continuum model. Only two simple mechanisms that
C. Interfacial stress are absent in a homogeneously strained NaCl crystal can be

responsible for the observed deviation. These are spontane-
Bus polarizationPg and special structural changes. A new
type of internal-strain parameter is able to produce both ef-
%cts. Such parameters are a measure of displacerff@rmsﬁ

e atom ‘A” which change its fractional coordinates,

In the case of sample SE1, exciton spectroscopy has de
onstrated that the observed decreas@of aboveT, is not
connected to changes of the concentration of nanocrystal
Instead, the interfacial stress decreases. Combining Eqﬁ1
(8)—(10) with Eq. (6), we obtain the following expression for
the interfacial stress: 5

o g e M= ANS, + B;pgl%. (19
TrO:C&CN 1_% NC H M<_) Xer X
’ Co1 Cor +2(Cr1—C1) " \R,

(18) Notice that here the full tensor notation is used. Components
(N) (N) ; . L.

] Aijk andB;, are given by the site symmetry of the position
|t.|S rF'.‘asonable .tO assume t*hat fﬁ?ryol(ﬂ— the same mecha- Occupied y atom\ and by the Symmetry of the acting per-
nism is responsible as faAc /JT. Thus Eq.(18) has to be  y,rpation. Becausé‘f.)l‘() represent a tensor of third rank, they
compared with Eq(16). Notice that for %?UStam' the cal-  gare absent for atoms that occupy a center of symmetis
culated value ofic is positive because™ is negative, and s the case for all atoms in NaCl. Even nowadays, an experi-
also the \l;alue n gﬁcllaé%e squa:je b/rackets of %@ 'S" mental determination of the internal strain tenady is dif-
hegative Ieca}use ook 01> 1 andRy/R,>1. As the ex- it 1o achieve?® Therefore, it is not astonishing that the
penmerlna v/a ues %’;’THO/‘;T a”,db‘%% /T are both nega- jntarna strain induced by a strain gradient has never been
tive, only dN/JT is able to describe the common underlying .,ngidered in the past. In contrast to the third-rank tensor
mechanism. By use of the experimental results given in Equ”_k’ the existence of the fourth-rank tendy is allowed in

(1)) and (13), we obtain aN/JT=-7.7x10° K™ and "¢y . : -
_ L _ , ystals. For CuCl:NacCl, the second term in E&9) is
Ry/R,=5.8. The latter quantity iR,/R,=6.1 in sample SE3, 4t only allowed by symmetry, but it also offers a reasonable

as shown above. Th_e nearly perfect agreement of the Va'“%?(planation for the appearancet’ because the strain gra-
for Ry/R, observed in both samples shows the internal congient in the vicinity of a nanocrystal is huge.

sistency of the equations used. This conclusion also includes ., situations in which the strain gradient is parallel to the

the result that the elastic continuum theory works only ap'crystallographic{loo] or[111] axes, it is easy to realize that

proximately because the relatid®d,=R,, which fulfills the X ) . . . .
requirement of minimal elastic deformation energy, cannot 1S @ relative shift of the cation sublattice versus the anion
be used. In spite of the large diﬁeren@p_s)nodel thel cal- Sublattice along the gradient. The results are zigzag bonds

culated displacemerm'\"o which closes the interfacial gap perpendicular to a_nd electric dipoles_along the displacement.
together with uNC incrréases by only 6% in the case of The strongest shifts occur at the interface. The modified
R,/R,=6 insteardOoRb:R " Due to the relative smallness of PoNnding modifies elastic constants and the electric dipoles

the nonelastic contribution, it is understandable that the ela® eXpected to interact at the interfacial gap with the piezo-

tic continuum model remains a well-working approximation.eleCtriC nanocrystal. This scenario agrees nice!y with the re-
sult that changes of the paramel¢rare responsible for the

observed effects becaubkedepends on elastic constants and
on the reduction of the interfacial gap.

When we started the present work, we had knowledge A spontaneous polarization may couple via electrostric-
about an unexplained anomalous nucleation of nanocrystat®n to strain. However, the sign of the relevant coefficients
below 350 K& It was not difficult to guess that in this case of NaCl (Ref. 30 suggests elastic softening instead of the
physical properties should show an anomaly of their depenebserved hardening by embedded nanocrystals. Thus, a di-
dence on temperature if measurements are performed wittect impact ofPs on elastic properties is absent. The con-
sufficient accuracy. This happened indeedat 333 K, and  cluded mechanism which is described &\/JT [see Egs.
the appearance of this characteristic temperature in elastid6)—<18)] indicates in sample SE1 a reopening of the inter-
and optical measurements indicated the common origin ofacial gap and/or a decrease of the elastic cons@gptsc, .
changes observed at. The appearance of the effect of an The relative magnitudes of both influences cannot be figured
elastic fluid was unexpected and complicated the analysis afut reliably on the basis of the present experimental results
experimental data. It was necessary to carry out measurend by using a continuum model.

D. Final remarks
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VI. CONCLUSION eters which are induced by gradients of strain. One conse-

quence of atomic displacements is the appearance of electric

A comparison between experimental results and an elastigipoles. Because electromechanical interactions are strong in

model of interactions between nanocrystal and matrix hagjezoelectric materials, one may expect significant deviations
demonstrated that the elastic continuum theory works effecrom elastic continuum theory in solid solutions of 111-V and

tively if it is slightly modified. Experimental results show ||.y| semiconductors containing self-assembled gquantum
that the radial stress in the vicinity of a nanocrystal decreasegots.

more strongly than predicted by the assumption of pure elas-
tic interactions. The need for modifications arises from struc-
tural changes which are a general feature of heterogeneous
materials containing embedded nanocrystals. It is proposed One of us(C.P.V) gratefully acknowledges financial sup-
to describe the structural changes by internal-strain paranport by the Deutsche Forschungsgemeinschatt.
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