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FOREWORD

The work described in this report was conducted ander Project 1WS62603A065, Flame,
[ncendiary, and Smoke Technology. The work was started in June and completed in July 1971,
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reproduce this document for United States Government purposes.

Acknowledgment

The author gratefully acknowledges the assistance of T. W. Crimmins, who prepared the
computer prograin which was used to calculate the spectra at T # 0°K,

3




DIGEST

Absorption and emission spectra of impuriiies in solids are calculated guantum
mechanically; the lattice-impurity interaction is introduced by a config,uration coordirate model.

A md Awalbad Abnba~ AP0,
When the vihraiinnal '"""'g'" nf tha Bround and SHCICA statcs aificr, the dpeciia are near Nl

images at 0°K and virtually identical well above 0°K. The spacing of the emission transitions differs
from that of the absorption transitions and the intensities are equal to those of the absorption
spectrum at an effective temperature that involves the ratio of the excited state vibrational energy
and the ground state vibrational energy.
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SYMMETRY OF ABSORPTION AND EMISSION BAND SHAPES OF IMPURITIES IN SOLIDS

The absorption and emission spectra of an impurity in a solid consist of purely clectronic
transitions (zerc phonon transitions. or those producing no change in the vibrational staic of the
Jattice) and electronic transitions that occur simultaneously with changes in the vibrational state of
the lattice (phonon assisted transitions).!> At very low temperatures, the 2mission spectrum ot the
impurity can be regarded as the mirror image of the absorption spectrum. Using this aspect of the
spectra, zero phonon transitions have beer ideniified from ainong phonon assisted transitionsd S
The present article concerns the extent to which this mirror symmetry of the spectra occurs.

The impurity system is trcated quantums mechanically by a configuration coordinate
model in which the ground and excited states are harmonic oscillators having different vibrational
frequencies. The minimum of the excited state is displaced from that of the ground state by the
energy Egq and the configuration coordinatc q¢. Matrix elements for transitions between vibrational
levels of the ground and excited states have been derived.® For simplicity, the model considered
here is for small qq, a situation which appears to be applicable to at least one impurity system
observed experimentally.* Within the harmunic approximation, the matrix elements for transitions
in this system’ have been combined with appropriate Boltzmann factors to give the absorption
spectrurn:’

PET)=C< ¢ ler 142 E ; E; [2¢/R(M/(1+R) (i1)]

i=0 =0
\ 2 6 ~1
(i- /2 . }
[ (i-7)0/T \
p(im/z[z\/il(uk)] 5 e(i-9)0/T {
j=
BIE - Eg - 5(R - Dhw; - (R - Digy]. (M)

* Kelley, C. S., and Willams, ¥, E. The Near Infrared Optical Absorption of Zn8: Cr. Submitted for publication in Physical Review
(Soptember 1971).

1 Kelley, C. 8., aud Williams, .2, Phys. Rev. B2, 3 (1970).

2 Williams, F. E. 1. Chem. Piips. 19, 457 (1951).

3 Vallin, J. T., Slack, G. A., Roberts, S., and Hughes, & E. Phys. Rev. B2,4313 (1970).
4 Ham, F. 8., and Slack, G. A. Phys. Rev. B4, 777 (1971).

5 Slack, G. A.,und O'Meara, B. M. Phys. Rev. 163, 335 (1967).

6 Kell, . H. Phys. Rev. /40, A601 (1965).

7 . - S
Kelley, C. 8. EATR 4426. A Simplificd Expression for Oscillator Strengths of Transitions Between Different Quadratic Modes
of a Configuration Coordinkte Model. August 1970. UNCLASSIFIED Report.
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The [H()h.lh lity of absorption at the energy Eand temperature T is Py (11.T), where C is o constant
anmd \¢>|u 19> is the matrix element of the electronic dipole transition. The ratio of the excited
state oscillator frequency aop to that of the ground state wjis R: {and i are the quantum numbers of
the exeited and gronmad <tates The functione I’fy‘ (xy are the associated Teeendre polvnomials. The
delta functions indicate the location of the transitions, and the factors preceding them are the
transition intensities, The selection rale fee the transitions is that i+ must be cven.

Bevause the wavefunctions are real, the matrix clements for emission are the same as
those for absorption. Using the Boltzmann factor appropriate to the excited state, the probability

()l cmlssmn 15
PAEN) = C< ¢ lorlp >3 E - E [2J/R(IMD /(1 +R) (D]
=0 f=0

o0

- i N )
[p:;;m%m\/ﬁ/(l + R)JJ ﬁ E at '"J)R()/T(
BIE ~1ig -5(R= Dhoo=(RI=Dheo]. ()

16 will be seen from equeations 1 and 2 that the absorption and emission spectra are quite simitar,
The ditferences oceur in: (1) the Boltzmann factors and (2) the spacings of the transitions,

The expressions for Pg and Pe at T = 0°K simplity to

oo
- ' . 2m
B(E, 0°K) = C<plir >2 YR m)! f1-R
(L+R) 4meyn2\ 1 +R
m =
§[F - B,y - CRhwpm 1.
and
» 3T ) i ; 2
PG OTK) = C<olor 19>2 2V 1 O k)
(] + R) 4“(1’1!)2 | +R
n=0

BLE - Lyt (2hopn],

where m = 21 n= 2i, and both can assume all positive integer values, the energy B p ™ I ()+--(R - Dhey
locates the zero phonon transition,
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The avsorption and emission spectraat 0 0K fm 09 mon < 8 ATCsUpErpose din fyrure

for the case ()l R =13 The (mlm.llc is "’H()Ia = log| I /( < | ot I(fz = and lorg g l‘(_ RGN

I’/(*< ) lor lp >STome abscissa is (15 - ) [2hew; The .|hsmph(m spectrim, denoted it consisis of

llm% transitions on the high cnergy ,u(u ol (.mrl including) the O = 0 (ransition. The emission
spectrum. denoted £+ i consists of those transitions on the 'ow energv side of Gind inetading) the 0 < 0
transition. The intensitics of corresponding absorption and emission lines are cqual, o consequence ol
T =0°K. The zero phonon transition is ¢::mmon 0 both spreirg and oceass at the overlap of the spectra,
The mirror symimetry of the absorption and emission spectra is marred only by (he spacing of the
trensitions, The spacing of the absorption transitions is 1.3 times that of the emission transitions, and,
in general, at T = 0°K, the ratio of the spacing of absorption transitions to the spacing of emission
transitions is R,

This mirror symmetry is altered when '1'# 0°K, as demonstrated in figures 2 and 3. These and
subsequent figures were oblained through (.lluxl..hon(‘i Lqu.llmns Land 2 by computer. 'The abscissas
in these flgures are RE-: the ordinates are cither l’ or i’ As indicated by the figures, the dominant
transitions at ‘T = @ are for i«={ = i, There is ro mnmr symmetry, and the only difference in the
absorption and emission speetra 18 that the emissfon spectrum may be regarded as the absorption
spectrura at an effective tc.mm:rulurc’]‘c“-= T/R (refer to the Boltznann factors in eqpruations 1 and 2).
Absorption and emission spectra al T= 110 are shown in figures 4 and S and also illustrate i his point,

The transition intensities cluster into groups charscterized by i= 1142k, wherek =0,1,2,...
(see Figures 2 through § and cspecially tigures 4 and 57, The intensity of u particular mmmtum is a
balanwe Letween the overlap of the gronnd state and excited o+ ¢ wavelunetions (... o small k
produces a large overlap? and the Boltzmann factor (for absorption spectra at o speeific temperature T,
a smalli produces 4 large line intensity ). Because the most intense lincsat T'>> 0°K are those for which
i={, the transition intensity is more highly dependent on k than on the Boltzmann factor.

The above statements regarding the lack of mirror symmetry are unchanged it R < 1 that is,
if the excifed state vibrational levels are more closely spaced ihan dose of the ground state. For R« 1,
the spectra uppear to be rotuted sbout the zero phonon transition from the R > 1 spectra, the
intensitios and spacings of the transitions reflecting the change in R. This rotation of the spectra is du»
o the factor (Rf-Dhew; in the delta functions of equations | and 2. For both R > | and R < 1, the
spectra display clustering by k values. For R = 1, both the absorption and enission speetra consist of a
single delta function focuted st E = Y. This oceurs because the only transitions are fromito =1

From the absorption (or emission) spectrum at T =07 K|, the separation in energy of the zero
and dirst phonon assisted transitions, Rhwi, and the ratio of their intensities, (1 - RY2/2(1 + R)?, cun he
used to determine R and w; and thereby wy.
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Figure 1. Absotption {i = f} and Emission (i « f) Spectra at 0°K, IHustrating
the Near Mirrer Symmetry of the Spectia
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Figure 2. Absorption Spectrum at T=8forR = 1.3
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