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and Ag(111) of 1.03 and 0.9 eV, with errors of
+ 0.2 eV in these cases. I find reasonable agree-
ment with the bulk vacancy formation enthalpies, "
although these values are generally lower. A full
derivation and discussion of the possible problems
will be present elsewhere. "

In the recent measurements by Mills et al. ,"
where the slow-positron yield was measured as
a function of temperature in Al, it was suggested
that vacancy trapping was responsible for de-
creasing the yield of slow positrons. One should
be cautious in extracting any vacancy information
from these measurements as the branching ratio
of Ps to free positrons may be changing at the
same time, thus making the interpretation of the
data very difficult or incorrect. In my measure-
ments this effect is not significant as at the tem-
perature at which vacancy trapping is observed,
the Ps emission is close to saturation.

The present resul. ts indicate that some Ps should
be emitted into voids; however, no firm evidence
of Ps was found. 4 A possible explanation for
these findings is that the 'S, state will cross the
void and undergo spin exchange to the '8, state.
This will. produce a negative result in a magnetic
quenching experiment and make the bulk and sur-
face measurements consistent.
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Time-resolved absorption measurements are reported which imply an upper limit of 1
psec on the localization time for optically excited carriers in amorphous and crystalline
As2S3. These measurements also imply a short recombination time in crystalline As2S3
(7g 14 psec), but a long recombination time in amorphous As2S3 (7,» 300 psec). This
transient induced absorption does not decrease as sharply with increasing wavelength as
a previously reported metastable absorption.

Localized states in the band gap have figured
prominently in phenomenological models designed
to explain the transport and optical properties of
amorphous semiconductors. Direct evidence for
such states in the form of an optically induced
metastable band-gap absorption has been reported

by Bishop, Strom, and Taylor~ for low-tempera-
ture amorphous arsenic trisulfide (a-As, S,). We
report here an optically induced transient band-
gap absorption in room-temPerature a-As, S, and
crystalline arsenic trisulfide (c-As, S,) and char-
acterize its dynamics with picosecond time reso-
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FIG. l. Induced transient absorption vs probe delay,
ro, for a probe at 0.63 pm, and a pump intensity of 40
GW/cm2. For (a) amorphous, and (b) crystalline, ar-
senic trisulfide at 300 K.
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FIG. 2. Induced transient absorption vs pump inten-
sity for the pump intensity, I&, the instantaneous probe
intensity, I„(rD = 0), and the delayed probe intensity,
I„(~o= 66 psec). The probe wavelength was 0.80 pm.

lution. " The close resemblance of this transient
absorption to the metastable absorption observed
in Ref. 1, the temporal behavior, and the agree-
ment between the carrier mobilities implied by
our observations and the previously measured
mobilities ' strongly suggest that this transient
absorption is attributable to localized carriers.
The observed dynamics thus permits deduction
of the formation and relaxation times for local-
ized carriers, and the spectra provide informa-
tion concerning the distribution in energy of the
occupied trapping sites at short times.

The experimental apparatus is the result of re-
cent advances in subpicosecond pulse generation.
Subpicosecond pulses (0.5 psec) from a passively
mode-locked dye laser' operated at 0.61 p, m were
cavity dumped at a 10-Hz rate. These pulses
were amplified to 2 GW in a dye amplifier' and
divided into two beams. The first beam pumped
the sample after passing through a variable-de-
lay line. The second beam was focused into a
cell containing H,O or CC1~ where it generated a
broad subpicosecond continuum which, in turn,
was used to probe the-pump-excited sample. Fil-
ters, before the sample, and monochromators,
after the sample, selected the spectral regions
of interest.

The As,S, glass was prepared by mixing very
pure As and S (impurities & 1 ppm) in a stoichio-
metric ratio in a sealed silica tube. After mixing
for 48 h in a rocking furnace at 600'C, the melt
was quenched to room temperature in water. The

resulting glass showed no trace of impurities in
the optical transmission window from 0.6 to 12
pm except for a weak absorption band (n =-0.5
cm ' at 10 )Lm) which may be attributable to oxy-
gen. The As,S, crystals were naturally occurring
orpiment obtained from Nevada.

The induced absorption plotted vs probe delay,
7» in Fig. 1 exhibits a large absorption peak co-
incident with the pump pulse followed by a residu-
al absorption with a relaxation time long com-
pared to our resolution time of 1 psec. ' The re-
laxation of the residual absorption in a-As, S,
could not be detected during our maximum peri-
od of observation, 300 psec; however, the resi-
dual absorption in crystalline arsenic trisulfide,
c A s2S3 re laxed with a short time constant, 14
psec. (The induced absorption in both hosts re-
laxed completely, within experimental error,
during the 0.1-sec interval between pulses. ) The
dependence of the instantaneous and residual ab-
sorptions on pump intensity was nonlinear and is
shown in Fig. 2.

The temporal and nonlinear behavior observed
in a-As, S, can be interpreted in terms of a model
in which carriers are excited by two-photon ab-
sorption, ' and then quickly (& 1 psec) relax to
long-lived states which are absorbing at the
probe wavelength. The instantaneous (v~ = 0)
probe absorption exhibits a peak due to a combi-
nation of two-photon absorption (one probe photon
and one pump photon) and three-photon absorp-
tion (two pump photons excite a state which be-
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comes absorbing in a time short compared to the
pump pulse and then absorbs a probe photon). A

residual absorption remains due to the long-
lived absorbing states, generated primarily by
absorption of two pump photons.

A reasonable approximation to the nonlinear
equations relating the pump intensity, I» the in-
stantaneous probe intensity, I„(0), and the delayed
probe intensity, I„(vn), for the above process to
the one-, two-, and three-photon absorption co-
efficients a„a» and n» respectively, are

—I~ ~SIC/6g = ac+ a~I'+ ~2n2Ip,

- [r„(0)]-'&I,(0)/6~ = a, I, + —.
' a, I,',

—[I„(~,)] '6I„(~,)6a = e, I,'.
(2)

(3)

[We have approximated the pulse intensity and
the number of induced absorbing centers as con-
stant over the pulse duration. A phenomenologi-
cal factor of & is therefore included in the quad-
ratic terms in (1) and (2) since the average num-
ber of centers which absorb during the pulse at
7'n =0 is half the final number of induced centers. ]
The calculated curves in Fig. 2 were obtained by
analytically integrating Eqs. (1)-(3), and then
selecting e, and e, to give the best least-squares
fit. The resulting values were o., =2.6&10 "
cm/W and a, =6.4&10 "cm'/W'. The linear a.b-
sorption coefficient eo was measured to be 5.2
cm ' at the pump wavelength.

The cross section 0 of the induced absorbing
states, and the density of induced centers N, can
be determined from the relations

QvpN —7fcliIp Tp

which relates N to the two-photon absorption
[see Eq. (1)], and

(4a)

(4b)ON = o.,Ip'

which relates N to the probe absorption [see Eq.
(3)]. Here i~ is the pump-pulse duration (0.5
psec, vp the optical frequency of the pump pho-
tons, and p the (two-photon) quantum efficiency
for generation of absorbing centers. (We have
also approximated the pump and probe absorption
cross sections as the same. This appears justi-
fied by the flat character of the absorption spec-
trum. ) Using the above values for o, and a, and
an estimate of 0.3 for g, we find a value of 0 of
10 "cm' which is the same as that found by Bish-
op, Strom, and Taylor' for the metastable cen-
ters within experimental error. ' We also find
a value for the maximum density of induced cen-
ters of 10' cm ', which is the same as that found
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FIG. 3. Induced absorption coefficient ~ vs probe
wavelength for a-As2S3. The transient absorption data
were taken at 300 K for a probe delay of 15 psec and

pump intensity of 50 GW/cm'. The band edge of a-As2S,
and the upper limit on the metastable absorption at
long wavelengths are indicated.
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in Ref. 1; however, this latter agreement appears
coincidental since our maximum density of tran-
sient centers was set by the need to stay below
damage threshold at 10"W/cm', rather than by
evidence of saturation.

We compare the spectrum of this transient ab-
sorption with the metastable absorption induced
by one-photon cw excitation at 5145 A for temper-
atures T s 80 K in samples quenched from the
same melt as the samples used for the transient
absorption (Fig. 3). The observed difference we
attribute to the difference between a relatively
uniform distribution of occupied trapping sites"
in the transient case and a distribution in the
metastable case (as Bishop, Strom, and Taylor
suggested) in which the deeply lying mid —band-
gap states are selectively occupied. While this
difference is suggestive of an evolution in the dis-
tribution of occupied trapping sites which event-
ually leads to preferential occupation of the deep-
est traps, an evolution for which there is inde-
pendent evidence, "'"it could also be due in part
to differences in excitation technique. (We also
observed that our two-photon excitation technique
generated metastable absorbing centers when
our samples were cooled to T &80 K; however,
we did not map out a detailed absorption spec-
trum for that case. )

The temporal behavior also supports an assign-
ment of the transient absorption to localized car-
riers. That is, the slow relaxation of the induced
absorption in a-As28, requires a slow recombina-
tion rate in a-As, S, which in turn sets an upper
limit of 10 cm V ' sec ~ on the mobility of the
absorbing carriers in a-As2S, during the first 300
psec. Such a low mobility implies well-localized
carriers. " We obtain this limit using I angevin's
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) =(4~e/~)(i .+v,K,
where e is the electronic charge, c the static di-
electric constant, and p,, and p.„ the electron and
hole mobilities, respectively. (We use the ab-
sence of detectable relaxation during the 300-psec
observation period to set an upper limit on the
recombination rate of 3 &&10' sec '.) The more
rapid relaxation of the induced absorption in c-
As, S, is in agreement with the larger mobility of
the carriers in the crystalline host. That is, the
carrier mobilities are of order unity in c-As,S,
which, with use of N =10"cm ' and Langevin's
formula, gives the observed relaxation rate of
7&10' sec ' within experimental error.

The spectral and temporal properties of ex-
cited As, S, thus combine to support strongly an
assignment of this transient absorption to local-
ized carriers. The observed relaxation rates
are also consistent with the recombination behav-
ior expected on the basis of earlier mobility
measurements of localized carriers. ~' The re-*

suiting upper limit of 1 psec implied for carrier
localization time places significant constraints
on models proposed to explain localized states in
As, 8,. For example, if the localization is attrib-
uted to trapping at defects" then Langevin's equa-
tion sets a lower limit on the product of the mo-
bility of the excited carriers during the first 1
psec, p. , and the density of charged traps, N„
of p,N, ~ 5 &&10" cm ' V ' sec '. This requires
either a large hot-carrier mobility or a high den-
sity of traps, or both. If the localization is at-
tributed instead to polaron formation, then it is
necessary to postulate a virtual absence of any
energy ba,rrier to polaron formation. " Finally,
whatever model is used, some mechanism is re-
quired to explain the difference between the spec-
tra of the transient and metastable absorptions
shown in Fig. 3 and the difference which they im-
ply in the distribution of occupied trapping sites
in those two cases.
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%e have resolved individual components of the broad vibrational band of liquid water
by using polarization coherent anti-Stokes (active) Raman spectroscopy. None of the
existing models of liquid water based on the unresolved spontaneous Raman spectrum
describe in full the observed spectra.

The unambiguous resolution of close and over-
lapping lines is one of the most important and
difficult problems in spectroscopy. In sponta-
neous Raman spectroscopy of condensed sub-
stances the solution to this problem is a curve-
fitting procedure involving a formal resolution of
observed bands into a number of symmetrical
lines of chosen shape and intensity. However,
this technique suffers from the lack of unique-
ness as a consequence of the lack of resolution.
A well-known and important example of the lack
of uniqueness is the variety of models proposed
to describe the spontaneous Raman line shape of
liquid water in the 3200-3600-cm ' stretching-
vibrational region. ' '

In this Letter we show that active control of the
polarization in coherent anti-Stokes (active)
Raman spectroscopy (CARS) offers the spectro-
scopist a new tool with which to probe the inner
structure of broad Raman bands. We apply the
technique to the 3400-cm ' band of liquid water
and resolve spectral details that can be used to
verify existing models of this band and thus the
structure of water in the liquid state.

The ability of polarization CARS to resolve
components was discussed and experimentally
used to resolve the doublet structure of the 1305-
cm ' Raman line of an aqueous solution of HNO, ."
Here we develop this technique in more detail
with emphasis on broad featureless bands.

Consider a simple example of a pair of closely
spaced Raman lines with Lorentzian line shapes
and identical linewidths and intensities but with
slightly different depolarization ratios (i.e., p,
=0.32 and p2=0.35). Figure 1(a) shows the re-
sulting spontaneous Raman band shape when the

two components are closer than their full width
at half- maximum (FWHM) linewidths. The band
shape becomes indistinguishable from the in-
dividual components and hence the band is unre-
solved. A similar unresolved band shape occurs
for ordinary CARS where the frequency disper-
sion of

~
X»»~'» (&u, ; ~„-&u,) ~' is measured as

shown in Fig. 1(b).
However, polarization CARS does allow the

band shape to be resolved as shown in Fig. 1(c).
Here the polarization vectors e, and e, of the
linearly polarized waves at frequencies ~, and

&, make an angle p = 70 with respect to each

(b)

h, v
I

)I
(

(c)

6V= V'I-Po

FIG. 1. Pair of overlapping lines in (a) spontaneous
Raman spectroscopy, (b) ordinary CARS, and (c) po-
larization CARS. The parameter of curves is the rela-
tive distance between the line centers, & =(~i ~p)/
FWHM. In (c), the angle e between pNR and the normal
of the analyzer transmission plane is chosen to be e

0 14o ~
X

(3+ /X (3)NR Piiii iiii
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