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Evidence for long-range interactions between rare-earth impurity ions in nanocrystals embedded
in amorphous matrices with the two-level systems of the matrix
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The low-temperature homogeneous broadening of the electronic transitions of Eu31 and Pr31 rare-earth
impurity ions in Y2O3 and LaF3 nanocrystals embedded into amorphous materials~polymer and oxyfluoride
glass ceramics! was studied with hole-burning and fluorescence line narrowing techniques. It is shown that the
homogeneous linewidth is determined by the interaction of the impurity ions contained in the nanocrystals with
the two-level systems~TLS’s! of the surrounding glass matrix. A comparison of the experiments with a
calculation provides direct evidence for the long-range nature of the interaction with the TLS’s.
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It is well known that when rare-earth~RE! ions are doped
into glasses, their dynamics are governed by interacti
with the two-level systems~TLS’s! of the glass. Experiment
in many systems provide evidence that at low temperatu
the homogeneous linewidths,gh , in these systems obey
power law in temperature,gh;Ta with 1,a,2. Theoreti-
cal calculations show that this behavior is predicted for
teractions with the TLS’s of the glass.1–5 With the recent
availability of nanocrystals containing RE ions, it is of gre
interest to determine whether RE ions separated from
glassy TLS’s by the crystalline nanoparticle in which th
are contained also exhibit interactions with TLS’s when
nanoparticles are embedded in an amorphous matrix suc
a glass. This can provide an independent test of the T
model and can determine the length scale of the interacti

It has been recently determined that materials consis
of insulating nanocrystals doped with RE ions embedd
into amorphous~glassy! matrices possess nearly identic
spectra to those of RE ions in single crystals of the sa
crystalline composition and structure.6 This is not unex-
pected, as the optical spectra of RE ions are determine
the short-range local environment of the RE site, which~with
the exception of the ions at the nanocrystal-glass interfa!
remains unperturbed in crystallites of a few nanometers s
The sharp line spectra allow one to spectrally isolate ion
the nanoparticles from those in the amorphous matrix. H
we apply the technique of spectral hole burning to exam
their dynamical properties. This work is motivated, in pa
by the interest in these materials for applications such
hole-burning memories7 and optical processors.8,9

The mechanisms responsible for changes in the dynam
properties of the excited states of RE ions in insulat
nanocrystals embedded in amorphous matrix, compare
single crystals, can be grouped into two categories:~i! those
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connected with size restriction effects and~ii ! those caused
by the interaction of RE ions with the amorphous enviro
ment surrounding the crystallites. The effects of the first k
are due mainly to the modification of the phonon spectrum
the nanocrystals at low frequencies due to their si
restricted nature as reported for ‘‘free-standing’’ nanocrys
line materials produced by a variety of techniques.10–12 The
effects of the second kind require mechanisms whose ef
tive length scale is larger than the crystallite size. The in
action of RE ions in nanocrystals with excitations of t
surrounding glass matrix are an example of the second
are the object of this investigation.

High-resolution spectral hole burning~HB! measurements
as a function of temperature and particle size are perform
in two different nanoparticle systems. The results are con
tent with a recently reported study by Macfarlane a
Dejneka13 on Tm-doped LaF3 nanoparticles in oxyfluoride
glass. Here, however, we compare our measurements to
calculation of the interaction of RE ion with the TLS’s whe
we can exclude the nanocrystal volume containing the
ions. The comparison provides strong evidence for the do
nance of interaction with the TLS’s and enables the deter
nation of the critical length scale of the long-range intera
tion.

The two different kinds of samples that were used in th
experiments are~i! monoclinic 23 nm Y2O3:0.1% Eu31

nanocrystals, produced by condensation after la
evaporation,14 which were dispersed in a siloxane polym
and~ii ! transparent oxyfluoride glass ceramics6 consisting of
a glassy matrix, in which 10–23 nm Eu31 or Pr31 doped
LaF3 crystallites are embedded.

The sharp line optical spectra of the Y2O3:Eu31 nanocrys-
tals embedded in the polymer14 did not show any significan
changes relative to those of bulk powder samples and of f
©2001 The American Physical Society01-1
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as-prepared, nanoparticles of the same structure. The s
line spectra of oxyfluoride glass ceramics containing La3

nanocrystals doped with Eu31 and Pr31 were also almost
identical to those of LaF3:Pr31 and LaF3:Eu31 bulk single
crystals. The main differences were some additional inhom
geneous broadening of the spectral lines~;1 cm21! and the
existence of a broad fluorescence background resulting f
the presence of some RE ions directly in the glassy com
nent of the samples.15 The size of the nanocrystals in th
glass ceramics could be controlled by annealing the sam
at different temperatures. Electron and atomic force micr
copy and x-ray diffraction were used for measurements
the size of the nanocrystals. A measurement of the ave
crystallite size is repeatable to61.0 nm and 90% of the
particles are within 7.5 nm of the average. The average
ion concentration in the oxyfluoride ceramic samples w
typically 0.005–0.05 %, but the RE concentration in t
nanocrystals is usually a few times higher due to RE se
gation. However, some of the RE ions are always presen
the glass component.

Both of these materials consist of insulating nanocrys
of similar sizes~;10–25 nm! embedded in an amorphou
matrix. We interpret their general properties in terms of
same mechanism that we believe applies to both despite
independent preparation techniques and the difference in
amorphous matrix. This is supported by the fact that
dynamics of ions and molecules in amorphous media see
show a universal behavior for a wide range of glas
media.15,16

The samples were mounted in a liquid helium cryos
For hole-burning experiments a few mW of cw light from
dye laser, Coherent CR599~frequency jitter;4 MHz!, was
tuned to the7F0-5D0 transition of Eu31 or the 3H4-1D2
transition of Pr31 and loosely (d;0.5 mm) focused into the
sample. The transient hole spectrum@lifetime seconds~Pr! to
minutes~Eu!# was obtained with a repetitive burn/scan s
quence~scan time;0.5 s! using fluorescence detection wit
a photomultiplier tube through appropriate interference
ters or a spectrometer. The data were averaged and store
a digital oscilloscope. The hole widths obtained on sin
crystals, for which the homogeneous linewidth is much l
than the spectral resolution for the HB technique, were u
to estimate the instrumental contribution to the linewidth t
was subtracted from all data.

We first describe the temperature dependence of the w
of spectral holes,gHB , burned in the7F0-5D0 transition of
Eu31 ions located on thec sites (l5582.8 nm) in 23 nm
Y2O3 monoclinic crystallites14 dispersed in siloxane polyme
These results are compared with the analogous HB data
tained with the free, as-prepared, nanocrystals of the s
size.11 The results are shown in Fig. 1. The hole burni
occurs due to redistribution of the population of the groun
state hyperfine levels of those ions whose hyperfine tra
tions are resonant with the laser.11,15 The sample with nano
crystals embedded into the polymer matrix exhibited a dr
tic increase in hole width and a very different power-la
behavior for the temperature dependence of the hole wi
relative to those of the same isolated nanoparticles. The;T3

temperature dependence of the hole width observed for
10020
rp-

o-

m
o-

es
s-
f

ge

E
s

e-
in

ls

e
eir
he
e
to
y

t.

-

-
on

e
s
d
t

th

b-
e

-
i-

s-

hs

o-

lated nanoparticles11,12 becomes;T for nanoparticles em-
bedded in the polymer. Although the;T3 behavior is not
clearly evident for the 23 nm sample studied here, it is mu
more evident in the smaller particle samples which were p
of the earlier study.11,12The nearly linear temperature beha
ior of gHB in nanoparticles surrounded by the polymer mat
is very similar to that observed for Eu31 doped glasses.15

The hole-burning results, which reflect the homogene
linewidth gh(T) of electronic transitions (gh5gHB/2) sug-
gest that the dominant mechanism for the homogene
broadening of the7F0-5D0 transition of Eu31 in Y2O3
nanocrystals embedded in the polymer is identical to
TLS-RE ion interaction, which is responsible for homog
neous broadening found for ions in glasses.1–5,15,16This in-
teraction is usually assumed to be of an elastic dipole-dip
nature2–5 and is thus relatively long range. We consider t
possibility that such a long-range interaction may be eff
tive at distances as large as the size of these nanopart
and hence may be responsible for the homogeneous br
ening of the optical transitions of impurity ions containe
inside the nanocrystals.

In order to examine whether this temperature-depend
broadening is in fact a general property of RE-doped na
crystals in amorphous media, oxyfluoride glass ceram
samples containing LaF3 nanocrystals~0.05% Eu! were also
studied. The hole burning again occurs due to the hyper
mechanism. In Fig. 2 the temperature dependencies
widths of holes burned in the7F0-5D0 transition of Eu31

(l5578.2 nm) are shown for a series of samples contain
different particle size distributions. The nanocrystal size w
varied by annealing the samples at different temperatur6

The temperature dependence of the hole width for Eu31 ions
contained directly in the glassy matrix is also shown. T
nearly linear temperature dependence of the hole wid
gHB;T, as well as the spectral dependence of the hole w
as the laser is tuned inside the broad7F0-5D0 transition of
the glassy component~not shown! is very similar to that
observed for other Eu31 doped glasses.15 The character of
the temperature dependencies of the hole widths for E31

FIG. 1. Temperature dependence of the hole width for Eu31 in
Y2O3 nanocrystals. Solid lines:gHE;T ~embedded in polymer! and
gHB;T3 ~isolated, as prepared!.
1-2
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ions in nanocrystals embedded in the glass and for those
contained directly in the glass matrix is similar (gHB;T),
but the linewidth for the latter is significantly larger. It
important to note that the broadening decreases with an
crease of nanocrystal size.

A nearly linear temperature dependence of hole width w
also observed for holes burned on the3H4-1D2 transition of
Pr31(l5592.5 nm) in oxyfluoride glass ceramics samp
both for Pr31 ions contained within the nanocrystals and f
those located in the glass matrix—Fig. 3. Here hole burn
at higher temperatures is due to photophysical processe
volving rearrangement of the ions’ surroundings. Such
havior, similar to that observed for Pr31 ions in glasses,
where it was found15 that gHB;T1.3, further supports the
idea that interactions of the ions contained in the nanoc
tals with the TLS’s of the glass dominate the optical deph
ing.

The results of these hole-burning measurements sug

FIG. 2. Temperature dependence of the hole width for Eu31 in
LaF3 nanocrystals of different size embedded in oxyfluoride gl
ceramics and for Eu31 directly doped into the glass matrix. Soli
lines: gHB;T.

FIG. 3. Temperature dependence of the hole width for Pr31 in
LaF3 nanocrystals embedded in oxyfluoride glass ceramics and
Pr31 directly doped into the glass matrix. Solid lines:gHB;T1.3.
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that the homogeneous broadening of optical transitions
RE ions in nanocrystals embedded in amorphous materia
determined by interactions with the TLS’s of the amorpho
matrix. The drastic effects on the magnitude and tempera
dependence of the hole linewidth upon embedding
nanocrystals into a polymer (Y2O3:Eu31) and a glass
(LaF3:Eu31, LaF3:Pr31! support this suggestion and provid
direct evidence for the long-range character of the TLS-
interaction.

In order to obtain a semiquantitative description of t
dependence of the homogeneous broadening on the siz
the nanocrystals we apply the approach of Lyo1 and Molen-
kamp and Wiersma3 as restated by Huber5 and Silbey and
Kassner4 to calculate the homogeneous broadening cau
by the flipping of TLS’s. In this approach the homogeneo
broadening is calculated as a sum of contributions of e
TLS. Though questioned by Huber and co-workers,2,5 this
approach gives the same results as an alternative approa2,5

for the case of dipole-dipole interactions. It has the adv
tage that it provides a simple means to calculate the dep
dence of the homogeneous broadening on the nanopar
size since it makes it possible to exclude the nanocry
volume about the RE ion that does not contain any TLS
The homogeneous linewidth for an ion in the glass may
expressed, for the case of dipole-dipole interactio
(;A/r 3),1,3,4,5as

gh54pRN0E
0

r c
r 2dr12p

N0A2

R E
r c

`

r 24dr, ~1!

whereN0 is the spatial density of tunneling systems,R is the
relaxation rate of the tunneling systems, andr c is a cutoff
distance given byA/r c

35R, below which the TLS-ion inter-
action is considered distance independent. The first term
scribes the contribution of ‘‘near’’ TLS; the second accoun
for interactions with more distant TLS’s whose interacti
with the RE ions falls according to the dipole-dipole natu
of the interaction. In order to exclude the nanocrystal volu
that contains no TLS, the integration should be perform
excludingr ,r 0 ~r 0—the nanoparticle radius!. For this semi-
quantitative description we consider all RE ions to be loca
at the center of the nanocrystals. This will result in an ov
estimate forr c since the most probable nearest distance
the RE to the nanoparticle surface is somewhat less thanr 0 .
We also neglect the difference in elastic properties of
glass and crystal in calculating the elastic interaction. Th
we have

gh5H 2pN0A2
4p

3
N0Rr0

3 ~r 0,r c!,

2pN0A2

3R
r 0

23 ~r 0.r c!.

~2!

In Fig. 4,gn(r 0) of Eq. ~2! is plotted vsr 0 /r c normalized
so thatgh51 at r 050. On the same figure, the experimen
hole widths (T55 K) obtained with oxyfluoride glass ce
ramic samples containing LaF3:Eu31 nanocrystals of differ-
ent sizes~Fig. 2! are normalized togh(r 050)51 ~gh51 for

s

or
1-3
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ions in glass! and fitted to the curve@Eq. ~1!# usingr c as an
adjustable parameter. The hole widths atT55 K were esti-
mated from the experimental data~Fig. 2! by fitting the lin-
eargh(T) dependence to the experimental hole widths in
vicinity of T55 K. The temperatureT55 K was chosen be
cause around this temperature we have the most complet
of data for all nanoparticles sizes. At the same time the d
do not suggest a significant temperature dependence ofr c . A
reasonable fit of the experimental data to Eq.~2! occurs at

FIG. 4. The dependence of the homogeneous linewidth
nanocrystals radius~normalized togh51 for ions in glass!. Solid
line—equation~2!: circles—experimental data for Eu31 ~solid! and
Pr31 ~open! in LaF3 nanocrystals in oxyfluoride glass ceramics.
10020
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r c59 nm, which may be considered as an independent e
mate ofr c for Eu doped oxyfluoride glass. The more limite
set of data~obtained with the samples with different chem
cal compositions! for Pr31 doped samples, also shown o
Fig. 4, is also consistent with Eq.~2! assuming the same
value of r c59 nm. The estimate of the critical lengthr c

depends, mainly, on the comparison of the homogene
broadening in the glass component (r 0 /r c50) and in the
crystallites, so the small range of crystallite sizes does
significantly affect the value ofr c . The dashed curve in Fig
4 presents the;r 0

24 behavior ofgh(r 0) appropriate for the
case r 0.r c ~normalized! which would correspond to the
situation in which the dominant role in homogeneous bro
ening belongs to the TLS located at the nanocrystal-g
interface if their concentration was much greater than tha
the bulk. Data for larger nanocrystals are necessary to
clude ~or confirm! such a possibility.

While the calculation using Eq.~2! is not very rigorous, it
does provide an estimate of the dependence of the hom
neous broadening of the optical transitions of rare-earth i
on the size of nanocrystals and supports the hypothesis
the homogeneous linewidth is dominated by interactio
with the TLS’s of the glass matrix. A more careful theoretic
treatment as well as experimental studies with nanocrys
of larger size are necessary to further test this hypothe
Such studies are now in progress.

We thank Roger M. Macfarlane and David L. Huber f
helpful discussion and the National Science Foundati
Grant No. DMR-9871864 for support of this research.
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