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Transient and persistent spectral holes were burned in the7F0-
5D0 transition of Eu31 ions in macromono-

lithic transparent porous nanocrystallineg-Al2O3 produced by sol-gel technology. An unusual temperature
dependence of the transient hole width was observed that differs markedly from that in either crystalline or
disordered systems. This temperature dependence is explained in terms of Raman processes involving size-
resonant vibrations of the nanoparticles comprising the structure. Possible mechanisms of hole burning are
suggested.@S0163-1829~96!52730-X#

I. INTRODUCTION

Studies of spatially restricted solids whose dimensions are
on the nanometer scale, exhibit the effects of size confine-
ment on their vibrational properties~Refs. 1–3 and refer-
ences therein!. These altered vibrational properties can be
expected to result in modifications of those spectroscopic
properties of impurity ions in a nanocrystalline insulating
host which depend on the electron-phonon interaction. A
well-known example occurs in glasses4 and disordered
crystals5 where the homogeneous linewidths are much larger
than and their temperature dependence is fundamentally dif-
ferent from those in regular crystals. These effects are con-
nected with specific vibrational properties of glasses~and
disordered crystals!, such as localization of vibrational exci-
tations and the presence of two-level systems~TLS’s!.

In the present work optical hole-burning spectroscopy is
used to study the dynamics of impurity ions in nanocrystal-
line highly porous transparentg-Al2O3:Eu

31 produced by
sol-gel technology. Both transient and persistent hole burn-
ing is observed. The transient hole linewidth exhibits an
abrupt increase in its temperature dependence above 7 K
which is interpreted on the basis of the recently observed6

modification of the vibrational spectrum of the nanoscale
material.

The macromonolithic translucent porous aluminum oxide
samples,g-Al2O3:Eu

31, with an Eu concentration of 1 and 2
at %, were produced by the sol-gel technique.7,8 The material
is built of nanometer scale crystalline particles. Their crystal
structure was probed by x-ray scattering. The apparent den-
sity of the samples, which is less than half that of bulk
g-Al2O3, confirms their high porosity. The average diameter
of the crystalline nanoparticles was about 4 nm based on
x-ray scattering data. The typical spread in the mean particle
size distribution is of the order of the size itself~62 nm!. For
these Eu concentrations each nanoparticle contains 20–40 Eu
ions.

In the spinel-typeg-Al2O3 structure, the Al
31 ions occupy

the tetrahedral and octahedral sites statistically, so the
g-Al2O3 lattice is a defect~disordered! one. Thus the spec-
troscopic properties of Eu31 in the samples are expected to
be typical for disordered materials.

The nonresonantly excited fluorescence spectrum of Eu31

ions is shown in Fig. 1. It demonstrates the strong~;150
cm21! inhomogeneous broadening of all5D0-

7Fn transitions
similar to that found in glasses9 and highly disordered
crystals.5 The 5D0-

7F0 transition is observed at about 577
nm; the other spectral lines in Fig. 1 may be attributed to the
5D0-

7F1 and
5D0-

7F2 transitions whose splittings are similar
to those of Eu31 in other disordered hosts.9 No significant
nonresonant fluorescent line narrowing was observed in the
5D0-

7F1 and
5D0-

7F2 transitions under site-selective excita-
tion of the7F0-

5D0 transition, suggesting the absence of cor-
relation between5D0-

7Fn energy levels in different Eu31

sites. The fluorescence decay is nonexponential due to the
different lifetimes of Eu31 centers, typical for disordered ma-
terials, estimated as;1–2 ms at room temperature.

II. HOLE-BURNING EXPERIMENTS

The hole-burning experiments were performed at 1.7–40
K. A single-frequency ring dye-laser~Coherent model 899-

FIG. 1. The fluorescence spectrum atT577 K of g-Al2O3:Eu
31

produced by sol-gel technology under Hg-lamp excitation. Inset:
spectral dependence of the transient hole width.
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21! was tuned into the7F0-
5D0 transition. The laser power

was 5–100 mW focused onto a 2–5 mm spot on the sample.
For the hole detection the laser frequency was swept over a
range which was adjusted between 2–20 GHz in a time pe-
riod of ;0.5 s while the fluorescence in the5D0-

7F2 transi-
tion ~620 nm! was detected by a photomultiplier tube. The
fluorescence around 620 nm was selected with a Corning
2-62 cutoff filter and a 10 nm bandwidth interference filter.
A digital oscilloscope was used for signal storage and aver-
aging.

Two kinds of spectral holes observed in our experiments
are shown in Fig. 2. These are transient holes~lifetime;a
few seconds! @Fig. 2~a!# and significantly broader persistent
holes whose lifetime is greater than hours atT52 K @Fig.
2~b!#. The transient holes were observed in a repetitive se-
quence in which the laser frequency was held fixed for 0.5 s,
followed by a scan of the laser frequency in 0.5 s. In order to
avoid persistent hole burning the laser power was kept below
5 mW and the spot size was at least 5 mm in diameter. The
transient hole width was about 100 MHz atT51.7 K in the
center of the inhomogeneously broadened7F0-

5D0 line and
showed a linear excitation wavelength dependence~see inset
of Fig. 1! similar to that observed in some glasses.9 The
maximum hole depth was about 10%. The transient holes
exhibited some weakly resolved structure, which together
with the hole lifetime suggests that the hole burning is due to
redistribution of population among the hyperfine levels of
the ground state as has been observed in a number of
ordered10 and disordered5 crystals and in glasses.9

The persistent holes@Fig. 2~b!# were burned atT51.8 K

with laser powers between 5 and 100 mW, the larger powers
being used at the higher temperatures, loosely focused onto a
2 mm spot. The hole width significantly increases with burn-
ing intensity. At low intensities~;10 mW atT51.7 K! the
hole width was about 600 MHz. The maximum observed
hole depth was;15% and the typical burning time was from
seconds at higher intensities to tens of minutes under low-
intensity conditions. The cycling of the sample to higher
temperatures showed that atT.20 K the hole is irreversibly
broadened and its area is decreased. The holes do not survive
cycling above 40 K. The low activation energy of hole era-
sure suggests that the persistent holes are of photophysical
origin ~due to rearrangement of the material structure!. Sev-
eral persistent holes may be burned at different frequencies
with the same laser beam position in the sample and each
new hole does not affect the depth and the width of the
previously burned holes as seen in Fig. 2~c!.

The temperature dependence of the hole widths of both
the transient and persistent holes, measured at 577 mn, are
shown in Fig. 3. The temperature dependence for the narrow
transient hole is very weak below 6 K but speeds up drasti-
cally at higher temperatures. The width of the persistent hole,
initially burned atT52 K, broadens nearly linearly as the
temperature is increased although a somewhat slower depen-
dence may be observed at low temperatures. It should be
mentioned that in the case of persistent holes for the higher
temperature points~open squares in Fig. 3! the holes were
burned at the elevated temperature. Where the holes could be
burned at both 1.8 K and the elevated temperatures, the re-
sults were identical within the experimental error. The results

FIG. 2. Spectral holes burned in7F0-
5D0 transition of Eu

31 ions
at T51.8 K. ~a! Transient hole;~b! persistent hole;~c! multiple
persistent holes. The arrows in~a! indicate the sideholes.

FIG. 3. Temperature dependencies of hole widths. Solid
circles—transient hole; open circles and squares—persistent hole
~data points shown with squares were obtained with additional
burning at elevated temperatures!; solid line—fit with Boltzmann
activation; dash-dotted line—fit with Eq.~1! and ^H&2;v; dashed
line—fit with Eq. ~1! and ^H&2;v21.
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of all the measurements were indistinguishable for the 1 and
2% Eu doped samples and therefore data for both concen-
trations are shown in Fig. 3.

III. DISCUSSION

The mechanism for the transient hole burning may be
ascribed to the redistribution of population among the hyper-
fine ground-state sublevels which is active when the homo-
geneous linewidth is less than the ground-state hyperfine
splittings. This is supported by the observation of sidehole
structure close to the main hole. The hole spectra of Eu31

then contain antiholes which are combinations of hyperfine
splittings in the ground and excited state and sideholes which
are determined by the excited-state hyperfine splittings. In
octahedral oxide environments, Eu31 usually exhibits hyper-
fine splittings of about;250 MHz in the ground state10 and
;500 MHz in the excited state. The presence of sidehole
structure indicates that at least some of the sites have hyper-
fine splittings which exceed the homogeneous linewidth. The
presence of overlapping holes and antiholes, with a distribu-
tion of frequencies from the main hole, washes out most of
the structure. The transient hole lifetime also supports the
proposed mechanism as its value of 10 s at 2 K is quite
typical for that found in glasses and disordered materials.9

The maximum hole depth of 10% may be related to the large
homogeneous linewidth which restricts the persistent hole
burning to sites whose hyperfine splittings exceed the homo-
geneous linewidth.

The exact nature of the mechanism for the persistent hole
is not so clear. The relatively low activation temperature of
the irreversible broadening and erasure of these holes is sug-
gestive of a photophysical rearrangement of the local envi-
ronment as has been ascribed to persistent hole burning of
Pr31 in glasses9 and disordered solids.11 While persistent
spectral hole burning is usually not observed for Eu31, one
other example is known to us in the superionic conductor, Na
b9 alumina.12 However in a porous nanocrystalline material
the rearrangement of the nanocrystal as a whole provides an
alternate mechanism. The nanoscale size restriction can en-
hance the effect of optical excitation as it provides a means
for significant local heating of the nanocrystal. This heating
has been estimated assuming the bulk heat capacity of the
material and it was found that the energy of a single photon
is enough to heat the nanocrystal to few tens of K.
Experiments6 have shown that the spectrum of optically ex-
cited vibrations is highly nonequilibrium and size-resonant
vibrations of particles with long~;ms! lifetimes are effec-
tively excited. This may result in rearrangement of the posi-
tion of the nanocrystal with respect to its neighbors and thus
in changes in nanocrystal stress which shifts the ions’ fre-
quency. The required energy may be provided by the
phonons created in the Eu31 transition to the vibronic ground
state or by nonradiative relaxation to the ground state. The
observation that burning of additional holes does not signifi-
cantly affect those previously burned@see Fig. 2~c!# may be
easily explained by the separation of the ions involved in the
hole-burning processes in different nanoparticles which ef-
fectively do not interact.

The temperature dependence of the transient hole width
G~T!, observed ing-Al2O3:Eu

31 is quite unusual. Indeed,

G~T! is different from that of Eu31 in ordered crystals where
it follows a;T7 behavior at low temperatures with the tran-
sition to ;T2 at higher temperatures,13 and from that in
glasses and disordered crystals where it is;T to T1.3 at low
temperatures and;T2 at higher temperatures.4,9 TheT7 de-
pendence obtained for Eu31 in bulk crystalline Y2O3 was
explained on the basis of a two-phonon Raman process. The
seventh power follows from thev2 dependence of the pho-
non density of states. We consider the observed temperature
dependence in terms of this same two-phonon Raman pro-
cess taking into account the specific vibrational spectrum of
the nanocrystalline material.2 The Raman process gives a
contribution

G;E
v1

v2
u^H&u4

r~v!2e\v/kT

~e\v/kT21!2
dv ~1!

for the interactions with the vibrations with frequencies lying
betweenv1 andv2, whereH is the electron-phonon interac-
tion Hamiltonian andr~v! is the vibrational density of
states.14 For nanocrystalline material the low-frequency
~,20 cm21! density of states is decreased due to the size
restricted boundaries of the nanocrystals; the additional den-
sity of states due to size-quantized particle vibrations is
present at higher frequencies. The frequency spectrum of vi-
brations in small crystalline particles was considered in Refs.
2 and 15. The nanoparticle vibrations which are most respon-
sible for the additional density of states are so-called ‘‘sur-
face’’ spheroidal and torsional modes whose lowest fre-
quency is

v ~cm21!50.85v t /ac, ~2!

wherev t is the transverse sound velocity anda is the particle
diameter.

We have made an attempt to fit the experimental results
with Eq. ~1! assuminĝ H&2;v ~as is done for crystals! and
the smoothed frequency spectrum of phonons for a mesos-
copic system15 for r~v!. The integration was performed be-
tween the lowest-lying 4-nm particle mode frequency and
700 cm21. It was not possible to explain the experimental
results assuming a value of^H&2;v of the same order as that
in bulk crystalline oxide materials;13 the observed linewidth
is a few orders of magnitude larger. In addition, the slope of
the temperature dependence cannot be fitted, even assuming
an increased value of^H&2 ~still ;v! ~see Fig. 3, dash-dotted
line!. A better fit for the temperature dependence is obtained
taking ^H&2;v21 ~Fig. 3, dashed line! as is assumed for
Raman processes involving the interaction with localized vi-
brations in glasses16 ~of course in this case the absolute value
of ^H&2 is just a fitting parameter!. A good fit of the results is
also obtained~Fig. 3, solid line! with a Boltzmann activation
e2\v/kT which corresponds to Raman processes involving
vibrations with frequencies narrowly distributed around
v'25 cm21, the minimum frequency predicted for a particle
with a56 nm. The use of a larger particle size can be justi-
fied because the larger particles contain more Eu31 probe
ions. Thus their contribution to the hole line shape is ex-
pected to dominate. An exponential temperature dependence
of G was previously reported in the dye-surface system
Quinizarin/g-Al2O3 which was ascribed to some unknown
low-frequency mode of the adsorbate-substrate system.17 For
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porous sol-gelg-Al2O3 the exponential-like temperature be-
havior ofG results from a gap in the low-frequency phonon
spectrum with a sudden onset of size resonant modes at a
frequency given by Eq.~2!. This results in a temperature
behavior like that observed for the dye-adsorbate system as
well as for localized modes in glasses14 and low-frequency
vibrations of organic molecules.18

The fitting of the experimental data with Eq.~1! requires
that the electron-vibration interaction responsible for the line
broadening in nanocrystalline material is stronger than that
in bulk crystals. There are two reasons why the nanoscale
size restriction may enhance the line broadening. The first
lies in the fact that this structure ensures that each Eu31 ion
is not more than about 2 nm from the surface of the particle
where these modes are most active. Thus the nanoscale struc-
ture of the materials has the effect of increasing the effective
electron-phonon interaction. In the second place, the density
of states of these modes is really quite large at;25 cm21 as
compared with the acoustic modes in a bulk crystal.

At the lowest temperatures the transient hole width is de-
termined by some other mechanism, e.g., interaction with
TLS’s, which may be present in this defect lattice, with
fractons,1 or by spectral diffusion. The hole width for persis-

tent holes should also exhibit some increased temperature
dependence aboveT56 K, but it is difficult to identify be-
cause at higher temperatures the persistent hole broadening
is determined mostly by inhomogeneous broadening due to
thermally activated rearrangements in the material. The irre-
versible character of the hole broadening atT.20 K sup-
ports this suggestion.

The nanocrystalline structure presents special conditions
for spectral hole burning of Eu31 in sol-gel produced
g-Al2O3. Photoinduced rearrangements of nanocrystals en-
hanced by localization of the excitation energy can produce
persistent spectral holes for Eu31. The special vibrational
properties of size-restricted crystals lead to a modified den-
sity of states which is manifested in a nearly exponential
temperature dependence of the transient spectral hole widths.
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