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Chapter 6

Semiconductor nanoparticles.
Optical spectroscopy at high
pressure

6.1 Introduction

In this chapter, we show the main results concerning optical spectroscopy of CdS and

Zn1−xCoxO nanoparticles at high pressure and the influence of pressure-induced phase

transitions on these properties. The physical properties in the nanocrystal regime can

be quite different from those of the bulk. For instance, there are many works which

demonstrate a decrease in the melting temperature [1], [2], [3] as well as an increase of

the transition pressure [4], [5] with decreasing nanoparticles size. This behavior may

arise because of the relatively high energy surfaces in nanocrystals which make the high

pressure phase less stable than in the bulk [4]. Besides, nanoparticles lack the internal

defects that serve as nucleation points for structural phase transitions [6].

CdS is a well-studied II-VI semiconductor due to its many applications such as bio-

labeling or light emitting diodes [7], [8]. The bulk crystallizes in the W structure while

both W and RS structures have been found for CdS QDs [9]. The main interest in the

study of its optical properties arises from the fact that they are size-dependent. Ab-

sorption, Raman and XRD measurements have been performed in this work in order to

characterize the ZB-to-RS phase transition in CdS nanoparticles prepared by ball milling.

DMSs are currently attracting intense interest in different applied areas like the emerg-

ing field of spin-based electronics [10], [11]. Although TM2+-doped ZnO DMSs have been
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150 6.2. CdS nanoparticles

proposed to be favorable candidates for RT ferromagnetism, the magnetic behavior is

extremely sensitive to the synthesis procedure and remains controversial [12], [13]. The

magnetization measurements carried out by M. A. White et al. on W-Zn1−xCoxO colloidal

nanocrystals prepared following the same synthesis method as in this work, indicated a

paramagnetic-like magnetism at low Co2+ concentrations and an antiferromagnetic be-

havior for W-CoO, with no ferromagnetic response [14]. In our case, Co2+ impurities

have been used as a local probe to monitor the phase transition under high pressure in

Zn1−xCoxO nanocrystals. The RS-to-W phase transition has also been studied by means

of bandgap absorption and Raman spectroscopy.

6.2 CdS nanoparticles

6.2.1 Synthesis and characterization

Depending on the particle size, different structures have been identified for CdS nanocrys-

tals [9]. (i) When the size is smaller than 5 nm, CdS nanoparticles are mainly crystallized

in the metastable cubic ZB structure (space group F 4̄3m). (ii) When the size is larger

than about 8 nm, they are in the stable hexagonal W structure (P63mc space group).

(iii) In between, they are in intermediate phases. In both ZB and W structure each an-

ion is surrounded by four cations at the corners of a tetrahedron and viceversa. These

results have also been observed in the structural analysis of colloidal CdSe nanocrystals

deduced from XRD by Bawendi et al. [15]. In bulk CdS crystals with the W structure,

the ΓV15 → ΓC1 direct gap is the lowest in energy (Eg = 2.4 eV at 300 K) and indirect

gaps occur at least 1 eV above Eg and always stay above Eg at high pressure [16]. Inves-

tigations of electronic structure in W- and ZB-CdS showed that the fundamental direct

bandgaps in both structures differ by less than 0.1 eV [17]. Since the exciton Bohr radius

in bulk CdS is 2.6 nm [18], CdS nanocrystals with the metastable ZB structure (diameter

less or equal to 5 nm) are in the weak confinement regime. Therefore, the direct optical

energy gaps of bulk and nanocrystals are similar.

Pure and Yb3+-doped CdS nanocrystals have been prepared in a planetary ball mill as

described in Section 3.2.3. These materials show an intense orange color. The initial idea
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Figure 6.1: XRD pattern of the CdS nanocrystalline samples prepared by ball milling. The black line
corresponds to the calculated pattern for the ZB-W mixed structure, and ticks indicate the (hkl) index
for each crystallographic phase.

for this system was obtaining bandgap UC emission upon Yb3+ excitation. XRD pattern

of CdS nanoparticles together with a Rietveld refinement considering both cubic and

hexagonal phases is shown in Fig. 6.1. The best fitting for the prepared nanocrystalline

sample is obtained for a 85% ZB - 15% W mixed structure; however, the error associated

to this quantitative analysis is pretty large, and variations in some fitting parameters may

lead the ZB contribution to a minimum value of 65%. The cell parameter obtained for

the ZB phase, a=5.7844 Å, is slightly smaller than the bulk value, a0=5.818 Å [19]. The

values for the W structure, a=4.1111 Å and c=6.5837 Å, are somewhat different to those

of the bulk (a0=4.137 Å and c0=6.7144 Å) [20]. The c
a
(nano) = 1.60 and c0

a0
(bulk) = 1.62

ratios give a 1% deviation from the bulk; this estimation of the W structure distortion is

smaller than the up to 15% differences observed by Kumpf et al. [21].

The average particle size of the as-obtained nanoparticles, according to the Williamson-

Hall equation (eq. 4.1), has been determined to be about 5 nm. This value is in good

agreement with the TEM results shown in Fig. 6.2. However, TEM images also show that

the samples are made of particles of different shapes and sizes, from spherical nanoparticles

of about 5 nm in size to bigger particles and nanorods of about 3− 5 nm in diameter.
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Figure 6.2: TEM images of Yb3+-doped CdS nanocrystals prepared by ball milling.

6.2.2 Optical properties and X-ray diffraction under high pres-
sure

The experimental results of the absorption, Raman and XRD experiments on CdS nanopar-

ticles under high pressure have been analyzed considering only the ZB structure at low

pressures, and are presented in this section.

Absorption

Some representative CdS nanocrystals absorption spectra at different pressures are shown

in Fig. 6.3. An analysis of the spectra at low pressures indicates that the absorption at

the fundamental edge can be described by eq. 2.19. This corresponds to a direct gap

transition between parabolic bands, VB and CB, and it is in agreement with the band

structure of the metastable ZB structure of CdS at AP [16], [17]. When the pressure is

raised above 6 GPa, the CdS nanocrystals suddenly become brown colored, and a large

and abrupt red-shift is observed in the absorption edge. Previous high pressure optical

studies in bulk CdS indicated an abrupt red-shift in the optical absorption edge at 2.7-3.0

GPa, and this was identified to be due to a first-order W-to-RS phase transition [22],

[23]. Moreover, the transition pressure for the ZB-to-RS phase transition was found to

be around 8 GPa in CdS colloidal nanocrystals [24]. In this work, the ZB-to-RS phase

transition is also observed at pressures much higher than the bulk transition pressure of ca.

3 GPa. This kind of result has been usually observed in nanocrystalline semiconductors

systems of the group IV as well as III-V or II-VI in comparison with the bulk counterpart

[25]. The high transition pressure can be explained by a higher value of the surface tension

for the RS phase nanocrystals compared to the ZB-CdS [6]. An example of the absorption
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Figure 6.3: Shift in the absorption spectra of CdS nanoparticles with hydrostatic pressure.

edge for the high pressure RS phase recorded at 6.1 GPa is shown in Fig. 6.3. The edge

in the RS phase is strikingly different compared to that of CdS nanocrystals in the ZB

phase, and is clearly due to an indirect transition.

The ZB-CdS optical energy bandgap values, Ed
g (ZB), have been obtained by extrapo-

lating the square of the absorbance fitting curves, α2 versus ~ω, to α = 0. The resulting

Ed
g (ZB) pressure dependence is shown in Fig. 6.4, and a blue-shift of the direct bandgap

Figure 6.4: Pressure dependence of the optical energy bandgap, Eg, in both ZB and RS structures for
CdS nanocrystals.
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with pressure is observed. For most semiconductors, the variation of the direct bandgap

under pressure can be described by the following quadratic expression [24]:

Eg(P ) = Eg(0) + aP + bP 2 (6.1)

The fit of the experimental data to eq. 6.1 gives the following values: Eg(0) = 2.33

eV, a = 31 ± 4 meV/GPa and b = −1.1 ± 0.3 meV/GPa2. The obtained linear pressure

coefficient is lower than the one reported for the direct energy gap for ZB-CdS colloidal

nanoparticles, 45.7 meV/GPa [24], and for bulk W-CdS, 45.5 ± 0.5 meV/GPa [23]. In

Fig. 6.4, the estimated indirect energy gap in the RS phase, Ei
g(RS), is also plotted as a

function of pressure. The Ei
g(RS) values have been obtained from a plot of α1/2 versus

~ω−Ei
g and extrapolating the resultant straight line to α = 0. The fitted linear pressure

dependence is −35± 5 meV/GPa. A similar negative shift was observed in II-VI analog

semiconductors in the RS phase at high pressure [26]. However, it is very difficult to

determine exactly the indirect bandgap of CdS nanoparticles in the high pressure RS

phase due to the formation of band-tail states because of the large number of defects and

dislocations induced by pressure throughout the phase transitions. The highest pressure

achieved in the up-stroke is 11 GPa. Absorption spectra has also been recorded upon

releasing pressure down to 1.6 GPa. As observed in Fig. 6.4, the bandgap does not

revert to its original value in the ZB phase within this pressure range. This behavior is

clearly opposite to the reversible transition with no hysteresis observed in CdS colloidal

nanocrystals by Haase and Alivisatos [24].

Raman spectroscopy

The CdS nanoparticles Raman spectra have been studied at RT under hydrostatic pressure

up to 7 GPa (Fig. 6.5). The LO and 2LO modes are observed at 304 and 608 cm−1 at

AP, and shift linearly with pressure to higher energies (see Fig. 6.6(a)) with a pressure

coefficient of 4.8 ± 0.2 cm−1/GPa for the LO mode, and 9.2 ± 0.4 cm−1/GPa for the

2LO one, respectively. These slope values are in good agreement with previous results

for bulk W-CdS [27], [28] and ZB-CdS colloidal nanocrystals [24]. In addition to these

modes, a shoulder is observed overlapping the LO mode, and it has been ascribed to a
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Figure 6.5: RT Raman spectra (λexc = 514.5 nm) of CdS nanoparticles at different pressures (up-
stroke).

surface mode [29]. In nanocrystalline samples the contribution of the surface scattering

may be comparable to the volume Raman scattering; Scott and Damen also indicated

the observation of surface modes in CdS by Raman spectroscopy [30]. The dependence of

the surface mode energy on pressure is shown in Fig. 6.6(b). Above 6.8 GPa the Raman

peaks disappears proving the ZB-to-RS CdS nanocrystals phase transition.

The Raman spectra of the CdS nanocrystals have been recorded after the phase tran-

sition by decreasing pressure from 8 to 0 GPa. The data are shown in Fig. 6.7(a). It

can be seen that no Raman peaks are recovered down to 1.3 GPa and hence, ZB phase

remains within this pressure range. Nevertheless, LO and 2LO Raman modes appear

again when pressure is released to 0 GPa; therefore, it is concluded that the ZB-to-RS

phase transition is reversible although presents a large hysteresis. Figure 6.7(b) compares

the CdS nanoparticles Raman spectra at AP before and after the phase transition. The
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Figure 6.6: Pressure dependence of the energy of the observed phonons, Eph, for CdS nanocrystals.
LO and 2LO Raman modes (a), and surface mode (b).

fact that both spectra are centered at the same frequency indicates that no appreciable

change in size is induced by the phase transition.

Figure 6.7: RT Raman spectra (λexc = 514.5 nm) of CdS nanoparticles upon decreasing pressure (a)
and comparison between the AP Raman spectra before and after the pressure cycle (b).

The variation of the intensity of LO and 2LO Raman modes with pressure is depicted

in Fig. 6.8. An intensity reduction is observed upon increasing pressure. According to the

Raman cross-section (eq. 2.10), the peaks intensity should be compensated for possible

absorption effects at the bandgap to quantify the real Raman intensity decrease due to

the ZB-to-RS phase transition onset. However, since in our particular case the excitation
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energy, 2.41 eV (514.5 nm), is close to the bandgap values, the bandgap absorption

contribution cannot be estimated.

Figure 6.8: Pressure dependence of the normalized intensity of LO and 2LO Raman modes for CdS
nanocrystals.

X-ray diffraction

Figure 6.9 shows the evolution of the CdS nanoparticles XRD patterns under high pressure

up to 7.5 GPa in both the up and down stroke. It is observed that peaks corresponding to

ZB-CdS shift to higher angles with increasing pressure, consistent with a volume decrease.

This phase starts to transform into the RS structure at around 4.3 GPa, and both phases

coexist between 4.3 and 5.4 GPa. Above this pressure, only the RS structure is observed.

The RS phase is maintained during the whole releasing pressure process, and therefore,

from XRD experiments we would say that this phase transition is irreversible. Preceding

XRD studies showed that bulk W-CdS crystals transformed to the RS structure between

2 and 3 GPa [31], [32].

The cell parameters at different pressures have been determined from the XRD pat-

terns Rietveld refinement. Only ZB and RS phases have been considered before and after

the phase transition respectively, while both structures have been included in the fittings

during the phases coexistence, between 4.3 and 5.4 GPa. The volume dependence on

pressure has been fitted to a Murnaghan equation of state (eq. 2.23) and is depicted in

Fig. 6.10. A 7% volume reduction is observed between 0 and 5 GPa, besides, a 15%

volume change has been detected at the phase transition.



158 6.2. CdS nanoparticles

Figure 6.9: XRD patterns of CdS nanoparticles under high pressure. Asterisks represent the diffraction
peaks of the hydrostatic medium (silicon oil).

The following bulk modulus values have been obtained by fixing its pressure derivative

to B′0 = 4; B0 = 74±2 GPa for the ZB structure, and B0 = 107±5 GPa for the RS phase.

Therefore, the ZB structure is more compressible than the RS one. The bulk modulus

values for the CdS single crystals are around 60 GPa in the W phase [32], [33], and ca.

85 GPa in the RS structure [32], [34]. An increase in both the relative volume change

at the transition pressure, and the bulk modulus value when decreasing particle size was

previously described in Fe2O3 nanocrystals [35], or Ag and Au nanoparticles [36], and it

was ascribed to surface effects or bond length compression within the particles due to

strain effects.
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Figure 6.10: Isothermal equation of state of CdS nanoparticles for the ZB (red circles) and RS (black
circles in the up-stroke and blue circles in the down-stroke) structures. In both cases the volume depen-
dence on pressure has been fitted to a Murnaghan equation.

6.2.3 Conclusions

CdS nanocrystals in the metastable ZB cubic structure with an average diameter of 5 nm

have been prepared in a planetary ball mill. The ZB-to-RS phase transition has been

identified by changes in the optical absorption and Raman spectra as well as in the XRD

patterns. The direct optical energy gap of ZB-CdS nanoparticles increases with pressure

and the value of the linear pressure coefficient is a = 31±4 meV/GPa. When the pressure

is raised above 6 GPa, a change from direct to indirect gap occurs. In the RS phase, the

pressure dependence of the indirect gap is −35±5 meV/GPa. The energy of LO and 2LO

Raman modes for CdS nanoparticles increases with pressure with the same rate as bulk

W-CdS. Raman measurements have also evidenced that the ZB-to-RS phase transition for

CdS nanocrystals takes place at around 6.0-6.5 GPa, and the fact that the ZB structure

is recovered at AP in the down-stroke. XRD measurements under high pressure have

shown that ZB-CdS nanoparticles undergo a transition into the RS structure above 5.4

GPa. Bulk modulus of B0 = 74± 2 GPa and B0 = 107± 5 GPa have been obtained for

the low-pressure and high-pressure structures, respectively. It has been observed in three

different experiments that the stability domain of the ZB structure increases up to 6 GPa

at RT for CdS nanocrystals with 5 nm diameter.
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6.3 Colloidal nanocrystalline Zn1−xCoxO

6.3.1 Synthesis and characterization

ZnO crystallizes at RT and AP in the W-type structure (hexagonal, P63mc space group).

This structure is formed from a hexagonal Bravais lattice and a motive of two atoms of

each element. The lattice parameters are a0=3.2495 Å and c0=5.2069 Å [37]. In an ideal

W structure, cations and anions form two compacted interpenetrated hexagonal lattices.

Each atom (Zn or O) is tetrahedrally coordinated and occupies sites of C3v symmetry

(Fig. 6.11).

Figure 6.11: Zn1−xCoxO W structure. The Zn2+ (or Co2+) ions (red) are tetrahedrally coordinated
by oxygens (green).

The application of hydrostatic pressure to ZnO causes a decrease in the unit cell

volume and an increase in the coulomb repulsion. At a given pressure, it becomes en-

ergetically favorable for ZnO to assume the more compact RS structure (cubic, Fm3̄m

space group). The RS structure may be described by two face-centre-cubic (fcc) lattices

shifted by a/2, with a0=4.275 Å. In this case, both atoms (Zn and O) are in an octahedral

coordination symmetry (Fig. 6.12). It was demonstrated that on the pressure up-stroke,

bulk polycrystalline ZnO undergoes a W-to-RS phase transition at around 9 GPa [38],

[39]. On the down-stroke, bulk ZnO was seen to recover its original W structure at either

2 GPa or 4 GPa [39], [40].

The electronic band structure of W-ZnO at RT and AP (Fig. 6.13 left) consists of

three broad regions with the CB comprising of Zn 4s levels, the upper VB of O 2p levels

and the lower VB of Zn 3d levels. It must be pointed out that the bandgap occurs at Γ
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Figure 6.12: Zn1−xCoxO RS structure. The Zn2+ (or Co2+) (blue) are octahedrally coordinated by
oxygens (black).

Figure 6.13: Electronic band structure of W-ZnO (left) and RS-ZnO (right) taken from Ref. [43].

and it is a direct transition (Eg = 3.4 eV for bulk ZnO) [41]. The band structure of the

RS phase (Fig. 6.13 right) indicates that the interband transition is no longer a direct gap

at Γ, but it becomes an indirect gap between L and Γ, with reference to the fcc Brillouin

zone [42].

ZnO colloidal nanocrystalline samples doped with different Co2+ concentrations have

been prepared in this work according to the synthesis methods described in Section 3.7.

XRD measurements carried out by M.A. White et al. (patterns shown in Fig. 6.14)

indicate a good crystallization in the W structure in all cases [14]. The cell parameters

obtained for W-ZnO nanoparticles, a=3.2078 Å and c=5.1962 Å, are slightly smaller than

the standard bulk values (a0=3.2495 Å and c0=5.2069 Å). This lattice contraction with
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Figure 6.14: XRD patterns of Zn1−xCoxO colloidal nanocrystals carried out by M.A. White, Univ. of
Washington. The calculated pattern for W-ZnO is also shown.

decreasing particle size was previously observed in metallic nanoparticles [44].

TEM images of ZnO: 5%Co2+ colloidal nanocrystals (Fig. 6.15) show spherical nanopar-

ticles with an average particle diameter of ca. 4 nm. This size is around four times larger

than the size of the bulk exciton (0.9 nm), and therefore, we are again in the weak con-

finement regime [45]. A narrow size distribution for the W-Zn1−xCoxO nanoparticles

prepared by this method was previously demonstrated by D.A. Schwartz et al. [46].

Figure 6.15: TEM and HRTEM images of ZnO: 5%Co2+ nanoparticles.
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6.3.2 Optical properties under high pressure

In this work, the RT electronic structure of W-Zn1−xCoxO nanoparticles has been inves-

tigated by means of optical absorption and Raman spectroscopy under pressure.

Absorption

• ZnO

Figure 6.16 shows the pressure dependence of the ZnO nanoparticles (average size

4 nm) absorption spectra up to 24 GPa. A monotonous blue-shift of the absorp-

tion edge is observed as pressure increases. Since the optical absorption edge in

W-ZnO colloidal nanocrystals is caused by direct absorption, it remains sharp with

increasing pressure, and its pressure dependence can be determined accurately ac-

cording to eq. 2.19. When the pressure is raised above 14 GPa, the W-to-RS phase

transition occurs, and the absorption edge changes dramatically compared to lower

pressures. Both direct and indirect energy gaps are observed for ZnO nanocrystals

in the RS structure. Although it is much more difficult in this case, the RS-ZnO

indirect energy gap can also be estimated from eq. 2.22.

Figure 6.16: Absorption spectra of ZnO nanocrystals (ca. 4 nm) upon increasing pressure.
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In previous absorption experiments, an increase in the energy bandgap with pressure

was noted for both ZnO bulk crystals and thin films, and the W → RS phase

transition was observed at around 9.5 GPa [42], [47]. The phase transition in ZnO

thin films was detected as a decrease in the absorbance at the edge. Since RS-

ZnO is an indirect gap semiconductor with low absorption coefficient, only intense

direct absorption edges were detectable in transmission measurements in a 200 nm

thick film [47]. The transition from the W-ZnO bulk sample to the RS phase was

observed as a neat change in the shape of the absorbance [42]. An intense transition

at energies higher than 4.5 eV in both RS-ZnO bulk and films was also assigned to

an allowed direct transition [42], [47]. High pressure synchrotron XRD experiments

indicated the transition pressure to be around 10.5 GPa for W-ZnO with 50 nm in

diameter, and 15 GPa for 12 nm nanocrystalline ZnO [48], [49]. Grzanka et al. also

studied the size effect on the high pressure phase transition of ZnO nanocrystals,

obtaining similar results [50]. Shan et al. studied the pressure dependence of the

luminescence properties in ZnO nanowires and they found the phase transition at

around 12 GPa [51]. But, as far as we know, no experimental investigations on the

optical absorption of ZnO nanocrystals under high pressure have been reported so

far.

Figure 6.17(a) compares the variation with pressure of the direct optical energy gap

in W-ZnO colloidal nanocrystals, Ed
g (W), with the relative pressure dependence of

the total energy gap for the high pressure RS structure, ∆Ed+i
g (RS). Ed

g (W) values

have been obtained from the fitting of the square of the absorbance to eq. 2.19, α2-

~ω, Ed
g (W) being the point at which the absorption fitting curve goes to zero. The

variation with pressure of both direct and indirect contributions to the absorption

edge in the RS phase, ∆Ed+i
g (RS), has been estimated considering the value of

the energy at a fixed absorbance for each pressure. In Fig. 6.17(b) the pressure

dependence of the indirect optical energy gap for the ZnO nanoparticles in the RS

structure, Ei
g(RS), is shown. Ei

g(RS) values are obtained as follows: α1/2 is plotted

versus ~ω, and the ~ω value at α = 0 is equal to Ei
g + ~Ω; where ~Ω is the phonon

energy, estimated to be ca. 55 meV (438.4 cm−1) from Raman measurements.
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Figure 6.17: Pressure dependence of the ZnO direct energy gap in the W phase, Ed
g , and both direct

and indirect gaps in the RS structure, ∆Ed+i
g , (a). And pressure dependence of the direct gap for W-ZnO,

Ed
g , and indirect gap for RS-ZnO, Ei

g (b).

The pressure coefficient for the W-ZnO nanoparticles direct absorption edge is 20±2

meV/GPa (Fig. 6.17). This value is slightly lower than the one measured in W-ZnO

bulk (25±2 meV/GPa) and thin film (23.0±0.5 meV/GPa) [47]. For ZnO colloidal

nanocrystals in the RS structure, the relative variation of the total energy gap with

pressure is given by 70± 1 meV/GPa (Fig. 6.17(a)). It can be seen that the direct

energy gap increases with pressure while the indirect one decreases with a pressure

coefficient given by −130± 10 meV/GPa (Fig. 6.17(b)).

Absorption spectra of ZnO nanoparticles recorded in the down-stroke between 20

and 1 GPa are shown in Fig. 6.18. They indicate the non-reversibility of the W-

to-RS phase transition, that is, the metastability of RS-ZnO nanocrystals after the

pressure cycle. However, since AP has not been reached, a complete certainty of the

RS phase stability does not exist for the pure ZnO nanocrystalline sample. High

pressure structural investigations of bulk ZnO indicated that the W-to-RS transition

is reversible at RT; with a transition pressure of 9 GPa upon increasing pressure and

2 GPa in the down-stroke [39]. However, this property was already demonstrated to

be drastically different for nanocrystals, and Decremps et al. showed that metastable

RS ZnO nanoparticles were obtained upon decreasing pressure after a high-pressure

(15 GPa) and high-temperature (550 K) treatment [52].
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Figure 6.18: Absorption edge of RS-ZnO nanoparticles at different pressures (down-stroke).

• ZnO: 5%Co2+

Bandgap absorption spectra of ZnO: 5%Co2+ nanoparticles for different pressures

up to 20 GPa are shown in Fig. 6.19. The dependence of the Co2+ absorption

bands upon increasing pressure is presented in Fig. 6.20. Figure 6.21 compares

the bandgap absorption in pure and 5%Co2+-doped ZnO nanocrystals. Absorption

spectra of Zn1−xCoxO nanocrystals present three main differences with respect to

pure W-ZnO which are summarized in Fig. 6.22 [53]:

– The energy of the fundamental band-to-band absorption edge is slightly red-

shifted.

– A broad band absorption, related to a charge-transfer transition involving pro-

motion of an electron from the Co2+ to the CB, appears at energies just below

(and overlapping) the band-to-band edge [54].

– A well defined absorption band related to the spin-allowed 4A2 → 4T1 d−d

transition of tetrahedral Co2+ is observed in the visible region [55].
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Figure 6.19: Absorption edge of ZnO: 5%Co2+ nanoparticles at different pressures (up-stroke).

Figure 6.20: RT pressure dependence of the 4A2 → 4T1 Co2+ transition of ZnO: 5%Co2+ nanocrystals.
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Figure 6.21: Absorption edge of W-ZnO and W-ZnO: 5%Co2+ nanoparticles at AP.

An increase of the sample transparency inside the DAC is detected upon increasing

pressure, and the W-ZnO: 5%Co2+ transition to the RS phase is gradually observed

up to 15 GPa in the three absorption features:

– The fundamental absorption edge shifts to higher photon energies, and a change

of the absorption edge, when moving from direct to indirect gap scenario, is

observed.

– The charge-transfer band virtually disappears, or overlaps the direct transition

of the RS phase.

– The d−d Co2+ absorption band around 2 eV decreases its intensity by a factor

of 10 and shifts to higher energies, 2.5 eV, as a consequence of the modifica-

tion from a tetrahedral (W phase) to an octahedral (RS phase) coordination

symmetry.

Figure 6.23(a) shows the pressure dependence of the ZnO: 5%Co2+ nanocrystals

optical energy gap for the W and RS structures. Since the charge-transfer band

overlaps the bandgap absorption, the direct energy gap in the W phase, Ed
g (W), has

been estimated from the fitting of the square of the absorbance to eq. 2.19 like for

pure ZnO, but considering only values of the absorbance above 1.5. ∆Ed+i
g (RS) has
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Figure 6.22: Schematic representation of the optical transitions observed in ZnO: 5%Co2+.

been obtained from the value of the energy at a fixed absorbance for each pressure

in the RS phase. In Fig. 6.23(b) the pressure dependence of the Co2+ normalized

absorption intensity is presented. The direct bandgap for the W-ZnO: 5%Co2+

nanocrystals exhibits a linear pressure dependence with a pressure coefficient of

17 ± 2 meV/GPa (Fig. 6.23(a)). This value is lower than the one obtained in

W-ZnO: 5%Co2+ thin films (24.9 meV/GPa) [53].

Figure 6.23: Pressure dependence of the ZnO: 5%Co2+ direct energy gap in the W phase, Ed
g , and both

direct and indirect gaps in the RS structure, ∆Ed+i
g , (a). And pressure dependence of the normalized

Co2+ absorbance (b).

From Figs. 6.20 and 6.23(b) it is clearly seen that the Co2+ absorption intensity

decreases continuously, which indicates that the W-to-RS phase transition takes

place gradually, starting at pressures as low as 4-5 GPa. This result is opposite to

the large and abrupt decrease in the Co2+ absorption intensity observed in ZnO:

Co2+ single crystal by Stephens et al. [56]. The dramatic change of the absorption
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edge detected in Zn1−xCoxO thin films was used to propose also a sudden W-to-

RS phase transition [53]. Nevertheless, it can be deduced from our experimental

results (see Fig. 6.23) that the pressure dependence of the bandgap absorption do

not provide information about the abrupt or continuous character of the transition.

The charge-transfer band absorbance diminution is correlated with the d−d Co2+

bands behavior.

The continuous character of the phase transition in ZnO: Co2+ nanocrystals evi-

dences that different nanoparticles within our sample present different transition

pressures, and this could be attributed to several reasons. Firstly, it could be due to

a broad size distribution, since it is well known that the transition pressure increases

for smaller particle size [4], [5]. However, this is not the case, as there are nanoparti-

cles which show the phase transition at 4 GPa, while the transition pressure is 9 GPa

for the bulk. Secondly, different orientation or morphology of the particles would

give rise to differences in the surface energy among the various nanoparticles, and

the stability under high pressure is very related to it [25]. Thirdly, if Co2+ ions are

heterogeneously distributed within our nanocrystalline sample, those nanoparticles

with higher cobalt concentration would have higher absorbance and lower transition

pressures, involving a decrease in the total absorbance. The W-to-RS phase transi-

tion was observed in CoO nanoparticles (around 50 nm in size) in the 0.8-6.9 GPa

pressure range by means of high pressure synchrotron-radiation XRD measurements

[57].

Several experiments can be accomplished in order to clarify the actual explanation

for the gradual phase transition observed in ZnO: Co2+ nanoparticles. A concentra-

tion study may be carried out on different particles at the TEM facility. Moreover,

electron diffraction experiments would give information about the structure of dif-

ferent particles. Hence, the following relevant experiment will be developed: Both

concentration and electron diffraction measurements will be performed on ZnO:

Co2+ nanocrystals after reaching an intermediate pressure in the up-stroke in order

to check if the nanoparticles with high Co2+ concentration have already undergone
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Figure 6.24: Absorption edge of RS-ZnO: 5%Co2+ nanoparticles in the down-stroke from 22 GPa to
AP.

the phase transition, while those with low Co2+ concentration are still in the W

phase.

Absorption spectra of ZnO: 5%Co2+ nanoparticles recorded after the phase transi-

tion, in the down-stroke down to AP are shown in Fig. 6.24. Both the absorption

edge at AP (Fig. 6.24) which is characteristic of an indirect semiconductor, and the

fact that Co2+ tetrahedral absorption is not recovered at AP, are clear evidences of

the metastability of the RS-ZnO: 5%Co2+ phase at RT and AP.

Raman spectroscopy

The optical phonons predicted for the W-ZnO at the Γ-point of the Brillouin zone are:

Γopt = A1 + 2B1 + E1 + 2E2. Both A1 and E1 polar modes are Raman and IR active

and split into longitudinal and transverse optical (LO and TO) components. The two

non-polar ELow
2 and EHigh

2 modes are Raman active and IR inactive, while the B1 silent

modes are Raman and IR inactive [58], [59]. The mode assignment for W-ZnO single

crystals at RT and AP was well established by Calleja and Cardona [60]. The phonon
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confinement of ZnO nanocrystals affects both the phonon energy and the symmetry. A

red-shift in both ELow
2 and EHigh

2 modes as well as an asymmetric broadening on the low

energy side were observed in the Raman spectrum of ZnO nanoparticles (with 17 nm in

size) [61].

Figure 6.25: Raman spectra of ZnO: 5%Co2+ nanoparticles at different representative hydrostatic
pressures.

In previous works, the experimental phonon energies at ambient conditions for the

ELow
2 and EHigh

2 modes were determined to be ca. 100 and 440 cm−1, respectively, for

both W-ZnO and W-ZnO: 5%Co2+ single crystals. The A1(TO), E1(TO) and E1(LO)

modes were also clearly seen in the Raman spectra at around 380, 414 and 580 cm−1,

respectively. On the contrary, the A1(LO) mode was not observed. Moreover, additional

lines in the ZnO: 5%Co2+ spectra were attributed to CoO magnetic excitations [58], [59],

[60]. Raman scattering measurements performed by Decremps et al. in bulk ZnO also
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evidenced a W-to-RS structural transformation at around 9 GPa [59]. High pressure

Raman spectra of ZnO nanowires showed a reversible W-to-RS phase transition with

transition pressures of 10.3 GPa in the up-stroke and 4.4 GPa in the down-stroke [62].

The pressure dependence of the zone-center phonons (E2, A1 and E1) has been mea-

sured in this work for the W-ZnO: 5%Co2+ nanoparticles and is shown in Fig. 6.25.

The EHigh
2 mode is prominently observed in the spectra while the other modes are hardly

observable and then could only be tentatively assigned. The hexagonal to cubic phase

transition is completed around 15 GPa for the W-ZnO: 5%Co2+ nanocrystals (ca. 4 nm

in size). Contrary to bandgap absorption but similarly to Co2+ absorption, Raman mea-

surements may give information concerning whether the phase transition is abrupt or

continuous. Figure 6.26(a) shows the pressure dependence of the intensity of the EHigh
2

Raman mode. In order to determine the Raman intensity decrease due to the W-to-RS

structural phase transition onset, the intensity must be corrected for absorption effects

at the bandgap. Considering the Raman cross-section (eq. 2.10), and the fact that the

energy bandgap, 3.28 eV, separates from the excitation energy, 2.41 eV (514.5 nm), at a

rate of 17 meV/GPa, the compensated EHigh
2 intensity variation with pressure is depicted

in Fig. 6.26(b). A decrease of the intensity with increasing pressure is clearly detected

below 5 GPa, which points out the gradual character of the W-to-RS phase transition in

ZnO: 5%Co2+ nanoparticles.

Figure 6.26: Pressure dependence of the EHigh
2 experimental intensity (a) and normalized corrected

intensity (see text) (b) for ZnO: 5%Co2+ nanocrystals.

The pressure dependence of the EHigh
2 phonon energy up to the W→RS phase transition
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is shown in Fig. 6.27 and has been fitted to a second-order polynomial [63]:

ω = ω(0) + aP + bP 2 (6.2)

with ω(0) = 438.4 cm−1, a = 6.0± 0.2 cm−1/GPa and b = 0.17± 0.03 cm−1/GPa2. The

experimental wavenumber at AP obtained in this work for the ZnO: 5%Co2+ nanocrystals,

438.4 cm−1, is evidently red-shifted compared to the different bulk values, 444 cm−1 or

440 cm−1 given in the literature [27], [59]. This result is attributed to a relaxation of the

momentum conservation, and it confirms the confinement effect [61]. The linear frequency

dependence of EHigh
2 , a = 6.0±0.2 cm−1/GPa, is similar to the value reported for W-ZnO

single crystal, 5.2 cm−1/GPa [59]. Above the transition pressure no active Raman modes

are observed. As it can be seen in Fig. 6.25, the studied nanoparticles remain in the

RS phase after the pressure down-stroke. Hence, Raman measurements also indicate the

metastability of the RS-ZnO: 5%Co2+ nanocrystals at ambient pressure.

Figure 6.27: Pressure dependence of the EHigh
2 optical phonon energy, Eph, for W-ZnO: 5%Co2+

nanoparticles.

6.3.3 Conclusions

The irreversible phase transition of W-ZnO and W-ZnO: 5%Co2+ colloidal nanocrystals

(4 nm in size) to the RS structure has been demonstrated by absorption and Raman

measurements. The ZnO nanoparticles direct absorption spectra have been measured as

a function of pressure showing a blue-shift (20 ± 2 meV/GPa) of the optical bandgap
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with pressure up to 14 GPa, where the W-to-RS phase transition takes place. Absorp-

tion spectra recorded upon decreasing pressure indicate the metastability of the RS-ZnO

nanoparticles. Besides the bandgap absorption, the spectra of ZnO: 5%Co2+ nanocrys-

tals present a charge-transfer band and an absorption band due to Co2+ absorption in a

tetrahedral coordination. In this sample, the phase transition is gradually observed and

completed at around 14 GPa. This result is opposite to the abrupt transition detected

in ZnO: Co2+ single crystals and thin-films, and it is not fully understood yet. The ab-

sorption spectra during the down-stroke evidence the metastability of RS-ZnO: 5%Co2+

nanoparticles at RT and AP. The pressure dependence of the ZnO: 5%Co2+ EHigh
2 Raman

mode also shows that the W-to-RS phase transition is completed at ca. 15 GPa, and that

ZnO: 5%Co2+ nanocrystals remain in the RS structure at AP.
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