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We compare optical~homogeneous-linewidth measurements for the resonant °D; — 7F0
transition of Eu®*-doped silicate glass and YAIO,, using fluorescence line narrowing.
The linewidth in the amorphous host is two orders of magnitude larger than in the crys-
tal and exhibits an unusual temperature dependence. This behavior indicates an addi-
tional ion-lattice linewidth mechanism probably arising from an interaction between the

Eu ions and “disorder modes” in the glass.

Since the discovery of the anomalous low-tem-
perature specific heat of amorphous materials by
Zeller and Pohl in 1971,! there has been a re-
newed interest in the thermal and optical proper-
ties of these systems. Recent nuclear-spin-re-
laxation,? ultrasonic-attenuation,® Raman-scatter-
ing,* and infrared-absorption® experiments have
all confirmed the existence of low-energy “dis-
order modes,” consistent with the theory of An-
derson, Halperin, and Varma® and Phillips.”’
These modes are associated with groups of atoms
which can sit in either of two equilibrium posi~
tions, separated by potential barriers of varying
heights.

In this Letter, we report on optical-linewidth
measurements, using fluorescence line narrow-
ing® (FLN) of the rare-earth ion Eu®* doped into
silicate glass at 2.6 mol%. Our results show an

Possible models are discussed.

unusual temperature dependence for the homoge-
neous linewidth, never observed previously, and
significantly different from that found in crystals.
It indicates an additional ion-lattice linewidth
mechanism which probably arises from an inter-
action between the Eu ions and the ensemble of
two-level systems (TLS) comprising these “dis-
order modes.”

It is well known that for an optically active im-
purity ion in a solid, homogeneous linewidths
generally result from nonradiative relaxation
processes, either longitudinal or transverse,
mediated by lattice phonons. The ion-lattice
coupling strength and the phonon density of states
determine the magnitude of the linewidth; its
temperature dependence reflects phonon occupa-
tion numbers and the type of process involved
(direct, Raman, or Orbach).®

813



VoOLUME 36, NUMBER 14

PHYSICAL REVIEW LETTERS

5 ApPrIL 1976

In order to overcome the extreme inhomoge-
neous broadening of optical transitions in impuri-
ty~-doped glasses,® we have used FLN, whereby a
laser pulse much narrower spectrally than the
inhomogeneous width of the transition interacts
with only a small population of ions in resonance
with the exciting beam. It has recently been
shown, however, that the true homogeneous
width can only be extracted from measurement of
a resonant transition (i.e., fluorescence of the
same frequency as the exciting light).!* We have
therefore obtained linewidth measurements on
the very weak 5D, -"F, resonant Eu®* transition,
centered at 17300 cm ™!, whose homogeneous
width at 2 K is found to be less than 107° that of
the inhomogeneously broadened line. These lev-
els are particularly attractive for this study
since the J =0 states have no Stark splitting,
thereby leaving very few channels for ion-phonon
relaxation and greatly simplifying the analysis.
In order to illustrate the unique linewidth behav-
ior in the glassy host, its temperature depen-
dence is compared with that of the same transi-
tion for Eu in a crystal with low site symmetry:
0.25-mol% Eu-doped YAlO,. Since the impurity
ion in both glass and crystal have an oxygen co-
ordination and their energy level schemes are
closely matched, their ion-lattice coupling
strengths should be of comparable magnitude.

The °D, state in both systems was excited by a
high-resolution nitrogen-pumped dye laser!?
using rhodamine 6G dye. Three methods were
used to obtain linewidths in different temperature
regimes. For the 1,7-2-K range, the sample
was immersed in superfluid He. An external con-
focal etalon and single-stage optical amplifier
cell’ were used to generate a laser linewidth of
approximately 50 MHz. For temperatures above
T K, the samples were carefully thermally con-
nected to the cold finger of a variable-tempera-
ture Dewar. In this range only the intracavity
etalon was used, resulting in a 1-GHz laser line-
width but considerably better signal-to-noise ra-
tio. In both cases the fluorescence was analyzed
with a pressure-scanned Fabry-Perot interfer-
ometer with a typical finesse of 25, whose free
spectral range varied between 4.2 and 150 GHz
depending on the plate spacing. For the highest-
temperature measurements on the glass, a 1-m
spectrometer was employed instead of the inter-
ferometer.

Since the resonant fluorescence is quite weak,
a gated photon-counting scheme was used for all
linewidth measurements. By examining the fluo-
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FIG. 1. Temperature dependence of the homogeneous
linewidth for the 5D0-7F0 resonant transition in 2,6-
mol% Eu®*-doped silicate glass and in 0,25-mol% Eu’*-
doped YAlO;. The silicate glass has the following com-
position in mol%; 72% Si0,, 15% Na,0, 5% BaO, 5%

Zn0, and 3% Eu,0;. The site symmetry for Eu®* in
YA103 is Clh .

rescence at different delays after the 10-nsec ex-
citation pulse, we were able to assess the con-
tributions of radiation trapping, nonradiative en-
ergy transfer, or other possible time-dependent
effects (see discussion below). In the glass, no
time dependence of the narrowed fluorescence
profile was observed below room temperature.
In the crystal, however, radiation trapping at low
temperatures necessitated a small gate width,
zero delay, and careful attention to geometry.
The date from our homogeneous-linewidth
measurement is shown in Fig. 1. These points
are derived from the expression’! (assuming
Lorentzian profiles)

AVpeas = AVigstrument + 28V homo - (1)

It is apparent that the lifetime broadening due to
nonradiative relaxation is significantly greater in
the glass than in the crystal, with glass line-
widths typically two orders of magnitude larger.
To illustrate more clearly the different tem-
perature dependence of the two systems, Fig. 2
gives a log-log plot of the same data. It is seen
that between 7 and 80 K the glass linewidth can
be described by a T® dependence, where a=1.8
+0.2. In contrast the crystal data are inconsis-
tent with a power-law behavior: The homoge-
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FIG. 2. Log-log plot of the data from Fig. 1, using
the same symbols. Inset is a semilog plot of the Eu:
YAIO; data with an exponential fit, The Boltzmann fac-
tor, &, is in units of em™! K1,

neous linewidth of ions in crystals can be fitted
by a combination of direct and Raman processes,
with the direct dominating at lower temperatures
(typically below 100 to 200 K).° Because of the
simplicity of the Eu®* level scheme, with only
the lowest “F, level at a distance of approximate-
ly 280 cm ! above the ground state likely to con-
tribute to the direct term below room tempera-
ture, the dependence of the linewidth below 200 K
might be expected to be fitted by an exponential
expression with but a single adjustable param-
eter:

AVbomo er'AE/kT’ (2) 1

where AE=280 cm ™. The inset in Fig. 2 shows a
semilog plot of the crystal data and a calculated
fit from Eq. (2). Our results are clearly consis-
tent with this type of behavior.

In the glass, the lowest “F, level is 150 cm ™
above the ground state for ions excited at 17 360
em™.™ Thus, one would again expect a similar
exponential linewidth dependence with AE=150
cm ! and perhaps an additional 77 component
from the Raman contribution at higher tempera-
tures. (The 77 behavior comes from assuming
the usual Debye-like density of phonon states,
which is shown to be a reasonable approximation
within a limited range, even for the glass.!) The
unequivocal deviation from this type of behavior
and the significantly broader linewidths indicate
an additional ion-lattice relaxation mechanism
not present in crystals.

Recent measurements on nuclear spin-lattice
relaxation in amorphous materials® have revealed
an additional contribution to T, compared with
the same substance in crystalline form, which
has a T~ ¢ temperature dependence, with 1 <a<2
over the interval 1.2 <7 <100 K. In particular,
in the case of (Na,0),.,(Si0,),,, a system roughly
comparable to ours, Szeftel and Alloul®® find «
=1.4+0.1 for the >Na nucleus. The similarities
in the temperature dependence as well as in the
magnitudes relative to the crystalline counter-
parts suggest that the same mechanism is re-
sponsible for both the T, behavior and the homo-
geneous linewidth. In both cases the effects are
attributed to the random modulation of the crys-
talline field arising from incoherent transfer be-
tween different configurations of the ensemble of
TLS. By exploiting the analogy between the TLS
and a spin-3 system we can derive an expression
for the optical linewidth which takes the form

1

Av=13,A 4, [ dt (S, D~ (S,)][S,0)-(S,D]), 3

where A,; is the shift in the optical frequency brought about by a spin flip of the ¢th TLS, and the angu-
lar brackets denote a thermal average. After postulating exponential decay of the correlation function,
which is characterized by a time 7;, we obtain the result

Av =210, T, A2 (5 -(S,)D =310, T, A 2 sech®(E,/2kT) = i Jg “dE[TAZXE)) 1en(E) sech¥(E/2kT), (4)

where [TA XE)],.. is the average of 7;A,,;? over the
TLS with energy splittings E and n(E) is the den-
sity of states of the TLS.

Assuming a constant density for those states
contributing significantly to the integral, we ob-
tain the result that Av is approximately propor-
tional to T (compared to the experimental value
T *%2) only if [TA,?],. is a constant or more

generally a weak function of £ and 7. If we make
the plausible assumption that A, is independent
of energy, we conclude that the average correla-
tion time 7,, must be approximately constant, A
constant value rules out a significant contribution
to the correlation time from TLS relaxation pro-
cesses involving the absorption or emission of
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real phonons.? Alternative TLS relaxation mech-
anisms postulate the transfer of excitation be-
tween TLS with approximately the same energy.
Reinecke and Ngai'® have discussed indirect
transfers involving a nucleus (or Eu®* ion in our
case), which can be thought of as the Raman-like
scattering of the TLS off the nucleus. With a
constant density of states such a mechanism
gives rise to a linewidth proportional to 7.'" In
addition to Raman-like processes we believe that
it is important to consider transfer mechanisms
associated with the direct interaction between
resonant TLS, Such interactions, which might
arise, for example, from the absorption and
emission of virtual phonons, can lead to a corre-
lation time which is weakly dependent on T and E
and thus (with a constant density of states) to a
linewidth approximately proportional to T.®

Unfortunately it is not possible to obtain quan-
titative estimates of the linewidths associated
with any of these mechanisms.
ever, to put an upper limit on 7,y from our time-
resolved measurements, If the correlation time
were on the order of the radiative lifetime of the
°D, state (®1 msec), * we would expect to observe
shifts or changes in linewidths on this time scale.
Using a 0.25-msec gate, we saw no detectable
changes in line shape, width, or position when
varying the delay between 0 and 2 msec in differ-
ent temperature regions. Noting that the line
shape appeared Lorentzian in all cases, we con-
clude that 7,,. must be << 100 usec.

Further experiments are presently underway

with different glass and crystalline hosts to deter-
mine the universality of this unusual linewidth be-

havior in amorphous materials.

*Work at University of Wisconsin supported by the
National Science Foundation and at Lawrence Liver -
more Laboratory by the U, S, Energy Research and De~
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