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Role of Network Topology on the Vibrational Lifetime of an H,O Molecule
in the Ge-As-Se Glass Series
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The relaxation of a vibrationally excited® molecule in glasses of the Ge-As-Se series is studied at
low temperatures by means of time resolved infrared saturation spectroscopy. This experimental study
of fourteen different glasses demonstrates that the network topology of the glass is correlated with the
vibrational lifetime even though the local bonding of the molecule sets the ps time scale.

PACS numbers: 61.43.Fs, 33.50.Hv, 78.47.4+p

The role of the microscopic topology of disordered compositions have different VDOS at the highest frequen-
solids and glass-forming compounds on their physicaties indicating that these high frequency modes depend on
properties has attracted considerable interest in recetite chemical composition of the glass. Because nonradia-
years [1-10]. In constraint-counting arguments attempttive relaxation is usually associated with an energy gap law
ing to explain the strong glass-forming tendency of cerwhich involves the highest frequency modes and hence,
tain alloy compositions, Phillips [1] first suggested that thein this case, depends on the chemical composition of the
network connectivity could be parametrized by simply us-glass, the opportunity exists to separate topological from
ing an average atomic coordination number Later this chemical contributions in the vibrational energy decay.
concept was refined by Thorge al. [3—5] who predicted, Our systematic experimental study with the ps pump-
for this mean-field case, a sudden rise in bulk moduluprobe technique of the influence of the average coordina-
as the composition passes through the rigidity percolatiotion number on the vibrational lifetime of the.B® modes
threshold atr) = 2.4. One of the best suited systems for in a variety of different samples for the Ge-As-Se series in-
the study of the influence of the mean coordination numbedicates that topological considerations are important. We
on physical properties is the ternary Ge-As-Se system [8show here that the energy gap law [13], usually used to de-
The fact that all three components are from the same row afcribe the relaxation of impurity molecules in host crystals
the periodic table brings out the covalent character of ther glasses, is not consistent with our experimental results.
binding, resulting in a very broad glass-forming region. The chalcogenide glasses are quite transparent in the IR
Experimentally the mean coordination number in thesavith a window extending from about 800 1@ 000 cm ™!
alloys, which is given by(r) = 4Xge + 3Xas + 2Xse making them ideal hosts in which to explore the dynami-
(whereX is in mole fraction), can be varied fron) = 2.0  cal properties of molecules in their electronic ground states
up to values ofr) = 3.2. The same values dfr) can [14]. When such glasses are doped with molecular impuri-
be realized for a continuous range of different chemicaties inhomogeneously broadened vibrational bands appear
compositions allowing one to distinguish between puredue to the bonding or trapping of the molecules in dif-
chemical and topological effects. With the technique offerent network surroundings. Previously the techniques
persistent IR spectral hole burning [8] on SeH molecules irof persistent IR spectral hole burning [14,15] and satura-
Ge-As-Se, it was already shown that the network topologyion spectroscopy [16] both have shown that the SH stretch
has a major influence on the low-temperature persistemhode lifetime in vitreous AsgS; at low temperatures varies
spectral hole relaxation. The spontaneous hole refillindrom 350 ps on the high frequency side of the inhomoge-
rate was found to increase by over 3 orders of magnitudaeously broadened absorption band to about 60 ps on the
as the mean coordination number varies from 2.0 to 2.8ow frequency side, demonstrating a site dependence relax-
Over the composition range studied the quantitative formation rate in which the larger the redshift of the molecular
of the nonexponential hole relaxation depends solely on thffequency, the stronger the bonding to the host glass. A
average coordination number, independent of the chemicéémperature dependent study at a fixed frequency has been
composition. In addition, the temperature dependence dhterpreted as the SH stretch mode relaxing through a mul-
the hole width [11] is found to follow a power law with tivibrational decay into modes of the glassy host compati-
an increasing temperature exponent with increasing medvle with an energy gap law decay scheme.
coordination number. On the other hand, a detailed study We have doped sixteen different Ge-As-Se glasses with
of the vibrational density of states (VDOS) in Ge-As-SeH,0O covering the range of the mean coordination hum-
glasses [12] shows that the appearance of the highest frbers from(r) = 2.038 to 3.0. The samples are bulk-melt
quency peak (about 38 meV) in the VDOS is associatedjuenched glass ingots prepared by first synthesizing the
with the germanium content of the glass. Glasses with theinary and ternary alloy glasses from their chemical con-
same coordination number, aroufrd = 2.4, but different  stituents [7]. The doping of each sample withb®is
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achieved by heating the samples together with a smathe excitation the population returns to its equilibrium
amount of pure water in a sealed quartz tube well above itsalue due to the relaxation of the excited state with a
glass temperature. Continuously rocking for 30 min fol-time constantT;. A second weak ps pulse probes the
lowed by a rapid quenching in either air or liquid nitrogen change in transmission as a function of the time delay
[14] ends the doping process. For optical quality of thebetween the pump and probe pulse. A detailed description
surfaces the samples are cut and polished using standasfl the experimental setup is given in Ref. [16]. For all
techniques. measurements the linewidth of the laser has been adjusted

Figure 1 shows a typical mid-IR } induced absorp- to be less thanl0 cm™! so only a small fraction of
tion spectrum for(r) = 2.6. The peak positions of the the molecules in the inhomogeneously broadened bands
vibrational modes are the same for all compositions irare excited. Within the experimental uncertainties the
the intermediate range ¢f) = 2.2 to 2.8. For glasses in intensity of the probe pulse behind the sample does follow
this intermediate range three strong absorption bands aeesimple exponential decay. Denoting the intensity of the
observed to be associated with this dopant. The highestansmitted probe pulse as a function of the time delay
and lowest frequency lines in the figure are readily as{(Ar) and the transmitted probe intensiky, the relation
signed to HO: the bending modér,) with the peak of between the transmitted probe intensity and the relaxation
absorption at1585 cm™! and the asymmetric stretching time is [18]
mode (v3) with the peak absorption &625 cm™!. The (A1) At
broad middle band in Fig. 1 is composed of the symmet- In( > o ex;(——). Q)
ric stretching modéy;) of H,O with a peak frequency of Iy Ty
3510 cm™! and the stretching mode of OH with a peak From a best fit including the convolution of the temporal
absorption aB460 cm™! [17]. width of the laser pulseso = 20 p9), the vibrational

For high coordination numbefKg > 2.8) only one ab- lifetime T; is determined.
sorption line aB460 cm™! associated with the OH stretch ~ The relaxation rate and the absorption coefficient
mode is found. Glasses with low coordination numbersn the region of the OH and yD stretching modes
(r < 2.2) have softening temperatures below 2@ Be- are shown in Fig. 2. Frame (a) represents the results
sides the “isolated” molecules with the absorption band$or Gej17ASg.14856 677 With (r) = 2.5 and (b) for
described above these samples contay® Hlusters or Geg g76AS 1456 778 With (r) = 2.3, both measured at
small water droplets which generate additional bands a0 K. The unusually complex frequency dependence of
lower frequencies.

We use the method of ps infrared pump-probe saturation
spectroscopy to determine the energy relaxation time
of the vibrationally excited molecules at low temperatures.
An intense IR ps pump pulsd, = 1 GW/cn?) excites
a fraction of the oscillators to the first excited state of the
anharmonic energy level ladder so bleaching occurs. After
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FIG. 1. Absorption spectrum of a @ doped chalcogenide 3300 3400 3500 3600 3700
glass. Three absorption bands are associated with the dopant frequency (cm™)

in the G ,AS) 105665 glass with (r) = 2.6: the bending

mode v,(H,0) = 1585 cm™!, the asymmetric stretching mode FIG. 2. Absorption spectrum and frequency dependence of
v3(H,0) = 3625 cm™!, and the broad middle band with the relaxation rate for O doped Ge-As-Se glasses Et=

two components composed of the symmetric stretching modé K. The solid lines go with the left ordinates and solid dots go
v1(H,0) = 3510 cm™!, and the stretching mode of OH cen- with the right ordinates. (a) Ge7ASo.1465€y.677With (r) = 2.5,
tered aty(OH) = 3460 cm™'. (b) for Gey o7AS0.14.5€y 778 With {r) = 2.3.
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the lifetime consists of at least two different contributions:ent frequencies, one centered on the symmetric stretching
(1) the superposition of the vibrational spectrum of threemode aty; = 3515 cm™! and the other centered on the
different modes from two different molecular species andasymmetric stretching modeag = 3612 cm~'. We find
(2) the increase in the vibrational relaxation rate withan increase of the relaxation rates with increagingof
decreasing frequency due to increased coupling of thabout a factor of 3 at both frequencies. No such measure-
molecule to the host [14,16]. Another feature displayednents were possible on OH over this series of glasses be-
here is that all three vibrational modes (OH and@) cause in some ranges the concentration of these molecules
have short lifetimes. Following the relaxation rate forwas too small.
each band in Fig. 2(a) to its smallest value (and hence the In order to determine whether the chemical composition
molecules weakest coupling to the host) gives lifetimesr average network properties play a key role in the relax-
~400 ps for both OH and HO. ation mechanism, we plot the experimentally determined
To determine whether local host or average host properelaxation rates in three different ways in Fig. 3: (a) ver-
ties play a key role in the vibrational lifetime mechanism, sus the arsenic content, (b) versus the germanium content,
we have made similar measurements with other compaand (c) versus the mean coordination number. These plots
sitions of the Ge-As-Se series covering the range frondemonstrate that the scatter of the data in Fig. 3(c) is much
(ry = 2.038 to 2.75. Fourteen samples have been studsmaller than that in Fig. 3(a) or 3(b). The samples with
ied and the relaxation rate results fop®lare summarized the same coordination number but different composition
in Fig. 3. These measurements were made at two differare particularly significant because they are topologically
the same but chemically very different. These samples are
labeled 1 and 2 witlr) = 2.4 and samples 3 and 4 with

—
N

T§ I a') e T ] (ry = 2.6inthe figure. These results support the network
s It o A interpretation.
= 0sl 03 ] There is another possible interpretation which needs to
g 04 ] be considered. Figure 3(b) shows that the relaxation rate
= 0.6p 00 1 also increases with increasing Ge concentration as does
~§ 0.4l o i the high frequency tail of the VDOS [12]; hence it might
5 P20 ol 1 be argued that the energy gap law could account for the
& 0-20 01 02 03 04 05 change in the vibrational lifetime. However, this approach
arsenic content (mole fraction) cannot explain the same relaxation rates found for samples
2 with the samér) but different Ge content, for example, the
St ¢) two samples labeled 1 and 2 in Fig. 3(b) with = 2.4:
& 1r O . As,Se; and GeSg respectively, which have completely
2 o0sl 03 | different compositions but show the same relaxation rates.
8 04 In this case the energy gap law fails and the influence of
= 0.6 o O 1 the network topology is apparent.
§ 0.4 1 %Do o2 i There is addltlon_al evidence that the energy gap Iav_v
R does not work for this molecule-glass system since there is
= 0-20 01 02 03 no difference between the relaxation rate of the diatomic
germanium content (mole fraction) molecule OH and the triatomic molecule,®. For H,O
2 there is the additional internal anharmonic energy decay
”'§ b o) e} channel from the stretching modes to the bending mode
& 1t O and then from the bending mode into modes of the glassy
2 08l 03 | host, a less strongly forbidden process than for vibrational
8 04 energy transfer from the OH stretch mode into modes of
E 0.6 00 . the glassy host.
% 04L GO 0 ol ] _ One surprising feature is that nearly the same lifetime
E o 2 is found for ther; mode and the; mode, showing that
R e R R there is no measurable internal relaxation of thg®H;
coordination number <r> mode to ther; mode via a one phononlike process. This

FIG. 3. Low temperature relaxation rate of theg@isymmet- is in contrast to the behavior Qfﬁ) molecules in liquids
rical stretching mode at; = 3515 cm ! in the Ge-As-Se glass Observed by Graener and_ Seifert [19] Who found at room
series vs different parameters: (a) as a function of the arseniiemperature a fagt-5 ps internal relaxation towards an

content (mole fraction), (b) the germanium content (mole frac-equilibrium population of these D stretching modes in
tion), and (c) the mean coordination numbe). The sam- liquid solutions.

ple temperature is 10 K. The following samples are identified

in the figure by numbers: (1) = 2.4, ASosSevs (2) (r) = In conclusion, time resolved measurements demonstrate
2.4, GeySers (3) (r) = 2.6, GeyahSorSenes (4) () = 2.6, @ Site-dependent relaxation rate for the vibrational modes
GeyASySeys. of OH and HO in a chalcogenide glass series at low
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