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Spectral hole burning in Eu**-doped highly porous y-aluminum oxide
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Transient and persistent spectral holes were burned ifRféD,, transition of EG* ions in macromono-
lithic transparent porous nanocrystallineAl ,O; 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.S0163-1826)52730-X]

I. INTRODUCTION The nonresonantly excited fluorescence spectrum 8t Eu
ions is shown in Fig. 1. It demonstrates the strgrgl50
Studies of spatially restricted solids whose dimensions arem™?) inhomogeneous broadening of a),-'F, transitions
on the nanometer scale, exhibit the effects of size confinesimilar to that found in glass&sand highly disordered
ment on their vibrational propertie®Refs. 1-3 and refer- crystals® The °Do-F, transition is observed at about 577
ences therein These altered vibrational properties can benm; the other spectral lines in Fig. 1 may be attributed to the
expected to result in modifications of those spectroscopiép -’F, and®D,-’F, transitions whose splittings are similar
properties of impurity ions in a nanocrystalline insulating o those of E&" in other disordered hosfsNo significant
host which depend on the electron-phonon interaction. Ayonresonant fluorescent line narrowing was observed in the
well-known example occurs in glasSesnd disordered Sp _7F, andSD,-’F, transitions under site-selective excita-
crystals where the homogeneous linewidths are much largefion of the’F4-°D,, transition, suggesting the absence of cor-
than and their temperature dependence is fundamentally difs|ation betwee Dy-'F, energy levels in different B
ferent from those in regular crystals. These effects are consjtes. The fluorescence decay is nonexponential due to the

nected with specific vibrational properties of glassasd gitferent lifetimes of EG* centers, typical for disordered ma-
disordered crystalssuch as localization of vibrational exci- terials, estimated as1-2 ms at room temperature.

tations and the presence of two-level systdiisS’s).

In the present work optical hole-burning spectroscopy is
used to study the dynamics of impurity ions in nanocrystal-
line highly porous transpareng-Al,05:EW®* produced by
sol-gel technology. Both transient and persistent hole burn- The hole-burning experiments were performed at 1.7—40
ing is observed. The transient hole linewidth exhibits anK. A single-frequency ring dye-laséCoherent model 899-
abrupt increase in its temperature dependence above 7 K
which is interpreted on the basis of the recently obsétved
modification of the vibrational spectrum of the nanoscale
material.

The macromonolithic translucent porous aluminum oxide
samples;-Al,O;:EL*", with an Eu concentration of 1 and 2
at %, were produced by the sol-gel technigd&he 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
v-Al,O5, 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 itseff2 nm). For
these Eu concentrations each nanoparticle contains 20—40 Eu L e
ions. 560 580 600 620 640 660

In the spinel-typey-Al ,O; structure, the A" ions occupy WAVELENGTH (nm)
the tetrahedral and octahedral sites statistically, so the
¥-Al,O; lattice is a defectdisorderedl one. Thus the spec-  FIG. 1. The fluorescence spectrunilat 77 K of y-Al ,05:EL*"
troscopic properties of Eii in the samples are expected to produced by sol-gel technology under Hg-lamp excitation. Inset:
be typical for disordered materials. spectral dependence of the transient hole width.

II. HOLE-BURNING EXPERIMENTS
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FIG. 3. Temperature dependencies of hole widths. Solid
FREQUENCY SHIFT (GHz) circles—transient hole; open circles and squares—persistent hole
(data points shown with squares were obtained with additional
FIG. 2. Spectral holes burned ff-°D transition of EG* ions  burning at elevated temperatuyesolid line—fit with Boltzmann
at T=1.8 K. (@ Transient hole;(b) persistent holefc) multiple  activation; dash-dotted line—fit with Eq1) and (H)?>~w; dashed
persistent holes. The arrows (@) indicate the sideholes. line—fit with Eq. (1) and(H)*>~w™ L.

21) was tuned into théF ,-°D,, transition. The laser power with laser powers between 5 and 100 mW, the larger powers
was 5-100 mW focused onto a 2-5 mm spot on the sampldaeing used at the higher temperatures, loosely focused onto a
For the hole detection the laser frequency was swept over 2mm spot. The hole width significantly increases with burn-
range which was adjusted between 2—20 GHz in a time peng intensity. At low intensities~10 mW atT=1.7 K) the
riod of ~0.5 s while the fluorescence in tAB,-'F, transi-  hole width was about 600 MHz. The maximum observed
tion (620 nm was detected by a photomultiplier tube. The hole depth was-15% and the typical burning time was from
fluorescence around 620 nm was selected with a Corningeconds at higher intensities to tens of minutes under low-
2-62 cutoff filter and a 10 nm bandwidth interference filter. intensity conditions. The cycling of the sample to higher
A digital oscilloscope was used for signal storage and avertemperatures showed that®t-20 K the hole is irreversibly
aging. broadened and its area is decreased. The holes do not survive
Two kinds of spectral holes observed in our experimentgycling above 40 K. The low activation energy of hole era-
are shown in Fig. 2. These are transient hdléstime~a  sure suggests that the persistent holes are of photophysical
few seconds[Fig. 2(a)] and significantly broader persistent origin (due to rearrangement of the material structugev-
holes whose lifetime is greater than hoursTat2 K [Fig.  eral persistent holes may be burned at different frequencies
2(b)]. The transient holes were observed in a repetitive sewith the same laser beam position in the sample and each
guence in which the laser frequency was held fixed for 0.5 snew hole does not affect the depth and the width of the
followed by a scan of the laser frequency in 0.5 s. In order tgpreviously burned holes as seen in Fi¢c)2
avoid persistent hole burning the laser power was kept below The temperature dependence of the hole widths of both
5 mW and the spot size was at least 5 mm in diameter. Théhe transient and persistent holes, measured at 577 mn, are
transient hole width was about 100 MHzB£1.7 K in the  shown in Fig. 3. The temperature dependence for the narrow
center of the inhomogeneously broadedBg-"D,, line and  transient hole is very weak belo6 K but speeds up drasti-
showed a linear excitation wavelength dependedsee inset cally at higher temperatures. The width of the persistent hole,
of Fig. 1) similar to that observed in some glasSeshe initially burned atT=2 K, broadens nearly linearly as the
maximum hole depth was about 10%. The transient holetemperature is increased although a somewhat slower depen-
exhibited some weakly resolved structure, which togethedence may be observed at low temperatures. It should be
with the hole lifetime suggests that the hole burning is due tanentioned that in the case of persistent holes for the higher
redistribution of population among the hyperfine levels oftemperature pointséopen squares in Fig.)3he holes were
the ground state as has been observed in a number bfirned at the elevated temperature. Where the holes could be
ordered® and disordereticrystals and in glassés. burned at both 1.8 K and the elevated temperatures, the re-
The persistent holeg=ig. 2(b)] were burned alT=1.8 K sults were identical within the experimental error. The results
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of all the measurements were indistinguishable for the 1 andf(T) is different from that of EZi" in ordered crystals where
2% Eu doped samples and therefore data for both conceiit-follows a ~T’ behavior at low temperatures with the tran-
trations are shown in Fig. 3. sition to ~T2 at higher temperaturés,and from that in
glasses and disordered crystals where it to T*2 at low
temperatures and T2 at higher temperaturds. The T’ de-
1. DISCUSSION pendence obtained for &l in bulk crystalline %0, was

The mechanism for the transient hole burning may beexplained on the basis of atwo—ghonon Raman process. The
ascribed to the redistribution of population among the hyper-Seventh power follows from the’ dependence of the pho-
fine ground-state sublevels which is active when the homonon density of states. We consider the observed temperature

geneous linewidth is less than the ground-state hyperﬁngependence in terms of this same two-phonon Raman pro-

splittings. This is supported by the observation of sidehole€SS taking into account the specific vibrational spectrum of

structure close to the main hole. The hole spectra of Eu the nanqcrystalline materidlThe Raman process gives a
then contain antiholes which are combinations of hyperfinecomrlbutlon
splittings in the ground and excited state and sideholes which " 2 holkT
are determined by the excited-state hyperfine splittings. In FNJ 2|<H>|4%
octahedral oxide environments, Hwsually exhibits hyper- 01 (e"lkT—1)2

fine splittings of about-250 MHz in the ground stattand . . . L . o
~500 MHz in the excited state. The presence of sidehol or the interactions with the vibrations with frequencies lying
etweenw; andw,, whereH is the electron-phonon interac-

structure indicates that at least some of the sites have h f 1 e . . . .
P dion Hamiltonian andp(w) is the vibrational density of

fine splittings which exceed the homogeneous linewidth. Th tatedd F alli ol the low-f
presence of overlapping holes and antiholes, with a distripu3tates:” For nanocrystalline ‘material the -low-frequency

_1 . . .
tion of frequencies from the main hole, washes out most 01(<2(.) cm ) denS|t_y of states is decreasgd due t_o_ the size
the structure. The transient hole lifetime also supports théestrlcted boundaries of the nanocrystals; the additional den-

proposed mechanism as its value of 10ts2aK is quite sity of states due to size-quantized particle vibrations is
typical for that found in glasses and disordered matefials. Present at higher freque_nmes. 'I_'he frequency spectrum of Vi-
The maximum hole depth of 10% may be related to the Iarg§rat|ons in small crystalline particles was considered in Refs.

homogeneous linewidth which restricts the persistent hol and 15. The nanoparticle vibrations which are most respon-

burning to sites whose hyperfine splittings exceed the homooible for the additional density of states are so-called “sur-

geneous linewidth. face” spheroidal and torsional modes whose lowest fre-
The exact nature of the mechanism for the persistent hol@Uency 1S
is not so clear. The relatively low activation temperature of —1y _
the irreversible broadening and erasure of these I?mles IS sug- o (em5)=08%/ac, @
gestive of a photophysical rearrangement of the local enviwhereu, is the transverse sound velocity ands the particle
ronment as has been ascribed to persistent hole burning dfameter.
PP* in glasse$ and disordered solids. While persistent We have made an attempt to fit the experimental results
spectral hole burning is usually not observed forEwne  with Eq. (1) assuming(H>2~w (as is done for crystalsand
other example is known to us in the superionic conductor, Ndhe smoothed frequency spectrum of phonons for a mesos-
B alumina’? However in a porous nanocrystalline material copic systertP for p(w). The integration was performed be-
the rearrangement of the nanocrystal as a whole provides dween the lowest-lying 4-nm particle mode frequency and
alternate mechanism. The nanoscale size restriction can efi00 cmi®. It was not possible to explain the experimental
hance the effect of optical excitation as it provides a meansesults assuming a value ¢H )~ w of the same order as that
for significant local heating of the nanocrystal. This heatingin bulk crystalline oxide materiafs the observed linewidth
has been estimated assuming the bulk heat capacity of thie a few orders of magnitude larger. In addition, the slope of
material and it was found that the energy of a single photorthe temperature dependence cannot be fitted, even assuming
is enough to heat the nanocrystal to few tens of K.an increased value ¢H)? (still ~w) (see Fig. 3, dash-dotted
Experiment8 have shown that the spectrum of optically ex- line). A better fit for the temperature dependence is obtained
cited vibrations is highly nonequilibrium and size-resonanttaking (H)>~w ! (Fig. 3, dashed lineas is assumed for
vibrations of particles with long~ms) lifetimes are effec- Raman processes involving the interaction with localized vi-
tively excited. This may result in rearrangement of the posi-brations in glassé8(of course in this case the absolute value
tion of the nanocrystal with respect to its neighbors and thusf (H)? is just a fitting parametgrA good fit of the results is
in changes in nanocrystal stress which shifts the ions’ frealso obtainedFig. 3, solid ling with a Boltzmann activation
quency. The required energy may be provided by thee T which corresponds to Raman processes involving
phonons created in the Eutransition to the vibronic ground vibrations with frequencies narrowly distributed around
state or by nonradiative relaxation to the ground state. The~25 cm %, the minimum frequency predicted for a particle
observation that burning of additional holes does not signifiwith a=6 nm. The use of a larger particle size can be justi-
cantly affect those previously burngsee Fig. 2c)] may be  fied because the larger particles contain moré* Eprobe
easily explained by the separation of the ions involved in théons. Thus their contribution to the hole line shape is ex-
hole-burning processes in different nanoparticles which efpected to dominate. An exponential temperature dependence
fectively do not interact. of ' was previously reported in the dye-surface system
The temperature dependence of the transient hole widt®uinizarinf-Al,O; which was ascribed to some unknown
I'(T), observed inyuAI203:Eu3+ is quite unusual. Indeed, low-frequency mode of the adsorbate-substrate sy$téror

dw (1)
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porous sol-gely-Al,O; the exponential-like temperature be- tent holes should also exhibit some increased temperature
havior of I" results from a gap in the low-frequency phonon dependence abovE=6 K, but it is difficult to identify be-
spectrum with a sudden onset of size resonant modes atcause at higher temperatures the persistent hole broadening
frequency given by Eq(2). This results in a temperature is determined mostly by inhomogeneous broadening due to
behavior like that observed for the dye-adsorbate system akermally activated rearrangements in the material. The irre-
well as for localized modes in glas$ésnd low-frequency versible character of the hole broadeningTat20 K sup-
vibrations of organic moleculés. ports this suggestion.

The fitting of the experimental data with E.) requires The nanocrystalline structure presents special conditions
that the electron-vibration interaction responsible for the linefor spectral hole burning of Eii in sol-gel produced
broadening in nanocrystalline material is stronger than thay-Al,O5;. Photoinduced rearrangements of nanocrystals en-
in bulk crystals. There are two reasons why the nanoscalkanced by localization of the excitation energy can produce
size restriction may enhance the line broadening. The firgpersistent spectral holes for £u The special vibrational
lies in the fact that this structure ensures that eacl BEan  properties of size-restricted crystals lead to a modified den-
is not more than about 2 nm from the surface of the particlesity of states which is manifested in a nearly exponential
where these modes are most active. Thus the nanoscale strdemperature dependence of the transient spectral hole widths.
ture of the materials has the effect of increasing the effective

electron-phonon interaction. In the sgcond place, tkl(i density ACKNOWLEDGMENTS
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