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New features are resolved within the internal vibrational mode spectra of NO; defects in KCI, .: 
KBr, and KI crystals at 106 tetiperatures using high-resolution Fourier transform 
spectroscopy and persistent infrared spectral hole (PIRSH) burning separately and together. 
With interferometry it has been discovered that the vibrational linewidths of the different 
modes range over a factor of 300-from 0.01 cm - ’ to - 3 cm -- ’ and, with PIRSH burning, it 
has been demijnstrated that the narrowest lines are inhomogeneously broadened while the 
broadest ones are homogeneously broadened. PIRSH’s have been found in some internal 
modes and combination bands of the NO; molecule when pumped with low-intensity single- 
mode lead salt diode lasers; however, detectable persistent holes are not produced in all of the 
modes because of a competition between hole production and relaxation by tunneling at low 
temperatures, This competition results in a hole burning intensity, below which hole relaxation 
overwhelms hole production and only small holes may be produced. The most unusually 
shaped absorption features are the V-shaped notches in the reorientational tunneling fine 
structure at the NO; bending mode frequency jn KC1 and KBr. Of all the internal modes that 
do show pronounced PIRSH burning, these V-notched absorption bands exhibit the most 
striking behavior. Multiple satellite PIRSH’s are detected at frequencies away from the single- 
mode laser burn frequency with a broadband probe beam produced by a high-resolution 
Fourier transform interferometer. An explanation for these satellite holes is derived from - 
temperature, plastic deformation, and uniaxial stress dependence measurements on the 
KCl:NO; absorption spectrum. We find that the inhomogeneous broadening of the KCl:NO; 
y2 reorientational tunneling fine structure is dominated by degenerate rotor level splitting 
produced by random crystal strains. Degenerate perturbation theory of the rotor level splitting 
in the strain field is found to match very closely the V-shaped inhomogeneous distributibn of 
levels associated with the KCl:NO; reorientati6nal tunneling fine structure. The general 
conclus:lon is that whenever strain splitting of a doubly degenerate level dominates the 
inhomogeneous broadening, then the absorption spectrum displays zero strength in the 
distribution at zero splitting and a linear increase in absorption coefficient away from this 
frequency generating the observed V-shaped notch in the absorption profile. 

I. iNTRODUCTlON 

When NO; ions are doped into alkali halide crystals, a 
complex electronic and vibrational spectrum appears ex- 
tending from the ultraviolet (UV) to the far infrared (FIR). 
The low symmetry of the defect ion allows a large number of 
different spectroscopic probes to be used successfully to ex- 
cite this defect-lattice system in different ways. In compara- 
tive reviews of defects in crystals,‘4- it is agreed that con- 
comitant with the large number of possible probe 
techniques, NO; ions exhibit more complex behavior than 
atomic or diatomic defects. For each molecule-host combi- 
nation, the underlying character of the spectra is that the 
singlet electronic energy levels produce transciions in ultra- 
violet absorption and emission, -5-23 the spin triplet electronic 
levels produce emission lines in the visible;‘8~‘9*24*2’ the three 
internal vibrational modes produce lines in infrared absorp- 
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t ion26-33 and Raman scattering;fo*13,14*18,21*3439 and the li- 
brational and local modes (external vibrational modes) pro- 
duce lines in far-infrared absorption32-6 and Raman scat- 
tering. 1p**8,39*47 However, this characterization of the 
different transitions only’ identifies the main sequences in 
each of the frequency regions. Since the electronic levels, 
internal vibrational levels, librational, local, and tunneling 
modes are all coupled to each other, the resultant spectrum 
contains a great deal of additional fine structure. It has long 
been recognized that a complete theoretical identification of 
this complex and intricate experimentally determined fine 
structure over such a large frequency range would translate 
into the first complete, detailed description of the dynamics 
of a simple low-symmetry molecule-lattice system. This 
challenge still exists today. - 

Although these efforts have lead to a general qualitative 
picture of the molecule dynamics in the solid, there are still 
inconsistencies in the results obtained with different tech- 
niques and hence in the proposed model explanations. For 
example, from infrared (IR) absorption,26 Raman scatter- 
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in&-t, 13~21~34-36 ultraviolet &so~tion,7~8~IO~~1~13~20,21-23 and ul- KC1 are presented. The frequency regions cover the y1 sym- 
metric stretch mode, the v2 symmetric bending mode, the v3 
antisymmetric stretch mode, and the [ v2 + v3 ] and the 
[ v, + v3 ] vibrational combination modes. Of particular in- 
terest for the later part of this paper are a pair of V-shaped 
notches resolved for the first time in the inhomogeneously 
broadened tunneling sidebands of the v2 mode in KC1 and 
KBr. Spectral hole burning attempts were made on all of 
these modes and the detailed experimental findings are pre- 
sented in Sec. III B. PIRSH burning is found to occur in the 
vl, v2, v3, and [ v2 + v3 ] modes of KI:NO;. However, for 
KBr:NO; and KCl:NO; PIRSH burning occurs in the v2 
and v3 modes, but not in the v1 and [ v2 + v3 ] modes at the 
maximum diode laser intensity available to us, namely, 25 
mW/cm2. These experiments illustrate that the dynamics 
behind the V-shaped notches in the absorption spectrum of 
the v2 mode are very different from the rest of the PIRSH 
burning results. It is found that a hole burned in the notched 
reorientational tunneling sidebands of v2 in KCl:NO; pro- 
duces satellite holes away from the laser burn frequency. 
This result is unlike that found in any other infrared hole 
burning system measured to date. Temperature, plastic de- 
formation, and uniaxial stress dependence of the KCl:NO; 
v, infrared absorption spectrum are used to experimentally 
construct, without model assumptions, the reorientational 
tunneling-vibrational level diagram associated with this sys- 
tem. The resultant diagram complements the lower resolu- 
tion version constructed by Avarmaa and Rebane from tem- 
perature-dependent UV absorption spectra.7*13 

traviolet emission studies,‘-9*i3,15*2i it is generally agreed 
that the NO; molecule performs tunneling connected with 
rotation about a preferred axis in some potassium halides at 
low temperatures, but hindered rotor model fits to these 
measured spectra give inconsistent rotor level spacings and 
selection rules. 7,10,11,13,21,22,26,48,49 

The discoveryM6 and detailed characterization of per- 
sistent IR spectral holes (PIRSH’s) in the internal mode 
spectrum of NO, doped potassium halide crystals, the topic 
of this paper, provides a new opportunity to investigate the 
IR internal vibrational modes and associated fine structure 
from an ultra-high-resolution vantage point. The width of 
such a spectral hole is twice the homogeneous width if no 
additional sources of hole broadening are present, such as 
power broadening or spectral diffusion. The homogeneous 
width is determined by the excited state dephasing time, 
which, at low temperatures, becomes excited state lifetime 
limited. Hence, this IR technique permits, for the first time, 
the testing of homogeneous versus inhomogeneous broaden- 
ing for the different vibrational modes and the possibility of 
exploring narrow features characteristic of the homoge- 
neous width inside inhomogeneously broadened lines. 

Before the high-resolution capability of the diode laser 
probing technique can be used, low-temperature high-reso- 
lution infrared NO; absorption spectra must be obtained in 
order to determine precisely the frequencies of interest. In 
making such measurements with state-of-the-art interfer- 
ometers, we have discovered that these high-resolution spec- 
tral maps, in themselves, provide new information about the 
location, size, shape, and spacing of the IR fine structure not 
previously obtained with grating instruments. 

Once the high-resolution features are located with inter- 
ferometers, then PIRSH burning can be attempted with Pb 
salt diode lasers.. We find that persistent changes can be in- 
duced in some of the main internal vibrational transitions, in 
combination bands and in the fine structure near each vibra- 
tional transition. It is found that not all IR modes undergo 
persistent changes and of those that do, not all are inhomo- 
geneously broadened. A minimum burn intensity for persis- 
tent holes has been identified in terms of simple model pa- 
rameters to account for the variability of the PIRSH effect. 
Finally, our observation and study of persistent multiple in- 
frared satellite holes in the v2 internal bending mode spec- 
trum of NO; in KC1 has been used to show that the different 
transition frequencies ?within the inhomogeneously 
broadened fine structure are completely correlated with 
each other. Our model shows that they definitely stem from 
single axis rotational motion of isolated molecules at low 
temperature. 

Section II focuses on the new experimental techniques. 
After describing the optical setup and the detection tech- 
niques for holes and antiholes, we show how the hole burn- 
ing can be used in conjunction with high-resolution Fourier 
transform spectroscopy to extend a new kind of pump-probe 
experiment. 

Section III presents a variety of IR spectra for the NO; 
lattice system. In Sec. III A, high-resolution low-tempera- 
tureIR absorption spectra for the nitrite ion in KI, KBr, and 

Section IV presents analyses and discussion of experi- 
mental results. A calculation for the hole depth that results 
from a competition between hole formation and relaxation 
processes is found to describe the KI:NO; PIRSH depth 
intensity dependence (Sets. IV A-IV C). A comparison of 
NO; hole burning results in the different hosts is made in 
Sec. IV D based on the measured hole depth intensity de- 
pendence. The experimentally derived reorientational tun- 
neling-vibrational-level diagram for KCl:NO; is used to ex- 
plain the origin of the infrared sideband satellite holes in Sec. 
IV E. The V-notched inhomogeneous tunneling sideband 
line shapes are then calculated using the nonlinear splitting 
behavior of degenerate rotor levels under the influence of 
normally distributed lattice strains (Sec. IV F) . 

The conclusions, which contain a summary of the main 
points and suggestions for additional work, are given in Sec. 
V. 

II. EXPERIMENTAL DETAILS 
A. Samples 

All of the spectroscopic experiments were performed on 
single-crystal alkali halide samples doped with NO; and/or 
NO; : Boules of KCl, KBr, or KI were grown in an argon 
atmosphere by the Czochralski method and were doped by 
adding potassium nitrite or nitrate dopant to the melt. The 
list of boules used in this work is given in Table I. Nominal 
dopant concentrations were in the range of 0.02 mole % to 
0.1 mole %. Isotopically substituted molecules were also 
doped into KI crystals to replace the > 99% naturally abun- 
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TABLE I. Single-crystal bottle list. 
LCM j--j CTS 1 

Nominal concentration Boule number 

KI -l-0.05% KNO* 8601156W 
KI -l-0.02% KNO, (40% 180j 8805105W 
KI + 0.1% KNO, (40% “0) -. 8804215W 
KBr + 0.05% KNO, 8601176W 
KC1 + 0.05% KNO, 8601086W 

dant species s4N160; and 14N160;. Only 40% enriched 
K’4N1803 was available as a dopant. KI crystals doped with 
K14N180, contained NO; and NO; molecular ions with all 
combinations of 160 and “0 with 14N.50 

The impurity dopant concentrations are determined 
from the known strength of the infrared stretch-band ab- 
sorption band at room temperature,26 or from the 
[ vZ + v3 ] vibrational combination band with the sample at 
1.5 K. For the [vZ + yg ] mode, the relation between the 
molecule concentration, N, and the peak absorption coelh- 
cient, ap, or the integrated peak area S = $a ( Y) dV, is 
N = [ (3.6 f 0.2) x lQ17 ions/cm’]ap 

= [(8 f: 1) X 10” ions/cm]S;‘- 
. 

which is based on the room-temperature stretch-mode cali- 
bration. Boules intentionally doped with either KNOa or 
KNO, and grown under an atmosphere of argon had about 
100 times more NO; than NO; (KNO, decomposes to 
KNO, near 400 “C!). The concentration of both species tend- 
ed to increase toward the bottom of a boule, and the relative 
concentration of NO; to NO; also increased. ~For various 
studies, samples were cleaved along { lOO} faces, machined 
into 0.5 inch or 2.5 mm diameter rods, cut and polished 
along { 110) faces, or cleaved and then plastically deformed 
by pressing them at 100 “C! along a [ 1001 direction. 

FIG. 1. Experimental apparatus for studying persistent infrared spectral 
hole burning at low temperatures. The labels are defined as follows. DL, 
tunable infrared semiconductor diode laser; LCM, laser control module for 
fine current tuning of the diode laser; CTS, cryogenic temperature stabilizer 
for coarse temperature tuning of the diode laser; CH, cold head which con- 
tains the diode laser; HeNe, helium-neon alignment laser; BS, NaCl beam 
splitter for combining the red and infrared beams; Q, quarter wave plate; iw, 
monochromator for coarse calibration of the diode frequency and diode la- 
ser mode filtering; P, pile of plates polarizer; A, Attenuators; SH, shutter for 
blocking the beams; S, sample held in a Janis supervaritemp cryostat; C, 
chopper; DET, InSb, HgCdTe, or Ge:Cu detector; OSC, digital storage 
scope for storing hole burned spectra; LL4, lock-in amplifier for monitoring 
the sample transmittance at a fixed frequency. 

lower power diode lasers (total power < 100 PW). The 
small cavity geometry also produces a strongly diverging 
beam at the output, which when collimated with a fast lens 
produces a doughnut-shaped intensity profile. 

B. Persistent IR hole burning with tunable diode lasers 
1. Laser source optics 

Figure 1 shows the experimental set up used to search 
for and study PIRSH burning at low temperatures. Manipu- 
lation of the tunable lead salt diode laser (DL) beam occu- 
pies the upper third of the figure. The diodes are mounted on 
the cold fmger of a closed-cycle refrigerator or cold head, 
wherein they are coarsely temperature tuned with a cryogen- 
ic temperature stabilizer (CTS) from 14 to about 100 K with 
a temperature tuning rate on the order of + 1 cm - ‘/deg. 
Temperature tuning is a slow processes. More rapid current 
tuning is accomplished with the laser control module 
(LCM). Infrared lead salt diode lasers are current tuned at 
typically 30 to 300 MHz/mA and tune over a large fraction 
ofacm--’ (several GHz) without a mode hop for modula- 
tion frequencies up to at least 1 MHz. 

To arrange the IR optics, a helium-neon laser (HeNe) is 
first aligned collinearly with the focused diode beam using a 
HgCdTe detector, then optical components transparent to 
visible and IR are placed in the visible laser beam. Since 
different diode laser modes have a strong angular variation 
in the vertical direction, it is preferable to align the optics 
while operating the diode near the frequency of the experi- 
ment. 

A Jarrell-Ash 3/4 meter monochromator (iw) with a 50 
line/mm grating is used to coarsely frequency calibrate a 
diode and filter out the unwanted multimode behavior. The 

.-practical resolution of the monochromator is greater than a 
tenth of a wave number or a few GHz. Finer relative frequen- 
cy calibration of the diode laser is accomplished with a 1 in 
germanium etalon (free spectral range = 1/2nd = 0.05 
cm-’ = 1.5 GHz). 

The diodes lasers are cleaved cavities approximately 100 
to 200 pm on a side, with a laser spot size at the diode of 
about 25 to 100 pm. This parallel mirror cavity produces 
multimode lasing well above threshold with several strong 
modes spaced on the order of 1 to 10 cm- ’ in the cleaner, 

An insidious problem for high-power diodes is a multi- 
mode feature that occurs with a closer mode spacing of a few 
hundred MHz than for low-power diodes (in addition to the 
1 to 10 cm - ’ spacing in lower-power diodes). Very often the 
power in each mode is no more than that found in a low- 
power diode laser-there are just more modes. The mono- 
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chromator simultaneously passes several of these closely 
spaced modes, and they can be easily mistaken for a single 
mode. This feature gives false spectra, and produces several 
closely spaced holes in a hole burning experiment. Fortun- 
ately, the presence of this behavior can be detected by ob- 
serving the fringe behavior in the etalon spectrum. As the 
angle between the etalon and the laser beam axis is varied, a 
train of fringes with roughly constant fringe spacing and 
intensity will march across the oscilloscope. If several modes 
spaced less than a GHz are lasing, then the fringes will exhib- 
it an oscillatory amplitude. 

Lead salt diode lasers do not like to look at their own 
reflections-especially the higher-power varieties. A few 
percent of the output power fed back into a diode laser pro- 
duces high-frequency amplitude noise or “fuzz.“51 A fuzzy 
diode does not burn holes and has no etalon fringes, i.e., it 
appears to be frequency broadened. To avoid a fuzzy output 
from a diode, optical components are tilted slightly so that 
the reflected beam does na,t return to the diode laser. The 
biggest feedback offenders are the slits on the mono chroma- 
tor. A quarter wave plate ,(Q) provides optical ‘isolation 
from slit reflections. Circularly polarized reflected light re- 
turning to the diode laser emerges from the quarter wave 
plate as linearly polarized light, but at 90” to the original 
polarization. This polarization rotated feedback does not 
couple to the diode gain medium producing this mode. 
Hence, the quarter wave plate is used to eliminate feedback 
instabilities, as well as to change the polarization of the IR 
beam for polarization dependent studies in combination 
with the Brewster’s angle pile-of-plates polarizer (P). 

For PIRSH measurements it is useful to probe a spectral 
feature at low intensity, or to let it sit in the dark. Hence, 
CaF, or thin-metal-film attenuators (A ) and a shutter (SH) 
are employed to vary the intensity of the beam. Electronic 
timing of the shutter period is used to reproducibly illumin- 
ate the sample. The diode laser beam, which has been fil- 
tered, polarization modified, and attenuated with thin 
metal-film attenuators, is focused into a sample which is held 
in a superfluid He bath in an optical immersion cryostat, and 
the transmitted IR light is then detected. 

2. Detection of holes and antiholes with diode lasers 
The detectors used in our study are InSb, HgCdTe, and 

Ge:Cu photodetectors. Their detectivities peak near 5, 10, 
and 20pm, respectively, with a sharp drop in detectivity just 
below the peak (characteristic of a semiconductor band 
gap). The first two are optimized to work near liquid-nitro- 
gen (77 K) temperature and the Ge:Cu detector works best 
just above liquid-helium (4.2 K) temperature. The pre- 
amplifier feedback resistors are selected to provide about a 1 
MHz electrical bandwidth. To reduce the thermal noise of 
the preamplifier stage, the FET amplifier and feedback re- 
sistor are mounted in the detector cryostat along with the 
detector for the InSb and the Ge:Cu detectors. These two 
detectors are blackbody background shot noise limited, and 
benefit from cold apertures cf/3 in each case) and cold filter- 
ing to reduce the blackbody photon noise. 

The detection system in Fig. 1 includes a chopper (C) 
and lock-in amplifier or a Textronix 7D20 digital oscillo- 
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scope (OSC), which is connected to an HP computer via an 
HPIB interface. To search for PIRSH’s, the storage scope is 
used first to perform spectroscopy in real time by modulat- 
ing the diode laser current and displaying and averaging the 
detected power spectrum. Sample absorptions are identified 
by moving the sample in and out of the laser beam. Then, a 
hole growth curve is obtained by tuning the diode laser into a 
spectral feature and fixing the current. The temporal be- 
havior of the transmitted power is obtained by chopping the 
transmitted beam, and lock-in detecting with an effective 
narrow passband about the chopper frequency. The lock-in 
signal amplitude is displayed on a chart recorder. If a persis- 
tent spectral change is detected, the chopper is stopped and 
the diode laser current is once again modulated to record a 
new power spectrum. Comparing the two powerspectra re- 
veals the shape of the PIRSH. 

C. Simultaneous hole burning and interferometry 

Figure 2 shows, from a top view, how the diode laser 
optics are combined with a Bomem interferometer and a 
liquid-helium cooled sample to perform combined diode la- 
ser hole burning and high-resolution IR Fourier transform 
spectroscopy (FTS) experiments. For experiments where 
the IR vibrational mode to be hole burned is well separated 
in frequency from other vibrational modes, the monochro- 
mator is not necessary to filter out the multiple modes of the 
diode laser, since spectroscopy is not being performed with 
the diode laser. In experiments where there is a possibility of 

l/l CL 

DET 

B 

MON 8 

PIG. 2. Experimental setup for simultaneous hole burning and high-resolu- 
tion spectroscopy with an IR interferometer. The optics at the level of the 
sample chamber are shown. Diode laser DL and helium-neon HeNe beams 
are combined with a NaCl beam splitter. A quarter wave plate Q and polar- 
izer Pare used to orient the diode laser polarization at any angle. Tuning the 
diode laser is performed while temporarily diverting the diode laser beam 
into the monochromator M. A Janis supervaritemp cryostat J is inserted 
into the Bomem interferometer B. The sample is positioned in the Bomem 
beam, which passes from right to left in the figure, and then the diode laser 
beam is focused near the sample. The interferometer detector DET is a 
Ge:Cu photodetector. Hole burning progress is monitored with a HgCdTe 
detector MON. 
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(a> 

(a) 

FIG. 3. Sample holder designs for simultaneous spectroscopy and hole 
burning. In both (a) and (b), the diode laser and interferometer beams 
probe the sample at a right angle. Foil masks insure that diode laser light 
only passes through the portion of the sample probed by the interferometer. 
(a) A single sample is wired over the hole in the slot, and a mask is fastened 
with screws. (b) Rather than make a new holder for each experiment, a 
sample cleaved to any size is masked with foil. 

burning more than one defect mode, for example, in the tun- 
neling fine structure of KChNO;, the monochromator is 
included in the diode laser-beam path before the sample. 

Sample holder design plays an important role in the 
combined PIRSH plus FTS experiments. The chief criterion 
is that the volume of sample that is pumped by the diode 
laser is limited to the volume probed by the interferometer. 
The larger the volume pumped at a given power, the weaker 
the hole that is produced. (See the persistent hole burning 
results for KI:NO; . ) Figure 3 shows the sample holder de- 
signs which trade off potential hole depth for ease in sample 
preparation and cryostat alignment. The sample masks are 
made sufficiently large so that light arriving at either detec- 
tor must come through the sample. 

III. EXPERIMENTAL RESULTS 
A. High-kesolution infrared spectra of NO; in KCI, KBr, 
and KI 

The three internal normal modes of the NO; ion are 
shown schematically in Fig. 4 (a). (The nitrogen atom is in 
the middle, the bond lengths are 1.24 A, and the molecule is 
bent with an angle of about 116” to 120” in the electronic 
ground state.26 ) The vibrational modes consist of the sym- 
metric and antisymmetric stretch modes y1 and V~ and the 
symmetric bending mode v~. In the electronic ground state, 
the stretch modes lie in the 1300 cm- ’ region and the bend- 
ing mode is near 800 cm ‘. 

The vibrational-mode transition-dipole-moment direc- 

FIG. 4. NO; internal vibrational modes and molecule symmetry elements. 
(a)Thethreenormalmodes:v,(A, ) bendingmode ( -8OOcm-‘),v, (A, ) 
symmetric stretch mode (- 1325 cm-‘), and v3 (B, ) antisymmetric 
stretchmode ( - 1275 cm-‘). (b) Thepoint-groupsymmetryofanisotrop- 
ic molecule is determined by its symmetry elements. A C,, symmetry NO; 
molecule (both oxygens the same isotope) has a twofold rotation axis C, 
taken as vertical (v) and two vertical reflection planes o, and 4. A lower 
symmetry C, molecule (two different oxygen isotopes) only has the o;, re- 
flection plane. The principle molecular axes are labeled A, B, and C by the 
convention that the moments of inertia satisfy IA <Is < 1c. 

tions are determined by the symmetry of the molecule.52 The 
point-group symmetry of the bent NO; molecule is C,, 
when the oxygen isotopes are the same, or C, when the oxy- 
gen isotopes are different. The symmetry elements of the C’, 
molecule are shown in Fig. 4(b). The C,, transition dipoles 
lie along the axes labeled A, B, and C. The A, symmetric 
modes Y, and vz have transition-dipole moments that point 
along the B( C,) axis. The V~ antisymmetric stretch mode 
has its transition dipole along the A axis (the O-O axis). 
(The ‘Ye mode belongs to the B, representation. Note that 
depending upon which reflection plane is primed, different 
authors identify V~ with either the B, or the B, representa- 
tion. We will adhere to the former convention.) For the low- 
er-symmetry C, molecules, the transition dipoles are only 
guaranteed by symmetry to lie in the plane of the molecule or 
perpendicular to it. The vibrational-mode transition dipoles 
must lie in the plane of the molecule. Since the oxygen mass 
difference is not large, these moments are probably close to 
the A and B axes, but not in them. The permanent dipole 
moment of the molecule points along the B axis.53 Infrared 
absorption spectra of the three internal vibrational-mode 
fundamentals and the two strongest vibrational combination 
modes for the NO; ion in KCl, KBr, and KI at 1.6 K have 
been measured at 0.03 cm-’ resolution with Bomem and 
Bruker interferometers. 

1. Bending mode (vJ 

A careful examination of the 800 cm - i bending-mode 
region, shown in Fig. 5, reveals that the IR spectrum for the 
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798 a02 806 
Frequency [cm-l) 

810 

FIG. 5. Infrared vz bending-mode absorption spectra of NO; in potassium 
halide single crystals at 1.6 K. The measured concentrations in the three 
sample spectra are (a) KC1 + 0.008 mole % NO;, (b) KBr + 0.016 
mole % NO,, and (c) KI + 0.011 mole % NO;. New spectral features 
are resolved for the sum and difference band tunneling structures in (a) 
KC1 (14,16,16) and (b) KBr (14,16,16). (c) For KI:NO;, no tunneling 
structure is observed. The sharp vz bending mode is unresolved in (c) even 
at 0.03 cm -- ’ resolution (diode laser measurements give a concentration 
dependent full width at half maximum of 0.01 to 0.016 cm - I). Capital let- 
ters A-D mark the frequencies at which persistent hole burning results will 
be referred to later in the text. 

KI host is fundamentally different from that for KC1 or 
KBr. An intricate and rela.ted structure is observed in the 
case of the KC1 and KBr bending modes [Figs. 5 (a) and 
5(b)]. The sharp, pure vibrational vz bending mode (or Q 
transition54 ) is seen near Fig. 5 (a) 802 cm ’ and 5 (b) 797.6 
cm-‘. (Weaker Q lines probably belong to associated impu- 
rity clusters, since they do not have the strong temperature 
dependence of the strongest. Q lines). Broader, temperature- 
dependent sum and difference bands are also present about 
the Q region in Figs. 5 (a) and 5 (b) . The (a) KC1 and (b) 
KBr sum and difference doublet bands closest to the Q band 
appear similar. Earlier infrared studiesz*28 did not reveal 
the detail shown here. In particular, note the asymmetric 
doublets near A and C in the top two panels of Fig. 5, pre- 
viously unresolved and characterized as single broad fea- 
tures. In addition, the higher-frequency sum band has a cor- 
responding difference band that appears between a few K 
and 25 K. The full widths of each of the bands in the vz 
region in freshly cleaved samples of KC1 and KBr are - 0.2 
and - 1.2 cm-‘, respectively. Figure 5 (c) shows the very 
different KI:NO; bending mode marked by D, which is 
sharp, structureless, and occurs at a higher frequency than 
would be extrapolated with increasing lattice constant from 
the spectra in Figs. 5 (a) and 5 (b) . Diode laser spectroscopic 

1250 ’ 
Frequency (cm-‘) 

FIG. 6. Infrared V~ antisymmetric stretch mode absorption spectra of NO; 
in potassium halide single crystals at 1.6 K. (Same samples and identifica- 
tion as used in Fig. 5.) The strongest vibrational absorption feature in each 
panel is the isolated ( 14,16,16) V~ mode with an absorption coefficient max- 
imum far off scale. The lowest-frequency modes at (a) 1262.73 cm ‘, (b) 
1249.75 cm ‘, and (c) 1226.64 cm -’ are for the much less abundant 
(15,16,16) isotope. For KCland KBr, the (14,16,18) V~ mode consistsofa 
doublet at (a) 1269.15 and 1269.37 cm-’ and (b) 1257.08 and 1257.15 
cm-’ ‘. The KI (14,16,18) V~ mode at 1235.40 cm- ’ is a single sharp mode. 
Other lines in these spectra are for impurity clusters involving at least one 
(14,16,16) NO; ion. Capital letters E-H mark the frequencies at which 
persistent hole burning results will be referred to later in the text. 

measurements across this line show that it has a full width at 
half maximum (FWHM) of.O.01 to 0.016 cm- ’ at 1.6K, for 
concentrations of 1O-4-1O-2 mole %., 

2. Antisymmetric stretch mode (vJ L 
The v3 antisymmetric stretch-mode region is shown in 

Fig. 6. A virtual forest of sharp lines with full widths on the 
order of 0.02 to 0.04 cm - ’ are observed for each host crystal 
in Figs. 6 (a), 6 (b ) , and 6 ( c) . They stem from isolated isoto- 
pically shifted NO; defects, and for clusters of defects in- 
volving at least one NO; ion. The exceptionally strong 
modes on the high-frequency end of each spectrum at Figs. 
6(a) 1288.75,6(b) 1275.58, and 6(c) 1252.03 cm-’ are the 
abundant (14,16,16) isotopic NO; defect V~ modes. Since 
the ( 14,16,16) V~ mode is several hundred times stronger 
than other NO; vibrational modes, a large number. of lines 
belonging to lower concentration species can also be ob- 
served. Figure 6 emphasizes the V~ absorptions produced by 
other less abundant isotopes and defect pairs in lower con- 
centration than the abundant ( 14,16,16) defect. Many of the 
lines have been identified .with defect pairs involving 
NO; :NO; (Refs. 3 1 and 32) molecules on near-neighbor 

J. Chem. Phys., Vol. 95, No. 12,15 December 1991 Downloaded 13 Sep 2001 to 128.84.241.117. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Ambrose, Sethna, and Sievers: Infrared spectral hole burning of NO; 

-i 
E 0 0 

5 
:E 2 
2s 
8 
” 

s 
.z 
20 
:: a 
Q 

2 

0 

(b) 

I I 
A 

7 300 1350 
j 
1400 

Frequency (cm-‘) 

FIG. 7. Infrared Y, symmetric stretch-mode absorption spectra of NO; in 
potassium halide single crystals at 1.6 K. (Same samples and identification 
as used in Fig. 5). The Y, symmetric stretch mode in the 1300 to 1330 cm- ’ 
region is within the combination spectrum of the y plus host phonon 
modes. (The strong v3 stretch modes for isotopes of the NO; nitrate ion are 
also observed in the 1340 to 1400 cm ’ region.) For each host, the NO;. Y, 
modes have strikingly different mode widths and shapes. The peak frequen- 
cies are (a) 1325 cm-‘, (b) 1317 cm-‘, and (c) 1308 cm-‘. Additional 
lines for KI:NG; near 1330 cm- ’ are phonon-gap-mode V, sidebands. Ca- 
pital letters E-I mark the frequencies at which persistent hole burning re- 
sults will be referred to later in the text 

anion sites. The two lowest-frequency v3 modes [e.g., E and 
Fin Fig. 6(b)] belong to the isolated (15,16,16) and the 
( 14,16,18) isotopic species with relative natural abundances 
of 0.37% and 0.41%, respectively.z6~28 Notice that the tun- 
neling structure coupled to the Q (A r ) mode in Fig. 5 is not 
seen in the region of the v:, (B, ) mode in KC1 and KBr in 
Fig. 6.26 

3. Symmetric stretch mode (v,) 
The Y, (A, ) symmetric stretch-mode region ( 1300 to 

1350 cm-‘) in Fig. 7 contains broad features for all three 
hosts. The sharp lines at lower frequencies are the same as 
those shown in Fig. 6. The symmetric stretch mode shows 
somewhat more structure in KC1 and KBr than it does in KI 
[the region labeled lin Fig. 7 (c) 1, a result somewhat similar 
to that observed for the V~ symmetric bending mode in Fig. 
5. The tunneling-vibrational fine structure observed in the 
y1 mode in KC1 and KBr shows widths ranging between 1.3 
to 3.5 cm - ‘. This result should be compared to the 0.2 and 
1.2 cm- ’ widths observed for the v2 mode. The y1 mode of 
NO; in KI has an isotope-dependent asymmetric shape 
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FIG. 8. Infrared [ vl + V~ ] vibrational combination mode absorption spec- 
tra of NO; in potassium halide single crystals at 1.6 K. (Same samples and 
identification as used in Fig. 5. ) The sharp ( 14,16,16) [ y + V~ ] combina- 
tion modes (with linewidths 0.06 to 0.07 cm - ’ FWHM) are at (a) 2078.85 
cm ... ’ in KCl, (b) 2060.93 cm-. ’ in KBr, and (c) 2044.86 cm“ ’ in KI. 
Additional lines seen in these spectra probably belong to (a) the 
KCI:‘“B’r’O~ V~ mode (2046.52 cm - ’ ) and (b) the KI:NO; nitrate defect 
[v3 + v.+] mode (2076.31 cm-‘). 

I 

50 
Frequency (cm-l) 

FIG. 9. Infrared [ v, + V~ ] vibrational combination mode absorption spec- 
tra of NO; in potassium halide single crystals at 1.6 K. (Same samples and 
identification as used in Fig. 5.) The structure in the 2500 to 2650 cm -’ 
region in each panel has been assigned to the NO; [Y, + or ] combination 
mode. 
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with a broad width of - 3 cm - ‘. KLNO; also has relatively 
sharp side band modes near 1330 cm - ’ that previously have 
been identified as combinations of vs + gap modes.26 The 
strong sharp absorption line in the 1370 to 1400 cm - ’ region 
is due to the 4 mode of the NO; nitrate ion.‘4*26*28~‘5 

4. Overtone region 

Figure 8 presents the spectra for the [ vz + vg ] (B, ) 
overtone region from 2020 to 2100 cm- ‘. This mode con- 
sists of a single sharp vibrational line with a FWHM of 0.06 
to 0.07 cm-’ in all three hosts crystals. Again, note that the 
tunneling structure which is coupled to the A, internal 
modes is not observed for this B, mode frequency either for 
KC1 or KBr?6 

The 2500 to 2650 cm _ ’ overtone region, shown in Fig. 
9, contains the NO; [ y1 + vs ] (B, ) combination mode. 
Little is actually known about the different structure shown 
in each of the panels, but it may involve tunneling motion in 
Figs. 9(a) KC1 and 9(b) KBr or resonances with phonon 
side bands in combination with the much weaker 2v, modes 
[which should occur near Figs. 9(a) -2570 cm-‘, 9(b) 
-2550cm-‘,and9(c) -25OOcm-‘1. 

5. Dislocation induced changes 

While making high-resolution measurements in the 
bending-mode region it was observed that the widths of the 
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FIG. 10. Dependence of the KChNO; v2 absorption spectrum on disloca- 
tion defect density at 1.5 K. Samples were hot forged to produce permanent 
plastic deformations with strains - AZ/l from 0 to 16%. At 1.5 K, these 
reorientational tunneling-vibrational combination modes broaden and the 
doublet peaks separate with strain. Notice that the absorption notch posi- 
tions between the doublet8 at 799.93 and 804.25 cm - ’ do not move to with- 
in & 0.02 cm -.. ’ . 
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tunneling sideband doublet structures in the KCl:NO; and 
KBr:NO; vz regions resolved in Figs. 5 (a) and 5 (b) de- 
pend on the sample preparation history. Samples that were 
turned down on a lathe showed a broadening of the doublets 
because of the introduction of dislocations into the crystal. 

To further investigate this dislocation broadening effect, 
a series of samples were prepared with different dislocation 
densities. Figure 10 shows the effect upon the NO; vz doub- 
lets centered about 804 and 800 cm i of dislocations intro- 
duced into KC1 crystals during forge hardening at 100 “C. 
The final uniaxial pressures obtained during this process 
were between 300 and 800 atm producing permanent plastic 
deformations with strains - AZ /I from 0% to 16%. Figure 
10 shows that the peaks broaden and the peak frequencies of 
the doublets move apart with increased dislocation density; 
however, the V-notch minima between the peaks does not fill 
in. Instead, the absorption band still retains sharp minima 
positioned at 799.93 and 804.25 cm-‘. These V-notch fre- 
quencies are found to remain fixed to within an accuracy of 
f 0.02 cm ‘. Such insensitivity to sample strains has 

turned out to make the notch a useful marker of the doublet 
position. 

6. Summary of mode frequencies 

The frequencies of the vibrational modes of NO; ions in 
KCl, KBr, and KI at 1.6 K are listed in Table II. Most of the 
frequencies are selected at mode peaks, but the frequencies in 
parentheses are the absorption notch positions. The lowest 
sideband frequencies listed for v2 and v, in Table II for KC1 
and KBr are observed for temperatures on the order of a few 
K to 25 K. All Y) modes have a single sharp absorption line, 
except for the lower symmetry (14,16,18) isotope in KC1 
and KBr. Here, the transition dipole moment does not lie 
along the O-O axis, and a sharp doublet is resolved that may 
be a coupling of the v3 mode to the reorientational tunneling 
modes for this isotope. The v, mode for KI:NO; is a single 
broad asymmetric feature for the C,, symmetry molecules. 
However, for the lower C, symmetry ( 14,16,18) isotopic 
molecule, an 8 cm- ’ doublet is observed. The lower symme- 
try of the (14,16,18) molecule allows both components of 
the vi doublet observed in Raman scattering for the 
(14,16,16) C,, symmetric molecule to become infrared ac- 
tive. 

B. NO; persistent infrared hole burning results 
PIRSH burning has been attempted in all of the isolated 

NO; defect vibrational-mode fundamentals for some iso- 
topic combination in KCl, KBr, and KI, and for the over- 
tone transition ( v2 + vj ) in KC1 and KI. NO; persistent 
spectral hole burning is found to occur in each of these host 
crystals. An identification of modes which showed burning 
and those that did not has been made in Table II where a Y 
(yes) or N (no) superscript has been attached to the appro- 
priate vibrational mode frequency. All attempts at infrared 
hole burning in KI yield some sort of persistent spectral 
change for sufficiently high intensity. As seen in Table II, not 
all NO; infrared modes in KC1 and KBr could be hole 
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TABLE II. Vibrational-mode frequencies (in cm - ‘) for NO; defects in crystals at 1.6 K. We find that PIRSH burning is possible in modes labeled with a Y. 
An absence of PIRSH burning is noted for modes labeled with an N. P, Q, and R are fine structure labels for the vz and Y, vibrational modes. 

Host 
crystal 

KC1 

KBr 

KI 

Defect 
isotope 

(14,16,16) 

(14,16,18) 

(15,16,16) 
(14,16,16) 

(14,16,18) 

(15,16,16) 
(14,16,16) 

(14,16,18) 

Vibrational mode 
-~ 

V2 3 Vl (vz i-v,) (VI +v,) 

796.43P(2) 1288.75 1320.0 2078.85N 2562.5 
799.76yP( l-) 2576.2 
(799.93)P( 1) 1323.77 2583.3 
8OO.ll’P(l+~) ,- 2592.16 
802. 10y Q 1325.7’ 2608.7 
804.08YR(O-. l-) 
(804.25)R(O-e 1) 1 327.9N 
804.40YR(O+ l+) 
808.15” R( 1) 1330.70r.J ._. 

1269.15y 
1269.37v 
1262.73y 

793.45P(2) 1275.5gy 1312.9 2060.93 2548.2 
795.67P( l-) 2567.95 
(795.9O)P( 1) 1315.5 
796.25P( l+) 
797.51 Q 
797.61v Q 1316.9 
798.91 R(O-.l-) 
(799.20)R(O+ 1) 1318.42N 
799.45*R(O- 1’) 
801.7gN R( 1) 1321.05 

1257.08’ r. 
1257.15’ 
1249.75y 

804.85y 1252.03y 1308.0y . 2044.86y 2530.4 
2540.63 
2549.95 
2566.53 

785.90y 1235.40y 1292.2 2009.90 2449.74 
1300.2 2506.84 

2516.67 

(15,16,16) i!99.93y 1226.64’ 
2530.68 

(14,18,18) 766.65' 1225.96 1272.3 1981.12 2473.13 
2488.62 
2494.23 
2512.91 

(15,16,18) 1209.60 
(15,18,18) 1199.90 

“This Q branch is revealed under uniaxial stress. 

burned using the maximum intensity provided by our diode 
lasers. 

1. KI:NO; hole burning 
Figure 11 shows the PIRSH burning effects that can be 

produced with a low-power diode laser in the single narrow 
line associated with the vZ (A, ) infrared bending mode of 
NO; at 804.85 cm - 1.44 Figure 11 (a) shows the unaltered 
absorption band as measured in transmission by tuning the 
attenuated laser frequency through a few GHz about the line 
center. To burn a hole, the laser frequency is returned to the 
center of the absorption band and then held fixed. At the 
highest intensities used (25 m W /cm’) the absorption at the 
laser frequency decreases to zero in about 10 s. In the dark 
(beam blocked), this absorption hole decays roughly expon- 
entially with a decay time of T  = 50 m in at ‘1.5 K. Placing 

cold interference filters on the sample so that broad band 
blackbody thermal radiation from the room can only excite 
the ‘v2 bending mode does not alter the hole decay time. 

The persistent hole shown in Fig. 11 (b) is 200 MHz 
wide because it is essentially 100% deep. Holes as narrow as 
37 MHz have been burned in this band in the low intensity, 
short burn time lim it. The combination of the total integrat- 
ed absorption strength of the bending mode, the concentra- 
tion of defects, and the homogeneous linewidth found 
through hole burning gives a lower lim it on the V~ mode 
peak cross section (T = 2.1 x 10 - I6 cm’. 

Since the dipole moment of this bending mode is parallel 
to the permanent dipole moment of the symmetric molecule, 
it has been possible, by studying the polarization properties 
of the persistent holes, to determine that for this host, the O- 
0 axis of this molecule is directed along the ( 110) crystal 
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Frequency (MHZ) 

FIG. 11. Demonstration of PIRSH production for the va mode in KI:NO; . 
An example of a persistent hole burned in the 804.85 cm- ’ infrared bend- 
ing-mode absorption of KI + 0.000 11 mole % NO; tit 1.5 K. The spec- 
trum is shown (a) before and (b) after hole burning. Note that 37% of the 
absorption strength removed at the laser burn frequency has appeared in the 
wings in the same polarization. This absorption line is marked with a D in 
Fig. 5 (after Ref. 44). 

axes and the permanent dipole moment of the molecule is 
oriented along the (100) crystal axes.44*45 

At 1.5 K the quantum efficiency 17 for burning a hole is 
found from the initial slope of a transmission growth curve 
and the peak cross section to be q=: lo-‘. In other words, 
roughly 1 in 100 absorbed photons per defect causes an NO; 
molecule with mode centered at the laser frequency to be 
hole burned. 

It is observed that 100% deep holes are only possible 
within a certain range of laser intensity and sample tempera- 
ture. Holes burned with an intensity of 0.2 mW/cm’ are only 

1.0, ------ 

0 1 2 3 4 5 6 7 
Temperature (K) 

FIG. 12. Temperature dependence of the asymptotic hole depth for the v, 
mode in KI:NO;. At an intensity of 0.2 mW/cmz and temperature of 1.5 
K, an initial KI:NOc ~5 absorbance of a,Z = 1.0 (I = 0.079 cm) is burned 
away to an equilibrium hole depth of - As/a,, = 0.8. The asymptotic hole 
depth at higher temperatures remains roughly constant up to about 5 K and 
then decreases rapidly between 5 and 7 K. No hole burning is observed 
above 8 K. 

burned 80% deep (for I = 0.079 cm and aoZ = 1 .O>, and no 
detectable hole is burned with an intensity less than 2 
,uW/cm’ at 1.5 K. 44 In other words, there is a minimum 
intensity below which the long time hole depth decreases. 

The temperature dependence of the hole depth for the 
bending mode is shown in Fig. 12. The asymptotic equilibri- 
um hole depth at an intensity of 0.2 mW/cm’ is roughly 
constant up to 5 K, and then decreases as the temperature is 
raised to 7 K. The hole relaxation time also decreases with 
increasing temperature above 5 K. Detectable holes are not 
produced above 8 K, and holes burned at lower tempera- 
tures are rapidly erased by warming the crystal above 8 K. 
Clearly, this type of vibrational hole burning is a low tem- 
perature effect. 

Persistent changes can also be produced in the higher 
frequency Ye mode and also in the [ v2 + vS ] combination 
band with different diode lasers. Figure 13 compares the 
spectrum for the wing of the strongly absorbing asymmetric 
v3 mode as measured by Fig. 13 (a) an FT interferometer 
and Fig. 13 (b) a diode laser. The interferometer barely re- 
solves the collection of closely spaced lines which are identi- 
fied by the letter Hin Figs. 6 and 7. The lines appear resolved 
in the diode laser scan. 

Locating the same absorption wing with the diode laser 
as with the interferometer is accomplished by first coarse 
temperature tuning the diode laser and coarse filtering the 
laser with a monochromator for rough frequency calibra- 
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FIG. 13. Example of a PIRSH produced in the low-frequency wing of the 
KI ( 14,16,16) v3 absorption band. Transmission spectra taken with (a) an 
interferometer (0.03 cm - ’ resolution) and (b) a diode laser are compared 
for the low-frequency wing ofthe very strongly absorbing vs band centered 
at 1252.03 cm- ‘. In (b), two traces are shown, one before and one after a 
hole is burned at 125 1.83 cm - ‘. This region is identified with an Hin Figs. 6 
and 7. The sample is a 0.079 cm thick slab of KI + 0.02 mole % NO; at a 
temperature of 1.6 K. 
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tion. Fine-frequency identification is performed by compar- 
ing the observed diode laser spectrum with the previously 
recorded interferometer spectrum. 

To burn the hole shown in Fig. 13 (b) the diode frequen- 
cy is fixed near 125 1.83 cm - I for a few tens of seconds. The 
recording of a second diode laser spectrum reveals a deep 
absorption hole at the laser burn frequency. In this example, 
the hole is saturation broadened. PIRSH’s can be produced 
anywhere in the wings of this strong (14,16,16) isotopic 
NO; V~ pair mode region. Burning holes in the low-intensi- 
ty short burn time limit produces holes of 60 MHz width. 
The sharp higher-frequency [ vZ + Ye ] combination band 
gives PIRSH’s with a width of 500 MHz (FWHM) . These 
hole widths are qualitatively similar to those observed for 
other vibrational defects ( 10 MHz for ReO; and 50 MHz-to 
500 MHz for CN- in alkali halide crystals) i56 

A different kind of persistent effect is shown in Fig. 14 
where burning anywhere in the broad y1 symmetric stretch 
mode alters the entire band, in contrast to the narrow holes 
found for the narrow vZ and V~ modesThe sample transmis- 
sion in the y1 mode region is observed to increase over a few 
minutes period when the diode laser frequency is held’any- 
where within the triangular shaped absorption band. Sweep- 
ing the diode laser frequency over its maximum current tun- 
ing range of about 0.6 cm - i after the sample transmission 
has increased, does not reveal a persistent hole, hence, the 

1300 1310 
Frequency (cm-‘) 

1320 

FIG. 14. The very broad persistent spectral change produced in the 
KI:NO; Y, symmetric stretch mode region. (a) The absorption coefficient 
for KI + 0.011 mole % NO; taken with an interferometer (0.03 cm - ’ res- 
olution) at 1.6 K. This mode is identified by an Tin Fig. 7. (b) The change in 
absorption coefficient Aa (resolution 0.25 cm - ’ ) that is produced with di- 
ode laser light at 1307.2 cm - ’ with laser polarization along a [ lOO] crystal 
axis, perpendicular to the unpolarized interferometer beam axis. Burning 
with the diode laser frequency down on the wing at 1304.2 cm-’ or above 
the peak at 1308.7 cm- ’ produces a similar change. 
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persistent absorption change is much larger than 0.6 cm- ’ 
in width. Exposing a large volume of the sample to diode 
laser light with the laser frequency held fixed within the y1 
mode for about a half hour produces a spectral change which 
can be measured with the interferometer: The entire 3 cm- ’ 
(90 GHz) wide triangular shaped y1 band decreases uni- 
formly in strength, as illustrated in Fig. 14 (b ) . This result is 
in marked contrast with the narrow holes produced in the 
v?, v~, or [v2 + v3 ] bands. 

To insure that spectral diffusion among the defects is 
not responsible for the apparently broad Y, mode change 
during the hole burning process, we have probed the polar- 
ization properties of the absorption change. Ifthe very broad 
spectral change is due to rapid energy transfer occurring on a 
time scale much shorter than the hole burning in an inhomo- 
geneous band, then the change should appear unpolarized in 
a cubic crystal. However, it is observed that burning this y1 
mode with the laser beam polarized in a [ 1001 crystal direc- 
tion produces a El001 polarized change in absorption. 
Hence, intermolecular vibrational energy transfer is not re- 
sponsible for the change in the entire mode strength of Fig. 
14. Our conclusion is that this unusually shaped band is ho- 
mogeneously broadened. 

2. Hole burning attempts on vlr v3, and [ v2 + v3 ] 
in KBr:NO,- and KCkNO; 

Similar persistent burning effects have been found for 
both KC1 and KBr host crystals. In contrast with the 
KI:NO; data reported in the preceding subsection no hole 
burning has been detected for the broad Y, modes and for the 
[ V~ + V~ ] combination band at an intensity of 25 mW/cm2. 
However, persistent effects have been observed for the sharp 
V~ stretch mode and these are presented here. 

PIRSH’s can be produced in the V~ modes of the 
(14,16,16;), (15,16,16), and (14,16,16), NO; isotopic de- 
fects in KBr. Burning has been carried out at the three fre- 
quencies labeled E, F, and Gin Figs. 6 and 7. Figure 15 shows 
that persistent holes are produced in the V~ mode with full 
widths at half maxima of 300 to 400 MHz. In Fig. 15 (a), a 
hole burned on the low-frequency wing of the KBr:NO; ‘v3 
mode, labeled 0 GHz (at position G in Figs. 6 and 7) pro- 
duces an antihole located at lower frequency ( -3 GHz) 
than the hole. As previously noted for KI:NO; , the wing of 
the abundant ( 14,16,16) isotope V~ band is composed of 
many individual lines, probably associated with different 
types of defect clusters. Burning a hole in one of these lines 
causes an antihole line to appear at a particular frequency 
shifted from the hole. This finding is similar to that previous- 
ly observed for CN- impurity clusters in KBr.57V58 

The spectra shown in Fig. 15 (b) indicate that the lower 
symmetry ( 14,16,18 ) V~ mode produces a doublet structure. 
The hole burned at 0 GHz (at position Fin Figs. 6 and 7) 
does not produce a hole in the other component of the doub- 
let shifted by 1.2 GHz. It is observed that holes can be 
burned in either of the components of the doublet with no 
major effect on the other aside from a small increase in the 
strength of the doublet away from the laser burn frequency. 
As in Fig. 15 (c), only weak holes are produced in the v3 
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Detectable persistent holes are not produced with in- 
frared diode lasers in all of the vibrational modes, and an 
explanation is found in terms of a competition between hole 
production and relaxation rates. This competition can be 
characterized by a specific hole burning intensity parameter 
.I$ = hv/va~ [see Rq. ( 10) ] : Below this value the hole re- 
laxation rate overwhelms the hole production rate and holes 
are suppressed. Alternatively, if the product Van is large for 
an arbitrary system because of a strong hole production 
pathway 7, a large peak cross section u (produced, say, by 
narrow mode widths or small effective oscillator mass), or 
by a slow ground-state rela.xation 7, then only small laser 
intensities are needed to burn a detectable hole for a given 
level of detection sensitivity. 

It is found that the inh.dmogeneous broadening in the 
KChNO; vZ tunneling fine structure is dominated by de- 
generate rotor level splitting produced by weak random 
strains in the crystalline lattice. An important clue for this 
identification was the observation of multiple persistent 
satellite holes. Additional spectroscopic measurements on 
this v2 band with temperature, plastic deformation, and un- 
iaxial stress generated a quantitative picture for the tunnel- 
ing level diagram and its behavior with crystal strains. 

A theoretical model demonstrates that the V-shaped 
notches in the inhomogeneous broadened ark reorientational 
tunneling-vibrational absorption bands for NO, in KC1 and 
KBr appear because of degenerate level splitting by two ran- 
dom strain components in the crystal [Eq. (29) 1. Strain 
perturbation of a degenerate level results in an energy split- 
ting that is the square root of a quadrature sum of strain 
components, rather than a linear sum. The terms in the 
quadrature sum do not change sign, hence, the number of 
strain combinations resulting in a specific splitting is re- 
stricted. In particular, in smooth distributions of strain com- 
ponents centered about zero strain, there are no centers with 
zero splitting, and the spectrum of splittings rises linearly 
from zero, hence the characteristic V-shaped notch. The 
asymmetry in the peak heights of the v2 doublet straddling 
the V-shaped notch arises from variations in the absorption 
cross section for the K ’ - .K = f 1 one-dimensional rotor 
transitions with lattice straiin. 

We conclude that this unusual V-shaped inhomogen- 
eous broadening with zero strength at zero splitting is a gen- 
eral feature of inhomogeneous line shapes whenever random 
strain splitting of a degenerate level dominates the inhomo- 
geneous broadening. Nondegenerate levels perturbed by 
random crystal strains depend on a linear combination of 
strain components” so that a Gaussian distribution of 
strains produces a Gaussian absorption profile with its peak 
at zero net energy shift. In contrast, random strain splittings 
of the degenerate levels of the 1D rotor system result in the 
non-Gaussian shape shown in Fig. 28, which has a minimum 
rather than a peak at zero splitting. 

Persistent IR spectral holes have now been observed for 
three different symmetry molecules in alkali halide crystals 
at low temperatures: a spherical top56*63,67ag (ReG; ), a di- 
atomic with a near-neighbor impurity5~s8 (i.e., CN - :Na + 
), and a bent triatomicw6 (NO; ), the subject of this pa- 
per. It is observed that each system has its own unique hole 

burning traits. This high-resolution technique is powerful 
when it works but not all molecules show this persistent ef- 
fect; for example, no PIRSH’s are found for NCO- , CN- , 
or CN- pairs.56,58 

The likelihood of producing PIRSH’s can be parame- 
trized in terms of the product of three quantities: 7 the hole 
burning efficiency, fl the cross section, and 7 the relaxation 
time back to the ground state. One method for maximizing 
the product GUT in molecular PIRSH burning studies may 
be to focus on the different barriers to reorientation in differ- 
ent hosts. Some information on the influence of the reorien- 
tational barrier height on PIRSH burning is available from 
CN - :Na + and NC0 -. hole burning studies in KBr,57*58 
two systems which display a single sharp spectral line near 
2 100 cm - ’ at low temperatures. To account for the absence 
of PIRSH’s in the NCO- lattice system, a large barrier, 
hence, a very small 7, must be invoked. For CN - :Na + com- 
plexes, which do show PIRSH’s, the barrier to reorientation 
is also large ( 1040 cm - ’ ), which presumably also gives the 
low p-low6 observed for this defect. However, for 
CN- :Na + , this large barrier produces a very long PIRSH 
lifetime at 1.7 K. Absence of hole decay by other processes, 
such as tunneling, makes this combination PIRSH burnable 
at very small intensities. Why the same reasoning does not 
apply to the NCO- lattice system is not yet clear. Perhaps 
the modes of this molecule-lattice system are lifetime 
broadened, for some reason, so that spectral holes are not 
possible. 

One way to extend the present work would be to ex- 
amine the PIRSH burning of molecular defects in the sodi- 
um halides. Thermally stimulated depolarization data for 
NO, doped sodium halides,“j suggests that the barriers to 
molecule reorientation are several times larger than for the 
potassium salts. If hole decay is also smaller, then PIRSH’s 
should be readily produced with a smaller single mode diode 
laser intensity than was required in the potassium halides. A 
reduced intensity requirement for the single mode pump is 
crucial if a complete high resolution PIRSH study is to be 
attempted for the different internal modes, sidebands and 
combination bands using combined diode laser pump and 
high-resolution IR interferometer probe beams. 
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