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ABSTRACT 

Pusisttnt In/rared spectral hole burning of impurity vibrational 
modts is used to study host-defect dynamics in chalcogenide glasses. 
the first class 0/ glas~ systems to ahibit non-t1tctronic persistent 
hole burning. New hole burmng systems identified include the CO2, 
D20, OD. and SH moltcules in AsrSJ; CO2 and SeH in QIfIOrplww 
St; and StH in As,seJ. Basic principles of persistent spectral hole 
burning are rtviewtd and dttails of applying the technique in the 
mid-infrartd using Itad-salt stmiconductor diode lasers are 
discussed. Results for the various systems are consistent with local 
host restructuring as the hole burning mechanism, and show thallhe 
host determines both lhe non-exponential spontaneous hole filling 
and the remperaturt·dqJen.dt11l optical dephasing bthavlors. 

I. INTRODUCTION 

27 

Persistcnt spectral hole burning (PSHB) is 11 high-resolution laser spectroscopic 
tcchnique which provides a means of probing the microscopic dynamics of a solid 
through its interactions wilh optically active impurity molecules. In esscnce. the 
technique uses a narrow bandwidth laser 10 selectively bleach the optical absorption 
arising from the small subset of impurities which happen 10 be in resonance With the Jascr 
frequency. The resulting reduction in absorption strength in the narrow frequency region 
about the laser frequency is known as a "spectral hole" and if the lifetime of this hole is 
longer than lllIy of the impurity excited state lifetimes, the hole is said to be persistent. 
Ptnislcnl hole lifetimes at liquid helium temperatures typically range from a few seconds 
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to many hOlm or even days. The utility of the phenomenon lics in the fact that. because 
only those centers in resonance with the laser are involved in the hole burning. it is 
possible to ClI.traCt the lifetime-limited homogeneous linewidth, which would ordinarily 

be obscured within the disorder-dominated inhomogeneous absorption band. 
Furthermore, because in glasses the hole burning process itself is intimately connected 

with the existence of multiple metaslable configurations of the glass. it is possible. by 

studying the time evolution of the spectral hole. to learn about the low temperature 
relaxation dynamics among these glassy configurations. 

Persistent spectral hole burning is to be contrasted with the older technique of 
transient satunltion hole buming,l.l The latter is a high intensity technique. requiring thilt 

the rate at which photons are absorbed be comparable to the rale at which the impurities 
relax back to their ground state; intensities used are typically several kW/cm2• and these 

holes persist only as long as the excited state lifetime. typically on the order of a 

nanosecond. In persistent spectral hole burning. high laser intensities are not required. 

The long lifetime of the effect makes it possible for a spectral hole to gradually build up 

over time. even at low imensity. Typical cw lascr intensities for the work reponed here 
range from a few mW/cm2 10 roughly 100 mW/cm2. 

The earliest instances of persistent spectral burning involved electronic transitions of 

organic dyes in amorphous organic matrices. These first observations were reponed in 
1974 by Gorolchovskii et al.3 for free-base phthalocyanine in a frozen n-octane matrix. 

and by Kharlamov et al.· for perylene and 9-aminoacridine in glassy ethanol matrices. 

Since these initial discoveries. numerous other ellamples of systems exhibiting PSHB for 
impurity elecbonic transitions have been discovered both in other organic systemss and in 

inorganic systems such as rare eanh ions in silicate glasscs.6 In the course of these 

discoveries. it became clear that there were several mechanisms by which PSHB could 

occur. These mechanisms lend 10 fall within two broad categories: photochemical hole 
burning (PHB), in which the laser induces a change in the electronic propenies of the 

impurity molecule itself. breaking a bond for example. and non-photochemical hole 

burning (NPHB). in which the impurity molecule remains essentially unchanged but 

either it reorients or the host matrix around it changes. It is this latter type of hole 

burning which is will be of interest here. 

All the early NPHB systems mentioned above involved electronic transitions of the 

impurity molecules. with photon energies on the order of 2 eV. This class of systems 

has continued to be a major focus of persistent hole burning studies. in part due to the 

availability of tunable dye lasers in the visible region. In view of the large penuroation 

associated with electronic e"citation. however, it is unclear whether behavior probed 

using electronic spectral hole burning is representative of the unpenurbed glass. J[ 

remained to be seen whether PSHB. and in panicular NPHB. was possible for the much 

lower energy infrared transitions associated with e"citation of impurity vibrational 
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modes. with all electronic degtees of freedom remaining in their ground state. The first 
examples of persis lent infrared. spectral hole (PIRSH) burning of impurity vibrational 
modes in solids' were reponed. in 1979 for matrix·isolated molecules in frozen noble gas 
Van der Waals matrices.8-IO Soon after. PIRSH burning was discovered for vibrational 
modes of ionic impurities in alkali-halide crystals. beginning with the peuhenate ion11-1J 

ReOc. followed by the CN-:Na+ defect l4.15 and the N02- ion.t6•17 Defect 
reorientation was identified as the mechanism for these PIRSH burning systems. 

The discovery of PIRSH burning for the sulfur-hydrogen stretch mode in 
hydrogenated A~S3 glass demonstrated for the first time that vibrational hole burning 
was not restricted to ionic and Van der Waals solids. but could occur in covalently 
bonded glasses as well. IB•19 It was soon found2{) that the ASzSJ:SH system was not an 
anomaly. but rather the first in a broad class of systems. Several new host-impurity 
combinations. including 0 20. 00. and CO2 in ASzSJ• StH and C~ in glassy Se. and 
5eH in ASzSCJ. have been successfully prepared, and all exhibit PlRSH burning. 50 far. 
PIRSH burning appears to be a universal phenomenon in the chalcogenides. 

A number of factors make impurity vibrational modes panicuJarly weU·suited for 
persistent hole burning studies of the chalcogenides. The first of these is the matter of 
finding an impuriry which absorbs at a frequency where the host is transparent. Since 
persistent hole burning typically relies on absorptions due to dilute impurities. relatively 
thick samples. on the order of a few millimeters. are usually required to obl8..in the 
necessary absorption strength. It is thus imperative that the experiments be perfOlmul in 
a frequency region in which the host is transparenl. The infrared-active vibrational 
modes of molecules made up of relatively light atoms have frequencies which fall nicely 
within the transparent window of the chalcogenides. between the bulk phonon and the 
electronic band gap absorptions. 

A second consideration is the ease with which the impurity can be introduced into 
the host. An impuriry with absorption at the right mquency is. after all. of no use if it is 
insoluble in the host material. In this respect, the small. light molecules used here again 
appear to be ideal. It was recognized as early as 1953 that exposing molten 
chalcogenides to air could lead to new IR absorptions in the melt--quenched glass. 
although at that time the species present in the glass were not identified.21 Thus common 
atmospheric gases were obvious candidates for producing hole burning defects. It has 
been found that many of these molecules. such as ~ and water. go into chalcogenide 
glasses so easily, and exist in the atmosphere in such large concentrations, that it is very 
difficult to produce a sample without these impurities. Since chalcogenide glasses are 
emerging as imponant materials for IR optical fiber applications. a bener understanding 
of the dynamics of these common defects is also desirable from a purely technological 
viewpoint 

Finally. because the chalcogenides are good glass fonners over such a wide range 
of alloy compositions. they offer a plOmising system for attacking the general problem of 
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pcnistent hole burning in glasses. The discovery of PIRSH burning in this system 
presents the possibility of systematically determining correlations between the hole 
burning behavior- and other composition-detc:rmined properties of the glass. This wad:: is 
still in its very early stages., but it will be seen that substantial variations in hole buming 
behavior do exist within the chalcogenide system. 

The organization of this chapter is as follows. In section II. a review of the basic 
principles of persistent spectral hole burning is provided. Section III discusses the 
details of the experiments and section IV presents the JeSuIts of the experiments. FmaJly. 
section V provides a discussion of the results and prospects for future experiments. 
'Throughout this article. we shall foUow the spectroscopists' convention of referring to all 
energies and frequencies in terms of the reduced frequency or wavenumber, given in 
cm-1• For those unfamiliar with this convention, the wavenumber is defined as the 

reciprocal of the wavelength (wilhout any factor of 2x). or equivalently. as the frequency 
divided by the speed of light; thus 1 em-I equals 30 GHz, and 1 eV equals 8066 em-I, 

11. BASIC CONCEPTS OF PERSISTENT SPECTRAL HOLE BURNING 

In order to undCf$tand persistent spectral hole buming and the infonnation it can 
provide. iI is first necessary to review the factors which contribute to the optical 

lineshapes for defects in solids.22 rust consider an ensemble of identical molecules 

experiencing identical local environments. An incident elecbOl:nagnctic wave will set up a 
coherent superposition of the ground and excited states of these impurity molecules, with 

an associated oscillating dipole moment. The sum over all the impurities thus gives rise 
to an oscillating macroscopic polarization whose lifetime detennines the width of the 

absorption line for this ensemble. This lifetime is govemed by the nile at which the phase 
coherence among the individual molecules is 10S1, and hence is known as the dephasing 

time, usually denoted T2, Two contributions determine the dephasing rate lrr2, The 

fll'St comes from the decay Btes of the two states involved; since we will be dealing with 
the situation wheR: the lower state is the ground state, with essentially infinite lifetime, 

only the excited state lifetime TI will appear, The second contribution comes from 
processes which interrupt the phase or the individual molecules. destroying tbe phase 

coherence and hence the macroscopic polarization. without altering the population of the 

energy levels, These are known as pure dephasing processes, and their characteristic 
time is denoted T2·, The IOtai dephasing rate is given by 

1 1 1 
T; = 2T I +"';T ,7. (1) 

and the resulting Lorentzian absorption line has a width i'h given by 
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(2) 

known as the homogeneous width. 
The mechanisms for the pure dephasing contributions T1• depend on the system 

being studied. A familiar example is collisional dephasing in gaseous systems. the 

source of so-<:a1led "pressure broadening." In crystalline solids. the dominant dephasing 
process is the scanering of phonons from the impurity. In the case of amorphous solids. 
the situation is more complicated. and not as well understood. The most generally 
accepted models for impurity optical dephasing in glasses at low temperatures involve the 
so-<:a1led "two-level systems" (TI..S) originally proposed to explain the anomalous low 
temperature specific heat of glasses.23.2A This will be discussed further in Section V. 
The important point is that in solids. homogeneous Iineshapes convey infonnation about 
the dynamics of the host-defect system. with the defect acting as a microscopic probe of 
the host excitations. 

The situation is not quite so simple in real solids. however, puticularly in 
amorphous solids. because the defects in general do nol experience identical local 
environments. As shown schematically in Fig. I, differences flOin sire 10 sire in the way 

(a) 

c 
o 

(b) 

Frequency 

Fig. I Inhomogeneous Broadening. (a) Two impurity molecules. labelled "A" and 
"8", with different local environments in an amorphous host give rise 10 homogeneous 
infrared absorption lines with corresponding labels in (b). The broad envelope in (b). 
the sum over all impurities, is the observed inhomogeneous absorption band. 
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the host couples to the impurity energy levels lead to differem absorption frequencies for 
each molecule. In addition, these differences in coupling can resuh in variations in the 
homogeneous width al the various kinds of site. Thus. if one could look at only those 

defects identical to the onc labelled "A" in Fig. 1(8), the homogeneous absorption line 
labelled "A" in Fig. l(b) would be observed. Likewise. defect "B", whose environment 
is substantially different from mat of "A ~. would give rise to a homogeneous band with a 

different center frequency and width. What is actually observed in linear absorption 
sp«:trOSCOpy, of course, is the sum over the entire distribution of possible environments, 

resulting in an absorption band many times wider (in glasses. rypically by a factor of l()l 

10 lOS) than the homogeneous widths detennined by dephasing rates. This is known as 

inhomogeneous broadening. In an inhomogeneously broadened system. the optical 
Iinesh3pe5 obtained by linear spectroscopy no longer convey dynamical information. 

Persistent spectral hole burning provides. for suitable systems, a means of 

recovering this dynamical infonnation. The basic requirements for producing persistent 
spectral changes are that there exist at least two stable quasi-ground state configurations 

for the host-defect system. that relaxation between these "ground states" occurs on a 

much slower time scale than the defect excited state lifetimes. and that there exists an 
optical pumping pathway. involving an excited state of the defect, connecting the two 
ground States. The basic process for PSHB is illustrated for the general case in Fig. 2. 

In Fig. 2 (3), the host-defect system is represented in a configuration coordinate diagram, 

with the total energy of the syslem ploued as a function of the generalized configurntion 

coordinate q. the lower curve corresponding 10 the defect in ils ground stale, the upper 

curve to the defect in ils excited state. The system is initially in the stable configuration 

represented by the lert well of the double-well potential. For those defects whose 

environments produce lhe proper energy level spacing in the impurity, the transition to 

the excited state can be made by absorption of a laser photon of energy ~ (solid arrow 
in Fig. 2). After mostahsorption events. the defect simply relaxes back to its original 

ground state. with the system remaining in the left-hand well. But there exists a finite 

probability that from the defect's excited slate. the system can undergo a configuration 

change to the right-hand well, indicated by the dashed arrow in Fig. 2. The probability 

thaI for a given absorption event the configuration change will occur is known as the 
quantum efficiency for the hole burning process. With the system in the new 

configuration, the impurity's energy level spacing is changed and its absorption no longer 
lies at the laser frequency. Thus, al temperatures sufficiently low that thermal activation 

over the barrier is negligible. and with tunneling between the wells sufficiently slow, 
centers absorbing at the laser frequency will gradually be removed from the left-hand well 

and trapped in the other configuration. thus reducing the number of centers absorbing:u 

that frequency. The result. shown in Fig. 2 (b), is a reduction in absorplion strength, i.e. 
a spectral hole, centered at Ihe laser frequency. 
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Fig. 2 General mechanism for persistent spectral hole burning. (8) Configuration 
coordinate diagram for a host-defect system having two metastable configurations. 11M: 
two curves represent the system with the defect in its ground and excited swes. A laser 
of energy flma.. excites defects in resonance with it (solid BlTOW); flOm the excited state, 
there extsts a finite probability that the system will relax to the other configuration 
(dashed IUTOW), resulting in (b) a specbUl hole at the laser frequency. 

The general configuration coordinate q may represent any of several things, 
depending on the system. Persistent spectral hole burning in various systenu has been 
allributed to the following mechanisms: (1) ionization of the defect with subsequent 
trapping of the electron,2S·26 in which case q is the elecU'On cooldinate and the two wells 
represenl the defect and the trap; (2) internal rearrangement of the bonds in the defect 
molecule,27 so that q again is an electron coordinate, but the wells represent the different 
bonding configurations; (3) reorientation of the defect with respect to the host, 7 in which 
case q is the angle of rotation of the defect; (4) rearrangement of local host structure 
around the defect, in which case q is a genernliz.ed configuration coordinate describing the 
positions of the glass atoms involved. 1bese mechanisms have traditionally been divided 
into twO broad classes: Mechanisms (1) and (2) are examples of photochemical hole 
burning (PHD), in which laser radiation changes the electronic structure of the impurity 
molecule itself, typically resulting in a photoproduct molecule with optical absorptions far 
removed from the original frequency, outside the original inhomogeneous band. 'The 
other two mechanisms are examples of non-photochemical hole burning (NPHB), in 
which the impurity molecule remains intact, and absorption is lost from the laser 
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frequency ~ugh changes in the interactions between defect and host. A haJlmark of 
this latter type of hole burning is the much smaller range of the redistribution of 
absorption strength; the hole-burned centers have their frequency shifted by only a small 
amount, so thaI the absorption strength lost from the hole is relocated nearby, inside the 

original inhomogeneous band. These two classes of mc:chanisms. however, are nol 
absolutely distinct and systems with inlcnnediate behavior exist. such as the CN-:Na+ 
defect in KBr. whose reorientational mechanism would ordinarily be considered NPHB. 

but whose spectral signature suggests PHB.1".!.' 
We now need to relale the shape of thc SpecllW hole to the homogeneous line shape. 

To simplify the discussion, lei us assume that all defcclS have the same homogeneous 
width and that all defects may be hole-bWlled with the same quantum efficiency. lei the 

absorption due to each defect be described by a Crequcncy-dependcnt absorption cross 
section 0',,(00) given by 

(3) 

where 0'0 is a constant wilh dimensions of area times frequency, assumed here to be the 

same for all centers, and g(oo - Ole) is a normalized Lorentzian Iineshape function centered 

at the frequency Ole and having a width Yh equal 10 homogeneous linewidth: 

(4) 

1be laser line is ordinarily narrow enough that it may be treated as a &-function, so thai ilS 
intensity per unit frequency may be wrinen as 

dI(oo) 
dOl = 10 5{ 00 - cot.>. (5) 

For simplicity we shall assume that centers which undergo the hole burning configunltion 
change are moved far enough away in frequency that we may ignore any absorption 
arising from them. With these approltimations. we may write the following equation for 

the rate of change of the population of centers having center frequency Ole: 

(6) 
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Here N(mJ describes the inhomogeneous disaibution and is defined so that N(coJdmc is 
the number of defects per unit volume with center frequency between (l)c and We + dWe­
NB(mc) is the number of these convened to the hole-burned state. 11 the bole burning 
quantum efficiency, assumed to be the same for all center'S which can be hole-burned, 

and r au is the rate of spontaneous relaxation from the burned to the unburned ground 
state configw-ation. In the limit of low laser intensity and shon times. we may neglect the 

second two tenns in Eq. (6), so that the change in N(ooc) after time lit may be 
approximated by 

The resulting change in the absorption coefficient a(w) is obtained by multiplying this 
change in the density of absoibels by their absorption cross-section and integrating over 
all center frequencies: 

(8) 

If we assume that the width of the inhomogeneous disaibution is much greater than the 
homogeneous width. an excellent approximation for glasses. then we rnay treat N(ooJ as 
a constant. N(OOV. and move it outside the integral. In this limit. we then have 

whCle. since tile» "th. it is ptJmissible to extend the lower limit of integration to negative 
infinity. The integral in Eq. (9) is the convolution of two identical Lorentzians. which. as 
can easily be shown. is itself a Lorentzian having twice the width of the original. We 
thus have the well known result that. for Lorentnan homogeneous lines. the hole in the 
shon bum lime. low intensity limit is a Loremz.ian with a width equal to twice the 
homogeneous width, centered at the laser frequency: 
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(10) 

Under ideal conditions, then, the homogeneous linewidth may be delennined from 
the hole width. We must now consider some of the complications which might inva1idalc 

Eq. 10. The first of these arises when we leave the small hole limit. Recall that the 
assumption of short bum times and low intensities, hence small holes. allowed us to 
neglect the second two lenns of Eq. 6. It should be clear from inspection of Eq. 6 that 

these terms act 10 reduce the rate of hole burning and eventually lead to a steady state in 
which N(roc) no longer changes. Since the second lenn of Eq. 6 contains the lineshape 
factor g(wt - (OJ. the hole growth sal1aation due to this lenn will first become apparent at 
the cenlel' of the hole. while the wings of the hole continue to grow. The result is a non­
Lorentzian hole with the peak suppressed relative to the wings. thus having an apparent 
width greater than in the small hole limit. The spontaneous hole relaxation arising flOm 

the third term in Eq. 6 is spread evenly over the hole, and so tends to ameliorate to some 

elttent the hole broadening due to the second term. Numerical calculations of the hole 
shapes in various regimes can be found in Ref.[281. The practical implication of these 
effects is that in order to obtain homogeneous widths from hole widths, one must make 

cc:nain that hole widths are measured in the small hole limit. This is perhaps best ensured 
by experimentally detennining the hole width as a function of depth and then 
extrapolating to zero hole depth.29 

A second process which can lead to broadened holes in amorphous systems is 

known as spectral diffusion. While th~ fllst complication was merely a mauer of 
properly petforming and interpreting the hole burning experiment, this second one arises 

from the essential physics of the amorphous state. Since glasses are, by their very 
nature, in a non-equilibrium state, their sauctw-e will continue to evolve with time even at 

low temperatures. If the evolution of local environments occurs on a sufficiently rapid 

time scale, impurity centers initially out of resonance with the burning laser may drift into 
resonance, undergo hole burning, and continue drifting in absorption frequency until the 

hole is probed. The result is a broadened hole which continues to broaden with time after 

burning ceases. Several examples of this type of behavior have been observed, and 

detailed studies may yield new insights into glassy dynamics.JO The exlent to which 

spectral diffusion occurs, however, varies widely from system to syStem, and it is not 

always observable. Thus while in some systems homogeneous widths obtained from 

persistent hole burning are considerably greater than those obtained by other methods. 

such as a photon echo experiment,)1 in other systems good agreement with other 

techniques is obtained.29 It is therefore imponant to consider the possibility of spectral 

diffusion on the time scale of one's experiment before equating the hole width with twice 
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the homogeneous linewidth. Though not a1ways practica1. the definitive test of whether 
the hole width is l'C\lealing the true homogeneous width would be to perfonn a 
complimentary measwell'ltnt. using a different technique. to independently determine the 

homogeneous width. Although no such test has yet been performed for the chalcogenide 
systems discussed here. hole widths ha\le been carefully monitored O\lCf timescales 
ranging from I second to 1()4 seconds and no evidence of hole broadening by spectral 
diffusion has been obselVed in any of these systems. It thus seems likely that the hole 
widths in these systems are indeed indicati\le of the homogeneous widths. 

HI. EXPERIMENTAL DETAILS 

Sample Preparation 

The samples used in these studies are ingots of bulk melt-quenched As2S3, A~~. 

or Se glass. The molecular impurities necessary for penistem specb"al hole burning arc 
introduced imo the glass samples by melting the glass in a scaled quam tube containing 
roughly 650 torr of the gas-phase dopant. Dopants which ha\le been found to produce 
strong infrared absorptions in the desired frequency region include carbon dioxide. 
hydrogen. which reacts with the chalcogenide glass to fonn SH or SeH defects, and 
0 20. The sample tubes ha\le \lolumes of roughly 20 cm3 and contain about 1 em3 of 
glass star1ing materia1. Samples are heated well abo\le the glass transition temperature. 
typica1ly to about 5000 C, and rocked continuously for 30 minutes to ensure reasonably 
unifonn dispelSion of the impurity throughout the sample. A~S3 and A~SCJ samples 
arc air quenched 8t room temperature. Because of their tendency 10 deviaify, elemental 
Se samples art quenched more rapidly. It has been found that quenching rates sufficient 
to pre\lent crystallization. but not so rapid that thermal stresses crack the sample. can be 
achie\lcd by alternatingly immening the quam tube in liquid nitrogen and exposing it to 
room temperature air. After detennining that they are reasonably free of bubbles, either 
by direct \lisual inspection or using an near-IR imaging de\lice. the quenched samples arc 
then cut and polished. Samples in their final form are typically 3 to 10 nun thick. 

Persistent Spectral Hole Burning Experimenls 

The experimental setup for persistent spectral hole burning is illustrated in Fig. 3. 
The sample is mounle<! in an optical access superfluid helium immenion cryostat (Janis 
super \lari-temp) equipped with ZnSe inner windows and NaCI outer windows. The 
sample temperature, which can be varied continuously down to 1.5 K. is detennined 
using a calibrated lkO carbon resistor attached to the sample. 

PIRSH burning experiments are performed using tunable Pb-salt diode lasers. The 



J8 

Pb-salt 
Diode laser 

Power 
Supply 

-' 

S. P. Love & A. J. Sievers 

Sample 
in Cryostat 

InSb 
(77 K) 

i 
Monochromator 

Fig. 3 ExperimentaJ Setup for PIRSH burning. See !ext for details. 
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diode lasers are mounled in a closed-cycle helium refrigenuOf as pan of a commercially 

available system (Spectra-Physics). Typical output power for these lasers ranges from 10 
to 100 jJ.W, which. when focused to a small spot at the sample. can yield intensities up to 
severa] hundred mW/cm2. Each individual diode can be coarsely tuned over a range of 
roughly 100 corl by varying its operating temperature, which typically lies between 
20 K and 80 K. The laser can be continuously tuned over a I - 2 em-I wide region by 
varying the current supplied to the diode. By applying a linear sawtooth modulation to 
the input current. the laser frequency can be repeatedly swept through' the desired values 

at rates of roughly 1kHz. The output from the liquid nitrogen cooled InSb photovoltaic 
detector can thus be displayed on an oscilloscope. permilling changes in me infrared 
spectrum over mis 1 • 2 cm-I wide region to be observed essentially in realtime. This 
rapid scanning over a relatively broad frequency region represents a considerable speed 
advanlage over me tunable dye laser systems typically employed for hole burning studies 
in the visible, paUlining observation of the time evolution of PIRSHs on time scales less 
than one second. 

Oscilloscope traces from a typical PIRSH burning experiment are shown in 
Fig. 4 (a). These are oblained using a wavefonn digitizer (Tektronix 7020) which 
allows up 10 256 scans to be averaged for significant signal to noise improvement, and 
makes wavefonns easily accessible for computer analysis. The lower trace in Fig. 4 (3) 
is 3 reference taken before burning any holes, and shows oscillations which merely 
reflect highly reproducible variations in laser output as a function of input current; all real 
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absorption features in this example are much too broad to produce significant signal 
variation across the nanow frequency range scanned here. After obtaining this reference 
scan, a spectral hole is burned by holding the laser current, and hence its output 
frequency, at a fixed value for a period of time, typically a few seconds to several 
minutes, depending on the nature of the experiment The resulting persistent spectral 
changes are then probed by again scanning the laser frequency over a region centered on 
the bum frequency, as shown by the upper trace in Fig. 4 (a). If necessary, metal film 
neutral density attenuators may be inserted into the beam before the sample dwing 
probing to minimize the production of additional spectral modifications. A germanium 
etalon, which produces interference fringes of known frequency spacing, is used to 
calibrate the amplitude of the laser frequency sweep and thus determine the width of the 
observed specbal features. An oscilloscope b'aCe taken with the etaIon in the beam is 
shown in Fig. 4 (b). The absolute frequency is determined using a grating 
monochromator. The monochromator. which is placed between the laser and the wnple. 
also serves to select a single laser mode out of the typically multi·mode diode laser 
outpUt. 

One final piece of information is needed to calculate the caUbratcd final result shown 
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Fig. 4 Results from a typical PIRSH burning experiment. (a) Oscillosco~ traces 
obtained before (lower trace) and after (upper trace) hole buming. (b) Oscilloscope 
trace taken with etalon in beam for frequency calibration. Laser frequency sweep 
amplitude is the same as in (a). Fringe spacing is 1.42 GHz. (c) Change in sample 
absorbance as a function of offset from bum frequency. calculated from the infonnauon 
in (a> and (b). The system for this example is As2S):SH at 28 K. burned at 
2503 em- t . 
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in Fig. 4 (e), Since a.c. coupling of the delector output to the oscilloscope is llsed, the 
large background signal from the unmodified sample ttansminancc is effectively 
subtracted off, allowing the small changes in signal amplitude resulting from PIRSH 

burning 10 be observed against an essentia11y zero baseline. In order to calculate the 
absolute magnitude of the spectral changes, the size of the background contribution musl 
first be determined. This is easily accomplished by chopping the beam, thus defining the 

zero transmittance baseline. lbe laser induced changes in the absorption coefficienl6a. 
shown in Fig. 4 (c), are then calculated using 

Ao.J=-ln(Tr/Tj) (II) 

where I is the sample thickness, and T f and T j are the final and initial transmitted 
intensities shown in the upper and lower traces of Fig. 4 (a), with the background 

contribution added on. 
The technology of tunable Pb-salt diode illSlm is still quilt new, and though they can 

produce excellent results, one should be aware of the pitfalls associated with these 
devices. The rust of these arises from the multimode output produced by vinually a1l of 
these lasers. Usually the laser output consists of severnl modes well separated in 
frequency, typically by I cm- i or more, so that all but one mode may be eliminated 
using a grating monochromator. But occasionally two or more modes may be spaced by 
I GHz or less and cannot be separated by a monochromator. This results in anomalous 
s:uellite holes if the mode spacing is greater than the hole width, or in artificially 
bro3dened holes if the spacing is less lhan the hole widlh. The latter case is particularly 
insidious since it is often difficult to recognize in the hole spectrum. The same etalon 
used for frequency calibration serves as an imponant diagnostic 1001 for detennining the 
quality of the diode laser output; non-sinusoidal fringes or beats in Ihe fringe pallem are 
sure ggns that multiple frequencies are presenl It is occasionally possible, if absorption 
frequencies overlap, to utilize spectral hole burning in a well-studied system 10 diagnose 
the laser to be used in studying a new system. Various crystalline materials known 10 
produce very narrow holes, for example, were used to verify that the surprisingly large 
hole widths seen for the SeH defect (sec Sec. IV) are in fact real and not anifacts 
produced by multiple laser modes. 

Another common problem encountered with these lasers is that the characteristic 
inlensity variations, such as seen in Fig. 4 (a), though usuaJly vet)' reproducible, may 
sometimes vary on time scaJes of a few minutes. This introduces systematic baseline 
errors which cannot be divided out and hence obscure the true hole shape. This problem 

can be minimized by using samples having larger o.f, so that the absolute size of the 
spectral holes is made greater for a given relative change in a, while at the same time the 
sample attenuates this systematic laser "noise." This solution is limited, of course, by the 
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fact that the sample also attenuates the total signal reaching the detector. so that a 
comph)luisc must be m'de between attenuating the I,ser noise and keeping the total signal 

above the noise from other soun:es. 
Finally. it should be noted that these scmiconductordiode lasers an: extremely prone 

to feedback instabilities)2 induced by light reflected back into the laser flUID surfaces 
anywhere in the experimental sctup. Oaotic output fluctuations may occur even when 
extremely small fractions of the output power reenter the laser. For example. in one 
instance feedback problems were traced to a reflection from the detector window; hence. 
by the time the offending light reentered the diode, it had been attenuated by a factor of 
forty or SO on its rust pass through the sample and cryostat windows. and by the same 
amount on its return Dip. in addition to the losses associated with the monochromator and 
various lenses. Feedback problems may usually be eliminated by ensuring that all optical 
elements. including windows. monochromator slits. and the sample itself. are tilted in 
such a way thaI light is not rtflected back inlo the diode. 

IV. RESULTS 

Linear Speclroscopy. 

An appropriwe place to begin a discussion of persistent spec:ual hole burning is with 
a description of Ihe simple Iinell1 spectra of Ihe inhomogeneous absorption bands 
involved. The infrared spectra described here were obtained using a Fourier transfonn 
interferometer operating al a resolution of 0.5 em-I. Examination of lIlese infrared 
spectra usually allows unambiguous identification of the impurities introduced in the 
doping process. and provides some information on Ihe interactions between the host and 
impurily. Key fealW"Cs of lIle infrared SIM'Da are surrunarized in Table 1. 

Figure 5 shows the infrared absorption spectra for lwO glasses, glassy Se and 
As2S]. which have been treated in CO2 gas as described in section III. The most 
prominent feature produced by the doping. a band with full widlh al half maximum 
(FWHM) of 6 cm-I• centered at 2323.2 cm-I in As2S) and a12321 em-I in Set falls in 
Ihe COlTCCt frequency range for the asymmetric stretching vibration (usually denoted v]) 
of the COz molecule. For gaseous COz. the band origin lies at)) 2349.146 Cm-I. so the 
host interaction produces roughly a 1 % decrease in the frequency of this mode. 
Examination of the two additional weak absorption features, shown in Fig. 5 (c). leaves 
liule doubt as to the assignment of these bands to the CO2 molecule. These two lines. at 
2258 cm-I and 2306.5 em·1 in A'lS). have the correct strengths. relative to the main 
2323.2 cm- I band. to be due to the isotopic species IJC I60 2 and 1I012CI60 
respectively. It is a simple matter to solve the equations of motion for a mass and spring 
model for the linear triatomic a-c-o molecule to obtain the normal mode frequencies. 
After first obtaining the spring constanrfrom the 12Cl6()z asymmetric stretch frequency 
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Fig. S lnfrared absorption spectra at 1.5 K for COl in (a) a~Se and (b) ASzSJ . The 
CO2 bending mode ("2) and aSf01:metric stretch mode (vl) absorptions are indicated 
with arrows. All other absorption features arc present in the undo~ glass. 
(e) Enluge.d view of the YJ region in ASzS). showing the 11C 602 and IIOI2CI6() 
isotope lines. 

of 2323.2 em-I, one predicts frequencies of 2257.3 cm- i and 2305.9 em-I for the 

asymmetric stretch in 13Cl~ and 11()12C16(), respectively. in excellent _&icement with 
llIe observed bands. Finally, note the weak band at 641 CIIl 1 in Se shown in Fig. 5 (a). 

This band, not present in the undoped material. is undoubtedly the C~ bending mode 

(denOied "2)' its position in good agJument with the gas phase vaIue33 of 667.379 em-I. 
The nature of this defect cenler is thus quite clear; it consists of a CO2 molecule trapped 
in a cage (ouued by the glass matrix. The absence of any rotationaJ structure, which 
dominates the gas phase specttum, indicates that each trapped molecule is locked in fixed 
orientation. 

1bc next class or derects we will examine arc the hydrogen-relau~d centers, produced 
by melting the glass in hydrogen gas. Figure 6 (8) shows the inrrared absorption spectra 
at 1.5K ror two samples or ASzSJ , one prepared in hydrogen, the other in deuterium. 
The hydrogen-doped sample displays an asymmetric absorption band peaked at 
2485 em-t with a width (fWHM) or74 cnr1. The absorption band in the deuterated 
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Fig. 6 Infrared absorption spectra for the hydrogen-related centers in ehalcogenide 
glasses. (a) Absorption bands in As,;S) due to SH (solid line, right scale) and its 
deuterated analog, SO (dashed line, left scale). (b) SeH in a-Se. (e) SeH in As,;Se). 
Weak lines at 1580 and 2323 cm-I are due 10 unwanted CO2 and ~O impurities. 

sample has a similar asymmetric shape. but is peaked at 1807 cm- I and has a width of 
5 I cm-I . The isotope shift by a factor of 1.375. apprOltimately the square fOOl of the 
ratio of the masses, confinns that these absorption hands originate from vibrational 
transitions. lbese bands lie in the characteristic frequency ranges for the sulfur-hydrogen 
and sulfur-deuterium stretching vibrations. For comparison, gas-phase 
measuremenls34-)6 on SH and SO free radicals yield stretch mode frequencies of 
2598.77 em-I and 1885.8 eorl, respectively. 

In Fig. 6 (b) the result of treating Se in hydrogen is shown. Again, the doping 
produces a broad absorption band. this time centered at 2194 em-I, with a width 
(fWHM) of 53 em-I. The good agrument of the position of the band with the known 
SeH stretch frequencr7 implies that, as in the ease of As,;S). the absorption band arises 
from hydrogen whieh has reaeted with the host material, this time fonning SeH bonds. 
Preparation in deuterium gas produces the expected isotope shift. the new band appearing 
8t 1589 cm-I. The origin of the weaker bands apparent in Fig. 6 (b) is not known, but 
they also show the isotope shift in the deulerated sample. and so they also must arise 
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from hydrogen vibrations. 

Similar results are obtained for hydrogenated A~Sel. shown in Fig. 6 (c). The 
absorption band again appears in the StH stretch region. this time ~ed at 2189 CIIl I , 

The width of this inhomogeneous band, however, 108 carl, is over twice thai in a-Se, 
and the asymmetric shape seen for A~~ is even more evident hen:. 

The exact nature of the hydrogen-related centers is not so easily detennincd as was 
the case for~. It is clear from the vibrational frequencies and isotope shifts that in 
each case a hydrogen atom bonded 10 a chalcogcn alom is involved. The existence of a 

single snong absorption band, without any of the lower frequency bands one would 
expect for the bending modes of polyatomic species (such as H1S, for instance), argues 
strongly that only one hydrogen alom and one chalcogen atom are involved in these 
cCnlers. What cannot be delennined definitively from this work is whether thesc centers 
are simple SH or SeH diatomics trapped in a matrix cage. analogous to the ~ centers. 
or whether the chalcogen involved is actually bonded to, and forms a pan of. the glass 
matrix. The laner possibility is favored by the PIRSH burning results 10 be presented 
here, which suggest the existence of strong coupling betw~n these defects and the glass 
hosl. 

The final defects to be considered here an: those produced when A'1S) is doped 

with °20. The choice ofOZO rather than ordinary water is one of convenience; the laser 

frequencies currently al our disposal do not coincide with HzO absorption bands. Three 
strong absorption bands an: produced by °20 doping. as shown in Fig 7. Two of these, 
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Fig. 7 Infrared absorplion spectra for ASzS~ treated in °20. The 0zO bending (vv 
and stfelchinf (v) absorptions are markea With anows. The third strong band, peaked 
al 2566 cm- • is tentatively attributed to 00. Weaker bands are due to unwanted 
impurities (see text). 
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centered at 1170 corl and 2679 em-I and marked with arrows in Fig. 7, are found to 

maintain constant relative strengths for various sample preparations. These an: assigned 

to the OzO bending (Y2) and asymmeaic sttetch (v) modes. respectively. which have gas 
phase frequenciesl7 of 1178 elll I and 2788 em-I. The third strong absorption band, 
peaked at 2566 em-I, is found 10 have strength which varies from sample to sample 
independently of the other two, being strongeS( in samples prepared at lower 
tempoatun:s. This band is tentatively identified as arising from a simple 00 stretch, but 
the ambiguity about the exact nature of the defect seen for the SH and SeH centers applies 
here a1so. The specttum is complicated somewhat by unwanted impurities. These, 
however, are easily identified: The shoulder visible on the low frequency side of this 
band arises from a small amount of the SH impurity present in the staning material 
(compare Fig. 6 <a> >. Likewise, a weak SO band is apparent at 1807 enrt, as is the 
sharp CO2 absorption at 2323 cm- I. The remaining small peak visible in Fig. 7. al 
1393 CUI I, arises from the bending mode of the mixed isotope water molecule HDO. 

The inhomogeneous absorption bands shown in Fig. 5 through Fig. 7 display a 
wide range of Iineshapes and widths. indicating a considerable variety in the way the 
defeet is coupled to the host Such a variety is desirable if one wishes to test the 
hypothesis that Icconfiguration of the glass host is responsible for the hole burning. If 

Table 1. IR absorption band positions. inhomogeneous widths and hole widths at 
1.5 K for vibrational modes of various impurities in chalcogenide glasses. 

Peok Width (FWHM) Hole Width (FWHM) 
Host Impurity Frequency (cm-I) (em-I) at I.SK (GHz) 

AS:!:S) IlCl 6{}:z 2323.2 6 0.080 ± 0.003 
13CI6():z 2258.0 6 -

18Q1lCI6O 2306.5 6 
a·Se 12CI6():z 2321.0 6 0.080 ± 0.005 

641 -20 -
AS:zS) SH 2485 74 0.8-15· 

SO 1807 " 0.6 • 
a.sc S,H 2194 53 0.81-S.S· 

SeD 1589 33 
A"S., S,H 2189 108 1.1-10· 
AS:!:S) 0,0 2679 59 I 

1170 19 -
00 2566 95 I 

·Depends on bum frequency. Range indicated is merely that observed to date; actual 
upper limit is probably much greater. See teXI. 
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this model is valid, onc expects lhat hole burning behavior, in paniculat the distribution 

of baJriers between the burned and unburned configurations. should be similar for all 
defects in a gi\lcn host 

Persistent SPfl=tral Hole Burning Results 

In this section we will fmt summariu: me rudimentary PIRSH burning behavior at 

low temperatures for the various systems. We will then compare lIle temperature 
dependences and relaxation behaviors for those systems where direct comparison is 

appiOpriate. 

Figlm 8 shows the PIRSH produced in the asymmetric bending mode absorption of 

CO2 in ASzSJ by burning at three dirferent temperatures. 1.6 K. 21 K and 46 K. The 
laser frequency, 2324.2 cart, lies 1 CUI 1 to the high frequency side of lhe peak of the 

inhomogeneous band. Ploned is the change in the absorption coefficient a produced by 

-• -c 
0 

• (a) (b) (e) 
" " 0 -
!l 

Offset from Bum Frequency 

Fig. 8 PIRSH burning in the Yl mode of CO,. in A~S3 al temperatUtCs of (a) 1.6 K. 
(b) 21 K, and (c) 46 K. Plotted IS the lascr-ill(1uccd cfiange in absorption coefficient as 
a function of the offset from the bum frequency. The horizontaJ straight line indicates 
zero absorption change. Note holes (absorption decrease) and anti holes (absorption 
increase) in each case. VenicaJ scales have been adjusted to facilitate comparison; 
aCluaJ hole depths are 0.047. 0.016. and 0.003 em-I, respectively. 
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the laser irradiation. as a function of the offset from the bum frequency. Burning and 
probing of the hole are perf'o .. ncd at the same temperatuJ'C in aU cases. The horizontal 
line in Fig. 8. shown for reference. represents zero change in absorption. Note that in 
addition to the hole (negative Aa) centered at the bum frequency there is in each case a 
much broader antihole (positive .&a) indicating the new frequency location for those 
centers which have been hole-burned. The obserntion of antiholes so near in frequency 
to the original hole shows that the hole buming ptocess is not photochemical in nature. 
The localion of the antihole appears to shift to higher frequency with increasing 
tempetature. a behavior not yet understood. 

The width of the hole at 1.6 K is 80 ± 3 MHz. the narrowest hole observed to date 
in the chalcogenides. This width does nOI appear 10 depend on the bum frequency used. 
The widlh increases 10 166 ± S MHz at 21 K and to S20 MHz at 46 K. Above this 
temperature. observation of the holes becomes difficult as Ihey become increasingly 
broader. shallower and shorter lived. Heating above 60 K for a few minutes effectively 
crases holes burned at any temperature in this system. 

Preliminary Siudies of the same defecl in a-Se show that the 1.6 K hole width for 
CO2 in a-Se is vinually identical to that in As2S). 

Hydrogtll-ulaJed CtllltrS ill As~ J. As~tJ and a·St. 

As seen by linear SpecbOscopy, the most obvious difference between the hydrogen­
related centers and the ~ centers, regardless of host, is the enonnous difference in the 
inhomogeneous linewidths, those for the SH and SeH centers being an order of 
magnitude greater than than those for~. PIRSH burning experiments reveal a similar 
order of magnitude difference in the homogeneous widths. In addition, however. the 
hole widths for SH and SeH show a strOng dependence on the bum frequency. This 
behavior is shown in Fig. 9(a) for the SH center in As2S), and in Fig. 9(b) for the SeH 
center in both ASZSe] and a-Se. For SH in A'1S] at 1.5 K, the hole width in the low 
intensity, short bum time limit shows a minimum of 0.8 GHz for bums at 252S cm-I, 
near the high-frequency limit of the inhomogeneous band. The width increases sharply 
with dureasing laser frequency, reaching 8 GHz at 2445 cm- I, and eventually 
exceeding the diode laser's continuous luning range of roughly lS GHz. 

As can be seen in Fig. 9(b), the frequency dependence of the hole width for SeH 
centers in the Se and ASzSc] glasses is remarkably similar to that of the SH center. The 
hole width at I.S K for SeH in a·Se is 0.81 ± .OS GHz for burns at 2221 (;111 I, while at 
the same frequency the width for the SeH center in As2Sel is 1.08 ± .OS GHz. As with 
the SH centers. the width for the SeH centers in both hosts increases sharply with 
decreasing bum frequency. The ratio of the hole width in A~Se) to that in a-Se 
maintains a value of roughly 1.4 which is nearly constant, within experimental en ..... , for 
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Fig. 9 Hole width at 1.5 K as a function of bum frequency for hydrogen-related 
centers in ASzSJ • As,.Se • and a·Se. (a) Hole width (squares, refer to scale on left) 
and absorption spectrum hotid line, refer to scale on righl) for SH in A'2S), (b) Hole 
widths and absorption spectra for ScH in As,S~ (triangles. dashed line) and in a-Se 
(circles. solid line). Hole widths are in the small hole limit. 

all bum frequencies. 
As was the case for CO2 in A52S). holes burned in the SH mode in AsZS) and the 

ScH mode in As-zSc] can be erased by heating the sample to roughly 60 K for 
approximately a minute. The SeH moot in a-Se, however. shows markedly different 
thermal eraswe behavior, carnplete erasure of holes in Ihis material is obmincd only after 
heating 10 about 80 K. 

A novel phenomenon so far observed only for the SH center in AS:2Sl is the 
narrowing of the hole with time after the burning laser is removed. The effect is shown 
in Fig. 10. It should be noted thai, unlike the results discussed above, the holes in Ihis 
case are not produced in the short time low intensity limit; the hole narrowing 
phenomenon is seen only for relatively long bums (several minutes) at high intensities. 
This behavior is the opposite of the more typical hole broadening which has been 
observed in several electronic hole burning systems and atttibuted to spectral dufusion.30 

It thus seems unlikely that significant slow spectral diffusion processes arc occurring 
after the hole has been burned. This eliminates one possible effect which might prevent 
true homogeneous widths from being detennined from the hole widths. It is still 
possible, of course, that specual diffusion on shan time scales could occur during the 
burning process. 
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Fig. 10 Time evolution of the hole width in the deep hole regime for SH in ASzS). 
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(a) The appearance of the hole 5 seconds (broad hole) and 48 minutes (narrow hole) 
after the burning laser is removed for a hole burned 5 minutes at 2504 em-I. The 
vertical scale for the narrow hole has been expanded by a factor of 3.5 to facilitate 
comparison. Reduced noise in the 48 minute hole is the result of long signal averaging 
times not possible with the rapidly changing short time hole. (b) Hole width as a 
function of time after burning ceases. 

One possible explanation for the hole narrowing behavior is that centen absorbing at 

a given frequency have a distribution of homogeneous widths. with those centers having 

greater homogeneous widths (i .e . faster dephasing) relaxing more rapid1y from the 

burned to the unburned configuration . This possibility emphasizes the fact that hole 

burning merely selects OUI centers with identical absorption frequencies. and does not 

necessarily. as is sometimes mistakenly believed. select cenlen with identical 

environments. 

PIRSH burning has been observed for the 2679 cm-I D20 stretch band with hole 
widths at 1.5 K on the order of 1 GHL The 2566 cm-1 OD stretch band also exhibits 

PIRSH burning. with similar hole widths. As is the case with other defects in As1S). 

these holes are completely erased by heating to 60 K. Although at the time of this writing 

these two defects have not been as extensively studied as the olhers. the fact that they 100 

exhibit PIRSH burning provides imponant confirmation of the generality of this 

phenomenon in chalcogenide glasses. 
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Fig. 11. TempualUI'C dependence of the hole width in AS:zSJ. <a) SH in AS:zS) al two 
different bum frequencies: 2504 CIII 1 (triangles) and 2462 em-I (cirties). (b) ~ in 
AslS). Bum frequency is 2324 em-I. Hole widths are in the small hole limit. Solid 
lines are power law filS described in the text 

Te~'aJure DeptNknce 0/ tire Ho~ Width. 

Despite the considerable differences in the homogeneous and inhomogeneous widths 

for ~ and SH in AS;zS). and the strong burn frequency dependence of the hole width 
observed for the latter, the temperature dependences of the hole width of these two 
defects in this host are remarkably similar. Figure 11(a) shows the hole width as a 
function of temperature for the SH defect in As.zS) for two bum frequencies. The 
temperature dependence of the hole width for CO2 in As-zS) is shown in Fig. ll(b). In 
all cases the hole is burned and probed at the same temperature. 

In each case note lhat the hole width does not appear to vanish as T approaches zero, 
but rather approaches a finite value not significantly smaller than the width at I.S K. 
Above this low temperature value, which is presumably detennined by the excited state 
lifelimc, the hole width increases approximately as 'fl. The hole width bov (1) is well 
described, over the entire temperatW"C range studied, by a power law of the fOilli 

(12) 

The best fit for co,. in A~S3 is obtained with .1.vo '" 80 MHz, the temperature exponent 
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b -(2.2 ± 0.3), and a - 0.096 Mfh/I(2.1, as shown by the solid line in Fig. 11(b). Fits 

to the two data sets for the SH defect in ~Sl yield the following values: temperatW'C 
exponent b ICE (1.91 ± .1), and the coefficient a- 3.4 x ID-l GHzI KI.97. The zero 
temperature widths are 6vo "" 0.8 GHz and 41vo - 3.6 GHz for the 2503 cm I and 
2462 cm,,1 data, lcspcuively. Note that for the two bum frequencies shown for the SH 
defect, only 6vo differs. while a and b are apparenlly independent of the bum frequency. 

Though the lC·'q'daw:redepe·KIences for two diffemu defecu in A~are vinually 
identical. the behavior in a diffm:nt host. a·Se. shows obvious diffm:nces. Figure 12 
shows the hole width as a function of JCmperature for the SeH defect in a-Se between 
1.6 K and 56 K for holes burned a12209 C11l 1. For comparison. the 2.503 carl data for 
SH in ~l are also included. Figure 12(a) shows these data plotted with linear axes. 
The a-Se:SeH data can again be fit over the entire lcmpeiattm range using Eq. 12, but 

the hole width no longer goes as 'fl. Instead the fit yields temperature exponent b '" 
(L21 ± 0.1), with 41vo "" 0.19 GHz, and a '" 0.11 GHz/ K1.27. The difference in the 
power law behavior for the two hosts is emphasized in Fig. 12{b), which plots the same 
data on log-log axes with .6.vo first subtracted off. It is clear that, although the hole width 
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Fig. 12. Comparison of the tempe.ature dependence of the hole width for ScH in a-Se 
(circles) and SH in As,;Sl' (triangles). (a) Total hole width. plolted on a linear scale. 
(b) The same data plotted on logarithmic axes, after first subtracting the zero 
tempe.ralure hole width. Solid lines 8JC power law filS described in the lext 
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for a-Se:SeH increases more rapidly with temperature than does that for AsZS):SH, it 
does so in a more nearly linear fashion. 

SponUJneous Hok Filling. 

After burning ceases. PIRSHs burned in all these systems are observed to decay in a 
sllOngly non-cxponenlial manner. One aspect of the PIRSH burning behavior of 
molecular impurities in chalcogenide glasses which SClS these systems apart is that the 

spontaneous relaxation from the burned to unburned configurations takes place on an 

experimentally accessible time scale. allowing this relaxation to be observed over a much 
wider dynamic tunge than in the much more slowly relaxing amorphous systems studied 

by other workers. 
Because the inhomogeneous bands for 5cH in a·Sc and AsZSc] overlap in 

frequency (sec Fig. 6) • and the defect in each case appears to be essentially the same, 

these two systems were chosen to detcnnine how different hOSlS affect the hole n:laxation 
behavior. The frequency overlap allows the same laser mode and identical optical setup 
w be used for both systems, thus eliminating anifacts introduced by differing burning 
intensities. Figure 13 shows the spontaneous hole decay observed at 1.5 K fOJ" the SeH 
defect in a-Se and ASzSC] after identical 3 minute bums at 2194 em-I with an inlensity 
of roughly 25OmW/cm2• Plolled here is the integrated hole area, proponional to lhe 
number of centcn remaining in the burned configuration. as a function of time after 
burning ceases. The hole aru. is normalized w unity at 1 - o. 

The data shows that, though the two systeml appear nearly identical in other 
respects, the host plays a decisive role in dctennining the relaxation TlteS between thc 
ground state configurations. Though both systems display strongly non-cxponcntial hole 
decay. the relaxation in a-Sc is more ncarly cxponcntial and is dominated by rales three 
ordcrs of magnitude slower than that in As~C]. 

In order to clarify the meaning of the spontaneous hole filling data, it is instructive to 
apply the foUowing simplc model. Because the hole decay is observed 10 be independent 
of temperature below 10 K, iI is reasonablc 10 assume that thc decay proceeds by 
tunneling between the ground state configurations. The rate at which a given center 
relaxes from the burned to the unburned configuration is given by 

(13) 

where ro is lin allempl frequency, assumed 10 be on Ihe order of a phonon frequency, 
and).. is the tunneling parameter, of the general fonn (2mV)tf2cJtf\ where m is the mass 
of the tunneling entity, V the banier height, and d the width of the barrier. In order to 
take into account the distribution of environments seen by the defect, we shall simply 
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Time (seconds) 

Fig. 13. Spontaneous hole decay at 1.5 K for the 5eH defect in a-Sc ~triangles) and in 
As2Se, (circles). Holes in the two systems were burned at 2194 cm- under identical 
conditions. Solid lines are fits to Eq. 16 (see text). Hole area is nOllualized so that fits 
extrapolate to unity III t = O. 

allow, as suggested by Jankowiak, et al.,38.39 the tunneling parameter A to assume a 
Gaussian dislribution about some center value Ao: 

G(A) '" (l/JtI!2a) exp [ - (A - Ao)2/ a2) • (14) 

Thus if NB(O) is the total number of centers initially in the hole-burned state, the number 
of centen having burned-la-unburned relaxation rates between r at-). and r ot-<l. +dl.) is 
NB(O) G(A.) dA.. The number of centers with this relaxation rate remaining after time f is 
then given by 

dNB.l.(t) = NB(O} G(A.) dA exp[ - rot e-l. ] (IS) 

and so the 10tal number of cenlen remaining in the hole-burned configuration after time I 
is obtained by integmting Eq. 15 over all A: 
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(16) 

Excellent filS to the data are obtained using Eq. 16. as is shown by the solid lines in Fig. 
13. Figure 14 shows the Gaussian distributions of runneling parameters obtained from 
filting Eq. 16 10 the a-Sc:SeH and A~Sc3:SeH decays shown in Fig. 13. with the 
aaempt ftequency assigned the value ro '" lOll sec-1, which is on the order of me Debye 
frequency (or both of these systems. One may also simply view Fig. 14 as distributions 
of relaxation times for the two syStems, as indicated by the upper axis, and simply 
ignon: the physical assumptions contained in this model. The dashed vertical line in Fig. 
14 delineates die experimentally a ..... essiblc region; relaxation times to the left of lhis line 
would be too fast to be observed in this cltperiment. Thus, the fast relaxation side of the 
disaibution for ~:SeH is not well determined. and may not fall off al the (asler rates 
as shown. The lack of any Q-Se:SeH centers relaxing with times between 0.1 and SO 
seconds. on the other hand, is unambiguously a real effect; any relaxation occurring on 
this timescale would have been easily observed. Figure 14 illustnlles clearly that hole 
erasure AszSc,:SeH is characterized by a very broad dislribution of relaxation times. 

Relaxation TIme (seconds) 

0.3 
10-4 10-3 10-2 10-1 100 10' 102 103 10. 105 105 

: Q-Se:SeH 
1 
1 

0.2 1 
1 
1 
1 

0.1 1 AS2SeJ:SeH 
1 

1 
1 / 

°Ozo 30 40 
Tunneling Parameter f" 

Fig. 14. Gaussian distributions of tunneling parameters extracted from filS of Eq. J 6 
to the data of Fig. 13. assuming an attempt frequency of 1013 Sec-I (see text). These 
may a1so be viewed as distributions of relaxation times. as indicated by the lOp scale. 
The experimentally accessible relaxation times lie 10 the right of the dashed venicalline. 
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ranging from less than I second to several hours. with the peak of the distribution 
occurring at roughly 10 seconds. while that for a-Se:SeH characterized by a much 
rwTOwer distribution of relaxation times. peaked at roughly 2000 seconds. 

Spontaneous hole reftlling has also been studied for ~. SH, and OD in ~S]. 
Direct comparisons of relaxation behavior for different defects absorbing at different 
frequencies are made difficult by the fact that the laser characteristics affect the observed 
decay behavior to some extent The problem can be understood by elWllining Eq. 6. 
which predicts the hole wiU eventually reach a steady-state depth due to the action of the 

third tmB. It should be clear that. for a given bumed-ta-unbumed relaxation nne r BU. 
there exists a minimum intensity below which the hole will be undcteCt8bly small at the 

steady state condition. For a system having a distribution of values for r BU. hole 
burning at a particular intensity selects out only those centClS which relax slowly enough 
to make a detectable contribution to the hole. Thus holes burned at high intensity appear 
to relax more rapidly than those burned at lower intensity. It is therefore important, if 
quantiative comparisons of hole relaxation behavior are to be made. that holes be burned 
with identical intensities for each system. The wide variation in the spatial power 
distributions of Pb-salt diode laser modes. which typically have highly non-Gaussian 
beam proftles. makes this quite difficult to achie ... e in practice. Even with this problem in 
mind. however. it is still possible to make the qualitativc statement that the holc decay 
behavior for all defects in AilS] is more similar to the A~CJ:SeH results than to those 
fora-Se:SeH. Dominant relaxation times in A~S] at 1.S K are on the order of 10 to 100 
seconds and under no circumstances. even for the lowest intensity. have the slow rates 
and narrow distributions seen for Q·Se been approached. 

V. DISCUSSION 

When laken togcther, thcse results fonn a pattern which lends credence to the idea 
that bole burning in these systems arises from restructuring of the glassy host A diverse 
set of impurities in a single host al1 display very similar hole relaxation behavior. while 
identical impuritics in different hoSIS show strikingly different behavior. Though more 
worle. is still needed to determine whether this pattem holds quantitatively for all cases. 
these results demonstrate the dominant role of the host in determining the hole relaxation 
behavior. This is in contrast to the behavior of crystalline systems which show hole 
burning through defect reorieniation;7.1.5,16 as would be expected with this mechanism. 
barriers to reorientation. and hence hole relaxation rates. vary widely from defect to 
defect in these crystalline systems, depending on the dctails of the molecules' size. shape. 

and coupling to the host. Thennal hole erasure behavior is &1so similar for all defects in 
AS2S], holes being erased by heating to about 60 K for a few minutes, while 
temperatures of roughly 80 K are required to erase holes in a-Se. Again this indicatcs 
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that the barriers between the burned and unburned configurations are imrinsic to the host. 
regardless of the defect involved. 

A similar pattern emerges for the hole widths in the various systems. Although it is 

clear from the large difference in hole widths for the C~ and SH defects in A~SJ that 
the nature of the defC(:t and how strongly it is coupled to the host detennine the absolute 
magnitude of the hole width, the temperature dependence of the hole width appears to be 
dctennined solely by the host. independent of the defect involved, indicating that the 
dephasing processes responsible are intrinsic to the host. 

The remarkably strong burn frequency dependence of the 1.5 K hole widths 
observed for the SH and StH centers is particularly intriguing because it appears to 
indicate a correlation between the inhomogeneous broadening perturbation and the excited 
state lifetimes. In each case the inhomogeneous absorption band for the defect in the glass 
has an asymmetric shape with a relatively sharp high frequency cutoff at frequencies 
roughly 2 percent lower than the gas phase values for these molecules. This suggests an 
inhomogeneous broadening penurbation which acts only to reduce the vibrational 
frequency of the impurity molecule; i.e. the stiffness of the chalcogen-hydrogen bond 
may be decreased through the interaction with the host. but never increased. A 
comparison of the spectra for SeH in a-Se and in AstSC-J suppons this idea. since the 
increased broadening in As2Se] extends only the low frequency side of the 
inhomogeneous band. Thus. in this picture, relatively unpenurbcd molecules weakly 
coupled to the host are responsible for absorption on the high frequency side of the 
inhomogeneous band, while absorption in the low frequency tail arises from strongly 
coupled. highly penurbed molecules. The increase in hole width with decreasing bum 
frequency is a reflection of the increased host-defect coupling strength at the lower 
frequencies. This appean reasonable, since one would expect both the defect's excited 
state lifetime T t and the pure dephasing time T1• to depend to some extent on the 
coupling sU'Cngth. with stronger coupling allowing fasn:r dephasing as well as fasler 
decay of the defect vibration through energy ttansfer to the host. T I showd be essentially 
independent of temperature. while T2• should be slonglY·lemperature dependent since 
dephasing processes involve thennally populated excitations in the host. The fact that the 
temperature dependent contribution to the hole width is observed 10 be of the same fOlm 
and magnitude for both the broad low frequency holes and for the narrow high frequency 
holes in the A~]:SH system (Fig. 11) suggests that it is mainly the excited state lifetime 
which is responsible for the strong frequency dependence of the hole width. If this is 
correct, the interesting puzzle is what decay mechanism can be responsible for such short 
vibrational lifetimes. The most obvious mechanism, multiphonon decay, is apparently 
ruled out by the fact that the smallest hole width observed for the SO defect in ASzS) is 
0.6 GHz, compared to 0.8 GHz for SH; since multiphonon decay would be an eight­
phonon process for SH and a more strongly allowed five-phonon process for SO, this 
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mechanism should lead to a broader hole in the deuteratcd case. not a narrower hole as 
observed. 

Future Prospects 

From the results obtained so far. it appears that the chalcogenides hold promise for 
unraveling some of the general problems of persistent hole buming in glasses. Much 
work has been done over me past decade on PSHB of electronic ttansitions in a wide 
variety of amorphous systems, and. though some more or less universal features of the 
PSHB behavior have been uncovered. other aspects show wide variability flOm system 
to system. Relating the hole burning behavior to other physical propatics of tile various 
glasses has remained an elusive goal. in pan because the systems in which PSHB has 
been observed are so diverse. relatively unrelated. and not yet numelous enough. and 
have pi~ntcd little opportunity for continuous variation of material parameters. Because 
the chalcogenides are good glass formers over such a wide range of alloy compositions. 
the discovery of PIRSH burning in this system presents the possibility of observing 
variations in hole burning behavior as the glass composition is varied in a systematic 
manner, thereby illuminating correlations between the hole burning behavior and other 
properties of the glass. Mapping out the sponlaneous hole filling behavior as a function 
of composition could reveal. for example. whether the distribution of hole burning 
barriers evolves continuously, or whether there are abrupt phase transitions at certain 
compositions as might be expected if recent theories40 of a rigidity pc.icolation at certain 
atomic coordination numbers arc correct. 

As we have seen, substantial variations in the temperature-dependent dephasing 
processes also edst among the various chalcogenide hosts. The problem of optical 
dephasing in glasses has drawn much anention41 ever since it was first discovered42.4J 

that homogeneous linewidths for rare eanh ions in inorganic glasses at low temperatures 
are much larger and follow very different temperature dependences than those for the 
same impurities in crystalline hosts. While dephasing in crystals at low tcmpclature is 
dominated by scattering of acoustic phonons (phonon Raman processes). yielding 
linewidths which increase as 'f'1 for temperatures below the Debye temperature. and as"f'2 
above the Debye temperature, 44 these early results for inorganic glasses. in contrast, 
displayed 1"2 behavior down to the lowest temperatures. The picture grew more complex 
as new experimental results revealed tetnpenture dependences below -10 K varying 60111 
Tl.o to 1'1-1 for a wide range of impurities in both organic and inorganic systems, with 
little apparenl pattern 10 these results. excepl possibly for a rough tendency for organic 
systems to fall ncar TI.J and for inorganic systems 10 fall near"f'2. 

No single theory of dephasing in glasses has yel emerged. which satisfactorily 
explains all of the experimental results. The standard model used in most theories 
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assumes that low tcmpelature dephasing is due to the same entities originally plOposed in 
the tunneling model for the low temperature specific heat of glasses.n.lA Recall that in 

the tunneling model. the glass may be described by a collection of double-well potentials 
with groups of glass atoms tunneling between two configurations. i.c. as a collection of 
two.level systems (TI..S). In order to aceoum for the linear term in the low temperaturt 
specific heal, the density of Slates as a function of tunneling energy for the n.ss is 
assumed 00 be constant. Most theories of optical dephasing envision the defect coupled 
to a sea of TLSs which modulate the energy levels of lite defect. The TI.Ss an: in turn 
coupled to phonons which can induce transitions between the TLS levels. The resulting 
temperature dependence of ~ lincwidth will then depend on the n..s density of statcs 
and the form of I.he coupling between the defect and TLS (dipole-dipole. dipole­
quadrupole, etc.). and is. unfonunately. very sensitive to the approximations made in 
performing the integral over all TLSs. These theories, with the appropriate initial 
assumptions. can al1 reproduce the "universal" TI.3 behavior, but the assumptions vary 
considerably and tend to lack experimental justification. The T2 behavior observed in 
many systems does not appear to be satisfactorily explained by theories of this kind; it 
has been suggested'5 that the high T regime of phonon Raman dephasing may extend to 
lower temperatures in glasses due to highly non-Oebye densities of states. Besides the 
standard TLS models, other theories, involving "fractons .. 46 and "tunnelons ... 7 have also 
been proposed to explain dephasing processes in glasses. Since a complete discussion of 
curttnt theories is beyond the scope of the present article, the reader is refelRd to any of 
the: several reviews of the subject for more dctails.5,41.48 

Clearly more work is needed in order to construct a coherent picture of optical 
dephasing in glasses. Pan of the problem on the experimental side has been that. despite 
the relatively large number of systems studied so far. these systems have tended to be 
unrelated. so that too many parameters change in going from one system to another to 
ascertain which propenies are imponant in determining, for instance, why some systems 
show Tl.) dcphasing behavior while others show Tl. As we have seen in the few 
examples presented here, the chalcogenide glasses display vinually the entire range of 
temperature dependences observed for opticallinewidths in glasses. The TI .27 behavior 
seen in a-Se is similar to that of many organic systems while the - Tl behavior of A~) 
is reminiscent of the early results for inorganic glasses. Thus. with the continuous 
variability of alloy composition possible with chalcogenide glasses, is should now be 
possible to obtain correhl.lions between the dephasing behavior and other glass parameters 
such as the glass transition temperature, elastic constants, microscopic structure. and 
average atomic coordmation number. all of which may be varied simply by changing the 
alloy composition. The information gained by such a systematic study may help unravel 
some of the current confusion surrounding the anomalous optical dephasing in 
amorphous materials, and provide the basis for futher theoretical work on the nature or 
low energy excitations in glasses. 
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