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Abstract-The fundamental stretching modes near 4.5 lrn of SeH- and TeH- doped in KCI and KBr 
are measured at high resolution at 1.7 K. For the KCI-doped samples, prepared by adding elemental Se 
(Te) to the melt and growing under H,, the concentrations of atomic Se (Te) are determined by neutron 
activation analysis. An IR/Raman/UV spectroscopic survey of impurities in these crystals indicates that 
Se (Te) is present mainly in the form of SeH-(TeH-). Thus, ratioing the vibrational absorption strengths 
to the atomic concentrations gives the integrated cross-sections of SeH-(TeH-), equivalent to an effective 
charge q* of -0.14e and a radiative lifetime of _ 30 ms. This value of 4 * is much smaller than theoretical 
predictions for the free ions, implying a matrix-induced screening of the dipole moment. The lowest-order 
mechanical anharmonic correction to the vibrational frequencies is found to be -2% by measuring the 
first overtones and is used to fit the isotopic shifts in the spectral peaks. These peaks are homogeneously 
broadened at 1.7 K; if lifetime limited, this implies a vibrational relaxation of the order of 100 ps, nine 
orders of magnitude faster than the radiative lifetime. 

Keywords: A. chalcogenides, B. crystal growth, C. infrared spectroscopy, D. defects, D. optical properties. 

1. INTRODUCTION 

The absorption cross-section, Q, and the lowest-order 
mechanical anharmonic correction, 2x,v,, of a vi- 
brational mode of a molecule in a given environment 
are fundamental quantities directly related to the 
transition dipole moment and to the nature of 
the internal chemical bonds of the molecule [ 1,2]. The 
values of these two parameters are needed in the 

analysis of time-resolved optical pumping exper- 
iments, since they determine the number of molecules 
which are pumped to excited states, the radiative 
lifetimes of these excited states, whether or not the 
pump laser is resonant with the overtones of these 
modes, and the detailed spectral distribution of peaks 
which arise from the various isotopes of the impurity 
molecule. 

A simple but important class of molecules are the 
diatomic hydrides, in which hydrogen bonds to 
another atom. In this respect, the class of molecules 
in which the other atom is from column VI A of 

the periodic table (the chalcogens-oxygen through 
tellurium) are of particular interest because they 
readily accept an electron and substitutionally replace 
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5 Present address: Department of Physics and Astronomy, 
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the anion in ionic hosts such as the alkali halides. 
Impurity molecules in the alkali halides have been 
intensively studied since the mid-1960s [3]. Recently 
there has been renewed interest in the diatomic 
hydrides in particular: Fowler et al. have examined 
the anomalous electrical anharmonicity of OH- in 
various insulating solids [4], Otto has measured the 
electric-field [5] and stress [6] induced splittings of 
SH-, SeH-, and TeH- in alkali halides, and Heilweil 
et aI. [7] and Happek et al. [S] have found lifetimes 
of the order of 100 ps for the vibrational relaxation 
of OH and SH, respectively, in bulk glasses. 

While the vibrational cross-sections and mechani- 
cal anharmonicities of OH- and SH- in the alkali 
halides are known [9-l 11, to the best of our knowl- 
edge the corresponding values for SeH- and TeH- 
have not previously been reported in the literature. In 
this paper, we present high-resolution measurements 
of the fundamental and overtone spectra of these two 
molecules doped into KC1 and KBr and extract the 
vibrational mechanical anharmonicities, 2x,v,, in 

the course of which we fit the isotopic shifts in the 
spectral peak positions. Summing the absorption 
strengths of these peaks and dividing by the impurity 
concentration, as determined by neutron activation 
analysis, gives the integrated absorption cross- 
section, o,,,. From this, the radiative lifetimes of the 
diatomic vibrational modes are computed and com- 
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pared to the times one obtains by assuming that the 
homogeneously-broadened absorption peaks have 
linewidths which are lifetime limited, as is true for 
SH- in these same hosts [12]. A nine orders of 
magnitude difference is found, which suggests the 
existence of an ultra-rapid nonradiative decay chan- 
nel for the vibrational relaxation of the diatomic 
hydrides in the alkali halides. 

2. SAMPLE PREPARATION AND 
CHARACTERIZATION 

2.1. Impurity doping and concentration analysis 

The samples are grown by the Czochralski tech- 
nique as follows. First, the starting KBr or KCI 
material is purified by bubbling chlorine gas through 
it while molten. Next, between 0.04 and 0.4 mol% of 
powdered elemental selenium or tellurium is added to 
100 g of the purified salt. Finally, single crystals are 
pulled in a partial atmosphere of hydrogen, which 
reacts with the chalcogen to form SeH- or TeH- and 
is incorporated into the alkali halide matrix [5, 131. 

Neutron activation analysis is used to determine 
the total number of selenium or tellurium atoms in 
a given sample. This analysis is performed in the 
following manner. A N 30 mm3 sample of KC1 : SeH- 
or KCl:TeH- , whose infrared (IR) spectrum has 
been previously characterized, is irradiated at a 
neutron flux of lOI n/s/cm’ for 3 h at Cornell’s 
TRIGA reactor. After a waiting time of 10 days, 
which permits the strongly emitting but short-lived 
38C1 and most of the 42K isotopes to decay, the rate 
of gamma ray emission from the long-lived ‘?Ze or “‘I 
(beta-decay product of 13’Te) isotopes are measured. 
From the known neutron flux, capture cross-section, 
irradiation and waiting times, half-life, and natural 
isotopic abundances, the atomic concentration of Se 
or Te in the sample is determined [ 141. Note that this 
technique cannot conveniently be used for KBr 
doped samples, because the activity of 82Br remains 
strong even after 10 days. 

2.2. IRlRamanlUV spectroscopic survey of 
impurities 

The main purpose of this section is to demonstrate 
that the elemental Se (Te) added to the Czochralski 
melt, as described above, is mainly present in the 
boules in the form of SeH- (TeH-). Other possible 
species which incorporate chalcogen atoms are dis- 
cussed below, but no evidence is found for significant 
concentrations of them in our samples. Thus, the 

t Note that v(KI:S;)/v(S,) = 0.83, in excellent agree- 
ment with eqn (1). 

neutron-activated measurements of the number of 
selenium (tellurium) atoms in the samples give the 
SeH- (TeH-) concentrations directly, as required for 
the determination of the cross-sections of these two 
molecules (as discussed in Section 3). 

IR spectra of the samples were measured from 400 

to 5000 cm-’ at room temperature (RT) and from 800 
to 8000cm-’ at 1.7 K. Other than the fundamental 
and overtone vibrations of the chalcogen hydrides, to 
be discussed in detail in Section 3, the only other 
obvious peaks in the spectra were the v2 (v3) modes 
of “BO; and “BO; near 600 (2000) cm-’ [15]. No 
evidence for such polyatomic species as Hz Se-, which 
has a bending mode near 1000 cm-‘, was found [16]. 

Since 0; and S; can substitute for the anions in 
potassium halide crystals [17, 181, it is logical to 
consider the possibility that Se; and Te; might be 
present in our samples. KI : Se; has a Raman-active 
vibrational mode at 325 cm-’ at RT 1191, and follow- 

ing the suggestions of Schulman and Kirk [ 181 and of 
Holzer et al. [19], we can estimate the vibrational 
frequency of Te; at RT as? 

v(KI:Te;) v(KI:Se;) =. 83 
= 

v (Te, ) v(Se,) ’ ’ (1) 

using the gas-phase values of v(Te,) and v(Se,) [16]. 
This gives v(KI:Te;) = 210cm-‘. We consequently 
ran Raman spectra of our highest-concentration 
KCl: Se and KBr :Te samples over the range 
40-2600 cm-’ at RT in an unpolarized 90” scattering 
geometry, using the 514.5 nm line of an argon-ion 
laser. After accounting for host two-phonon sum and 
difference bands, by comparison with undoped KC1 
and KBr reference samples, no lines were observed 
at low frequencies except for a peak at 243 cm-‘, 
together with several of its nearly harmonically 
spaced overtones, in the case of the KCI: Se sample. 
We attribute this sequence of lines to the vibrations 
of Cl; [20,21]. In any case, no peaks corresponding 
to Se; or Te; were found, for laser power levels of 
up to 1 W. Note, in particular, that if any Se; 
molecules were present, we would benefit from a 
resonant enhancement in the signal, due to the elec- 
tronic absorption of the molecules at the 514.5 nm 
laser wavelength, as discussed below. 

At larger Stokes-shifted Raman frequencies, the 
fundamental chalcogen hydride stretching mode can 
be resolved at RT, provided that the impurity concen- 
tration is sufficiently high. For example, the inset plot 
in Fig. 1 shows the vibrational peak of KCl:SeH-. 
The center of the line is Lorentzian with a peak 
frequency vO, of 2321 cm-’ and a deconvolved 
FWHM of 21 cm-‘, in excellent agreement with the 
19 cm-’ wide Lorentzian at 2321 cm-’ observed in IR 
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frequency (cm-‘) 

400 500 600 
wavelength (nm) 

Fig. 1. Visible and near UV absorption spectrum of a 
KCI +Te + H, boule at RT and 5 nm resolution. The 
off-scale absorption at the shortest wavelengths is the far 
wing of the very strong electronic absorption peaks at 
_ 200 nm of the chalcogen hydride molecules. The inset 
shows the background-corrected Stokes Raman spectrum of 
the fundamental vibrational mode of KC1 : SeH- at RT and 

17 cm-’ resolution. 

absorption at RT. The wings of the spectra in both 
cases show additional intensity, especially on the 
high-frequency side of the lines, which are probably 
phonon sum and difference bands. 

Upper limits on the amounts of Se; and Te; in the 
samples can be found by looking for their lowest- 
energy electronic excitations, in the visible (vis) region 
of the electromagnetic spectrum. It is known that 0; 
has a broad absorption band at 250 nm [22], S; at 
400 nm [18], Se; near 500 nm [23], and hence, by 
extension of this trend, Te; might be expected to 
absorb around 600 nm. Room temperature UV/vis/ 
IR spectra were run from 3000 nm (i.e. 3300 cm-‘, 
which overlaps with the IR spectra mentioned above) 
down to 180 nm. The main plot in Fig. 1 shows a 
portion of this spectrum for the entire lower half of 
the KC1 :Te: H, bottle. This long sample has a blue 
tint, caused by the 140nm wide line which peaks at 
590 nm in the figure. Although we cannot firmly rule 
out the possibility that part of this absorption might 
be due to F centers, whose peak lies at 565 nm in KC1 
at RT [24], this is unlikely for several reasons. First 
of all, an almost identical band, displaced by no more 
than 5 nm, is found for KBr: Te: H,, in striking 
contrast to the 70 nm Mollwo-Ivey shift of the F 

center peak in KBr compared to KC1 [24]. Secondly, 
the reaction of Se and H, to form SeH- during the 
crystal growth requires electrons, making it unlikely 
that free electrons would be available to create 
F centers. Finally, Cl; centers are strong electron 
traps and readily annihilate with any available F 

centers [24]. 

t The relevant parameters corresponding to Fig. 2 of Ref. 
1251 are: peak absorption coefficient of 45 cm-‘, FWHM of 
1.2eV, and 0; concentration of 3.1 x lO’*cm-‘. 

Thus, we cannot rule out the possibility that the 
590 nm in Fig. 1 is due to KCI: Te; centers. In such 
a case, by integrating the strength of the line and 
applying the Smakula equation [24], we can deter- 
mine the concentration of these centers in a sample. 
In the absence of any specific knowledge of the 
oscillator strength of the UV absorption of KCI : Te;, 
we use the value 0.17, which we calculate for the 
243 nm absorption band of KCl:O; from the cali- 
brated spectral measurements of Fischer et al. [25].t 
Doubling the resulting concentration of Te;, to find 
the number of Te atoms involved, and ratioing to the 
total concentration of Te in the sample, as measured 
by neutron activation analysis, indicates that no more 
than 4.5% of the tellurium is in the form of Te;- 
rather than TeH-. This is, at worst, a small error in 
our determination of the cross-section of TeH- in 
Section 3.2 below. 

In the case of the KC1 : Se: H, boule, a weak 95 nm 
wide line is found at 515 nm, giving rise to an overall 
light pink color. At least some of this band definitely 
arises from Cl; centers [26] and hence we can only 
establish an upper limit on the amount of Se; 
present, by integrating the absorption intensity of this 
line. Taking the oscillator strength again to be 0.17, 
we find that no more than 0.06% of the Se atoms 
occur in this diatomic form, a completely negligible 
amount. 

The absence of significant concentrations of Se; 
and Te; centers in our KC1 and KBr samples is 
perhaps not surprising, in light of the large size [27] 
of these diatomics relative to that of Cl- and Br-. In 
fact, Holzer et al. [19] comment that they were unable 
to diffuse a significant concentration of S; into KCI 
for this very reason, nor were Vannotti and Morton 
[28] able to introduce Se; into KC1 or KBr. Further- 
more, these latter authors suggest that Se; centers 
may actually thermally decompose under long-term 
exposure to visible light. 

Another possible chemical form which the elemen- 
tal chalcogen could adopt in the crystals is that of 
colloids [29]. The resulting small particles, if approxi- 
mated as a dilute concentration of small (compared 
to visible wavelengths) spheres with filling fraction A 
give rise from Mie theory to a sphere resonance. The 

absorption coefficient, a, describing this resonance is 

1291 

tl = 181Efv(~h,o”‘)“~ 62 

(6, + 2ch,os’)3/2 + c;’ 
(2) 

where v is the frequency of light in cm-‘, cy equals 
2.19 for KC1 [30], and tl = n2 - kZ and Ed = 2nk, with 
n and k the real and imaginary parts of the refractive 
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index of Se or Te, as appropriate. The crystalline 
forms of these two elements are birefringent and it is 
necessary to distinguish n and k in the parallel 
(extraordinary) and perpendicular (ordinary) direc- 
tions to the c axis, as tabulated by Palik [31]. 

For tellurium in KCl, we find that the sphere 
resonance peaks at 295 nm with a width of 50 nm for 
light propagating along the c axis, and at 325 nm with 
FWHM = 80 nm in the perpendicular plane. These 
may correspond to the 30 nm wide line at 295 nm and 
the 50 nm wide weaker band at 345 nm in Fig. 1. 
Assuming tha, this is the case, we compute the overall 
colloidal absorption profile as (a,, +2x,)/3 and 
choose f in eqn (2) to make its integrated intensity 
match the area under the two peaks in Fig. 1 (after 
correcting for the sloping background in this spectral 
region). Using the known density and mass of crys- 
talline Te to convert this filling fraction to an atomic 
concentration, we find that no more than 6.4% of the 
Te atoms in this sample are present in colloidal form. 

In the case of KC1 : Se, the sphere resonances in the 
parallel and perpendicular directions have very simi- 
lar peak positions and widths, namely about 255 nm 
and 55 nm, respectively. A 26 nm wide line is found 
at 231 nm, in the long wavelength wing of the SeH- 
197nm absorption band discussed below. This 
231 nm line has been seen by Fischer [ 131, who 
attributed it to an unspecified internal transition of 
the SeH- molecule since an analogous peak also 
occurs for SH- [32]. Therefore, the area of this band 
is likely to be an overestimate for the strength of the 
sphere resonance, but implies that, at absolute most, 
7.3% of the Se atoms are in colloidal form. 

Finally, to complete our spectroscopic survey of 
the samples, we discuss the - 200 nm electronic ab- 
sorption peaks of the chalcogen hydrides. Fischer has 
previously measured these optical transitions for 
SeH- and TeH- in various alkali halides as a func- 
tion of temperature [ 131 and found a doublet, arising 
from spin-orbit splitting, at low temperatures, which 
merges at RT into a single asymmetric line, peaking 
at 197 nm for KCI :SeH- and at somewhat longer 
wavelengths for TeH- . We were able to reproduce his 
RT spectrum for KCI : SeH- in the 5-6.5 eV range by 
polishing a sliver of one of the neutron-activation 
samples down to a thickness of 250 pm. From this, 
we determine the UV oscillator strength to be 0.30, 
not including the (small) intensity of the poorly- 
understood 231 nm shoulder peak mentioned in the 
preceding paragraph. This can be compared to 0.13 
for the UV oscillator strength of KCl:OH- [33] 
which peaks at RT at 204 nm [34], and to 0.21 which 

t The instrumental resolution has been deconvolved in 
quadrature from the measured linewidth. 

we calculate from the data of Fischer and Griindig 
for KCI : SH- [32] with a RT absorption maximum at 
188 nm [35]. Note that OH- and SH- do not show 
a doublet at low temperatures because their spin- 
orbit coupling constants are small [ 131. We estimate 
that the UV oscillator strength of KCI:TeH- is 
-0.30 and that it peaks at -210 nm at RT, where the 
uncertainties here arise from the contaminating pres- 
ence of roughly 25 ppm of SH-, as observed in the 
low-temperature IR spectra of this particular sample. 

3. IR SPECTROSCOPY OF THE 
VIBRATIONAL MODES 

3.1. Stretching modes of SeH‘ 

The solid curve in Fig. 2 shows the measured IR 
absorption spectrum in the region of the fundamental 
stretching mode of KBr:SeH- near 2300 cm-’ 
(4.3 pm) at 1.7 K with O.O4cm-’ resolution. The 
linewidth (FWHM) of the strongest peak at 
2305.43 cm-‘, corresponding to the most abundant 
‘OSeH- isotope (see Table l), is only? y = 0.085 cm-‘. 
Since its lineshape is well described by a Lorentzian, 
the broadening is mostly homogeneous, and hence 
the total vibrational dephasing time is given by 
T, = l/ncy = 125 ps. If the pure dephasing time, Tj’, 

is much longer than the vibrational relaxation time, 
T, , as was shown to be true [36] for the fundamental 
vibration of SH- in KI at 1.7 K by comparing 
the value of T, measured by persistent spectral 
hole burning to that of T, measured by incoherent 
saturation, then T, 2 TJ2. This suggests that the 
vibrational relaxation time of SeH- in the alkali 
halides at low temperatures is of the order of 100 ps, 

2305.1 2305.5 2305.9 
frequency (cm-l) 

Fig. 2. Absorption spectrum (solid curve) of the fundamen- 
tal vibrational modes of KBr : SeH- at I .7 K and 0.94 cm-’ 
resolution. The dashed curve is the sum of six Lorentzians, 
whose peak frequencies are determined from eqn (4) and are 
listed in Table 1, whose undeconvolved widths (FWHM) are 
0.095 cm-‘, and whose heights are (0.145 cm-‘) x (iA/wA), 
where ‘A is the natural abundance of isotope ‘Se from 

Table I. 
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Table 1. Peak frequencies of the fundamental stretching modes of the isotopes 
of KBr:SeH- at 1.7K 

Isotopic Natural Measured Calculated 
impurity abundance (%) frequency (cm-‘) frequency (cm-‘) 

**SeH 9.2 2305.10 2305.09 
%eH 49.8 2305.43 2305.43 
‘*SeH 23.5 2305.78 2305.78 
“SeH 7.6 2305.95 2305.96 
‘%eH 9.0 2306.14 2306.15 
‘%eH 0.9 - 2306.55 

The measured values are from the solid curve in Fig. 2 and the calculated values 
are obtained using eqn (4), giving the dashed curve in Fig. 2, where the peak 
heights have been scaled according to the natural isotopic abundances of Se listed 
in the second column 
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comparable to what has previously been measured 
for SH- in these same hosts [12]. 

When SeH- is doped into KCI, the strong “OSeH- 
peak is found at vo, = 2322.9 cm-’ at 1.7 K, almost 
identical to the positions of the IR and Raman 
maxima at RT mentioned in Section 2.2, but slightly 
higher in frequency than that of KBr :“SeH- (see 
Fig. 2). This frequency is near the peak of the 
roto-vibrational spectrum of atmospheric CO,, which 
tends to interfere with the measurements even after 
pumping out the interferometer to a pressure of 
1 Torr. However, the first vibrational overtone, 0 + 2, 
of KCl: SeH- can be cleanly resolved at 1.7 K (solid 
curve in Fig. 3). The dominant *‘SeH- peak is at 

V ,,2 = 4558.9 cm-‘. The lowest-order mechanical 
anharmonic correction to the vibrational term values 

is [l] 

2x, v, = 2v,, - VOJ , (3) 

which is equal to 87cm-i. Note that this value 
implies that v,= vo, + 2x,v, equals 2410cm-’ for 

I 

4.558 4559 4560 4561 
frequency (cm-‘) 

Fig. 3. Absorption spectrum (solid curve) of the first over- 
tone of the vibrational modes of KCI: SeH- at 1.7 K and 
0.1 cm-’ resolution. The dashed curve is the sum of six 
Lorentzians, whose peak frequencies are obtained from eqn 
(4), whose undeconvolved widths (FWHM) are 0.24cm-‘, 
and whose heights are (2.1 cm-‘) x (lAINA), where ‘A is the 

natural abundance of isotope ‘Se, as listed in Table I. 

KCl:SeH- and 2392 cm-’ for KBr:SeH-, in excel- 
lent agreement with v, = 2400 f 50 cm-’ observed for 
the free SeH radical in its electronic ground state [37]. 

Knowing the fundamental frequency of the domi- 
nant isotope, vo, , and the mechanical anharmonicity, 
2x,v,, we can calculate the fundamental and overtone 
frequencies of any other isotope i, v& and vh2, 
respectively, as [l] 

vb, = PVOI + (P - P2)2X,V, 

vb2 = 2pv,, + (2~ - 3p2)2x,v, (4) 

where p = (p/~~)“~, with p and pi the reduced masses 
of “SeH- and of ‘SeH-, respectively. The dashed 
curves in Figs 2 and 3 were obtained by positioning 
a Lorentzian at each of these frequencies. For 
example, the calculated frequencies for KBr : SeH- , 
corresponding to Fig. 2, are listed in Table 1. There 
are two free parameters in each fit in the figures: the 
width and height of the dominant peak. The other 
peaks have the same width, and heights which scale 
linearly with the natural abundances of the isotopes. 
In comparison to the fundamental vibrational lines of 
SeH- in Fig. 2, notice that the overtone peaks in 
Fig. 3 are spaced twice as far apart, as expected from 

eqn (4). In addition, the overtone lines are roughly 
twice as broad as the fundamental ones. If these lines 
are lifetime broadened, as we argued for the funda- 
mental peaks, then molecules in the second excited 
state must be relaxing twice as fast as those in the first 
excited state. This is to be expected if the coupling 
between the impurity vibration and its energy accept- 
ing modes is linear, just as have been recently discov- 
ered for the vibrational relaxation of CN- into local 
modes [38]. 

Two small samples of KCl: SeH- were cleaved 
from the same part of the boule. Their fundamental 
absorption strengths, integrated over all isotopes, 
were So, = 17 f 1 cmm2 (measured at RT, since the 
peaks are immeasurably strong at low temperatures). 
The average selenium concentration in the two pieces 
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frequency (cm-l) 

Fig. 4. Absorption spectrum (solid curve) of the funda- 
mental vibrational modes of KBr:TeH- at 1.7 K and 
0.02 cm-’ resolution. The dashed curve is the sum of eight 
Lorentzians, whose peak frequencies are calculated using 
eqn (4) and are listed in Table 2, whose undeconvolved 
widths (FWHM) are 0.085~-I, and whose heights are 
(4.2 cm-‘) x (‘A/l”,4), where ‘A is the natural abundance of 

isotope Te in Table 2. 

was found by neutron activation analysis to be 
0.0233 + 0.0015 mol%, which corresponds to a SeH- 
concentration, N, of 3.75 x lo’* crn3, assuming that 
no Se is present in colloidal form. The integrated 
absorption cross-section is defined as [l 1,391 

so, (q*)*K (n2 -k 2y --p *im = z - jpcc* 9n 9 (5) 

where q* is the effective charge? and n is the refrac- 
tive index of the host. The dependence on n arises 
from the Lorentz local-field correction and reflects 
the enhanced absorption of a molecule in a dielectric 
medium, relative to that of one in free space. 
Equation (5) implies a,,(KCl: SeH-) = (4.5 + 0.6) x 

10-‘8cm, or equivalently, q* = 0.145 k O.OlOe. This 
can be compared to q*(KCl:OH-) = 0.12 f 0.02e [9] 

t The oscillator strength is equal to (q*/e)*/3. 

and q*(KCI: SH-) = 0.09 f O.Ole [l I]. The radiative 

lifetime of the fundamental stretching mode is related 

to this integrated cross-section according to [39] 

r,,‘, = [87rn*cv;, cr,,,]-’ (6) 

from which we find r,,,(KCl: SeH- ) = 25 ms. 

3.2. Stretching modes of TeH- 

Figure 4 shows the fundamental IR absorption 

spectrum of TeH- doped in KBr at 1.7 K with 
0.02 cm-’ resolution. The lowest-frequency peak at 
vO, = 2023.55 cm-’ is that of the most abundant 
isotope, namely 130TeH- (see Table 2). The overtone 
is at vo2 = 3972.9 cm-‘, and hence 2x,v, = 74 cm-’ 
from eqn (3). This can be compared to 
2x,ve=80cm-’ and v,,=v,-2x,v,=2057cm-’ for 
the free “OTeH radical [40]. As before, we use these 
values of the mechanical anharmonicity and of the 
dominant isotopic frequency to calculate the funda- 
mental vibrational frequencies of all the other iso- 
topes, using eqn (4). The results are listed in Table 2. 
The sum of a set of Lorentzians is found to fit best 
the experimental spectrum, giving the dashed curve in 
Fig. 4, where the peak heights are scaled according to 
the natural abundances and each peak is chosen to 
have a FWHM of 0.085 cm-‘. If this homogeneous 
width is lifetime-limited, as we argued above for 
KBr : SeH- , then we again find that T, must be of the 
order of 100 ps. 

In KCl, the TeH- fundamental stretching mode is 
at vo, = 2043.4 cm-’ at 1.7 K, and it overlaps with the 
“BO; v3 = 2046.6 cm-’ vibrational mode [15] at 
higher temperatures. It only proves possible to grow 
a crystal with a small TeH- concentration, because of 
the much larger ionic radius of tellurium than of 
chlorine [27], and hence the overtone is barely de- 
tectable at vo2 = 4014.0 cm-‘. These values of vo, and 
vo2 imply 2x,v, = 73 cm-‘, in good agreement with 

Table 2. Peak frequencies of the fundamental stretching modes of the isotopes 
of KBr:TeH- at 1.7 K 

Isotopic 
impurity 

“@TeH- 
‘*%reH- 
‘26TeH- 
‘25TeH - 
‘“TeH- 
123TeH- 
“‘TeH- 
‘*?eH- 

Natural 
abundance (%) 

34.5 
31.7 
18.7 
7.0 
4.6 
0.9 
2.5 
0.1 

Measured 
frequency (cm-‘) 

2023.55 
2023.66 
2023.78 

5 2023.84 
-2023.91 

- 
2024.00 

- 

Calculated 
frequency (cm-‘) 

2023.55 
2023.66 
2023.78 
2023.85 
2023.91 
2023.97 
2024.04 
2024.17 

The measured values are from the solid curve in Fig. 4 (the two values marked 
with a tilde are barely perceivable as weak bumps on the right-hand side of the 
curve) and the calculated values are obtained using eqn (4), giving the dashed 
curve in Fig. 4, where the peak heights have been scaled according to the natural 
isotopic abundances of Te listed in the second column. 
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Table 3. Various parameters which characterize four homologous impurity molecules doped into KCI at low 
concentrations 

Molecule 

OH- 
SH- 
SeH- 
TeH- 

Calculated 9* (e) 
“or Chalcogen 2% v, Experimental Bond 

(cm-r) en. (cm-‘) 9* (e) length (A) Ref. 41 Refs 43,44 

3642.1 3.5 171 [9] 0.12 [9] 0.96 0.14 0.27 
2591.3 2.5 99 [lo] 0.09 [I l] 1.34 0.21 0.30 
2322.9 2.4 87 0.145 1.46 0.30 0.38 
2043.4 2.1 73 0.135 I .66 0.43 0.47 

The second column gives the peak frequency of the most abundant isotope at 1.7 K; the third gives the Pauhng 
electronegativity [27] of the chalcogen atom X = 0, S, Se, or Te; the fourth column lists the vibrational 
mechanical anharmonicity; the fifth gives the experimental values of the effective charge, as determined from the 
absorption strengths and impurity concentrations using eqn (5); the sixth lists the molecular bondlength, 
estimated as the X-H bondlength of free H,X [42]; and finally, the seventh and eighth columns give theoretical 
values of the effective charge, determined from calculations of the dipole moment functions of free OH- and 
SH- in the indicated references. 

what was found for KBr:TeH- above. The funda- 
mental absorption strength,? integrated over all 
isotopes, is 0.095 + 0.005 cme2 and the average con- 
centration, as determined by neutron activation 
analysis, for two samples from the same part of the 
bottle is (1.55f0.10) x 10-4mol%. Using eqn (5), 
these values give a,,,(KCI:TeH-) = (3.8 + 0.5) x 
IO-‘*cm, or alternatively, q* = 0.135 * O.OlOe, again 
neglecting any possible colloidal or diatomic tel- 
lurium. This in turn implies that ?,,(KCl: TeH- ) = 
40 ms from eqn (6), comparable to what we found for 
KC1 : SeH- above. 

4. DISCUSSION OF CHALCOGEN HYDRIDE 
VIBRATIONAL PARAMETERS 

In Table 3, we have summarized the values of the 
mechanical anharmonicities and effective charges 
measured for four different diatomic hydrides in KCI, 
together with some other relevant parameters. It can 
be seen that the vibrational frequency, v,,~, systemati- 
cally decreases as the chalcogen atomic number 
increases. This implies that the internal chemical 
bond of the impurity molecules grows progressively 
weaker, which correlates well with the decreasing 
ionic character of the bond as measured by the 
difference in electronegativity of the chalcogen atom 
and the hydrogen atom (which has a Pauling electro- 
negativity 1271 of 2.1). 

The vibrational mechanical anharmonicity can be 
expressed in fractional form as x,, which can be 

calculated from 2x, v,, using the fact [1] that 
v, = v,,, + 2x,v,. For the homologous chalcogen hy- 
drides, the bonds are found to have comparable 

t We explicitly verified for this sample that the absorption 
strength at 1.7 K is equal to that at 300 K, by carefully 
fitting and subtracting out the relatively sharp “BO; peak 
in the RT spectrum. 

mechanical anharmonicities, namely about 2%, 
decreasing only slightly as one descends Table 3. 

In contrast to this monotonic decrease in the 
vibrational frequencies and in the mechanical anhar- 
monicities with increasing chalcogen atomic weight, 
no simple trend is apparent for the experimental 
values of the effective charge, q*, in Table 3. This 

might be explained as follows. Cade’s theoretical 
calculations [41] of the dipole moment functions 
(d.m.f.) for free OH- and SH- can be used to 
calculate q *, assuming that the molecular center of 
mass (c.o.m.) resides at the lattice site. (See, for 
example, Wedding and Klein [9] for an explanation 
of this calculation for the case of OH-, noting that 
q * is just equal to the absolute value of the derivative 
of the on-center d.m.f.) We assume that the d.m.f. of 
SeH- and TeH- are roughly equal to that of SH-. 
since these three molecules have similar electro- 
negativities and (I 11) equilibrium orientations, in 
contrast to the significantly larger electronegativity of 
OH- (see Table 3) and its (100) orientation. Using 
this assumption, together with the equilibrium 
bondlengths [42] listed in Table 3 (which agree, 
for OH- and SH-, with Cade’s theoretical results 
to better than 0.02 A), we find that q* ought to 
increase monotonically with increasing chalcogen 
atomic number. The reason for this is that the 
decrease in the derivative of the d.m.f. (evaluated 
at the geometric center of the molecule) with increas- 
ing bondlength is more than compensated for by 
the shift of the geometric center of the charged 
molecule away from the c.o.m. (and hence from 
the lattice site) with increasing chalcogen atomic 
weight. 

More recent and accurate calculations of the d.m.f. 
of free OH- [43] and SH- [44] give notably larger 
values of q* (see last two columns of Table 3). The 
difference arises from the fact that in the newer 
calculations the molecular d.m.f. peaks at much 
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shorter values of the bondlength than Cade’s results 
suggested. 

The resulting theoretical values of q* are much 
larger than the corresponding experimental values 
(see Table 3). Otto [l l] argues that this reduction in 
the values of q * for the alkali-halide-doped molecules 
compared to the free species is due to a matrix- 
induced change in the internal charge distribution of 
the molecules. This is supported by the finding that 
q* for SH- increases as the host lattice constant 

increases and hence the interactions between the 
impurity and the surrounding host grow weaker. 
Wedding and Klein [9] earlier proposed a similar idea 
to explain the anomalously small oscillator strengths 
of OH- and OD- in the sodium halides. They 
suggested that the four nonbonding electrons in the 
outer shell of the chalcogen ion shift (upon matrix 
substitution) by an amount which depends upon the 
host crystal lattice. In particular, we notice that their 
data indicates that q* increases monotonically in 
the order NaCl:OH-, KCl:OH-, and RbCl:OH-. 
In fact, this trend continues for the spacious 
CsCl : OH- lattice, using the measurement of Krantz 
and Liity of the vibrational oscillator strength of this 
system [45]. 

The larger experimental value of q* for OH- than 
SH- is opposite to the theoretical trend in Table 3 for 
either Cade’s or Werner’s results. This could arise 
from an off-center position of OH- in KCl, an idea 
which has been extensively but inconclusively dis- 
cussed in the literature. For example, Bron and 
Dreyfus [46] estimate that the c.o.m. of the molecule 
is displaced from the lattice site by 0.34& In that 
case, the geometric center of the molecule would be 
almost coincident with the lattice site, and the theor- 
etical values for q* for OH- would then be larger 
than those for SH-. 

Finally, the slightly smaller experimental value of 
q* for TeH- compared to SeH- in Table 3 might be 
a result of the tight fit of the large TeH- molecule in 
KCl. The Cl- ion has a crystal radius of only 1.81 A, 
in contrast to the 2.21 8, size of Te*- [27]. This would 
tend to result in outward displacements of the ion 
cores and electron shells of the surrounding K+ 

nearest neighbors, with a consequent change in the 
induced dipole moment of the TeH- molecule. 
In support of this idea, recent calculations by 
Hermansson [47] indicate that internal electric fields 
can significantly alter the derivative of the dipole 
moment of a diatomic hydride in an ionic lattice. 
This, again, may have an important bearing on the 
question of why the experimental oscillator strengths 
of the matrix-substituted hydrides are so much 
smaller than the theoretical values for the free 
ions. 

5. SUMMARY 

The key results presented in this paper are as 
follows: 

(1) Single crystals of SeH- (TeH-) in KC1 or KBr, 
prepared by adding elemental Se (Te) to the salt and 
growing under H2, are found to be almost completely 
free of other possible Se (Te) containing species. In 
particular, molecules such as H,St- (H,Te-) and 

Se; are not present (although a small concentration 
of Te; cannot be ruled out), and, at most, 7% of the 
Se (Te) atoms in the boules are in colloidal form. The 
strongest peaks observed in the UV/vis spectra at RT 
are those due to electronic absorptions of SeH- and 
TeH- at roughly 197 and 210nm for KCl, respect- 
ively, with an oscillator strength of -0.30. 

(2) From the calibrated IR absorption spectra, the 
fractional charge participating in the fundamental 
stretching vibrations of SeH- and TeH- doped in 
KC1 is found to be q* zO.14e. Theoretical calcu- 
lations predict much larger values, neglecting any 
possible matrix-induced screening of the effective 
charge transferred across the internal molecular 
bond. 

(3) These experimental values of q* lead to a 
radiative lifetime for vibrational relaxation from 
levels 1 -+O of -30 ms. However, if the homo- 
geneously broadened absorption lines have a lifetime- 
limited width, then T, z 100 ps. This suggests the 
existence of an unidentified ultrafast nonradiative 
mechanism for the vibrational relaxation of the 
matrix-isolated diatomic hydrides. 

(4) The molecular bonds for four different KCl- 
doped chalcogen hydrides are found to have -2% 
mechanical anharmonic character from measure- 
ments of the first vibrational overtone spectra. It is 
necessary to know these anharmonicities in order to 
fully predict the isotopic shifts in the peak stretching 
frequencies. 
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