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The observation of statistical absorption fluctuations of an inhomogeneously broadened optical transi-
tion in a glass is reported. Frequency-modulation spectroscopy in a 10-ppm Nd3-doped-silica optical
fiber has also revealed spectral holes that persist for days at 4.2 K. Homogeneous linewidths I'y mea-
sured using hole burning and fluctuations are in good mutual agreeement but are significantly larger
than those inferred from photon-echo decays in the same system. This difference confirms recent predic-
tions of a time-dependent I'x(¢) arising from tunneling dynamics of the glass.

PACS numbers: 78.50.Ec, 61.40.+b

Optical transitions of rare-earth ions in glass hosts are
inhomogeneously broadened on a scale much greater
than the corresponding transitions in crystals as a result
of the static disorder in the host. Dynamic changes in
the local strain at a site modulate the ion transition ener-
gy and result in dephasing of the transition. Using per-
sistent spectral hole burning and by observing the statist-
ical fluctuations in the absorption coefficient as a func-
tion of energy, we have measured the dephasing contri-
bution to the homogeneous linewidth of an optical transi-
tion of Nd>? in pure silica glass at low temperature. We
compare both of these long-time measurements to short-
time measurements of 75 ! using two-pulse photon-echo
decay in the same system.! We conclude that the optical
homogeneous linewidth is time dependent, confirming re-
cent predictions for this system.? This time dependence
arises from coupling of the ion to tunneling systems
whose relaxation rates vary over many orders of magni-
tude. These optical experiments on a time scale of
100-1000 s are thus the analog of time-dependent
specific-heat measurements, which have demonstrated
the existence of slowly relaxing tunneling systems in a
silica glass on similar time scales.>

The random nature of the inhomogeneous broadening
of optical-absorption lines in glasses (and crystals) im-
plies that there exist fluctuations in the absorption coef-
ficient a as a function of energy that are proportional to
VN, where N is the number of centers contributing to
the absorption. Under some circumstances these fluctua-
tions may be large enough to be observed experimental-
ly.* The homogeneous linewidth can be obtained from a
measurement of the energy range over which these fluc-
tuations are correlated. We report here the first observa-
tion of such fluctuations in a glass host, a single-mode
optical-fiber waveguide whose core is pure silica doped
with 10 ppm of Nd3* ions. The experimental observa-
tion of fluctuations in a is facilitated by centers which
produce a large optical absorption. In this case, where
the optical dipole moment of the Nd>* transition studied
is very small (0.01 D), we have enhanced the sensitivity
by adopting a waveguide geometry.

The optical transition studied was the lower Stark
component of the *Io/-*F3/, manifold of Nd3*, centered
at 895 nm. Lifetime broadening contributes only ~1
kHz to the homogeneous width, negligible on the scale of
the additional pure dephasing mechanisms due to the
glass host. Frequency resolution on the scale of the
homogeneous linewidth (~10 MHz at 1 K, ~10~7 of
the transition energy) is provided by a tunable dye laser
with linewidth <1 MHz. In order to resolve the small
differences in absorption due to statistical fluctuations or
hole burning, we have used frequency-modulation (FM)
spectroscopy® with a modulation frequency of ~500
MHz allowing detection above the laser amplitude noise
bandwidth.

The size of the statistical fluctuations in absorption is
dependent on the number of ions in resonance with the
laser, i.e., those within one homogeneous linewidth of the
laser frequency. If the density of these ions is p, then the
FM signal is

z(v,,.)~7‘_;[(pu*/2e ~20pL] | (1)

where o is the optical cross section of the transition, and
A and L are the beam area and length within the sam-
ple.® The optical cross section of our Nd3™ transition is
small, and so to maximize the FM signal due to the fluc-
tuations while maintaining low Nd-ion density’ it is
necessary to use small beam areas and long samples, cri-
teria fulfilled ideally by a single-mode optical-fiber wave-
guide with dimensions A=7z%(3 um)?, and L=2 m.
The fiber was immersed in liquid helium, and tempera-
tures were measured using a germanium resistance ther-
mometer calibrated against *He vapor pressure.

Figure 1 shows the FM signal due to sample absorp-
tion versus freugency at 4.2 K for a region near line
center. The upper and lower traces were taken at dif-
ferent times, and show reproducible static fluctuations in
the absorption versus frequency. The anplitude of these
features is Aa/a~10"% We estimate the number of
jons contributing to the absorption to be 10°, implying
fluctuations of 3%x10 ~5, in agreement with our observa-
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FIG. 1. Two separate measurements of a(w) vs frequency,
at times separated by 10 min, showing the reproducibility of
the low-frequency absorption fluctuations. Nominal tempera-
ture was 4.2 K. Vertical scales are slightly offset for clarity.
The laser intensity at which these traces were taken was 180
W/cm?,

tion. Similar absorption fluctuations were seen in adja-
cent regions of the line, and no such fluctuations were
seen when the laser was tuned away from the Nd3* ab-
sorption. The value for I';, obtained from the autocorre-
lation of the absorption fluctuations shown in Fig. 1 and
those taken in other parts of the line is 400 + 200 MHz.?

Figure 2 shows persistent spectral holes burnt in the
inhomogeneous line at different temperatures. The solid
lines are fits with a Lorentzian line shape. The maxi-
mum depth of hole burnt under any conditions was ~5%
of the total absorption, and this depth decayed to 10% of
its original value after 24 h. No increase in width was
seen at times after 100 s (the typical time scale for burn-
ing and reading a hole).

The variation of hole width with temperature is shown
in Fig. 3.° All these holes were burnt for 300 s with a
laser intensity of ~0.1 W/cm 2, with the exception of the
point at 4.2 K, which represents the width at the lowest
laser intensity for which a hole could be measured. The
straight line is a fit of the low-intensity points by I
=147'°*0%! MHz. Also plotted are previous measure-
ments of 7, from two-pulse photon echoes.! The
straight-line fit to these points is 1/zT,=3.6T"'3 MHz.
We note that the width at 1 K extrapolated from the
hole-burning data is 4 times larger than that inferred
from the photon-echo decay time. This difference is not
an experimental artifact, but represents a real time evo-
lution of the linewidth between the 100-ns time scale of
the photon-echo experiment and the 100-s time scale of
the hole-burning experiment.

The magnitude of the homogeneous linewidth and its
variation with temperature can be explained by dephas-
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FIG. 2. Persistent spectral holes burnt in the inhomogene-
ous line at two different temperatures. In (a), the burn time
was 200 s and the laser intensity was 0.1 W/cm?2. In (b), 300 s
and 0.6 W/cm?.

ing arising from the strain coupling between ions and
tunneling systems in the glass.!® The presence of tunnel-
ing systems in glasses explains the thermal properties of
glasses at low temperatures, and the standard model'!
visualizes the tunneling systems as atoms or groups of
atoms that can tunnel between two almost equal poten-
tial wells, with a distribution of energy splittings and
barrier heights. The parameters of this distribution have
been studied in some detail in silica glass.'>!3

The time evolution of the optical linewidth due to in-
teractions with the tunneling systems is closely related to
similar phenomena seen in phonon-echoes and acoustic-
saturation experiments on resonant tunneling systems in
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FIG. 3. Homogeneous linewidth vs temperature measured
using both hole burning and photon echoes. Circles represent
Ihole/2, and diamonds represent 1/z7> from photon echoes.
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glasses.'>!'* The physical basis for the broadening is the
shift of the ion resonant frequency by dipolar coupling to
the strains produced by thermally induced flips of the
surrounding tunneling systems with Aw & A/r}. Here A4
is the coupling constant dependent on the deformation
potential of the ion, and r is the distance between ion and
tunneling system. The result of the interaction of the
ions with many tunneling systems is spectral diffusion of
their resonant frequencies, which broadens the line.!®> In
order to calculate this broadening for the photon-echo
and optical-absorption experiments, it is necessary to
average the echo decay, E(27), or line-shape function,
g ((0 - wo),

E(27) =expl — Cnod ¥R ~3"f(Rt))], 2)

g(w—wo)-j:)wdtcos[(a)—wo)t]

xexpl— C'neA ¥R 73" (RN (3)

over the tunneling-system energies £ and relaxation
rates R. Here, np is the density of tunneling systems,
and f,f'(Rt) are functions that depend in detail on the
stochastic model considered, but have the asymptotic
property f(Rt) ~(Rt)¥?" as Rt— oo. The distribution
of tunneling-system energies is assumed to be a slowly
varying function of energy, typically P(E) < E*, where
n=0. The relaxation rate of a tunneling system with
energy splitting E is dependent on both E and the tun-
neling parameter A, assumed to be uniformly distributed
over the interval Api, to Amax. The spatial distribution is
considered to be random. On averaging over the tunnel-
ing-system parameters, one obtains'® (R ~3¥"f'(R7))
~ 37T 1% predicting exponential decays and corre-
sponding Lorentzian line shapes for dipolar interactions
(this is, however, distinct from a lifetime-broadening
process) along with a nearly linear temperature depen-
dence of the width.

The absorption line shape and echo decay have recent-
ly been considered in more detail? using a specific sto-
chastic model in which the tunneling systems are treated
in a pseudo-spin-3 formalism. The temperature depen-
dence of the linewidth and decay time from this calcula-
tion are in reasonable agreement with the simpler model
outlined in Ref. 11. The magnitude of the optical-
absorption linewidth at long times is found to be larger
than the linewidth inferred from photon-echo decay
times, confirmed by the data shown in Fig. 3.

The optical-absorption linewidth as ¢— oo calculated
using the tunneling-model parameters appropriate for
silica glass is 7 to 8 times that inferred from the echo ex-
periments. Our experiments indicate an increase of a
factor of 4 at 1 K, in reasonable agreement with the
theory. Our measured value of the linewidth is not seen
to change in experiments with total burn plus read times
ranging from 10 to 10* s, indicating that the linewidth
has already evolved to close to its asymptotic long-time
value.

Differences in the homogeneous linewidth as measured
by photon echoes and hole burning have been reported
for molecules in organic-glass hosts,'!” and have been
interpreted in terms of the tunneling model as developed
for inorganic glasses such as SiO,. However, no thermal
or acoustic measurements have been made on these or-
ganic systems at low temperatures, so no information is
available about the densities of states or relaxation-rate
distributions in these materials.

The optical-absorption linewidth varies? as 7''* be-
tween 1 and 10 K, compared with a short-time linewidth
that varies as T'3. Our observed temperature depen-
dence, T« T!5%%! s in good agreement with this
theory. The superlinear temperature dependence of the
width arises from assuming a distribution of tunneling-
system energies P(E) that varies as E®3, which is ap-
propriate for pure silica'® but is not a universal feature
of glasses. Thus the use of this distribution function in
other glassy systems is not necessarily appropriate.

As the measurements of the absorption fluctuations
are taken on the same time scale as the hole-burning
measurements, the time evolution of the homogeneous
linewidth measured is expected to be the same for both
experiments. The value for I';, obtained from the auto-
correlation of the absorption fluctuations is 400 MHz at
4.2 K, which is in agreement with the width obtained
from holes burnt by long irradiation using the same laser
power. However, both these widths are larger than the
narrowest hole width observed at the same temperature
by a factor of ~ 3, indicating that at these high laser in-
tensities there is some heating of the fiber core.

The formation of persistent spectral holes requires an
optically induced change in the ion absorption frequency
with a lifetime > 100 s. We note that in our Nd3* sys-
tem a deformation potential 10-100 times larger than
that of the corresponding transition in a crystal must be
assumed in order to explain the absolute magnitude of
the hole width and echo decay. Our interpretation of
this increase in deformation potential is that the Nd3*
ion itself forms part of a tunneling system, which allows
it to couple more strongly to strain. Reorientation of this
extrinsic tunneling system will cause the ion frequency to
shift by a large amount, so if optical excitation increases
the probability of reorientation then tunneling to those
ground-state configurations with long relaxation times
will produce long-lived spectral hole burning. If, as
seems likely, there is a wide distribution of extrinsic-
tunneling-system relaxation rates, then our observation
of saturation of the hole depth at ~5% is consistent with
only seeing the effects of the slowly relaxing tail of the
distribution. A similar model has been put forward for
hole burning by proton tunneling. °

The low efficiency for hole burning in this system puts
a limit on the possibility of observation of holes on short-
er time scales, because the laser intensity used to burn
the hole must be kept below the threshold for power
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broadening. However, the measurement of homogeneous
linewidths using statistical fluctuations in absorption
coefficient are not subject to time restrictions because of
low hole-burning efficiency, and so the possibility of ex-
tending the measurements to the intermediate time
scales (us to ms) difficult to reach using hole burning
remains open.

We note that according to the formalism of Ref. 17,
the width of the hole is related to the Fourier transform
of the decay of the stimulated photon-echo signal. From
the expressions derived previously'® for the optical-
absorption (OA), photon-echo (PE), and stimulated
photon-echo decays at long times one obtains?® 1/74!B
s=+[1/T92+1/TFE]. Since the fluctuations in the
linear absorption coefficient must measure TP, we
might expect a difference between the widths obtained
from hole burning and fluctuations. However, a test of
this relationship requires more accurate values of the
linewidths than are available from our present results.

In summary, we have observed reproducible static
fluctuations in the absorption coefficient, as well as per-
sistent spectral hole burning, in a Nd>3*-doped silica
waveguide. The magnitude of the fluctuations in the ab-
sorption coefficient agrees with that calculated assuming
a simple statistical model. The reproducibility of the
fluctuations indicates that on a time scale of 10° s the
changes in the ion’s immediate environment responsible
for the hole filling are infrequent. However, one might
expect to see some slow evolution of the fluctuation
“fingerprint” in a system with sufficient long-term opti-
cal and mechanical stability. Values of the homogeneous
linewidth obtained from these fluctuations and persistent
spectral holes are in agreement, and are larger than
those inferred from previous measurements of the
photon-echo decay time. This difference in long- and
short-time linewidths confirms recent predictions of spec-
tral diffusion due to the slowly relaxing tunneling sys-
tems in the SiO; host.
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