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angle of incidence increases. 
At present, these restrictions have forced experi

menters to fabricate one-dimensional surfaces to check 
the theoretical results and to observe new effects3 6 , 3 7 

with fairly good agreement, aside from departures that 
might be due either to the aforementioned limitations 
of the theory to the existence of subsurface dielectric 
inhomogeneities or to small deviations in the experimen
tal estimation of the surface parameters. More work is 

References 
1. H.C. van de Hulst, Light Scattering by Small Particles, Wiley, New 

York, 1957. 
2. R. Greenler, Rainbows, Halos and Glories, Cambridge University 

Press, 1980. 
3. W.W. Montgomery and R.H. Kohl, Opt. Lett. 5, 1980, 546. 
4. N.P. Barabashiev, Astron. Nachr. 217, 1922, 445. 
5. Y. Kuga and A. Ishimaru, J. Opt. Soc. Am. A1, 1984, 831; L. Tsang 

and A. Ishimaru, J. Opt. Soc. Am. A1, 1984, 836. 
6. E. Abrahams, et al., Phys. Rev. Lett. 42, 1979, 673. 
7. P.W. Anderson, Phys. Rev. Lett. B109, 1958, 1492. 
8. M.P. Van Albada and A. Lagendijk, Phys. Rev. Lett. 55, 1985, 2692. 
9. P.O. Wolf and G. Maret, Phys. Rev. Lett. 55, 1985, 2696. 
10. S. Etemand, et al., Phys. Rev. Lett. 57, 1986, 575. 
11. M. Kaveh, et al., Phys. Rev. Lett. 57, 1986, 2049. 
12. P. Sheng, ed., Scattering and Localization of Classical Waves in 

Random Media, World Scientific, Singapore, 1990. 
13. A.R. McGurn, et al., Phys. Rev. B31, 1985, 4866. 
14. V. Celli, et al., Opt.Soc. Am.A2, 1985, 2225; A.R. McGurn, Surf.Sci. 

Rep. 10, 1990, 357. 
15. E.R. Mendez, and K.A. O'Donnell, Opt. Comm. 61, 1987, 91.; K.A. 

O'Donnell and E.R. Mendez, J. Opt. Soc. Am. A4, 1987, 1194. 
16. P. Beckmann and A. Spizzichino, The Scattering of Electro-Mag

netic Waves from Rough Surfaces, MacMillan, New York, 1963. 
17. S.O. Rice, Commun. Pure Appl. Math. 4, 1951. 
18. G.R. Valenzuela, IEEE Trans. Antennas Propag. Ap-15, 1967, 552. 
19. F. Toigo, et al., Phys. Rev. Lett. B15, 1977, 5618. 

necessary to improve the results already found and to 
discover new phenomena in this fascinating area. 
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In 1974, persistent spectral holes were first produced 
in the inhomogeneous electronic transitions in solids. 
To this day, persistent spectral features caused by 
both photochemical and non-photochemical processes 
are found in ever increasing numbers.1 In the 1980s, 
low frequency analogues of these processes were dis
covered and explored. Persistent IR spectral holes can 
be generated in the vibrational degrees of freedom of 
molecular defects in crystals and glasses even though 
no electronic excitation is involved, i.e., a non-photo

chemical process. The brief overview of these findings 
presented below demonstrates that such persistent IR 
spectral holes do 
provide a new high 
r e s o 1 u t i o n tech
n i q u e w i t h 
which to explore the dynamics of vibrational defects in 
solids, as well as the properties of the solids them
selves. 

The initial discovery of vibrational hole burning in 
crystals was made with a fixed frequency CO 2 laser2 

but, in general, the inhomogeneously broadened ab
sorption lines associated with the vibrational modes 
of molecular defects are not coincident with the fre-
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quencies of IR-line tunable gas lasers. However, low 
power tunable lead salt d iode lasers ( - 10 to 100 µW ) 
provide a near ideal cw source for generating persis
tent IR spectral holes (PIRSHs), s ince they can be 
produced and probed using a single laser, focused to 
an intensity at the sample typical ly up to 100 mW/cm 2 . 

From measurements of PIRSHs in both crystals and 
glasses, it has been possib le to identify why these 
features last much longer than exci ted vibrat ional 
state l ifetimes at low temperatures, as wel l identify the 
excited state dephasing t ime of the v ibrat ional mode. 
Vibrat ional hole burning in crystal l ine hosts can be 
divided into four generic kinds of effects. 

Crystals 
First, there is hole burning on a single v ibrat ional 
mode, as observed for the tetrahedral molecule Re04

- in 
alkali hal ide crystals. Hole burning occurs because the 
inhomogeneous static strain fields at the same site 
makes the 
two molecu
lar o r i e n t a 
t ions, wh ich 
are s e p a 
rated by a po
t en t i a l bar 
rier, inequivalent. As long as these neighboring ground 
state conf igurat ions differ by more than a laser 
l inewidth, there is a possib i l i ty of reorientat ion dur ing 
the cont inued excitation and deexci tat ion of 
the vibrat ional transit ion for one molecular 
orientation. Hence, as long as the relaxation 
time back to the ground state is much longer 
than exci ted state lifetime, the absorpt ion at 
the laser frequency wil l decrease, produc
ing a persistent hole. Here the hole and antihole are 
st i l l distr ibuted inside the original inhomogeneously 
broadened line. 

A second kind of v ibrat ional hole burning, in wh ich 
the an t iho le is removed in f requency f rom the 
inhomogeneously broadened line, has been observed 
for the C N molecule in alkali halide crystals. Since the 
CN- impuri ty isolated in a perfect K B r crystal tunnels 
among a number of equivalent posi t ion, it does not 
show persistent effects. However, when another impu
rity such as Na+ is a near neighbor to C N the stretch 
mode of C N :Na - and that wi th the molecule rotated by 
180 degrees (NC : N a ) are inequivalent. One of these is 
the ground state configurat ion. Persistent hole burn

ing studies as a funct ion of temperature have deter
mined that the other configurat ion is 140 K above this 
point, wi th the two states separated by a barr ier of 
1400 K. By burning at the v ibrat ional ground state 
t ransi t ion frequency and moni tor ing the entire IR 
spect rum with a high resolut ion Fourier t ransform 
interferometer, it has been possible to carry out spec
t roscopic and hole burning measurements on both 
conf igurat ions. 2 For example, v ibrat ional Stark effect 
measurements indicate that the effective d ipole mo
ments in each arrangement are not the same. 

Manifold burning represents a third kind of process. 
The asymmetr ical bending mode transit ion of N O 2 in 
KC1 and KBr consists of a complex spectrum made up 
of five l ines, four components symmetr ica l ly spaced 
around a weak central line. Hole burning at any of the 
four component frequencies produces addi t ional sat
ell ite holes in the other three, indicat ing that all four 
l ines stem from the same dynamical propert ies of a 

part icular molecule. Such experiments have shown 
that the complex spect rum is p roduced by the rotat ion 
of the N about the 0 -0 axis, wh ich is fixed in the 
octahedral cage, and that the hole burning is associ 
ated wi th reorientat ion of the 0 -0 axis in the crysta l . 

Finally, the fourth effect consists of burning at one 
v ibrat iona l mode f requency whi le moni tor ing the 
changes in the other external normal modes with a 
high resolut ion FFT interferometer. This procedure 
has been used effectively to identify the local ized 
phonon modes of a defect-latt ice system. When NO2

- is 
doped into K l , in addi t ion to the internal v ibrat ional 
modes of the molecule, three low lying far IR exci ta
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tions are found at frequencies in the gap 
between the acoustic and optic phonon 
branches. By doping the crystal with 
molecules containing an isotopic mix
ture of N-14 and 15, as well as 0-16 and 
18, and then monitoring the forest of far 
IR lines in the KI gap region while se
quentially burning on each of the iso
tope-shifted IR bending modes with the 
diode laser, the far IR isotope shifts of all 
of the isotopic combinations have been 
identified. The results show for the first 
time that two of the far IR transitions are 
from translational localized modes of 
the NO 2

- , while the third has a mixed 
translational-librational character. Such 
information is crucial for any lattice dy
namical calculation of this low symme
try defect-lattice system. The general 
conclusion is that vibrational hole burn
ing can be expected to influence the 
entire spectrum produced by the defect, 
including the impurity induced absorp
tion in the phonon spectrum. 

Glasses 
The chalcogenides are the first class of 
glassy systems to exhibit non-electronic 
persistent hole burning.3 Combinations 
such as HS, DS, D2O, OD, and C2O in As 2S 3 , 
SeH and CO 2 in glassy Se, and SeH in 
As2Se3 as well as in Ge-As-Se glass alloys 
have been examined by PIRSH burning 
to characterize the general dynamical 
properties of the glass structure. The 
results are quite revealing. All molecule-
glass combinations show PIRSH burning 
and spontaneous hole filling at low tem
peratures, indicating perhaps a universal phenom
enon. A diverse set of impurities in a single host all 
display very similar relaxation behavior, while identi
cal impurities in different hosts show strikingly differ
ent behavior. These results demonstrate the dominant 
role of the host in determining the hole relaxation 

Figure 1. Spectral hole refill
ing at 1.5 K for the SeH ab
sorption in Ge-As-Se glasses. 
Data points show the hole 
depth as a function of time t 
after burning ceases. The av
erage atomic coordination 
numbers <r> and chemical 
c o m p o s i t i o n s of the 10 
samples, listed in order of 
decreasing relaxation time, 
are as follows: <r> = 2.0— 
glassy Se (open squares); <r> 
= 2.2—As 0 . 2 Se0.8 (solid tri
angles), G e 0 . 0 8 9 A s 0 . 0 2 2 S e 0 . 0 8 9 

(solid circles); <r> = 2.4— 

Ge0.15As0.10Se0.75(x);As2Se3(open 
circles), Ge 0 . 1 As 0 . 2 Se 0 . 7 (open 
triangles),Ge0 . 1 3 3As0 . 1 3 3Se0 . 7 3 3(+), 
<r>=2.6—Ge 0 . 1As 0 . 4Se 0 . 5(open 
diamonds), Ge 0 . 2As 0 . 2Se 0 . 6(open 
stars);<r>=2.8—Ge0.3As0.2Se0.5 

(solid squares). (After Ref. 4.) 

behavior. A similar pattern emerges for 
the hole widths in the various systems 
in that the temperature dependence of 
the hole width appears to be determined 
solely by the host, independent of the 
defect involved. 
When the spontaneous hole filling is 

monitored for PIRSHs burned in the SeH 
vibrational band at 1.5K for glasses of 10 
different chemical compositions in the 
Ge-As-Se system,4 the dominant spectral 
hole relaxation rate is found to increase 
by over three orders of magnitude as the 
average atomic coordination number 
varies from 2.0 to 2.8 (see Figure 1). Over 
the chemical composition range stud
ied, the quantitative form of the non-
exponential hole relaxation depends 
solely on the average coordination num
ber <r> independent of chemical com
position. Given the complexity of glassy 
systems, the existence of a single pa
rameter—the average coordination 
number—which can predict spectral 
hole relaxation behavior is remarkable 
indeed. The implication—that simple 
geometrical considerations play the 
predominant role in determining spec
tral hole burning behavior—should 
prove an invaluable stepping stone to
ward a microscopic theoretical under
standing of low temperature relaxation 
phenomena in glasses. 
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