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Effects of Network Topology on Low-Temperature Relaxation in Ge-As-Se Glasses, as Probed
by Persistent Infrared Spectral Hole Burning
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The relaxation of persistent infrared spectral holes burned in the SeH vibrational absorption band at
1.5 K is studied for ten glass compositions in the Ge-As-Se system. It is found that the dominant
spectral-hole relaxation rate increases by over 3 orders of magnitude as the average atomic coordination
number varies from 2.0 to 2.8. Over the composition range studied, the quantitative form of the nonex-
ponential hole relaxation depends solely on the average coordination number, independent of chemical

composition.

PACS numbers: 61.42.+h, 42.65.Ft, 78.30.Ly

The role of microscopic topology in determining the
properties of glass-forming compounds has been explored
theoretically for several years. The concept of an aver-
age atomic coordination number was used by Phillips’ in
constraint-counting arguments explaining the strong
glass-forming tendency of certain alloy compositions.
These ideas were later refined by Thorpe and co-
workers,2™* who, by evaluating the number of zero-
frequency “floppy” modes as a function of the coordina-
tion number, predicted a rigidity percolation transition
from a soft to a rigid structure should occur at a coordi-
nation number of 2.4.

The ternary Ge-As-Se system is particularly well suit-
ed to testing the validity of these topological concepts be-
cause its large glass-forming region makes it possible for
a given value of the average coordination number (r)
(given in this case by (r) =4Xge+3Xas+2Xse, where X
is the mole fraction) to be realized with a continuous
range of chemical compositions, allowing purely topolog-
ical effects to be distinguished from chemical effects.
Recent high-temperature experiments® on this system
have shown the relevance of the average coordination
number in determining the behavior of glass-forming
liquids, and demonstrated that topological considerations
play the dominant role in several key relaxational and
thermodynamic properties of glass-forming liquids, in-
cluding the “fragility” of the liquid and the glass transi-
tion temperature.

To explore the role of topology in the low-temperature
regime, we have performed persistent-spectral-hole re-
laxation experiments on the SeH vibrational mode for
ten compositions in the Ge-As-Se system, with the re-
markable result that the hole relaxation behavior in these
glasses appears to be determined solely by topological
considerations, independent of chemical composition.
The dominant relaxation rate characterizing the nonex-
ponential hole relaxation is found to increase monotoni-

cally with {r) varying by over 3 orders of magnitude as
(r) varies from 2.0 to 2.8.

The use of persistent-spectral-hole burning as a probe
of the microscopic dynamics of amorphous systems at
low temperatures has become well established in recent
years.®'® Monitoring the size of a spectral hole as it
refills in the dark, revealing relaxation processes on time
scales of seconds to hours, is a new type of experiment
possible in systems displaying nonphotochemical hole
burning. Recall that in the standard model for nonpho-
tochemical hole burning in glasses,!! optical excitation of
an impurity center with a narrow-band laser leads to a
transition from one to another of the multiple quasi-
ground-state configurations of the glassy host surround-
ing the impurity. This configuration change in turn
shifts the transition frequencies of the affected impurities
away from the laser frequency, resulting in a decrease in
absorption strength, i.e., a spectral hole, in a region of
the inhomogeneously broadened impurity absorption
band centered at the laser frequency. Thus for systems
of this type, in monitoring the time evolution of the spec-
tral hole after burning ceases, one is in effect monitoring
the relaxation among the glassy configurations involved
in the hole burning.

Experiments of this type have been performed on a
variety of amorphous systems, both organic and inorgan-
ic.'>"15 The one qualitative feature universal to all these
systems is the highly nonexponential nature of the hole
relaxation, indicating the existence of a broad distribu-
tion of relaxation rates for each system. Quantitatively,
however, these distributions of relaxation rates vary
widely from system to system, with the most probable re-
laxation rate varying by several orders of magnitude. So
far, the diverse nature of the systems studied has made
meaningful correlations between glass structure and hole
relaxation behavior impossible.

Recently, however, it was discovered 9.10

that persistent
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infrared spectral holes burned in the SeH vibrational ab-
sorption band display radically different relaxation be-
havior in glassy Se and As;Ses;, two glasses which appear
superficially to be quite similar. The obvious difference
between these two glasses is that Se glass consists of
weakly interacting chains of twofold-coordinated Se
atoms, while in As,;Se; these chains are cross-linked by
threefold-coordinated As atoms. This result suggested a
relation between the microscopic topology of the glass
network and hole relaxation behavior, but chemical
effects due to the presence or absence of As could not be
ruled out. The importance of this result, however, is that
both glasses are members of a large class of glass-
forming alloys which allow continuous variation of struc-
ture by varying alloy composition, opening the way for a
systematic study of the effects of network topology on
spectral-hole behavior.

The samples used in this study are bulk melt-quenched
glass ingots prepared by first synthesizing the binary and
ternary alloy glasses from their elemental constituents,
as described in Ref. 5. SeH centers are then introduced
by heating each glass well above its glass transition in a
sealed quartz tube containing hydrogen gas, as has previ-
ously been described in Refs. 9, 10, and 12. Samples are
quenched either in air or in liquid nitrogen, depending
upon the alloy composition.

Infrared absorption spectra showing the SeH stretch
absorption bands produced in the various host glasses by
this procedure are displayed in Fig. 1. Note that the
SeH bands, all having maxima at roughly 2200 cm ~!
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FIG. 1. Infrared absorption spectra at 1.5 K, showing the
SeH stretch bands in ten glasses in the Ge-As-Se system: (a)
glassy Se, (b) Asg;Seos, (c) GeoosoAso.o2:Seosss, (d) As;Ses,
(e) Geo.AsosSeos, (f) Geo.i33Asoi33Seorss, (g) Geo.isAso.i0-
Seo.75, (h) Geo.1As0.4Seo.s, (i) Geo2As02Seos, and (j) Geog.3Aso2-
Seos. The value of the average coordination number (r) is not-
ed for each spectrum. The vertical line indicates the laser fre-
quency, 2227 cm ~!, used in the hole burning experiments.

and widths on the order of 50-100 cm ~!, have consider-
able frequency overlap among the various hosts, allowing
hole burning experiments to be carried out at a single
frequency in all samples. The ability to do so is very im-
portant for practical reasons, as explained below. In ad-
dition to the SeH stretch mode, samples with high ger-
manium content also display a GeH stretch absorption at
roughly 2020 cm ~!. At high Ge concentrations, the hy-
drogenation procedure favors the formation of GeH
bonds over SeH, thereby limiting the range of {r) avail-
able for the SeH hole burning experiment. Finally note
that, although there appears to be a general trend toward
weaker SeH absorption features at higher values of (r),
due to the variation in the peak absorption frequency the
actual value of the absorption coefficient at the laser fre-
quency is not correlated with {r). The laser frequency of
2227 cm " ! is chosen to fall near the absorption peak in
the high-(r) samples.

Persistent-spectral-hole burning and relaxation experi-
ments are carried out with the samples maintained at 1.5
K, immersed in superfluid helium inside an optical-
access cryostat equipped with ZnSe inner and BaF,
outer windows. Tunable radiation from a Pb-salt in-
frared diode laser operating near 2227 cm ~! is focused
to an intensity of roughly 200 mW/cm? at the sample
position. The transmitted radiation emerging from the
sample is collected at an InSb detector operating at 77
K. For each sample, a hole is burned by holding the
laser frequency constant at 2227 cm ~! for 2 min. The
hole is then probed with the same laser by repeatedly
sweeping its frequency through a 37-GHz wide region
centered at the burn frequency.

Figure 2 shows the initial appearance and time evolu-
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FIG. 2. Evolution of the spectral-hole line shape for SeH in
Geo.1As0.4Seo s at 1.5 K. The four curves show the hole profile
(laser-induced change in absorption coefficient vs the offset
from the burn frequency) at 0.5 sec (deepest hole, correspond-
ing to a 5.2% absorbance change at hole center), 10 sec (2.0%
change), 30 sec (1.1% change), and 60 sec (0.5% change) after
burning ceases. The hole, at 2227 cm ~!, was initially burned
for 2 min at an intensity of roughly 200 mW/cm?.
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tion of a typical SeH vibrational hole burned and probed
in this manner, in this case with GegAsg4Seqs as the
host glass. The non-Lorentzian spectral-hole line shape
apparent throughout the relaxation in Fig. 2 is observed
for all samples in this study and is typical of that pro-
duced in the deep-hole regime for glassy systems having
a broad distribution of burning and relaxation rates.

A fundamental problem which arises in making com-
parisons of hole relaxation behavior in glassy systems
having a broad distribution of barriers is that the distri-
bution of hole relaxation rates selected in the hole burn-
ing process depends sensitively upon the intensity used to
burn the hole.'?> Hence it is essential that hole burning
be performed with identical intensities in all samples if
meaningful comparisons are to be made. Because mid-
infrared Pb-salt diode laser modes have spatial profiles
which are notoriously non-Gaussian,'® and which vary
greatly according to the operating conditions, the only
practical way of ensuring that identical intensities are
used for all samples is to burn at the same frequency us-
ing the same laser mode throughout the experiment.
The frequency overlap of the SeH modes in all the sam-
ples is therefore essential for this type of experiment.

In addition, it should be noted that the observed hole
filling is a combination of spontaneous hole filling (i.e.,
direct relaxation among the quasi-ground-state configu-
rations, requiring no photons) and laser-induced hole
filling® (i.e., the inverse of the hole burning process,
redistributing absorption frequencies from the antihole
back to the hole) caused when the laser frequency is
swept through the vicinity of the hole (and presumably
through a portion of the antihole) during each measure-
ment. This additional component of the hole relaxation
again makes it essential that the experiment be per-
formed in an identical manner for each alloy composition
if meaningful comparisons are to be made. Thus, during
probing, each sample must be exposed to the same laser
intensity (in this case, the same as is used for burning),
for the same duration, swept over the same frequency in-
terval. (Sweeping over many homogeneous widths
reduces the effective time-averaged intensity at a given
center, in this case by roughly a factor of 100.)

Figure 3 displays the results of the 1.5-K hole relaxa-
tion experiment for ten compositions in the Ge-As-Se
system, chosen so that there are two compositions having
(r)=2.2, four having {r)=2.4, two having (r)=2.6, and
one composition each for {r})=2.0 and (r)=2.8. The
hole depth, plotted as a function of the time ¢ after burn-
ing ceases, is normalized to unity at t=0 for each com-
position.

The key result is that all compositions having a given
value of (r) follow virtually identical hole relaxation
curves. Throughout the composition range studied here,
the overall hole relaxation rate increases monotonically
with (r), with holes at (r) =2.8 decaying over 3 orders of
magnitude faster than those at (r) =2.0. This monotonic
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FIG. 3. Spectral-hole filling at 1.5 K for the SeH absorption
in Ge-As-Se glasses. Data points show the hole depth, normal-
ized to unity at =0, as a function of time ¢ after burning
ceases for ten different compositions burned and probed under
identical conditions. The average atomic correlation numbers
(r) and compositions of the ten samples, listed in order of de-
creasing relaxation time, are as follows: (r)=2.0, glassy Se
(open squares); (r)=2.2, Aso,Seos (solid triangles), Geo.os9-
Aso022Seoss9  (solid circles); (r)=2.4, Geo.15As0.105€0.75
(crosses), As;Se; (open circles), Geo1Aso2Seos (open trian-
gles), Geo133As0.133S€0733 (plusses); (r)=2.6, Geo.1Aso4Seos
(open diamonds), Geo2Aso2Seos (open stars); (r)=2.8,
Geo.3A580.2Se0.s (solid squares). Solid lines are fits, for each set
of compositions having a given value of {r), by a Gaussian dis-
tribution of tunneling parameters, described in the text.

variation with {r), however, shows no indication of a rigi-
dity transition or any other unusual features at (r) =2.4.
Both spontaneous and laser-induced hole filling contrib-
ute substantially to the relaxation under the experimen-
tally convenient probing conditions used here. Prelimi-
nary investigations using different probe intensities and
times between probings, thereby changing the relative
contributions of the two filling mechanisms, indicate that
the two mechanisms make roughly comparable contribu-
tions to Fig. 3. The general trends seen in Fig. 3, howev-
er, with faster filling at larger values of {r), continue to
hold under all probing conditions, whether spontaneous
or laser-induced processes dominate.

These nonexponential decay functions can be charac-
terized more precisely by assuming relaxation occurs by
tunneling from the hole-burned to the unburned con-
figurations, so that the relaxation rate I' for a single
center is given by I'=Ige ~* where A is the tunneling
parameter [of the general form (2mV)'2d/h, where m
is the mass of the tunneling entity, ¥ the barrier height,
and d the width of the barrier]l, and I'y is an attempt fre-
quency on the order of an optic-phonon frequency.
Then, allowing A to assume a Gaussian distribution of
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width o centered at some value Ao, the number of centers
N3 (¢) remaining in the hole-burned configuration after
time ¢ is given by>!%1217

Np() 1 f‘”ex _ (a—20)?
NB(O) n,l/20. 0 p 0'2

xexpl —Tote “*1dA . 1)

Fits by Eq. (1) for each value of the coordination num-
ber are shown by solid lines in Fig. 3. The fit parame-
ters, width o and dominant relaxation rate I'ge _M, are
listed for each value of (r) in Table I. Unlike [pe ', o
does not vary monotonically with {r), but peaks at inter-
mediate values of {r).

The direction of the trend exhibited in the present re-
sults, slow relaxation at small {r) and rapid relaxation at
large {r), is quite surprising if one takes the simplistic
view that refilling rates are determined primarily by the
height of the barriers between configurations, and that
large barriers correspond to a more rigid structure. Such
a view would predict that since systems with small values
of {r) have the least rigid structures, relaxation would be
most rapid in these systems, the opposite of the observed
trend. Clearly, a more sophisticated approach of
enumerating as a function of (r) the configurations avail-
able to hole burning and the barriers between them is re-
quired to explain these results.

Given the complexity of glassy systems, however, the
existence of a single simple parameter, {r), which can
predict spectral-hole relaxation behavior is remarkable
indeed. The implication that simple geometrical con-
siderations play the predominant role in determining
spectral-hole burning behavior should prove an invalu-
able clue in the quest for a microscopic theoretical un-
derstanding of low-temperature relaxation phenomena in
glasses.
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TABLE 1. Values of fit parameters for fits of 1.5-K hole re-
laxation behavior (Fig. 3) by Gaussian distributions of tunnel-
ing parameters [Eq. (1)].

(r o Toe ™ (sec™!)
2.0 2.70 1.1x1073
2.2 5.28 2.1%10 72
2.4 4.44 7.1x10 2
2.6 3.31 2.3x107!
2.8 3.04 1.5

and SSM.L.).

1J. C. Phillips, J. Non-Cryst. Solids 34, 153 (1979).

ZM. F. Thorpe, J. Non-Cryst. Solids 57, 355 (1983).

3H. He and M. F. Thorpe, Phys. Rev. Lett. 54, 2107 (1985).

4S. Feng and M. F. Thorpe, Phys. Rev. B 31, 276 (1985).

5M. Tatsumisago, B. L. Halfpap, J. L. Green, S. M. Lindsay,
and C. A. Angell, Phys. Rev. Lett. 64, 1549 (1990).

6J. M. Hayes, R. Jankowiak, and G. J. Small, in Persistent
Spectral Hole Burning: Science and Applications, edited by
W. E. Moerner (Springer-Verlag, Berlin, 1988), Chap. 5.

7W. Kohler and J. Friedrich, Phys. Rev. Lett. 59, 2199
(1987).

8M. Berg, C. A. Walsh, L. R. Narasimhan, K. A. Littau,
and M. D. Fayer, J. Chem. Phys. 88, 1564 (1988).

9S. P. Love and A. J. Sievers, J. Lumin. 45, 58 (1990).

105 P. Love and A. J. Sievers, in Advances in Disordered
Semiconductors, Volume III, edited by H. Fritzsche (World
Scientific, Singapore, 1990).

11J. M. Hayes and G. J. Small, Chem. Phys. 27, 151 (1978).

125, P. Love and A. J. Sievers, Chem. Phys. Lett. 153, 379
(1988).

13W. Breinl, J. Friedrich, and D. Haarer, Chem. Phys. Lett.
106, 487 (1984).

14B. L. Feary and G. J. Small, Chem. Phys. 101, 269 (1986).

ISW. Koéhler, J. Meiler, and J. Friedrich, Phys. Rev. B 35,
4031 (1987).

16pD. E. Cooper and C. B. Carlisle, Opt. Lett. 13, 719 (1988).

7R, Jankowiak, R. Richert, and H. Bissler, J. Phys. Chem.
89, 4569 (1985).

1795



