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We have used time-resolved fluorescence line narrowing to study energy transfer among Yb**
ions in a silicate glass as a function of energy mismatch between donors and acceptors and tempera-
ture from 4.2 to 51 K. The observed spectra are consistent with a one-phonon-assisted multipolar

interaction between Yb** ions with a variation with site separation of r

~13_ These results are com-

pared to that reported for other rare-earth-ion transitions in glasses and crystals.

I. INTRODUCTION

The phenomenon of energy transfer among optically
active impurities in insulating glasses continues to be the
subject of much speculation, despite a long history of ex-
perimental and theoretical investigation. Although the
observation of energy transfer is not difficult, the extrac-
tion of quantitative information on the nature of the in-
teractions responsible have been possible in few experi-
mental studies. The lack of useful experimental data has
not encouraged theoretical studies of this difficult prob-
lem.

We have used time-resolved fluorescence line narrowing
(TRFLN) to study the migration of energy in the
2F5,5(1)-2F; (1) transition of Yb®>* in a silicate glass.
Although this transition has many properties which make
it ideal for such studies, it has not been the subject of ex-
tensive investigation because of its location in an experi-
mentally difficult region of the electromagnetic spectrum.
We have developed a narrow-band pulsed color center
laser that has allowed us to study this transition with a
degree of sophistication impossible in previous studies.
First let us review briefly the current understanding of en-
ergy transfer among optically active impurities in solids.
We will then describe the experimental system we have
applied to this problem and present the results of our
studies. Finally, we will discuss these results in light of
present models and draw what conclusions are possible.

II. REVIEW OF ENERGY TRANSFER IN SOLIDS

Energy transfer among different species of optically ac-
tive impurities is easily observed, with reports of sensi-
tized luminescence occurring as early as 1924.! Early
studies investigated the concentration dependence of the
transfer rate to extract the variation of the interaction be-
tween optically active centers with site separation.? The
seminal works of Forster’ and Dexter* identified the
predominate interactions as exchange coupling and an in-
duced multipolar interaction, the latter yielding a varia-
tion of transfer rate with site separation of A /r°, where
s =6, 8, and 10 for the dipole-dipole, dipole-quadrupole,
and quadrupole-quadrupole interactions, respectively.

These early theories required overlap between the emis-
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sion and absorption spectra of the donors and acceptors in
order to conserve energy, and were unable to account for
the observation of transfer among rare-earth ions, which
have well-separated, sharp optical transitions. Studies of
such systems has led to the development of theories that
include phonon-assisted interactions in order to conserve
energy in the transfer process.>® Transfer between dif-
ferent species of centers is generally accompanied by the
emission of several phonons, due to the large energy
differences involved,’ typically 1000’s of cm~!. Transfer
among a single population of ions in a crystal usually
occurs via an inelastic scattering of two phonons,®’ the
one-phonon direct process being ineffective due to the low
density of states at the small energies characteristic of in-
homogeneous linewidths of rare-earth ions in crystals, a
few cm™!, and interference effects when the phonon
wavelength becomes comparable to the site separation be-
tween the donor and acceptors.!® Transfer among a single
population of rare-earth ions in a glass involves energy
differences intermediate to that of crystals and different
centers, with typical inhomogeneous widths being on the
order of 100 cm 1.

Studies of energy transfer among a homogeneous popu-
lation of optical centers have been made possible only re-
cently with the development of time-resolved laser spec-
troscopy.!! In TRFLN, a pulsed narrow-band tunable
laser is used to selectively excite a subset of ions from
within the inhomogeneously broadened profile. Inokuti
and Hirayama'? modeled the decay of the donor fluores-
cence with time after the laser pulse as a function of the
distance dependence of the transfer rate between centers.
In the case of a multipolar interaction between donors and
acceptors that both fluoresce, the ratio of the donor
flul(grescence to the total fluorescence intensity is given
by

3/s

Ip(1)
L , 1)

T IO +1,()

R (1)

= exp
T

where Ip(I,) is the integrated intensity of the donor (ac-
ceptor) fluorescence and 7, is the mean transfer time,
which is related to the critical concentration of the
Forster-Dexter theory by
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Tu=TD

n s/3
r(1—3/s)—2% } , 2)
Co

where 15 is the donor lifetime in the absence of transfer,
I'(x) is the gamma function, n 4 is the acceptor concentra-
tion, and cg is the critical concentration. There is no ana-
lytic expression for the decay of the luminescence intensi-
ty when exchange coupling dominates, and numerical
methods must be used.!?

The role of phonons in the transfer process is revealed
by the energy mismatch and temperature dependence of
the transfer rate. One-phonon processes lead to a vanish-
ing transfer rate to centers with greater energy, as long as
the population of the necessary phonon mode is <<1.
Transfer occurs to centers with lower energy through the
spontaneous emission of phonons. This process is also
ineffective at small energies as discussed above. Two-
phonon processes lead to equal transfer rates above and
below the donor energy, and generally have a stronger
temperature dependence than one-phonon processes.

TRFLN has been applied to the study of energy
transfer in a number of rare-earth crystal systems.'* One
of the more-detailed studies investigated energy migration
among Pr’* ions in PrF;.® Within the inhomogeneously
broadened main line of the *P,-3H,(1) transition, the
transfer is observed to occur via a two-phonon process,
due to the narrow inhomogeneous width, 2 cm™!, while a
one-phonon process is responsible for transfer between
ions in this main line to ions in satellite lines, because of
the much larger energy mismatch of 32 cm™'. In this
case, the distance dependence was consistent with a
dipole-dipole coupling between ions. Optical transitions
between the 4f levels of the rare earths occur via forced
electric dipole transitions; however, it has been pointed
out’® that higher-order terms may dominate energy
transfer processes due to the different interaction lengths
involved. The emission of a visible photon involves a rel-
atively long-wavelength perturbation, on the order of 1
pm, while the site separation between ions involved in en-
ergy transfer is typically much smaller. The strong dis-
tance dependence of the multipolar interactions can lead
to higher-order processes dominating at small distances,
especially as they can be allowed in first order, while the
dipole moments of 4f-4f transitions vanish under the La-
porte rule and require the crystal-field interaction to mix
in the higher-lying 5d orbitals.

The application of TRFLN to rare-earth glass systems
has been less successful, due to the large inhomogeneous
broadening of the optical transitions. This leads to prob-
lems such as accidental degeneracy,'® where the various
components of the excited state overlap for different sites,
resulting in nonselective excitation. This leads to broad
backgrounds, making the separation of the spectra into
donor and acceptor contributions ambiguous. For this
reason, the most thoroughly studied rare-earth glass sys-
tem has been the 5D0-7F0 transition of Eu*,'”— 1% which
is a singlet-to-singlet transition and does not suffer from
this problem. However, the (j =0)-(j =0) transition is
highly forbidden and weak, and the results are not gen-
erally applicable to the majority of rare-earth-ion transi-
tions.

The only other rare-earth transition that has been suc-
cessfully used to study energy transfer in glasses is the
2F55(1)-2F4 (1) of Yb’+.162021 In this case the Stark
splittings of the excited-state components are sufficient to
overcome the inhomogeneous broadening due to the amor-
phous environment. As Yb*+ lacks only one electron to
fill the 4f orbital, there are only two 4/ configurations.
This simple energy-level spectrum removes the possibility
of cross relaxation between the initially excited state and
some intermediate level,?? which can compete with
transfer processes that leave the excitation in the initially
excited state. The separation of these two manifolds,
~10000 cm ™!, puts this transition in a difficult part of
the spectrum at around 1 um, where there are no stable
laser dyes or sensitive detectors. Previous studies have
used optical parametric oscillators,'® broadband lamps fil-
tered by monochromators,?® or the fortuitous coincidence
of a Kr-ion line with this transition!® to provide excitation
sources. These studies lacked either the resolution, sensi-
tivity, or tunability to carry out a full determination of
the transfer processes involved in the Yb*? glass system.
In the following section we will describe the experimental
system we have developed to study this system in more
detail.

III. EXPERIMENTAL CONSIDERATIONS
AND RESULTS

The narrow-band pulsed color center laser used as the
excitation source in our experiments has been described in
detail elsewhere.?? It provides a tunable source from 860
to 1000 nm with a peak pulse energy of 16 uJ in a ~5-ns
pulse with a bandwidth of 3.3 Ghz, allowing excitation
throughout the 2Fs,, manifold. The laser system was
triggered by a chopper,?* which blocked the observation
path during the laser pulse to prevent saturation of the
detection electronics by scattered light. A silicate glass
sample(Lawrence Livermore National Laboratory Catalo-
gue No. 8038) containing 2.12x 10%° Yb3* ions per cm?
was placed in a gas-flow cryostat, along with calibrated
germanium and platinum resistance thermometers. The
fluorescence was dispersed by a 0.85M Ebert-Fastie spec-
trometer and measured with a Varian VPM-159 pho-
tomultiplier. This device has an InGaAsP photocathode,
which has unparalleled sensitivity at these wavelengths,
but which is unstable at room temperature. The photo-
tube was kept in a thermoelectrically cooled housing at
—50°C at all times. Initial experiments were carried out
using single-channel photon-counting techniques.”> This
method was adequate to measure the energy mismatch
dependence of the transfer rate, but the time required for
accurate characterization of the decay of the entire
fluorescence spectrum with time was prohibitive. For
these measurements a computer-controlled transient digi-
tizer was used to measure the decay of the fluorescence as
the computer stepped the spectrometer through the
fluorescence spectrum. The transient digitizer consists of
a two-channel 50-MHz analog-to-digital converter (ADC)
connected to a microprocessor controlled display, analysis,
and storage system, which is interfaced to a microcomput-
er via an IEEE-488 interface bus. This computer con-



8812 R. T. BRUNDAGE AND W. M. YEN 34

trolled the transient digitizer and an intelligent stepping
motor connected to the spectrometer drive. The transient
digitizer averaged the signal at a given wavelength for the
desired amount of time, around 10 seconds, then this data
was transferred to the microcomputer and the spectrome-
ter stepped to the next wavelength. The laser power was
monitored by a silicon photodiode connected to one chan-
nel of the ADC. An internal program was executed on
the transient digitizer after each decay curve was acquired
to calculate the average laser power during the measure-
ment interval, which was stored in a data record in the
transient digitizer. At the end of a spectral scan this data
was transferred to the microcomputer for use in normaliz-
ing the fluorescence data. No correction was made for the
spectral response of the detection system. A typical spec-
tral scan consisted of 30 decay spectra taken at 5-A inter-
vals containing 40 points with a sampling period of 40 us.

Examples of the data acquired using the single-channel
counting system are shown in Fig. 1. Trace 4 shows the
fluorescence observed 1.5 ms after the laser pulse for an
excitation wavelength within the *F; ,,(1)-F; (1) transi-
tion, while trace B shows the effect of nonresonant pump-
ing when the laser is tuned to the higher-lying *Fs,,(2)
state. This latter state relaxes rapidly to the 2Fs,,(1)
state, which then fluoresces. Due to accidental degenera-
cy and the homogeneous broadening of the *Fs ,(2) state,
the fluorescence in this case reflects the entire inhomo-
geneous profile of the *Fs ,,(1)-*F; ,,(1) transition. On the
other hand, when the laser is resonant with the lowest
Stark component of the *F5,, manifold, strong narrowing
of the fluorescence is observed, along with the appearance
of a broad background fluorescence that grows relative to
the laser resonant fluorescence with increasing delay from
the laser pulse. Comparison of the two fluorescence pro-
files reveals the energy mismatch dependence of the
transfer process responsible for this background fluores-
cence, as shown by trace C. As can be seen, the transfer
process is inhibited for ions closer than ~10 cm ™! in en-
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FIG. 1. Fluorescence spectrum of the 2Fs,,(1) state of Yb’+
in silicate gloass at 42 K, 1.5 ms after laser pulse, with
Aexcite=9697 A, within the *Fs;(1) state (trace A), Aexcite=9600

A, within the 2Fs,,(2) state (trace B), and the normalized
transfer rate as a function of wavelength, B /A4 (trace C).
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FIG. 2. Three-dimensional plot of fluorescence intensity
versus delay from laser pulse and fluorescence wavelength of
2Fs5,,(1) state of Yb** in silicate glass at 51 K, Aexie="9700 A.

ergy to the initially excited ions, then increases linearly
with energy separation until it reaches a maximum at
~40 cm™!, and then falls off with larger energy separa-
tion. This behavior is independent of where the laser is
tuned within the high-energy side of the inhomogeneous
profile. No transfer is observed to ions with higher ener-
gy than those initially excited. This is consistent with a
one-phonon process relying on the spontaneous emission
of phonons.

Figure 2 shows a representative scan of the fluorescence
spectrum as acquired by the transient digitizer system.
The general features discussed above are reproduced in
this data, although the spectral resolution in this data is
not as high as that obtained using the single-channel sys-
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FIG. 3. Plot of In{In[R~!(¢)]} versus In(z) for the data
shown in Fig. 2. The straight line is a linear regression fit to the
data with a slope of 0.24 and a In(#)=0 intercept of 2.58.
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TABLE 1. Summary of results of R (z) analysis.

T (K) Slope Intercept s Ty (us)
16 0.233 2.48 12.9 23.8
24 0.227 223 13.2 54.1
29 0.261 2.57 11.5 52.9
41 0.239 2.58 12.6 20.5
51 0.239 2.75 12.6 10.1

mean 12.6+0.6

tem. However, the important quantity in determining the
multipolarity of the transfer interaction is the integrated
intensity of the donor and acceptor fluorescence as a func-
tion of delay from the laser pulse, for which this data is
clearly adequate and represents a factor of 40 increase in
the information that can be collected in a single spectral
scan over the single-channel system. The data was
separated into donor and acceptor contributions and the
value of R (¢) was calculated as a function of delay from
the laser pulse, with a typical result shown in Fig. 3. The
slope of the straight-line fit to the data is 3/s, while the
intercept at In(z)=0 is related to the transfer time 7,
through Eq. (1). Table I summarizes the results obtained
at five different temperatures for the slope and 7,,. We
shall discuss these results in the following section.

1V. DISCUSSION OF EXPERIMENTAL RESULTS

The energy mismatch dependence illustrated in Fig. 1(c)
is interesting in light of that reported by other work-
ers,'®~2! who generally find the transfer rate is indepen-
dent of energy mismatch and equal above and below the
excitation wavelength, and thus ascribe the phonon in-
teraction to a two-phonon process. However, many of
these studies were carried out at higher temperatures than
the work reported here, with excitation on the low-energy
side of the inhomogeneous distribution. In such cases, the
back transfer from the ions on the high-energy side of the
distribution can distort the observed fluorescence spec-
trum, as can the Boltzmann distribution of phonons parti-
cipating in the transfer process. In our experiments, the
transfer occurs through the spontaneous emission of pho-
nons, and the probability of back transfer is very small.
This leads to a temperature-independent transfer rate, as
confirmed by the values of 7, in Table I. These values are
very sensitive to the value of s used in the extrapolation to
In(#)=0, resulting in the large spread in the results. The
fluorescence spectra reported here are very similar to that
observed in the Kr lamp experiment,”® which was also
carried out at low temperature. No information as to the
temporal development of the fluorescence spectrum was
reported, and of course there was no possibility to study
the variation of the spectra with excitation wavelength.
Recent studies'® of the D,-"F, transition of Eu’* showed
transfer at low temperatures (100—10 K) was not uniform
across the inhomogeneous profile, with the observed back-
ground showing several peaks. The typical concentrations

of Eu’" ions in these studies were nearly a factor of 10
higher than the Yb®* concentration in the glass studied
here. The peaks observed in the Eu®* study may be indi-
cative of clustering of the Eu®* ions.

Comparison to the work of Alimov et al.'® indicates
the coupling between Yb’* ions is much stronger than
that between Eu’* ions. Using a similar analysis, they
found a mean transfer time of 6.6 msec at 77 K for a sili-
cate glass containing 10?' Eu** ions per cm?®, assuming a
quadrupole-quadrupole interaction between ions. The
mean transfer time reported here is over 2 orders of mag-
nitude smaller, while the ion concentration is a factor of 5
less. This difference is undoubtedly due to the forbidden
nature of the >Dy-'Fj, transition of Eu’™.

The decay of R (t) with time after the laser pulse is
somewhat faster than would be expected for a simple
quadrupole-quadrupole coupling of Yb’* ions. Such a
coupling is expected to dominate energy transfer in the
case of Yb’+,20 but a number of effects, such as the polar-
ization of the ligands around the rare earth, may lead to a
stronger distance dependence. Recent studies of cross re-
laxation among Pr’* ions in LaF; have indicated that ex-
change coupling may dominate in this process.?”?® The
strong distance dependence observed here may be indica-
tive of an exchange coupling between ions, but at present
no model of such an interaction is available for compar-
ison with the data.

Another possible explanation is that the Yb** ions have
a fractal® distribution over the length scale of the transfer
interaction. A fractal distribution would lead to the re-
placement of the 3 in the exponent of Eq. (1) with d, the
fractal or Hausdorff dimension of the Yb** distribution.*
The observed radial distance dependence of the transfer
rate would then be consistent with a quadrupole-
quadrupole interaction among Yb’* ions distributed on a
fractal of dimensionality 2.4. Considering the uncertainty
of the distance dependence of such interactions, indepen-
dent confirmation of such a distribution is called for.

V. CONCLUSIONS

We have presented the results of detailed experiments
on energy transfer among Yb** ions in a silicate glass
from 4.2 to 51 K. The observed spectra are consistent
with a one-phonon-assisted quadrupole-quadrupole in-
teraction between Ybt ions, with the distance depen-
dence of the interaction being somewhat stronger than
would be predicted by a simple model.
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