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Abstract. CuCl nanocrystals in crystalline alkali-halide matrices have been investigated under hydrostatic
pressures up to 18 GPa. The pressures of structural phase transitions in CuCl have been determined both
for different nanocrystal sizes and for different matrices (NaCl, LiCl, KCl). For CuCl nanocrystals in NaCl
an increase of the transition pressure with decreasing nanocrystal size is observed, which is explained by
the increasing importance of surface pressure for small nanocrystals. We found higher transition pressures
for the LiCl matrix than for the NaCl matrix. The reason for this is that the pressure which acts on
the nanocrystal differs from the external pressure. A simple elastic model describes the effective pressure
transmitted from the matrix to the nanocrystal. With CuCl nanocrystals embedded in KCl1 we have studied
the behavior of nanocrystals during a phase transition of the matrix. Additionally we have determined the
pressure coefficients of the exciton energies of the CuCl nanocrystals, which depend on the elastic properties
of the matrix.

PACS. 64.70.Kb Solid-solid transitions — 62.50.+p High-pressure and shock-wave effects in solids and
liquids — 78.55.Hx Other solid inorganic materials — 71.35.Cc Intrinsic properties of excitons; optical

absorption spectra

1 Introduction

Reducing the dimensionality from bulk over two-dimen-
sional quantum wells and one-dimensional quantum wires
to zero-dimensional quantum dots is an ongoing trend in
semiconductor physics and technology (¢f. the proceedings
of the last ICPS conferences [1-3]). The emphasis is usu-
ally on the electronic properties of these semiconductor
structures. Recently, however, there has developed inter-
est also in the thermodynamic properties of nanometer-
size particles, such as the size dependence of pressures
for structural phase transitions in CdSe and CdS,Se;_,,
nanocrystals [4-6].

Obviously, the surface becomes more and more impor-
tant when decreasing the particle size. For small enough
particles surface tension leads to an important contribu-
tion to the Gibbs free energy, which determines the stable
phase for a given pressure and a given temperature. Be-
cause of this the temperatures and pressures for phase
transitions depend on the particle size.

From basic thermodynamics a decrease of phase tran-
sition temperatures and an increase of phase transition
pressures is expected in the case of liquid droplets sur-
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rounded by vapor. In that case the surface tension is al-
ways positive. In principle, the concept of surface tension
works also for solids, but in contrast to liquids the surface
tension of crystals is anisotropic. Thus the equilibrium
shape of a crystal is determined by the surface tensions of
the crystal faces, as described by Wulff’s relations [7]. For
nanocrystals in a solid matrix an effective surface tension
has to be considered, which also contains the interaction
between nanocrystal and matrix. In this case the effec-
tive surface tension can have either sign, so that it is not
a priort clear whether the transition pressure increases or
decreases upon decreasing the nanocrystal size.

The interaction between the nanocrystal and the crys-
talline matrix depends on the orientation of the nanocrys-
tals relative to the matrix. For the case of CuCl nano-
crystals in a NaCl matrix this orientation was determined
by two-photon absorption [8]. It was found that the crys-
talline axes of the nanocrystals are oriented parallel to
the axes of the NaCl matrix. This orientation can be ex-
plained by an undisturbed lattice of the chloride ions in
the crystal, whereas the alkali and copper ions change sites
by diffusion during the growth process [9].

Bulk CuCl shows several pressure-induced structural
phase transitions [10-16]. At P = 5 GPa there is a phase
transition from the (ambient pressure) zinc-blende struc-
ture to an intermediate tetragonal structure, and above
10 GPa a second one to the sodium-chloride structure.
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These phase transitions can be detected optically, since
the high-pressure phases are still semiconducting, but have
different band gaps [14]. We have studied these structural
phase transitions in CuCl nanocrystals of different sizes
and in different alkali halide matrices (NaCl, KCl, and
LiCl, see Sect. 3.1). Whereas for LiCl and NaCl the sodium
chloride structure is stable in the pressure range investi-
gated (up to 18 GPa), KCl has a phase transition from
the sodium-chloride to the cesium-chloride structure. The
effect of this phase transition of the matrix on the nano-
crystals was investigated.

Apart from structural phase transitions we have also
investigated pressure shifts of intrinsic transitions in the
zinc blende phase of CuCl (Sect. 3.2). The pressure co-
efficients are found to depend on the matrix, since the
pressure exerted on the nanocrystal in a crystalline ma-
trix is not necessarily equal to the pressure applied from
outside (Sect. 4).

2 Experiment
2.1 Sample preparation

NaCl, LiCl, and KCl single crystals doped with CuCl were
grown by the Czochralski method. The Cu't concentra-
tion in the melt was about 3 mole% for LiCl and KCI and
1 mole% for NaCl. The CuCl concentration in the grown
crystal, however, is much smaller, less than 0.1 mole%.
Some experiments were performed on Bridgman-grown
crystals, which have a higher CuCl content, but their crys-
tal quality is worse.

The investigation of the size dependence of the phase
transition in CuCl nanocrystals was performed in a NaCl
matrix. For these experiments the copper-doped NaCl
crystal was cleaved into several samples. Each sample
was exposed to a special heat treatment to achieve nano-
crystals of a certain size. The heat treatment starts with
dissolving nanocrystalline CuCl, which may have devel-
oped during Czochralski growth, at a temperature of
T = 700 K. The growth of nanocrystals then occurs at
growth temperatures T, between 300 and 400 K. The
samples were kept about three weeks at Ty, and then
stored below 270 K to prevent further growth. A detailed
description of the growth behavior of CuCl nanocrystals
in alkali halides is given in [9,17].

Absorption spectra of some of these samples taken at
T = 78 K are shown in Figure 1. One can clearly see
that the exciton peaks are shifted towards higher energies
compared to bulk CuCl (the Z3 exciton in bulk CuCl is
at 3.22 eV at this temperature), especially for the sam-
ples with low growth temperatures. Since the reason for
this shift is the exciton confinement, one can use it to
determine the mean radius of the nanocrystals. The con-
finement energy AE for the weak confinement regime was
calculated by Efros and Efros for spherical nanocrystals
with radius r as [18]:

K2 2

AE = 2T
2M 2’

(1)
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Fig. 1. Absorption spectra of CuCl nanocrystals in NaCl at
T = 78 K after different heat treatments. The growth temper-
atures Ty, are given in the figure. The low energy peak is the
Zs3 exciton and the high energy peak the Zi 2 exciton of CuCl.

Table 1. Growth temperatures Ty, mean radii r of the CuCl
nanocrystals, and the width I3, (full width at three quarters
of the maximum) of the Z3 exciton for the samples used.

Matrix NaCl KCl1 | LiCl
Ter (K) 300 320 350 400 | 300 | -
r (nm) 15 16 33 10 |26 |>10

Iy (meV) |25 23 6 5

with M = 2.3 mg [19] for the total mass of the exciton.
The mean radii obtained from the absorption spectra us-
ing equation (1) are given in Table 1. The width I%/4
in Table 1, which is the full width at three quarters of
the maximum, can be used as a measure of the size dis-
tribution. It should be noticed, that the increase of the
confinement energy with decreasing nanocrystal size has
to be considered for the interpretation of the linewidth.

The heat treatment of the CuCl:KCI sample consisted
of dissolving the nanocrystals at 7' = 600 K and nanocrys-
tal growth at room temperature for about 18 months. The
absorption spectrum was measured from time to time at
T = 78 K to determine the nanocrystal size. At the time
of the experiments presented here the mean radius was
2.6 nm.

The CuClL:LiCl sample stems from an as grown crystal,
which was kept below 270 K until the experiment. The
mean nanocrystal radius in this sample was larger than
10 nm.

2.2 Optical techniques

Because of the very small CuCl contents of our samples
and because of the small amount of material that can be
used in diamond-anvil cells a determination of phase tran-
sitions by diffraction techniques is difficult or even im-
possible. Therefore we have performed photoluminescence
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measurements. The phase transition is detected by the
disappearance of peaks of the first phase and the appear-
ance of new peaks. These measurements were done at low
temperatures (T = 7 K) with the diamond anvil cell in
a helium-flow cryostat. Low temperatures are needed for
high luminescence efficiency and to prevent broadening of
the peaks. For excitation of the luminescence we have used
the UV line (A = 325 nm) of a HeCd laser. The blue line
(A = 442 nm) of the same laser was used for excitation
of the luminescence of ruby crystals, which were added to
the sample for pressure determination. For the detection
of the luminescence we have used a 0.85-m-focal-length
double-grating spectrometer, a GaAs photomultiplier, and
photon-counting electronics.

The pressure dependence of the band-structure of the
Cut-doped NaCl crystal was investigated via absorption
measurements. These measurements allow a direct de-
termination of the confinement energy and of the pres-
sure coefficients of the Zz and the Z; » excitons of CuCl.
The investigation of the LiCl sample was more compli-
cated because it has a very high absorption. Therefore
we have used for this sample luminescence excitation and
two-photon absorption. For two-photon absorption a tun-
able dye laser pumped by the second harmonic of a pulsed
Nd:YAG laser was used, for luminescence excitation the
second harmonic of the same dye laser.

2.3 Pressure generation

High pressure was generated with a gasketed diamond-
anvil cell (DAC), similar to the one described in [20], but
smaller in dimensions. For pressure determination we have
used the ruby luminescence scale [21,22].

To obtain homogeneous hydrostatic pressure, one has
to use a fluid (gas or liquid) as pressure medium. Such
a medium, however, does not exist at low temperatures.
Even helium becomes solid at pressures above 0.03 GPa
[23]. Nevertheless, helium generates the best hydrostatic
conditions at low temperatures [24,25], provided the DAC
is heated above the melting point of helium at the given
pressure and cooled down after the pressure has been
changed. Such a temperature cycling, however, is not ap-
plicable for the investigation of phase transitions, since
it makes it difficult to separate the effects of temperature
and pressure. A further problem is that the pressure inside
the DAC changes during heating and cooling. Thus, the
measurements have to be performed at constant temper-
ature. Under such conditions helium does not give better
hydrostatic conditions than alkali halides. Therefore we
did not use an additional pressure medium, but simply
filled the gasket hole with the sample and some ruby. In
this way the matrix material itself acts as pressure me-
dium. In the case of LiCl we have used n-heptane as pres-
sure medium. Since LiCl is very hygroscopic n-heptane
protects the sample at the same time from the water in
the air when the sample is mounted into the DAC.

In Figure 2 we show the R; luminescence of ruby with
NaCl as pressure medium at a temperature of 7 K and at
a pressure of about 2.5 GPa. Since in this pressure range

149
P (GPa)
5 4 3 2 1 0
T T T T T T
Pl
S5
> .
£ .
C 3
g8 . .
£ k .
© . .
(&) 4 .
C g °
@ <
o o M
() .. .
i} K .
£ o b
€ » ‘%
> .
a3 %
/ ~
A 1 . | FrEEe i \
1.782 1.783 1.784 1.785 1.786 1.787 1.788
Energy (eV)

Fig. 2. Ruby luminescence at a temperature of 7 K for helium
(open squares) and NaCl (closed circles) as pressure media at a
pressure of about 2.5 GPa. The spectrum for helium has been
fitted with a Lorentzian (solid line).

the pressure shift is nearly linear [22], the width of this line
is proportional to the width of the pressure distribution
in the DAC (see upper scale). The width of the pressure
distribution obtained in this way is used in the analysis
of our data on phase transitions (see Sect. 3.1). For com-
parison, we have also included in Figure 2 a R; spectrum
obtained with helium as pressure medium after tempera-
ture cycling under otherwise similar conditions. The line
width here is much smaller (and accordingly the pressure
distribution much narrower). Therefore we have used he-
lium as pressure medium in the determination of exciton
pressure coefficients (Sect. 3.2), since for these measure-
ments it was possible to do temperature cycling. Again
LiCl was an exception because of its hygroscopicity.

3 Experimental results
3.1 Pressure-induced phase transitions

Here we present the investigation of pressure-induced
phase transitions of CuCl nanocrystals in different alkali
halides by photoluminescence measurements. To separate
the luminescence of optical elements, of diamond anvils,
and of the matrix (the background) from the luminescence
of the nanocrystals, we have first measured the pressure
dependence of the luminescence when the DAC was loaded
with pure NaCl (the same material used for growing the
crystals). The observed background is mainly caused by
defects in NaCl [26]. It has a negligible pressure depen-
dence.

As a next step we have measured the luminescence of
bulk CuCl (grains of macroscopic dimensions) with NaCl
as pressure medium up to P = 16 GPa (Figure 3) to be
able to determine the phase transitions of the bulk ma-
terial at low temperatures. At low pressures the spectra
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Fig. 3. Luminescence spectra of bulk CuCl with NaCl as pres-
sure medium at a temperature of 7 K for different pressures.
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Fig. 4. Pressure dependence of the total luminescence inten-
sity of bulk CuCl. The solid line is a fit assuming a pressure-
independent width of the pressure distribution. The only fit
parameter is the phase-transition pressure Pr.

consist of a sharp peak around 3.2 eV, which is caused by
emission from the Z3 exciton of CuCl, and of an impurity-
induced broad band on the low-energy side. Both features
are due to the zinc-blende phase of CuCl. At higher pres-
sures one finds a blue shift of the lines (see Sect. 3.2) and
an overall decrease of the intensity. This decrease is caused
by the phase transition from the zinc-blende to the first
high-pressure structure [14].

The pressure dependence of the total luminescence in-
tensity is presented in Figure 4. For a first-order phase
transition one would expect a step-like dependence of the
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Fig. 5. Luminescence spectra of CuCl nanocrystals in NaCl
(sample with Ty = 350 K) for different pressures.

intensity on pressure, i.e., a constant intensity below the
phase transition pressure Pr and zero intensity above this
pressure. Because of the pressure distribution in the DAC,
which can be inferred from the ruby luminescence spec-
tra (Sect. 2.3), this step-like behavior is smeared out.
From the data we obtain a phase transition pressure of
Pr = 3.5 GPa for bulk CuCl at T =7 K.

3.1.1 CuCl nanocrystals in NaCl

For CuCl nanocrystals in NaCl we have investigated
the dependence of the phase-transition pressure on the
nanocrystal size. Samples with different mean radii of
the nanocrystals were prepared by annealing at different
growth temperatures Ty, (see Sect. 2.1). As an example,
we present in Figure 5 some luminescence spectra at differ-
ent pressures of the sample with Ty, = 350 K measured at
T =7 K. Up to a pressure of 5.5 GPa the spectra consist
of one peak around 3.23 eV, which decreases in intensity
with increasing pressure. For pressures above 9.6 GPa a
second peak occurs around 2.9 eV, which shows a blue-
shift and an increase in intensity with increasing pressure.
In the intermediate pressure range no luminescence from
CuCl is observed. The peak at 3.23 eV stems from nano-
crystals in the zinc-blende phase, whereas the low-energy
peak is caused by CuCl in the sodium-chloride structure.
We were not able to observe any luminescence from the
intermediate phase, which corresponds to the observation
in [27] that the luminescence from this phase is very weak.

The intensity of the zinc-blende luminescence is shown
in Figure 6 as a function of pressure for the sample
with T,;, = 300 K (small nanocrystals, r = 1.5 nm)
and for the sample with T, = 350 K (medium nano-
crystals, r = 3.3 nm). Whereas the data for the sam-
ple with T, = 350 K are very similar to the data of
bulk CuCl, the sample with small nanocrystals shows the
zinc-blende luminescence for a much wider pressure range.
Thus, the phase transition for small nanocrystals occurs
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Fig. 6. Pressure dependence of the zinc-blende luminescence
of CuCl nanocrystals in NaCl for the samples with Ty, = 300 K
(r = 1.5 nm) and T = 350 K (r = 3.3 nm). The solid lines
are fits assuming a pressure-independent (for T, = 350 K)
or linearly increasing (for Ty, = 300 K) width of the pressure
distribution.

at considerably higher pressures than for larger nanocrys-
tals or for bulk CuCl.

In contrast to the first phase transition from the zinc-
blende structure to the intermediate phase the second
phase transition to the sodium-chloride structure is found
to be independent of the initial nanocrystal size. In all
cases emission from the sodium-chloride phase begins at
a pressure of about 10 GPa and the phase transition pres-
sure is about 15 GPa.

The size dependence of the phase transition pressure
from the zinc-blende structure to the intermediate phase
is shown in Figure 7. For large nanocrystals one finds
within experimental error the same value as for bulk CuCl,
whereas Pr increases strongly for nanocrystals with radii
less than 2 nm. This behavior is caused by the increas-
ing amount of surface energy for small nanocrystals, as
discussed in Section 4.

To clarify the influence of the matrix on structural
phase transitions in CuCl, we have also investigated LiCl
and KCI as matrices.

3.1.2 CuCl nanocrystals in LiCl

Since the CuCl nanocrystals in the LiCl sample are rather
large, one expects the phase transition to occur at the
same pressure as for bulk CuCl. Our experimental result,
however, clearly shows that the phase transition occurs
at a higher pressure than in bulk CuCl or in large CuCl
nanocrystals in NaCl, namely at Pr = 4.2 GPa. Because
of the large nanocrystal radius in this sample the reason
for the pressure increase cannot be a surface effect. Instead
this increase is due to the effect that the pressure acting
on the nanocrystal is not the same as the pressure applied
from the outside. A simple model which describes this
effect is given in Section 4.
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Fig. 7. Size dependence of the phase-transition pressure of
CuCl nanocrystals in NaCl from the zinc-blende structure to
the first high-pressure phase at a temperature of 7 K. The
dashed line is a fit of equation (6) (no surface layer) and the
solid line a fit of equation (7) (surface layer of thickness rs).
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Fig. 8. Luminescence spectra of CuCl nanocrystals in KCI at
T=17K.
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Fig. 9. Exciton energy shifts versus pressure for CuCl nano-
crystals in NaCl and in LiCl at T' = 7 K. The lines are linear
fits.

3.1.3 CuCl nanocrystals in KCI

In the case of CuCl nanocrystals in KCI the matrix it-
self shows a structural phase transition from the sodium-
chloride to the cesium-chloride structure [28]. At room
temperature this phase transition occurs at about 2 GPa.
At lower temperatures one expects the phase-transition at
a lower pressure. In any case, the phase transition in bulk
KCl occurs at a lower pressure than the phase transition
in bulk CuCl.

Luminescence spectra of CuCl nanocrystals in KCI for
different pressures are shown in Figure 8. The decrease
of the zinc-blende luminescence from CuCl takes place at
much lower pressures than in the other matrices. One ob-
tains a phase-transition pressure of 0.5 GPa, which means
that the phase transitions in both CuCl and KCI occur si-
multaneously. This indicates a strong interaction between
the matrix and the nanocrystal, which is not surprising
since the sublattice of the chlorine atoms is the same for
both materials.

3.2 Pressure coefficients of exciton energies in CuCl
nanocrystals

In a previous publication [29] we had determined the
pressure shift of the Zs exciton for CuCl nanocrystals in
LiClL It was found that the pressure coefficient for LiCl
(5.5 meV/GPa) is considerably smaller than for bulk CuCl
(7.65 meV/GPa) [27].

In the course of the present work we have measured
the shift of the Z3 exciton for nanocrystals in NaCl. All
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results are shown in Figure 9. Samples with small nano-
crystals (T = 320 K and Ty, = 300 K) show rather high
linear pressure coefficients of 12.0+0.5 meV/GPa. In con-
trast, the pressure coefficient obtained for large nanocrys-
tals (7.9 £ 0.3 meV/GPa) is (within experimental error)
equal to the one for bulk CuCl.

4 Discussion

4.1 Influence of the surface energy on phase
transitions

We will now briefly discuss the influence of the surface en-
ergy on the equilibrium conditions for phase transitions. In
the case of isotropic phases this was done for the first time
by Gibbs, Thomson, and Laplace (see, e.g., [34]). For sim-
plicity we assume spherical nanocrystals in the following
calculations. There are indications that CuCl nanocrystals
may have cubic shapes [30,31], but since the calculation
depends only on the ratio of surface area and volume, any
other shape results in essentially the same equations with
perhaps different numerical factors. This is even true if the
surface tension depends on the orientation of the surface.

The break of symmetry at the pressure-induced phase
transition is of less importance because a hydrostatic pres-
sure probes mainly the change of volume AV/V. Although
the change of symmetry is controversially discussed for
this phase transition [32,33] all authors agree that noncu-
bic distortions are smaller than AV/V.

Two phases 1 and 2 can coexist in equilibrium if their
chemical potentials u; are equal. The chemical potential
can be calculated as the first derivative of the Gibbs free
energy G with respect to the particle number N. For small
particles one has to include in G the surface energy Fjy.
In the general case F4 is given by Fa = ) .v;A;. The
sum extends over all possible orientations of surface ar-
eas A; with the corresponding surface tensions ~;. If we
consider geometrically similar particles, the ratios A4;/A
are independent of size. Therefore F'4 can be expressed as
F4 = vA with v an average surface tension and A the to-
tal surface area. Thus the total Gibbs free energy is equal
to

G =Nf+PNov+ Fy, (2)

with the free energy per molecule f and the molecular
volume v. This results in the following expression for the
chemical potential for a spherical particle with radius r:

B oA 2u7y
p=f+Pv+ N =f+Pu+ o (3)

with A = 47r? and Nv = 4?”7"3. The pressure P, for
the transition from phase 1 to phase 2 for bulk material
(r = 00) can be found from

f1+Poov1:f2+Poov2' (4)
It is equal to:

_fL-h

V1 — V2

P
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Analogous, the phase transition pressure P, for particles
with radius 7, (in phase 1) is given by:

_ 27202 _ Zmwn
P,:f2 hit ’222 Tlll
V1 — V2
21/3 1
= Poot |2 (103 =i} | = ()
V1 — V2 T1
1
:Poo""}/eﬁ_'
T1

Since the square brackets contain only material parame-
ters, we have introduced an effective surface tension veg.
Depending on the sign of v, Pr either increases or de-
creases with decreasing nanocrystal size. Whereas v; — v
is always positive for a pressure-induced phase transition
(assuming phase 2 to be the high-pressure phase), the sign
of the term in parentheses in equation (6) is not known
a priori. There exist examples both for negative [35,36]
and positive [37] signs of Jeg. Since we had found an in-
crease of Pr for small nanocrystals, veg has to be positive
for CuCl nanocrystals in NaCl.

The dashed line in Figure 7 show the best fit of equa-
tion (6) to our data (the value of Py, was held fixed at
3.3 GPa). Whereas the trend is correct, the values are
well outside the experimental errors. One possible reason
for the failure of equation (6) is the assumption that the
surface is infinitely thin (at least thin compared to the
particle size). This assumption can obviously not be true
for nanocrystals with a radius of, e.g., 1.5 nm, which is
less than three lattice constants. The simplest way to in-
clude a finite thickness of the surface is to replace r1 in
equation (6) by r; — rs which yields

Pr:Poo+'Yef:f

— (7)
where we have introduced a surface layer with thick-
ness rs. A fit of equation (7) results in the solid line
in Figure 7, which obviously fits the experimental re-
sults very well. The parameters obtained from the fit are
Yot = 0.5 £ 0.1 J/m2 and ¢ = 1.37 & 0.02 nm. Since
these parameters have not been determined for the sys-
tem CuCl:NaCl before, it is not possible to compare them
with other results. The order of magnitude for 7eg is the
same as, e.g., for CdS and CdSe. In these materials val-
ues between 0.2 and 0.4 J/m? have been determined [4-6].
For two reasons we believe that the observed thickness of
the surface layer is reasonable although for small nano-
crystals the volume of the surface layer may exceed the
volume of the nanocrystal core. First of all typical the-
oretical calculations [38] show that the influence of the
surface extends to a depth of about four monolayers (our
value for 74 is equal to about five monolayers or 2.5 lattice
constants of CuCl). Furthermore, the elastic interaction
between CuCl nanocrystals and the NaCl matrix, which
was demonstrated by elastic measurements [39] supports
the development of the surface layer.

In contrast to the first pressure-induced phase transi-
tion in CuCl nanocrystals, which is size dependent, the

153

second phase transition to the sodium-chloride phase is
independent of the nanocrystal size. There are two pos-
sible explanations for this: 1. The effective surface ten-
sion is very small. 2. The nanocrystals do not undergo
the first phase transition as a whole, so that one zinc-
blende nanocrystal becomes a number of smaller nano-
crystals in the high-pressure phase. This could mean that
after this phase transition all nanocrystals have about the
same size. Accordingly the second phase transition occurs
at the same pressure independent of the initial size. This
can also explain the rather high value of 15 GPa for this
phase transition compared to 10 GPa for bulk CuCl [14].

4.2 Pressure transmission from the matrix
to the nanocrystals

Comparing LiCl and NaCl as matrices, we found a smaller
pressure coefficient and a higher phase transition pressure
for LiCl. Both effects can be explained if one assumes that
the pressure acting on the nanocrystals is different from
the pressure applied from outside. If this assumption is
true the ratio of the pressure coefficients in both matrices
must be equal to the inverse ratio of the phase-transition
pressures:

dE/dP(NaCl) _ Pp(LiCl)
dE/dP(LiCl)  Pr(NaCl)

- (8)

Our experimental results yield 1.4 on the left-hand side
and 1.3 on the right-hand side. Within experimental error
these two values agree. This result has motivated us to
develop a simple model for the elastic interaction between
the nanocrystals and the matrix.

The assumption made above can be further justified by
a simple model. We consider both nanocrystal and matrix
as isotropic elastic continua. The nanocrystal is a sphere
with radius r; in an infinite matrix. The system is subject
to a hydrostatic pressure P. In this case only a radial dis-
placement component €, occurs. Using polar coordinates
only the following components of the stress tensor 7" and
of the strain tensor S exist:

Oe, € €r

Trr:_P ’ rr— "3 > :_Tv
(r), S o Soe .

At the interface between nanocrystal and matrix Syg and
Spp have to be continuous. From these boundary condi-
tions at r = r; the pressure Pyxc at the nanocrystal is
given by [40]:

9B(1 —v)

Pro=oe—
NC T Y 1 3(1+v)B

(10)

In this equation B is the bulk modulus of the nanocrystal
material, Y Young’s modulus of the matrix and v Pois-
son’s ratio of the matrix.

Using the elastic constants of NaCl and LiCl, we find
from equation (10) that Pxc in NaCl is 1.33 times larger
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than in LiCl. This value coincides well with our experi-
mentally determined ratios of 1.3 and 1.4 (see above).

One should note that Pxc in equation (10) does not de-
pend on the nanocrystal radius. Thus the size dependence
of the phase-transition pressure of CuCl nanocrystals in
NaCl cannot be explained by this effect.

4.3 Size dependence of the exciton pressure
coefficients

We had found a considerably larger pressure coefficient for
small nanocrystals (12 meV/GPa for = 1.5 nm) than for
large nanocrystals (7.9 meV/GPa for r > 10 nm) or bulk.
For an explanation we have to consider the influence of
the confinement on the pressure dependence of the exciton
energy. The pressure dependence of the exciton energy in
nanocrystals consists of the following terms:

dE _ dE
dP ~ dp

dE
dpP

dE

1P (11)

bulk size mass

The first term is equal to the bulk effect. Apart from the
bulk pressure dependence there are two terms which de-
scribe the change of the confinement energy under pres-
sure. dE/dP|,, is due to the decrease of the nanocrys-
tal size and dE/dP| ., is due to the change in exciton
mass under pressure. According to equation (1) both ef-
fects change the confinement energy.

Using Murnaghan’s law [41] for the dependence of vol-
ume on pressure:

B\ %
V(P)=W (1 + EP) , (12)
we obtain for nanocrystals with a size of r = 1.5 nm for
dE/dP|,, a value of 0.8 meV/GPa.
The pressure dependence of the exciton mass M is

estimated from the pressure dependence of the gap energy
E,; by k - p perturbation theory [42-44]:

M:me+mh7

mo X2

— =14+2—-- 13
e 1o (13)
mo - 2 X2

m, 3moEg

me and my, are electron and hole masses, mq is the free
electron mass, and X is the momentum matrix element
between valence and conduction bands, which can be as-
sumed to be pressure-independent. Inserting experimental
data (dEg/dP = 4.1 meV/GPa [27] and M = 2.3 mq [45])
we find from equation (13) a decrease of the total exciton
mass at a rate of —0.002 mo/GPa. This results, again for
nanocrystals with » = 1.5 nm, in a value for dE/dP]
of 0.2 meV/GPa.

Adding the contributions of equations (12) and (13),
the confinement energy increases with pressure at a rate
of 1 meV/GPa. This is about one fourth of the difference

mass
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in pressure coefficients between small (12 meV/GPa) and
large (7.9 meV/GPa) nanocrystals. An additional effect
stems from the size distribution of the nanocrystals. Be-
cause of the size dependence of the phase transition large
nanocrystals undergo their phase transition at lower pres-
sures. The remaining signal comes only from the nanocrys-
tals still in the zinc-blende phase. Thus their average size
decreases with pressure, which leads to a higher apparent
pressure coefficient.

5 Conclusions

We have found a strong increase of the phase-transition
pressure Pr for small CuCl nanocrystals in NaCl, which
is caused by the contribution of the elastic interaction at
the surface between nanocrystal and matrix. As shown by
a comparison between NaCl and LiCl matrices, the pres-
sure acting on the nanocrystal is not necessarily the same
as the pressure applied from outside. The phase transition
of CuCl nanocrystals in KCl occurs simultaneously with
the phase transition in KCI. This again demonstrates the
important role of the elastic interaction between nanocrys-
tals and matrix.
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