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1. INTRODUCTION

The absorption cross-section, o, and the lowest-order mechanical anharmonic correction,
2Xgve Of avibrational mode of a molecule in agiven environment are fundamental quantities
directly related to the transition dipole moment and to the nature of theinternal chemical bonds of
themolecule[1,2]. The values of these two parameters are needed in the analysis of time-resolved
optical pumping experiments, since they determine the number of molecules which are pumped up
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 ssmple 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 isfrom
column VIA of the periodic table (the chal cogens—oxygen through tellurium) are of particular
interest because they readily accept an electron and substitutionally replace the anion in ionic hosts
such asthe alkali halides. Impurity moleculesin the alkai halides have been intensively studied
since the mid-1960s—see, for example, Barker and Sievers[3]. Recently there has been renewed
interest in the diatomic hydridesin particular: Fowler et al. have examined the anomal ous el ectrical
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 akali halides, and Heilweil et al. [7] and
Happek et al.[8] have found lifetimes on the order of 100 psfor the vibrational relaxation of OH
and SH, respectively, in bulk glasses.

While the vibrational cross-sections and mechanical anharmonicities of OH™ and SH- in the
alkali halides are known [9-11], the corresponding values for SeH™ and TeH™ have not previousy
been reported in the literature to the best of our knowledge. In this paper, we present high-
resolution measurements of the fundamental and overtone spectra of these two molecul es doped
into KCl and KBr and extract the vibrational mechanical anharmonicities, 2xgve, in the course of
which we fit the isotopic shiftsin the spectral peak positions. Summing up the absorption
strengths of these peaks and dividing by the impurity concentration, as determined by neutron
activation analysis, gives the integrated absorption cross-section, ojnt. From this, the radiative

2



lifetimes of the diatomic vibrational modes are computed and compared to the times one obtains by
assuming that the homogeneously-broadened absorption peaks have linewidths which are lifetime
limited, asistrue for SH™ in these same hosts[12]. A nine orders of magnitude differenceis
found, which suggests the existence of an ultra-rapid nonradiative decay channel for the vibrationa
relaxation of the diatomic hydridesin the alkali halides.

2. SAMPLE PREPARATION AND CHARACTERIZATION
2.1. Impurity doping and concentration analysis

The samples are grown by the Czochralski technique as follows. First, the starting KBr or
KCl materia is purified by bubbling chlorine gas through it while molten. Next, between 0.04 and
0.4 mol % of powdered elementa 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 isincorporated into the alkali halide matrix [5,13].

Neutron activation analysisis used to determine the total number of selenium or tellurium
atomsin agiven sample. Thisanaysisis performed in the following manner. A ~30 mm3 sample
of KCl:SeH" or KCI: TeH", whose infrared (IR) spectrum has been previously characterized, is
irradiated at a neutron flux of 1012 n/s/cré for 3 h at Cornell's TRIGA reactor. After awaiting
time of 10 days, which permits the strongly emitting but short-lived 38Cl and most of the 42K
isotopes to decay, the rate of gamma ray emission from the long-lived 7> Se or 131 (beta-decay
product of 131Teg) 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 Seor Tein the sampleisdetermined [14]. 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. IR/IRaman/UV spectroscopic survey of impurities

The main purpose of this subsection isto demonstrate that the elemental Se (Te) added to the
Czochralski melt, as described above, is mainly present in the boulesin the form of SeH~ (TeH").
Other possible species which incorporate chal cogen atoms are discussed below, but no evidenceis
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found for significant concentrations of them in our samples. Thus, the neutron-activated
measurements of the number of selenium (tellurium) atomsin the samples give the SeH™ (TeH")
concentrations directly, as required for the determination of the cross-sections of these two
moleculesin Sec. 3.

Infrared spectra of the samples were measured from 400-5000 cm-L at room temperature
(RT) and from 800-8000 cm1 at 1.7 K. Other than the fundamental and overtone vibrations of the
chalcogen hydrides, to be discussed in detail in Sec. 3, the only other obvious peaksin the spectra
were thevs (v3) modes of 10BO'2 and 11BOQ near 600 (2000) cm1[15]. No evidence for such
polyatomic species as H,Se™, which has a bending mode near 1000 cmr1, was found [16].

Since O, and S, can substitute for the anions in potassium halide crystals[17,18], it is
logical to consider the possibility that Se, and Te, might be present in our samples. Now,
Kl:Se, hasaRaman-active vibrational mode at 325 cmrl at RT [19]. Following the suggestions
of Schulman and Kirk [18] and of Holzer et al.[19], we can estimate the vibrational frequency of

Te, a RT asf
v(KI:Te,) _ v(KI1:Sey)
v(Tey) v(Se;)

using the gas-phase values of n(Tey) and n(Sey) [16]. Thisgives n(Kl:Te,) =210 cmrl. We

=0.83, (1)

consequently ran Raman spectra of our highest-concentration KCl:Se and KBr:Te samples over the
range 40-2600 cm-L 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 KCl and KBr reference samples, no lines were observed at low
frequencies except for apeak at 243 cmrl, together with several of its nearly harmonically spaced
overtones, in the case of the KCl:Se sample. We attribute this sequence of linesto the vibrations
of Cl, [20,21]. Inany case, no peaks corresponding to Se, or Te, were found, for laser power
levelsof upto 1 W. Note, in particular, that if any Se, molecules were present, we would benefit
from aresonant enhancement in the signal, due to the electronic absorption of the molecules at the

514.5 nm laser wavelength, as discussed below.

T Note that n(KI:S'2 )/ n(SZ) = 0.83, in excellent agreement with Eq. (1).
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observed in IR absorption

at RT. Thewings of the spectrain 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 (V1S) region of the electromagnetic
spectrum. Itisknown that O, has a broad absorption band at 250 nm [22], S, at 400 nm [18],
Se, near 500 nm [23], and hence, by extension of thistrend, Te, might be expected to absorb
around 600 nm. Room temperature UV/VIS/NIR spectrawere run from 3000 nm (i.e., 3300
cnrl, which overlaps with the IR spectra mentioned above) down to 180 nm. The main plotin

Fig. 1 shows a portion of this spectrum for the entire lower half of the KCl: Te:H, boule. This
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long sample has a blue tint, caused by the the 140 nm 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 KCl at RT [24], thisisunlikely for several reasons.
First of al, an amost identical band, displaced by no more than 5 nm, isfound for KBr:Te:H», in
striking contrast to the 70 nm Mollwo-lvey shift of the F center peak in KBr compared to KCl
[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, centersare strong electron traps and readily annihilate with any available F centers [24].

Thus, we cannot rule out the possibility that the 590 nmin Fig. 1 isdueto KCl: Te, centers.
In such a case, by integrating the strength of the line and applying the Smakula equation [24], we
can determine the concentration of these centersin asample. In the absence of any specific
knowledge of the oscillator strength of the UV absorption of KCl: Te, , we use the value 0.17,
which we calculate for the 243 nm absorption band of KCI: O, from Fischer et al.'s[25] calibrated
spectral measurements.™ 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 thetelluriumisin the form of Te, rather
than TeH". Thisis, at worst, asmall error in our determination of the cross-section of TeH" in
Sec. 3.2 below.

In the case of the KCl:Se:H; boule, aweak 95 nm wide lineisfound at 515 nm, giving rise
to an overdl 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 thisline. Taking the oscillator strength to again be 0.17, we find that no
more than 0.06% of the Se atoms occur in this diatomic form, acompletely negligible amount.

The absence of significant concentrations of Se, and Te, centersin our KCl and KBr
samplesis perhaps not surprising, in light of the large size [27] of these diatomics relative to that of

Cl-and Br-. Infact, Holzer et al.[19] comment that they were unable to diffuse asignificant

T The relevant parameters corresponding to Fig. 2 of Ref. [25] are: peak absorption coefficient of 45 cnrl, FWHM
of 1.2 eV, and O, concentration of 3.1 x 1018 cm™3.



concentration of S, into KClI for this very reason, nor were Vannotti and Morton [28] ableto
introduce Se, into KCl or KBr. Furthermore, these |atter authors suggest that Se, centers may
actually thermally decompose under long-term exposure to visible light.

Another possible chemical form which the elemental chalcogen could adopt in the crystalsis
that of colloids[29]. The resulting small particles, if approximated as a dilute concentration of
small (compared to visible wavelengths) sphereswith filling fraction f, give rise from Mie theory

to a sphere resonance. The absorption coefficient, o, describing this resonance is[29]

o =18z fv ehOSt 3/2 £2 , 2
(ex ) (14 2e0°9)72 1 2 (2)

wherev is the frequency of light in cmrd, sQOSt equals 2.19 for KCI [30], and £1 = n2 —k2 and €2

= 2nk, with n and k the real and imaginary parts of the refractive 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 inthe parallel (extraordinary) and perpendicular (ordinary) directions to the c axis, as tabulated
by Palik [31].

For tellurium in KCI, we find that the sphere resonance peaks at 295 nm with awidth 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 nminFig. 1. Assuming that thisisthe case, we compute the overall colloida absorption
profile as (o, + 201, )/ 3 and choosef in Eq. (2) to makeitsintegrated intensity match the area
under the two peaksin Fig. 1 (after correcting for the sloping background in this spectral region).
Using the known density and mass of crystalline Te to convert thisfilling 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 KCl:Se, the sphere resonances in the parallel and perpendicular directions have
very similar peak positions and widths, namely about 255 nm and 55 nm, respectively. A 26 nm
widelineisfound at 231 nm, in the long wavel ength wing of the SeH~ 197 nm absorption band
discussed below. This 231 nm line has been seen by Fischer [13], who attributed it to an

unspecified internal transition of the SeH~ molecul e since an anal ogous peak a so occurs for SH-



[32]. Therefore, the area of thisband islikely to be an overestimate for the strength of the sphere
resonance, but implies that, at absolute most, 7.3% of the Se atoms arein colloidal form.

Finally, to complete our spectroscopic survey of the samples, we discuss the ~200 nm
electronic absorption peaks of the chalcogen hydrides. Fischer has previously measured these
optical transitions for SeH™ and TeH" in various akali halides as a function of temperature [13] 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 KCl:SeH" and at somewhat |onger wavelengths for
TeH". Wewere able to reproduce his RT spectrum for KCI:SeH™ in the 5-6.5 eV range by
polishing adiver of one of the neutron-activation samples down to athickness of 250 nm. 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 KCI:OH- [33] which peaksat RT at 204 nm
[34], and to 0.21 which we calculate from Fischer and Grindig's data for KCI:SH- [32] with aRT
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 [13]. 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 presence 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 blue curve in Fig. 2 shows the measured IR absorption spectrum in the region of the
fundamental stretching mode of KBr:SeH- near 2300 cmr (4.3 nm) at 1.7 K with 0.04 cm-1
resolution. The linewidth (FWHM) of the strongest peak at 2305.43 cmr, corresponding to the
most abundant 80SeH- isotope (cf. Table 1), isonly® y = 0.085 cm-1. Sinceitslineshapeiswell
described by a Lorentzian, the broadening is mostly homogeneous, and hence the total vibrational

dephasing timeisgiven by T, = 1/ mcy = 125 ps. If the pure dephasing time, TZ , ismuch longer

T The instrumental resolution has been deconvolved in quadrature from the measured linewidth.
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relaxationtime, T1, aswe
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the fundamental vibration of 0.0

SH-inKl at 1.7K by

comparing the value of T,

measured by persistent .03
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that the vibrational relaxation
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Fig. 2. Absorption spectrum (blue curve) of the fundamental vibrational modes
halides at low temperatures

of KBr:SeH" at 1.7 K and 0.04 cmL resolution. The red curve is the sum of six
ison the order of 100 ps,

Lorentzians, whose peak frequencies are determined from Eq. (4) and arelisted in
comparable to what we have

Table 1, whose undeconvolved widths (FWHM) are 0.095 cm1, and whose
previously measured for . .

heights are (0.145 cm™1) x (1A / 80A), where A isthe natural abundance of
SH- in these same hosts ,

isotope 'Se from Table 1.
[12].

When SeH- is doped into KCl, the strong 80SeH- peak isfound at vo; = 23229 cmlat 1.7
K, almost identical to the positions of the IR and Raman maximaat RT mentioned in Sec. 2.2, but
dightly higher in frequency than that of KBr:80SeH- (cf. Fig. 2). Thisfrequency 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, thefirst
vibrational overtone, O® 2, of KCl:SeH " can be cleanly resolved at 1.7 K (blue curvein Fig. 3).
The dominant 80SeH- peak is at vgy = 4558.9 cm1. The lowest-order mechanical anharmonic
correction to the vibrational term valuesis[1]

2XgVe = 2Vo1 - Vo, (3)



which isequal to 87 cml. Notethat thisvalueimpliesthat v, = v, + 2XV, equals 2410 cm1 for
KCl:SeH- and 2392 cntl for KBr:SeH-, in excellent agreement with ve = 2400 + 50 cmrl
observed for the free SeH radical in its electronic ground state [37].

Table 1. Peak frequencies of the fundamental stretching modes of the isotopes of KBr:SeH™ at 1.7
K. The measured values are from the blue curve in Fig. 2 and the calculated values are obtained
using Eq. (4), giving thered curvein Fig. 2, where the peak heights have been scaled according to

the natural isotopic abundances of Se listed in the second column.

| sotopic Natural Mesasured Caculated
Impurity Abundance (%) Frequency (cmrd) Frequency (cmrl)
82SeH- 9.2 2305.10 2305.09
80SeH- 49.8 2305.43 2305.43
78SeH- 23.5 2305.78 2305.78
77SeH- 7.6 2305.95 2305.96
76SeH- 9.0 2306.14 2306.15
74SeH- 0.9 - 2306.55

Knowing the fundamental frequency of the dominant isotope, vo;, and the mechanical
anharmonicity, 2xgve, We can calculate the fundamental and overtone frequencies of any other

isotopei, v(i)l and v(i)z, respectively, as[1]
me = pvor *+ (P - P7)2XeVe @
Voo = 20V01 +(2p - 3p%)2%Ve
where p = (u/n")Y?, with w and ui the reduced masses of 80SeH- and of i SeH-, respectively.
Thered curvesin Figs. 2—3 were obtained by positioning a Lorentzian at each of these frequencies.
For example, the calculated frequencies for KBr:SeH-, corresponding to Fig. 2, arelisted in Table
1. There are two free parametersin each fit in thefigures: 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 linesof SeH™ in Fig. 2,
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notice that the overtone . | | | |
| . o0t A
peaksin Fig. 3 are spaced £
1
twice as far apart, as ~
£ 15F
expected from Eq. (4). In %
addition, the overtone lines %
a 1.0
are roughly twice as broad G
=
asthe fundamental ones. 4_?
. . g 05r
If theselines are lifetime o
[y ]
broadened, as we argued ‘S
D.'EI 1 1 1
for the fundamental peeks, 4558 4554 4560 4561
then moleculesin the frequensy (o)

second excited state must
relaxing twi f
be relaxing twice asfast as Fig. 3. Absorption spectrum (blue curve) of the first overtone of the vibrational

hosein thefir i
thosein thefirst excited modes of KCl:SeH" at 1.7 K and 0.1 cm™1 resolution. The red curveisthe sum

., Thisi
state sistobe of six Lorentzians, whose peak frequencies are obtained from Eq. (4), whose

if th lin
expected if the coupling undeconvolved widths (FWHM) are 0.24 cm1, and whose heights are (2.1 cm™1)

he impuri : _ _
between the impurity x (|A / 80A), where!A isthe natural abundance of isotope ! Se, as listed in Table

vibration and its energy n

accepting modes islinear,

just aswe have recently discovered 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 Sg; = 17 + 1 cm 2 (measured

at room temperature, since the peaks are immeasurably strong at low temperatures). The average

selenium concentration in the two pieces was found by neutron activation analysis to be 0.0233 =

0.0015 mol %, which corresponds to a SeH- concentration, N, of 3.75 x 1018 cnv3, assuming that

no Seispresent in colloidal form. The integrated absorption cross-section is defined as[11,39]

_ S _(@)n (n°+2)°
int = N - 3MCZ on ’ (5)
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where g* isthe effective

charge’ and nisthe

=
1

refractive index of the host.

(]
T

The dependence on n arises

from the Lorentz local-field

r-d
T

correction and reflects the

enhanced absorption of a

—_—
T

moleculein adidectric

abserption ceoaff. {crm—1)

medium, relative to that of

|:| 1
onein free space. Equation 20233 20257 20241
(5) implies oy (KCl:SeH-) = frequency {em™')

(4.5+0.6) x 1018 cm, or

equivalently, o = 0.145 + Fig. 4. Absorption spectrum (blue curve) of the fundamental vibrational modes
0.010 e. Thiscan be of KBr:TeH" at 1.7 K and 0.02 cm1 resolution. The red curveis the sum of
compared to g* (KCl:OH") = eight Lorentzians, whose peak frequencies are calculated using Eq. (4) and are
0.12 + 0.02 e[9] and listed in Table 2, whose undeconvolved widths (FWHM) are 0.085 cml, and

g*(KCI:SH") = 0.09 + 0.01 Whose heights are (4.2 cm1) x (1A 1 130A), where! A isthe natural abundance

e[11]. Theradiative lifetime of isotope Tein Table2.
of the fundamental stretching mode isrelated to this integrated cross-section according to [39]
-1
Trad = [875 nZCvgloim] (6)

from which we findt;g(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
cnrlresolution. The lowest-frequency pesk at vo; = 2023.55 cm-Listhat of the most abundant
isotope, namely 130TeH- (cf. Table 2). The overtoneisat vop = 3972.9 cm-1, and hence 2Xgve =

74 cnrlfrom Eq. (3). Thiscan be compared to 2xgve =80 cmrland vy, = vg - 2Xgve = 2057

T The oscillator strength is equal to (cf/€)2/3.
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cnrl for the free 130TeH radical [40]. As before, we use these values of the mechanical
anharmonicity and of the dominant isotopic frequency to cal culate the fundamental vibrational
frequencies of all the other isotopes, using Eq. (4). Theresultsarelistedin Table2. The sum of a
set of Lorentzians is found to best fit the experimental spectrum, giving thered curvein Fig. 4,
where the peak heights are scaled according to the natural abundances and each peak is chosen to
have aFWHM of 0.085 cntl. If this homogeneous width is lifetime-limited, as we argued above

for KBr:SeH-, then we again find that T; must be on the order of 100 ps.

Table 2. Peak frequencies of the fundamental stretching modes of the isotopes of KBr:TeH™ at 1.7
K. The measured values are from the blue curve in Fig. 4 (the two values marked with atilde are
barely perceivable as weak bumps on the right-hand side of the curve) and the calculated values are
obtained using Eq. (4), giving the red curve in Fig. 4, where the peak heights have been scaled

according to the natural isotopic abundances of Te listed in the second column.

| sotopic Natural Measured Calculated
Impurity Abundance (%) Frequency (cmrd) Frequency (cmrl)
130TeH- 345 2023.55 2023.55
128TeH- 31.7 2023.66 2023.66
126TeH- 18.7 2023.78 2023.78
125TgH- 7.0 ~2023.84 2023.85
124TeH- 4.6 ~2023.91 2023.91
123TeH- 0.9 - 2023.97
122TeH- 2.5 2024.00 2024.04
120TeH- 0.1 - 2024.17

In KCl, the TeH- fundamental stretching modeisat vo; = 2043.4cmlat 1.7 K, and it
overlaps with the 1OBO'2 v3 = 2046.6 cm-1 vibrational mode [15] at higher temperatures. It only
proves possible to grow a crystal with asmall TeH~ concentration, because of the much larger

ionic radius of tellurium than of chlorine [27], and hence the overtone is barely detectable at
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vo2 = 4014.0 cm-1. These values of vg; and v imply 2xgve = 73 cnrrl, in good agreement with
what was found for KBr:TeH- above. The fundamental absorption strength, integrated over al
isotopes, is 0.095 + 0.005 cm2 and the average concentration, as determined by neutron activation
analysis, for two samples from the same part of the bouleis (1.55 + 0.10) x 104 mol %. Using
Eqg. (5), these values give ojn(KCl: TeH") = (3.8 £ 0.5) x 1018 cm, or dternatively, g* = 0.135 +
0.010 e, again neglecting any possible colloidal or diatomic tellurium. Thisin turn implies that
Trad(KCl:TeH™) = 40 msfrom Eqg. (6), comparable to what we found for KCl: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 hydridesin KCI, together with some other relevant
parameters. It can be seen that the vibrational frequency, voz1, Systematically decreases asthe
chalcogen atomic number increases. Thisimpliesthat theinternal 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 electronegativity [27] of 2.1).

The vibrational mechanical anharmonicity can be expressed in fractiona form as xe, which
can be calculated from 2xgve, using the fact [1] that ve = vo; + 2Xegve. For the homologous
chalcogen hydrides, the bonds are found to have comparable 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
anharmonicities with increasing chal cogen atomic weight, no smple trend is apparent for the
experimental values of the effective charge, g*, 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 g*, assuming that the molecular center of mass (c.0.m.) resides at the

lattice site. (See, for example, Wedding and Klein [9] for an explanation of this calculation for the

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 10BO'2 peak in the RT spectrum.
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case of OH", noting that g* isjust 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 smilar electronegativities and <111> equilibrium orientations, in contrast to
the significantly larger electronegativity of OH- (cf. 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 g* ought to increase
monotonically with increasing chalcogen atomic number. The reason for thisisthat the decrease in
the derivative of the d.m.f. (evaluated at the geometric center of the molecule) with increasing
bondlength is more than compensated for by the shift of the geometric center of the charged
molecule away from the c.0.m. (and hence from the | attice site) with increasing chal cogen atomic

weight.

Table 3. Various parameters which characterize four homologous impurity molecules doped into
KCl at low concentrations. The second column gives the peak frequency of the most abundant
isotope at 1.7 K; thethird gives the Pauling el ectronegativity [27] of the chalcogen atom X = O,
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 Eq. (5); the sixth lists the molecular bondlength, estimated as the
X-H bondlength of free HoX [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.

vor  Chacogen 2xgve  Experimenta Bond- Caculated g* ()

Molecule  (cnrl) e.n. (cnrl) g (e length (A) Ref[41] Refs.[43,44]
OH- 36421 35 171 [9] 012 [9] 0.96 0.14 0.27
SH- 2591.3 2.5 99 [10] 0.09 [11] 1.34 0.21 0.30
SeH- 2322.9 24 87 0.145 1.46 0.30 0.38
TeH" 20434 2.1 73 0.135 1.66 0.43 0.47
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More recent and accurate calculations of the d.m.f. of free OH- [43] and SH- [44] by Werner
et al. give notably larger values of g* (cf. 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 shorter values of the
bondlength than Cade's results suggested.

The resulting theoretical values of g* are much larger than the corresponding experimental
values (cf. Table 3). Otto [11] arguesthat this reduction in the values of g* 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. Thisis supported by hisfinding that g* for SH- increases as
the hogt | attice constant increases and hence the interactions between the impurity and the
surrounding host grow weaker. Wedding and Klein [9] earlier proposed asimilar ideato explain
the anomaloudly 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 g* increases monotonically in the order NaCl:OH-, KCI:OH", and
RbCI:OH". In fact, thistrend continues for the spacious CsCl:OH-" lattice, using Krantz and
L Uty's measurement of the vibrational oscillator strength of this system [45].

The larger experimental value of g* for OH" than SH- is opposite to the theoretical trend in
Table 3 for either Cade's or Werner'sresults. This could arise from an off-center position of OH-
in KCI, an idea which has been extensively but inconclusively discussed in the literature. For
example, Bron and Dreyfus [46] estimate that the c.0.m. of the molecule is displaced from the
lattice site by 0.34 A. In that case, the geometric center of the molecule would be almost coincident
with the lattice site, and the theoretical valuesfor g* for OH~ would then be larger than those for
SH-.

Finaly, the dightly smaller experimental value of g* for TeH™ compared to SeH" in Table 3
might be aresult of thetight 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 A size of Te2-[27]. Thiswould tend to result in outward
displacements of the ion cores and electron shells of the surrounding K* nearest neighbors, with a
conseguent change in the induced dipole moment of the TeH™ molecule. In support of thisidea,
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recent calculations by Hermansson [47] indicate that internal electric fields can significantly alter
the derivative of the dipole moment of adiatomic hydridein anionic 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 freeions.

5. SUMMARY
The key results presented in this paper are asfollows:

1. Singlecrystalsof SeH (TeH") in KCl or KBr, prepared by adding elemental Se (Te) to the salt
and growing under Ho, are found to be amost completely free of other possible Se (Te)
containing species. In particular, molecules such asH,Se™ (HoTer) and Se, are not present
(although asmall concentration of Te, cannot be ruled out), and, at most, 7% of the Se (Te)
atomsin 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 210 nm for
KCI, respectively, with an oscillator strength of ~0.30.

2. From the cdibrated IR absorption spectra, the fractional charge participating in the fundamental
stretching vibrations of SeH™ and TeH™ doped in KCl isfound to be g* » 0.14 e. Theoretical
calculations predict much larger values, neglecting any possible matrix-induced screening of
the effective charge transferred across the internal molecular bond.

3. These experimenta values of g* lead to aradiative lifetime for vibrational relaxation from levels
1® 0 of ~30 ms. However, if the homogeneously broadened absorption lines have a lifetime-
limited width, then T, » 100 ps. This suggests the existence of an unidentified ultrafast
nonradiative mechanism for the vibrational relaxation of the matrix-isolated diatomic hydrides.

4. Themolecular bonds for four different KCl-doped chalcogen hydrides are found to have ~2%
mechanical anharmonic character from measurements of the the first vibrational overtone
spectra. It isnecessary to know these anharmonicitiesin order to fully predict the isotopic

shiftsin the peak stretching frequencies.
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