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Nanocrystal-matrix interaction in mixtures of KCN +KI investigated by x-ray diffraction
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Powder x-ray diffraction has been used to search for effects that indicate the influence of ionic KCN
nanocrystals embedded in the ionic compound KI by measuring Bragg reflections of the matrix. Due to the
extremely slow phase separation processes on the time scale of months it was necessary to perform measure-
ments in several periods. At first the boundary between solid solutions of KCN in KI and the mixture of the
two crystalline compounds has been determined. Finally, a splitting of diffraction peaks has been observed in
a powder sample made from an optically homogeneous large single crystal containing a small excess of KCN.
The splitting is traced back to elastic forces acting at the interface between embedded KCN-rich nanocrystals
and the surrounding matrix. In contrast to piezoelectric nanocrystals the elastic continuum theory is working

quantitatively in the ionic system KCN—KI.
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I. INTRODUCTION

Studies of nanocrystals are usually focused on metals and
semiconductors.”> Whereas in the past preparation
techniques,' nucleation phenomena, and new properties re-
lated to quantum-confinement effects> were the main sub-
jects of scientific research, in the last few years x-ray diffrac-
tion techniques have been developed to detect structural
details. Examples are the determination of surface stresses in
Cu (Ref. 3) and InAs/GaAs (Ref. 4) nanocrystals by grazing
incidence x-ray scattering, of strain and composite profiles in
SiGe islands by anomalous x-ray scattering,’ and of chemical
gradients in Ge domes grown on Si by a combination of both
methods, called grazing incidence anomalous scattering.® A
combination of anomalous diffraction and EXAFS was used
to characterize Ge nanocrystals embedded in amorphous
Ge.” Samples of dense accumulations of nanocrystals made
from Pd,? Si,’ C,'° and SiC (Ref. 11) have been studied by
powder diffraction combined with a special model of data
analysis,® with oxidation of grain surfaces,’ and with a crys-
tallographic core-shell model of nanocrystals which includes
measurements for an extended range of the scattering
vector.!0:!

In spite of the large amount of ionic compounds, only
some nanocrystalline oxides with significant ionicity have
been investigated in the past.'> This was done mainly in
order to optimize physical properties related to
ferroelectricity.!® Independent of the type of bonding, each
nanocrystal needs a connection to its environment. Most gen-
erally, such connections are described in terms of elastic
forces, where the nature of these forces depends on the type
of bonding in both materials, the nanocrystal and the matrix.
This view stresses the importance of investigating ionic com-
pounds due to the fundamental role of Coulomb forces in
solid materials. Recently the strain induced by CuCl nano-
crystals in a single crystal of NaCl was observed by sensitive
elastic measurements.'* The strain was found to be two or-
ders of magnitude larger than predicted by the elastic con-
tinuum theory. An explanation could be an electromechanical
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coupling between CuCl and NaCl.'# This idea motivated us
to consider a similar system in which not only the matrix but
also the nanocrystal is an ionic compound without any piezo-
electricity.

Alkali-halides are prototypes of ionic compounds. For a
particular reason we use for an experimental study KCN em-
bedded in KI. The CN~ ion behaves as an elastic dipole at
room temperature and one expects that in this case elastic
interactions are well developed in a heterogeneous material.
Therefore, (KCN),(KI),_,, where x denotes the molar frac-
tion of KCN, seems to be an ideal material to decide whether
the standard treatment of nanocrystal-matrix interaction on
basis of the elastic continuum theory works quantitatively or
only approximately. This is the main aim of the present
work.

KCN and KI crystallize both in the sodium-chloride struc-
ture but the lattice parameter of KCN (axcn=6.523 A) is
remarkable smaller than that of KI (ax;=7.0655 A).!* There-
fore, at ambient conditions the equilibrium state of mixed
materials is the existence of two phases if the composition is
not too close to one of the pure compounds. In contrast to the
equilibrium conditions, the solidification of a melt
(KCN),(KI),_, by use of the Czochralski technique results in
as-grown crystals of optical homogeneity for all x. Experi-
ence shows that large crystals (volume several cm®) remain
optically clear at ambient conditions for two months and
more.'® The extremely long time single crystals need to
reach thermodynamic equilibrium is understandable because
the separation into two phases depends on the diffusion of
the big anions CN~ (radius=~1.88 A) and I~ (radius
~2.2 A)."7 These conditions make the determination of the
boundaries difficult which exist between homogeneous solid
solutions and the heterogeneous field of two phases. Near to
each of the two boundaries with 0<x%<0.1 or 1>x
>0.9 the concentration of the minor component in the two-
phase mixture is small. Such samples can be used to study
nucleation and the forces acting between small grains and the
surrounding matrix independently from mutual interactions
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between grains which renders a theoretical analysis of inter-
nal stresses more easy and more safety than in the case of
dense structures of nanocrystals. But, the same conditions
which make compositions near x{, or fo interesting prevent
the detection of seeds by x-ray diffraction.

At least in the first step of a phase separation process the
common cation sublattices of the matrix and of the seed
should be maintained. As a result the crystallographic orien-
tations of both components will coincide. That this happens
was demonstrated in the system CuCl-NaCl in which the
anion sublattices of CuCl and NaCl are the same.'® Due to
this kind of connection one has to assume that strong forces
exist between seed and matrix. We estimate a possible inter-
facial stress of 3 GPa in the system KCN—KI caused by
these forces. Such a large stress modifies the lattice param-
eter of the matrix. Even in the case of low concentration the
modification should be detectable if diffraction is performed
with good resolution.

In the case of nanocrystalline semiconductors exciton
spectroscopy is an excellent experimental method to study
nanocrystals embedded in a dielectric matrix.> We indeed
have observed an excitonlike absorption peak of KI in KCN-
rich samples of (KCN), (KI),_,.'% In principle, it should be
possible to observe also exciton peaks of KCN in Kl-rich
samples. However, they appear at photon energies well
above the gap energy of the matrix.'” Thus, optical measure-
ments have to be performed in reflection in a vacuum appa-
ratus. Such measurements are by no means sufficiently sen-
sitive. In fact, it is difficult to find an appropriate
experimental method which is able to prove the existence of
few grains in the nanocrystalline state directly and it seems
to be even more difficult to get information about their inter-
action with the surrounding matrix. These considerations
stress the importance to develop alternative experimental
methods. In the present work we use mainly powder x-ray
diffraction but in contrast to the experiments reported in
Refs. 3—11 we consider Bragg peaks of the matrix and not of
the nanocrystals.

II. EXPERIMENTAL

Powder samples were prepared from single crystals of
(KCN),(KI),_, already used previously for an extensive
characterization of the system.!® Due to the slow structural
relaxation of the material it was desirable to check whether
changes are observable several years later.

X-ray diffraction has been carried out at the beamline
SAW2 (BL 9) of the Dortmund Electron Accelerator
(DELTA) during two beam-time periods. The radiation sup-
plied by the superconducting asymmetric wiggler, which has
a critical energy of 7.9 keV, is monochromatized using a Si
(311) double crystal monochromator which covers an energy
range from 5 up to 30 keV with a photon flux of about 3
% 10'° photons X s~ X mm™ at 9 keV. The first measure-
ments have been performed at an energy of 15.5 keV with a
preliminary diffraction setup in horizontal scattering geom-
etry. The beam size at the sample position was 1 mm hori-
zontally and 8 mm vertically and the distance between
sample and Nal detector was 830 mm. Samples have been
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FIG. 1. Lattice parameters of (KCN),(KI),_, compounds versus
the mole fraction x of KCN. Diamonds represent previous data
(Ref. 16). Circles are results from the first measurements at DELTA
which were carried out in horizontal scattering geometry. The hori-
zontal lines present lattice parameters of the Kl-rich compound.
Shifting of the line with time indicates continuation of phase
separation.

filled into capillaries of 0.5 mm diameter and rotated perma-
nently during the measurements. The overall 20 resolution
has been estimated to be 0.053° and was dominated by the
effective diameter of the capillary illuminated by the x-ray
beam. The effective diameter was larger than the real one
due to the sample rotation. The second measurements have
been performed in vertical scattering geometry using the Hu-
ber six-circle diffractometer of the beam line SAW2. The
beam size at the sample position was 2 X 0.7 mm? (horizon-
tal x vertical) and the scattered photons of 15.2 keV energy
have been detected by a Nal detector at a distance of
1000 mm from the sample position. The improved overall
20 resolution was 0.03°. The performance of the diffracto-
meter has been tested by recording the diffraction spectrum
of @-Si0, in the range 10° <20 <45°. The recorded peak
positions were consistent with the possible spread of lattice
parameters of a-Si0,.?° This indicates that the central posi-
tion of a diffraction peak can be determined with an accuracy
which is better than 3 X 1073 deg. Repeating the adjustment
of a sample revealed a reproducibility of 1 X 10~ deg.

II1. RESULTS

The KI-like lattice parameters of (KCN) (KI),_, samples
with x<<0.5 are shown in Fig. 1. The present results are
compared with the previous data obtained in the first year
after growing the crystals.'® The dashed line in Fig. 1 shows
the lattice parameters

ag, = agy — x(ag; — agen) (1)

of a solid solution which obeys Vegard’s rule. Samples that
follow Eq. (1) must be considered to be solid solutions
whereas compounds on horizontal lines in Fig. 1 represent
one of the two chemical components of the two-phases field
of the phase diagram. The continuation of the phase separa-
tion processes in the time after the previous measurements
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FIG. 2. Profiles of (200) reflections of KCNj (33Kl s, (stars,
solid line), KCNy, ,KIj gg (circles, dotted line), KCN 5, K1 79 (dia-
monds, dashed line), and KCN 4Kl 5; (triangles, solid line) re-
corded in the horizontal scattering geometry. The reflections belong
to the solid circles in Fig. 1. Positions of reflections have been
shifted if necessary until the maxima coincided. Notice the broad-
ening, in particular on the right side, with increasing KCN concen-
tration. The peak of the x=0.43 sample has been analyzed in the
inset by assuming two Gaussian subpeaks. The more narrow one
appears on the left side.

several years before is obvious because the horizontal line
shifted upwards during that time. Diffraction patterns of
samples with x >0.1 exhibit also KCN-like diffraction peaks.
The lattice parameter of the KCN-rich grains is a=6.566 A.

It should be mentioned that samples with x>0.1 are
opaque because they are decomposed into small grains. Nev-
ertheless, the original shapes of the as-grown crystals are
approximately maintained and it needs some force to break
the material. These observations indicate a residual inter-
growth between the grains which is able to explain the de-
crease of lattice parameters with increasing x, in particular
for x=0.43 (see Fig. 1). In agreement with this interpretation
the diffraction peaks show an increasing linewidth with in-
creasing x as demonstrated in Fig. 2. In addition the diffrac-
tion peaks are asymmetric for x>0.1. As demonstrated in the
inset of Fig. 2 with the peak of x=0.43, the asymmetry indi-
cates the overlapping of two Gaussian peaks. The position of
the more narrow peak on the left side agrees with the hori-
zontal line in Fig. 1. All nine reflections between (111) and
(422) of the sample with x=0.43 can be analyzed in a similar
way as shown in Fig. 2. In all reflections the broadening
appears on the right side of the curves. The fractional area of
the broad band at the right side varies strongly for different
crystallographic planes. The average value is 1/3 which sim-
ply indicates that about 1/3 of the surface of a KI-rich grain
is connected to a KCN-rich grain. All these features indicate
the intergrowth between both types of materials which re-
sults in the observed modulation of lattice parameters for x
>0.2.

The solid circles in Fig. 1 show that the sample with x
=0.038 represents just the composition which is interesting
for the study of effects caused by embedded nanocrystals.
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FIG. 3. Profiles of two reflections of sample S1 (stars) and
sample S2 (squares). The data have been recorded in vertical scat-
tering geometry one year after those in Fig. 2. Each reflection of
sample S1 has been fitted by two Gaussian peaks. In contrast to Fig.
2, the narrow subpeak (grey background) is on the right side.

The lattice parameters of this material and of the x=0.12
material have been recorded again one year later utilizing a
new setup with a Huber diffractometer using the vertical
scattering geometry. The two samples with x=0.038 and x
=0.12 will be named S1 and S2 in the following.

Results of the final measurements in the vertical scattering
geometry are presented in Fig. 3 for (200) and (420) reflec-
tions. They show several remarkable features.

(i) The linewidths are smaller than in the measurements in
horizontal scattering geometry which indicates that in Fig. 2
additional broadening by the apparatus is involved. This
broadening was estimated from technical parameters of the
two setups as A®=0.044°. For a quantitative comparison we
consider the linewidths of the reflections (200)-(220)-(420)
observed in the horizontal (data in parentheses) and the ver-
tical scattering geometry for sample S1:

0.041(0.059)-0.040(0.061)-0.044(0.069) .

The data represent the full widths of half maximum
(FWHM) in units of degrees. The different widths of both
measurements are consistent with the estimated value of A®.

(ii) The reflections of sample S1 are split into a broad and
a narrow peak in the measurements with vertical scattering
geometry. We conclude that this splitting has become observ-
able by the improvement of resolution. However, additional
influence of final relaxation processes in the year between
the two beam-time periods cannot be ruled out. The acting of
such processes is more directly seen by the narrowing of the
S2 peak.

(iii) S2 reflections are positioned just between the two
subpeaks of S1 reflections. Within the error bars given in Fig.
1, the positions of S2 reflections did not change.

(iv) Thick samples of S1 material do not show unusual
inhomogeneities under the polarizing microscope. This and
the narrow reflections of S2 indicate that the splitting of S1
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reflections is of different origin than the splitting shown in
Fig. 2. This conclusion is supported by the result that the
narrow sub-peaks are on the left side in Fig. 2 but on the
right side in Fig. 3.

The lattice parameter of sample S2 is as,=7.0507(4) A.
The lattice parameter of sample S1 can be obtained in two
different ways.

(a) The broad subpeaks of S1 reflections are assumed to
represent parts of the sample that are undistorted by nano-
crystals. The corresponding parameter is a(sol‘) =7.0525(4) A.
In this case the narrow subpeaks indicate an average built-in
strain of S\ =—8.4(x2.2) X 107,

(b) A second averaged value is calculated by weighting
the positions of each subpeak by its relative areas. The re-
sults are a'? )=7.0509(4) A together with the two built-in

1
strains Sf)ﬁ+§=2.5 X 10 and S¥=-5.9% 107,
IV. DISCUSSION

A. Preliminary remarks

As sample S2 is opaque, the KCN-rich grains are so large
that their connections to the Kl-rich matrix by a common
cationic sublattice is distorted. On the other side, the Kl-rich
component of sample S1 shows a lattice parameter that is
equal [case (b)] or very near [case (a)] to the parameter of
sample S2. Thus, sample S1 contains KCN-rich grains with-
out being inhomogeneous, neither on the macroscopic nor on
the microscopic scale. This is just the situation of embedded
nanocrystals which produce inhomogeneities on the submi-
croscopic scale. We conclude that the splitting of S1 reflec-
tions is a consequence of a strong nanocrystal-matrix inter-
action by a common cation sublattice.

Recently a model has been developed which describes the
strain S; and the stress 7; produced by nanocrystals embed-
ded with low concentration in a crystalline matrix.'* It is
based on the elastic continuum theory in the isotropic ap-
proximation. This is the standard treatment of the problem
together with the adoption of appropriate geometrical
conditions."?! We assume that the condition of low concen-
tration holds in the sample S1. The sample is divided into
spherical elastic domains. The average radius of the model
unit is R, and in its center the nanocrystal of radius R is
positioned. R, is considered to be an effective radius which
depends on the supersaturation Ax=x—x{ of the sample

(Ry/R,)’ = Ax. (2)

With this definition a model unit with averaged radii R, and
R, should reflect the properties of the whole sample. How-
ever, the elastic conditions at the boundary of a domain are
different for domains near to the surface of the sample and
for domains in the central part of the sample. With increasing
distance from the sample surface the conditions change from
a free to a clamped boundary. In detail this effect depends on
the quality of the crystal and on the size distribution and the
relative positions of elastic domains.

B. Elastic domains

The center of the spherical model unit coincides with the
origin of the spherical coordinates r,®,®. The lattice misfit
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between nanocrystal and matrix is responsible for the inter-
facial gap AR between both materials which only appears
without any relaxation processes. If interfacial forces exist,

they close the gap by the radial displacements®>!4
b
u,=ar+ =, (3)
I

where a and b are parameters which are determined by
boundary conditions. Displacements are easily transferred
into strains S; and stresses 7; which are written by use of the
condensed matrix notation as

5=y 2% and Sy=Se=“=a+?
=—=a-2— an p=Sp=—"=a+ —=,
"o P © ¢ r P
b
Tr=C01a—2(C11—Clz)_3 and
I
b
T®=T¢=C0]a+(c”—c12);. (4)

Here c;; are elastic stiffness constants and Cy=c,,+2c,¢
=c;1+2c;, is one of the two scalar invariants of the elastic
tensor.?® In the present problem the three independent param-
eters aVC, aM, and bM exist, where superscripts are referred
to nanocrystal and matrix, respectively. a¥C and b"/R} are
expressed in terms of ¢;;, AR/R, and a™ by combining Eqs.
(4) with the two boundary conditions

Yo=T, and u)§-uly=AR (5)

at r=R be

In the case of free domains the third condition 7, ,=0 at
r=R,, is used which is identical to the minimization of the
deformation energy. The strain invariant Sg” =(S5,+S¢
+Sg)/3 is given by

AR/(Ry\?
v )
Sg4=aM= 0 b R 5 (6)
cu +N(C’(¥1C—C341)<—°>
R,

where N=2(c;,—c)"/[C) +2(ci1~c1)M]. In the case of
clamped domains the radial displacements vanish at r=R,
which results in

NveAR Ry
o'k \R,
0 b

M_ M _
Sy =a” =

RER (7)
Cgf"‘ 2(cy -+ (C% - CI(;&C)(R_O)
b

C. Combining experimental results and the theoretical
model

All changes of the material observed in several periods
after crystal growth are consistent with phenomena one ex-
pects in the course of phase separation of a regular mixture.
In this case all samples—including S1—on the upper hori-
zontal line of Fig. 1 consist of two different crystalline com-
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ponents. The nanocrystals in sample S1 are well separated
which permits the use of the elastic continuum theory in its
basic form.?? Thus, apart from the problem related to the
detection of strains, the conditions with this kind of material
are as simple as possible which gives some confidence that
fundamental errors in analyzing the experimental results are
avoided.

As only radial displacements appear around each nano-
crystal and as there is no indication of optical birefringence
in sample S1, there is neither a theoretical nor an experimen-
tal reason to assume that the observed splitting of Bragg
reflections in S1 is caused by crystallographic anisotropy.
Instead, we have to postulate two types of domains as the
origin of splitting. The explanation of their appearance is
slightly different for the two cases (a) and (b) mentioned at
the end of Sec. III.

According to model (a) the broad subpeaks in Fig. 3
should be assigned to elastic domains without strong interfa-
cial forces. This may happen if the continuity of the cation
sublattice between both components is broken which is ex-
pected mainly for rather large grains. In this case the strain
Sf)a)=—8.4 X 107 is described by Eq. (6). Using the maximal
value AR/R;=0.072 and listed elastic constants’* we deter-
mine (Ry/R,)*=Ax?=0.019(5).

The strains S(()’B %) and SE)’B ) of model (b) are given by Egs.
(7) and (6). We again calculate the supersaturation and obtain
Ax#9=0.0072 and Ax"#7=0.013 which results in the aver-
age value Ax#=0.010(3).

The values of Ax® and Ax® have to be compared with
those obtained by methods that analyze the chemical compo-
sition. Previously, the mole fractions x of solid solutions
were determined by chemical analysis (potentiometric titra-
tion with a solution of n/20 AgNO3) and by determining the
density of as-grown crystals by the buoyancy method.'®
There was no systematic difference between both kinds of
results and the average relative error was less than 3%. As
shown in Fig. 1, the material S1 was part of the solid solu-
tions in the previous study. Its density was determined as
p'V'=3.0762 g/cm?>. After finishing all x-ray measurements,
p'" has been redetermined by use of a gas-displacement py-
cnometer. The result is p’V'=3.0763(13) g/cm?, where the
given error also reflects variations for different parts of the
as-grown crystal. Because of its nice reproducibility we use
p) together with the lattice parameters a(sof) and aé’? given in
Sec. IIT to determine the chemical composition. Finally, the
supersaturation is calculated on basis of Eq. (1). The result is
Ax) omp=0.015(2) and AxY) = =0.012(2) in the case of
models (as and (b), respectively. Within the experimental un-
certainties, there is a satisfactory agreement between
AXchemeomp Obtained by use of standard techniques and the
supersaturation determined from the splitting of reflections
on basis of the theoretical model of elastic nanocrystal-
matrix interactions.

Finally, we study the stability of the result against a varia-
tion of the deconvolution procedure. A second deconvolution
of S1 reflections has been performed by fitting Lorentzian
functions instead of Gaussian functions which have been ap-
plied in the first procedure (Fig. 3). The averaged © values
of both types of analysis have been used to calculated the
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relevant quantities. The lattice parameters for the two
models are  a{?=7.0541(13) [7.0525] A and o
=7.0508(5) [7.0509] A, where the data obtained from pure
Gauss fits are repeated in brackets for the sake of compari-
son. As only the data of a(s/f) are the same for both procedures
and as they agree with ag,=7.0507 A, model (b) should be
preferred. This conclusion is also supported by the values of
supersaturation which are now equal for both types of
strains: Ax#"=Ax$)=0.013(4). This value is also consis-
tent with Axcpemeomp=0.014. Thus, a mixture of Gaussian
and Lorentzian curves even improves the internal consis-
tence of the data. In conclusion, the agreement between both
kinds of supersaturation shows that the elastic continuum
theory works quantitatively in (KCN) (KI),_,.

V. CONCLUSION

The present work shows that elastic effects produced by
embedded nanocrystals can be observed by measuring Bragg
reflections of the matrix. A good resolution in diffraction
experiments is needed to detect a splitting of reflections, it is
necessary to determine the exact position of the sample in
the phase digram, and nucleation must be manageable in
such a way that two different states of elastic deformations
appear. These conditions are most easily realized in the case
of a small concentration of nanocrystals which, in turn, fa-
vors the application of the elastic continuum theory. The
agreement between theoretical description and experimental
results supports the given interpretation of observed phenom-
ena and indicates the general importance of the used model
of elastic interactions.

In contrast to our results in (KCN),(KI),_,, the CuCl
nanocrystals of (CuCl),(NaCl),_, produce elastic deforma-
tions which are significantly larger than predicted by the
elastic continuum theory.'* Apart from the piezoelectricity of
CuCl both systems are very similar and interfacial forces
originating in piezoelectric properties are not included in the
elastic theory. We conclude that such forces are responsible
for  enhanced  nanocrystal-matrix  interactions  in
(CuCl),(NaCl),_,. This result is important for an improved
treatment of nanocrystal structures containing piezoelectric
components*!?! and in a more general sense it points out
the importance of the chemical bonds acting between a nano-
crystal and its environment.
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