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Zn nanoparticles at room temperature show two absorption peaks in the near-infrared �NIR� and the
ultraviolet �UV� regions, both of which satisfy the criterion of surface plasmon resonance �SPR�.
From x-ray diffraction at high temperatures, it was found that the Zn nanoparticles in SiO2 melt at
360–420 °C and solidify at 250–310 °C with a large temperature hysteresis. While the NIR peak
disappears with melting, the UV peak shows sudden energy shift with melting but survives even
after the melting. The first-principle band calculation ascribes the UV and NIR peaks to
SPR-enhanced inter- and intraband transitions, respectively. © 2010 American Institute of Physics.
�doi:10.1063/1.3290984�

Surface plasmon resonance �SPR� of metal nanoparticles
�NPs� embedded in insulators is receiving considerable atten-
tion because of possible applications to ultra-fast optical
nonlinear devices,1 one-molecule detection by enhanced Ra-
man spectroscopy,2 and plasmonics.3 For these applications,
NPs should properly work even under strong heat load due to
high-intensity laser irradiation. Melting of NPs by heat and
effects on the SPR are important issues to be clarified. Al-
though there are many studies on melting of NPs,4–9 only
very limited numbers of studies are reported concerning the
melting effects on the SPR of metal NPs such as Au10 and
Cu11 in transparent insulators.

Although these publications10,11 included exciting inter-
pretation of the absorption spectra, the results are not free
from criticism because they did not determine the melting
point �Tmp� of the NPs experimentally but presumed the Tmp

value from data in past literature. However, Tmp of NPs em-
bedded in a solid matrix is difficult to predict, because re-
duction of NP size decreases but the pressure from the matrix
increases the Tmp. Since both of these effects contribute to
Tmp in different ways, experimental determination of Tmp is
essential for embedded NPs. In this letter, we describe a
study in which we experimentally determined the tempera-
ture dependences of both the x-ray diffraction �XRD�, i.e.,
Tmp, and the SPR absorption of Zn NPs embedded in silica
glass �SiO2�. Furthermore, the occurrence of little change in
size of the NPs during high-temperature �HT� measurements
was experimentally confirmed by laboratory-scale small-

angle x-ray scattering �lab-SAXS�, since changes in the size
of NPs during the HT measurements cause difficulty in in-
terpretation of the results.

Zinc NPs are attractive because these NPs exhibit two
SPR peaks at around 1.2 and 4.8 eV,12 i.e., one in the near-
infrared �NIR� region and the other in the ultraviolet �UV�
region. Both of these peaks satisfy the criterion of SPR:

��Zn��� + 2�SiO2���� = �local�minimum, �1�

where �Zn��� and �SiO2��� denote complex dielectric func-
tions of Zn and SiO2, respectively.12

Zn NPs were formed in KU-1 type SiO2 substrate by
implantation of Zn ions of 60 keV up to a fluence of 1.0
�1017 ions /cm2. The formation parameters were the same
as those reported in our previous study.13,14 We applied the
glancing incident angle XRD �GIXRD� method to monitor
the solid-liquid �SL� transition of Zn NPs. However, because
an excessively long measurement duration at HTs might
cause coarsening of the NPs, we used a high-intensity x-ray
from a synchrotron radiation �SR� facility to shorten the
measurement duration. A HT sample holder was installed in
the vacuum chamber of the high-resolution diffractometer15

of the BL15XU beamline at the SPring-8 SR facility. The
sample was kept in a vacuum to avoid oxidation during the
HT measurements. An x-ray energy of 5.414 keV was used.
Diffraction patterns were recorded by a YAP detector with
scanning at a scattering angle of 2�, where the incident angle
� was fixed at 3°.

Figure 1�a� shows the temperature dependence of the Zn
�101� diffraction peak detected by SR-GIXRD. The upward
and downward triangles show data points taken in the rising-
and falling-temperature sequences, respectively. With in-
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creasing temperature, the intensity shows a gradual decrease
until �360 °C and then decreases steeply. The steep de-
crease is completed at around 418 °C, which is very close to
the bulk Tmp of 419.6 °C. The steep decrease in the diffrac-
tion intensity is ascribed to the melting of Zn NPs. On the
other hand, in the falling sequence the intensity maintains a
low value that corresponds to the molten phase even when
the temperature falls to �310 °C, then shows a steep in-
crease as the temperature falls further to �250 °C. A tem-
perature hysteresis with a width of �110 °C was observed.
After solidification was completed in the falling sequence,
the temperature was increased again �second run�. The data
for the second run are indicated by open triangles in the
figure. The second-run data show a close correspondence
with the curve of the first-run data, confirming that the hys-
teresis was not due to spurious effects but reproducible.

The size distributions of the Zn NPs before and after the
GIXRD measurements at HTs were determined by the lab-
SAXS measurements.16 The mean diameter was respectively
11.0 and 12.0 nm before and after the measurements, indi-
cating that coarsening of the NPs during the measurements is
negligible. It should be noted that temperature hysteresis is a
relatively common phenomenon in the SL transitions of em-
bedded NPs.7–9 Since the SL transition is one of the 1st order
phase transitions, large hysteresis is a natural consequence.
However, in continuous thin-films and bulk materials, the
large hysteresis is hindered by the heterogenous nucleation
due to imperfections. Once the heterogenous nucleation hap-
pens at any parts of the materials, all the parts suffer the
transition because any parts are connected with each other.
Contrary, embedded NPs are separated from each other by
matrix, i.e., SiO2. In this case, even if the heterogenous
nucleation happens in some embedded NPs, the nucleation
does not propagate to the other NPs. Consequently the large
hysteresis is observed.

Optical transmission spectroscopy was carried out at
HTs in the wavelength region of 215–1700 nm with a reso-
lution of 2 nm in our laboratory, using a conventional

double-beam spectrometer equipped with a HT vacuum
sample chamber. The optical density spectra detected in the
rising-temperature sequence are shown in Fig. 2. With in-
creasing temperature, the NIR peak at 1.2 eV gradually de-
creases in height and increases in width. The NIR peak is
faintly visible at 363 °C, but is no longer visible at 441 °C.
Since the XRD peak steeply decreases between 360 and
420 °C, the disappearance of the NIR peak can be consid-
ered to be coincident with the melting. On the contrary, the
UV peak around 4.8 eV survives even at higher temperatures
than 420 °C where the XRD data show the melting of all of
the Zn NPs.

While the UV peak energy hardly changes from 4.8 eV
even with heating from RT to �330 °C, the peak suddenly
shifts to �0.3 eV lower energy with the occurrence of melt-
ing. Since the melting is a transition from the crystalline
phase to the liquid phase, i.e., similar to the amorphous
phase, the energy shift of the optical transition is quite ac-
ceptable. In fact, shifts of band-gap energies are reported in
some nonmetallic solids with the transition from a crystalline
phase to a solid amorphous phase.17,18 It should be noted that
although there are many sharp lines superimposed on the
broad UV peak at HTs, they are artifacts because they have
no reproducibility in terms of positions and intensities.

To confirm that the shift of the UV peak is due to melt-
ing, the temperature dependence of the UV peak was evalu-
ated in both the rising-and falling-temperature sequences. In
addition to the sudden shift of the peak energy, the low-
energy shoulder of the UV peak also showed a similar sud-
den shift with melting. Since the peak is broad and noisy, the
determination of the peak energy includes large uncertainty.
Instead of the peak energy, the transmittance value at a fixed
energy in the tail region of the UV peak, e.g., 3.1 eV, where
the S/N ratio is relatively better, can serve as a more useful
measure of the energy shift. As shown in Fig. 1�b�, the trans-
mittance at 3.1 eV exhibited an almost constant value of
�38% up to �375 °C in the rising sequence and then
steeply decreased at higher temperatures. This is due to the
sudden low-energy shift of the UV peak, which is a conse-
quence of the melting of the Zn NPs. In the falling sequence,
a low transmittance value was maintained down to �335 °C
then the value returned to a high level. Temperature hyster-
esis was also observed in the optical absorption, which was

FIG. 1. �Color online� Temperature dependence of �a� the peak intensity of
Zn �101� diffraction from Zn NPs embedded in SiO2 detected by SR-
GIXRD, and of �b� the optical transmittance T detected at a fixed photon
energy of 3.1 eV. The upward and downward triangles show data points
taken in the rising- and falling-temperature sequences, respectively. The
closed and open upward triangles show data taken in the first and second
runs, respectively. The solid lines are guides for the eye. The dashed line
indicates the melting point of bulk Zn.

FIG. 2. �Color online� Temperature dependence of the optical density spec-
tra, i.e., −Log10 T, in the near-infrared �NIR�, visible, and ultraviolet �UV�
regions, where T denotes the optical transmittance. The spectra in the NIR
region were magnified 30 times and the backgrounds were subtracted.
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similar to that observed in the XRD results shown in
Fig. 1�a�.

To understand the different temperature dependences be-
tween the NIR and UV peaks, the origins of these two peaks
were evaluated using ab initio band calculation code
WIEN2K.19 The code calculated the band diagram and the
complex dielectric function of bulk Zn, which consists of
two different components, i.e., the intraband �Drude� and the
interband contributions.20 Theoretical absorption spectra of
Zn NPs embedded in SiO2 were derived from the dielectric
function using the first order Mie formula,21 which includes
the depolarization effect of metal NPs in insulator. The re-
laxation frequency h /� in the Drude term was substituted by
a larger value of 1 eV in order to take account for the mean-
free-path �MFP� reduction due to the NP confinement. The
result is shown in Fig. 3�a�: Two peaks are observed at 1.0
and 5.3 eV, both of which are good agreement with the ex-
perimental peaks at 1.2 and 4.8 eV, respectively. If the Drude
term is neglected, the NIR peak disappears but the UV peak
remains with a certain low-energy shift, as shown in Fig.
3�b�. From the band-diagram and these facts, the NIR and
UV peaks are ascribed to intraband and 4s-4p interband tran-
sitions, respectively.

Since the intraband electrons have free-electron-like
nature, they are more sensitive to reduction of the MFP of
conduction electrons.21 Coincident with the melting, the
MFP is steeply reduced to the order of the lattice constant
and the NIR peak is strongly damped and disappears. Con-
trary, the UV peak has the interband transition nature; i.e., is
free from the Drude-like strong damping even after the
melting.

It should be noted again that the UV peak is also due to
the SPR: The energy of the UV peak does not match with
any of special band singularities. Thus, the band structure is
not the direct reason why the UV peak appears. In fact, the
calculated joint-density-of-states �JDOS� shows a feature-
less spectrum in the region of 2–6 eV. As one of the trials,
the bulk absorption formula �=4�k /	 was used instead of
Mie formula in order to exclude the field-enhancement effect
of the NP structure. The result is shown in Fig. 3�c�. The UV

peak does not appear but only weak feature-less absorption is
observed. Thus, the UV peak is also a consequence of the
SPR effects. In fact, the UV peak satisfies the SPR criterion
�1�.

Several years ago, we discussed a similar problem, i.e.,
the identification of SPR from two absorption peaks at 3.3
and 6.0 eV of Ni NPs in SiO2.22 From numerical calculation
of the size dependence of the extinction spectra, we tenta-
tively concluded that the peak which was more strongly suf-
fered by the MFP reduction, i.e., the 3.3 eV peak, was as-
cribed to the SPR. Now the opinion has been changed: Even
in the interband transition regions, appearance of the peak
can be due to the field enhancement effect of SPR. Conse-
quently, all the peaks which satisfy the criterion �1� are
SPRs. This is not only a small change of the viewpoint, but
may bring fruitful new phenomena: UV peaks of metal NPs
which were believed due to the interband transitions may
show new plasmonic phenomena.
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FIG. 3. �Color online� Theoretical optical extinction spectra of Zn NPs in
SiO2 derived by the first principle band calculation code WIEN2K. In �a� and
�b�, the depolarization effects, i.e., the field enhancement effects due to SPR,
of metal NPs are included using the 1st order Mie formula. In �b�, the Drude
term is artificially excluded. In �c�, the SPR effects are excluded, i.e., the
extinction � is derived from �=4�k /	, instead of the Mie formula, where k
denotes the imaginary part of the complex refractive index.

023110-3 Amekura et al. Appl. Phys. Lett. 96, 023110 �2010�

http://dx.doi.org/10.1016/0168-583X(94)96274-X
http://dx.doi.org/10.1016/0168-583X(94)96274-X
http://dx.doi.org/10.1126/science.275.5303.1102
http://dx.doi.org/10.1143/JPSJ.9.359
http://dx.doi.org/10.1103/PhysRevA.13.2287
http://dx.doi.org/10.1126/science.1068521
http://dx.doi.org/10.1103/PhysRevLett.97.155701
http://dx.doi.org/10.1103/PhysRevB.70.075418
http://dx.doi.org/10.1016/0168-583X(95)00757-1
http://dx.doi.org/10.1063/1.1334362
http://dx.doi.org/10.1103/PhysRevB.75.085434
http://dx.doi.org/10.1088/0957-4484/18/39/395707
http://dx.doi.org/10.1063/1.1989442
http://dx.doi.org/10.1063/1.1989442
http://dx.doi.org/10.1107/S0909049503018296
http://dx.doi.org/10.1063/1.3014032
http://dx.doi.org/10.1063/1.3014032
http://dx.doi.org/10.1063/1.356662
http://dx.doi.org/10.1016/S0038-1098(99)00414-7
http://dx.doi.org/10.1016/j.cpc.2006.03.005
http://dx.doi.org/10.1016/j.nimb.2004.01.003
http://dx.doi.org/10.1016/j.nimb.2004.01.003

