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Absorption and emission spectra are calculated for impurities that interact with the lattice
by a quadratic mode, With different vibrational energies for the ground and excited states,
the spectra are near mirror images at T =0, and virtually identical well above T =0. The
emission line spacing differs from that of the absorption lines, and the high-temperature
emission spectrum is identical with the absorption spectrum at an effective temperature that
involves the ratio of the excited-state and ground-state vibrational energies. This ratio can
be found from the peak intensities of the high-temperature absorption and emission spectra.

The absorption and emission spectra of an im-
purity in a solid contain lines due to purely elec-
tronic transitions (zero-phonon transitions, or
those producing no change in the vibrational state
of the lattice) and electronic transitions that are
accompanied by changes in the vibrational state
of the lattice (phonon-assisted transitions). t s At

very low temperatures, the electronic transitions
are accompanied only by phonon emission, and the
emission spectrum is very near the mirror
image of the absorption spectrum, as rotated
about the zero-phonon line. Using this aspect of
the spectra, zero-phonon lines can be identified
from phonon-assisted bands. ' The present arti-
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Because the wave functions are real, the ma-
trix elements for emission are the same as those
for absorption. Using the thermal population fac-
tor appropriate to the excited state, the probability
of emission zs
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FIG. 1. Absorption (solid line) and emission (dotted
line) line shapes for R =0.72 at T =3&. The half-width
of the emission band is greater than that of the absorp-
tion band, a consequence of R &1.

cle concerns the extent to which this mirror sym-
metry of the spectra occurs.

The impurity is treated quantum mechanically
as a single-mode system in which the ground- and
excited-states are harmonic oscillators having
diff erent vibrational frequencies. The minimum
of the excited-state potential-energy curve in con-
figuration coordinate space is displaced from that
of the ground state by the energy Eo and the con-
figuration coordinate qo. Matrix elements for
transitions between vibrational levels of the ground
and excited states have been derived for cases in
which qo is either finite or zero. The model con-
sidered here is for small qo, a situation applicable
to impurity centers located at sites of inversion
symmetry. Within the harmonic and adiabatic
approximations, matrix elements for optical tran-
sitions are combined with appropriate thermal
population factors to give the normalized absorp-
tion spec trum

PI (E Zl) a( I ) (I -8/r)
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L~l y &i 23vR -( ire( .j 2

(i+f )/2I yf 0 Z ~ +

xf[Z-E„- (Rf i)g~] . (1)-
The probability P (E, T) of absorption at energy
E and temperature T is given in terms of the
constant C and the matrix element (P!er!P') of the
electric dipole transition. The ratio of the ex-
cited-state vibrational frequency ~ to that of the
ground state + is R; f and i are the quantum num-
bers of the excited and ground states, and 8=K&v/k.
The functions L,"(x) are associated Legendre poly-
nomials. 5 functions indicate the locations of the
absorptions, and the factors preceding them are
the absorption intensities. The energy E„=ED

and
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where both m =f/2 and n =i/2 can assume all posi-
tive integer values. The absorption spectrum at
T= 0 consists of a series of spikes whose intensi-
ties decrease with increasing energy and which
have a low-energy cutoff at the zero-phonon line.
Conversely, the emission spectrum has a high-
energy cutoff at E„and a low-energy tail. The
intensities of corresponding transitions (e.g. , i
=0-f= 2 in absorption, and f= 0-i = 2 in emission)
are equal, a consequence of T=O. Only the zero-
phonon line is common to both spectra. The mir-
ror symmetry of the spectra is marred only by the
line spacings; the spacing of absorption lines is
8 times that of the emission line spacing. Thus
with R = 1+&, the T = 0 .absorption spectrum is
broader than the emission spectrum for 4& 0,
narrower for && 0.

This near mirror symmetry is altered when
T& 0, as illustrated by the figures. These were
obtained from calculation of Eqs. (1) and (2) by
computer. The spikes of each spectrum cluster
by values of 2y =f —i, where p is any positive in-
teger. Accordingly, the envelopes of these clus-
ters were drawn and summed to give the total ab-
sorption and emission band shapes. While this
procedure of using the envelopes instead of the
individual spikes may eliminate some of the fine

x5[E —E„—(Rf i)h&u—] . (2)

It will be seen from Eqs. (1) and (2) that the ab-
sorption and emission spectra, are identical except
for the differences in the thermal population fac-
tors.

At T=O ~
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FIG. 2. Absorption (solid line) and emission (dotted
line) line shapes for R =1.3 at T =38. Because R&1,
the peak of the emission band is more intense than that
of the absorption band.

structure, it is equivalent to providing each spike
with a finite half-width, that would be introduced
in experimental data by crystal strains, or other
deviations from the approximations used in the
derivation of Eq. 1. The dominant transitions are
for y= 0. There is no mirror symmetry, and the
spectra are nearly identical. The only difference
in the spectra is that the emission spectrum is the
absorption spectrum at an effective temperature
T„,= T/R.

The absorption and emission envelopes peak at
E„, and the strongest contribution near this ener-
gy is from transitions between i= 0 and f= 0. Ap-
proximating the peak intensities of the spectra by
the intensities of the zero-phonon transitions and
considering high temperatures T& 8, one then ob-
tains from Eqs. (1) and (2), P,/P = R. The spec-

tra in Figs. 1-3 give P,/P =0. V4, 1.24, and 0.73,
compared to the 8 values of 0. V2, 1.3, and 0. V2,

respec tively.
The intensity of a particular transition depends

on both the overlap of the ground- and excited-state
wave functions (i. e. , a small y produces a large
overlap) and the thermal population factor (for ab-
sorption, a small i produces a large line intensity).
Because the most intense lines are those for which
y= 0, the transition intensity is more highly sensi-
tive to y tha, n to the thermal population factor.
This implies that the over-all band shape is not
very temperature dependent, as may be seen from
the figures for high temperatures. At low tem-
peratures, the primary effect is the broadening
of the spectra.

With f=-i+2y and R = I+&, the most intense (y
= 0) absorption and emission spikes occur at E
=E„+i'. Thus the dominant spikes of the spec-
tra for 8&1 andR&1 are rotated about the zero-
phonon line from each other, and l.ie below and
above the zero-phonon line, respectively. Other
peaks are also rotated by i M~ due to a. sign
change in &, but they are additionally shifted by
2y(1+~)h~. Nevertheless, the intense portion of
the absorption (or emission) spectrum is rotated
about the zero-phonon line if 4 changes sign. For
b, = 0 the absorption and emission spectra consist
of a single line at Eo, because the only allowed
transitions are for y =0.

From the absorption (emission) spectrum near
T=0, the separation &E =S~' =RS~ (&E, =+&)
of the zero- and first-phonon-assisted transitions
and the ratio P 0/P, = (1 —R) /2(l +R) (= P,o/P, ~)

of their intensities can be used to determine &
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FIG. 8. High-temperature ab-
sorption (solid line) and emission
(dotted line) line shapes for R =0. 72
at T = 9~, The ratio of the peak in-
tensities of the emission and ab-
sorption bands is R.
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=aZ /h, u&= b,Z, /I, and

l —(2 .Jf .,)"'
l+ (2Z,/P. ,)"'

Additionally, R can be approximated as the ratio
P, ~/P, „=R of the peak intensities of the high-
temperature emission and absorption spectra.
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The phonon dispersion curves of a neon sample with a lattice spacing of 4.454+ 0.002 A

have been measured in the [100], [110], and [111]symmetry directions at 5'K. Accuracies
between 0.5 and 2% are evidenced except for high-energy modes near the zone boundary, i.e. ,
for modes with energies greater than ~6 meV. The data can be fit extremely well with an
axially symmetric four-neighbor force-constant model of eight parameters. Measurements
made at g &0.2 allowed an accurate determination of the zero-sound elastic constants C&&

=166.1+ 1.7, C&2=85.5+ 2.1, and C44=95. 2+ 0.5&& 10 dyn cm . The latter give a value for
the zero-sound bulk modulus Bo = @(C&&+2C&2)=112.4+ 1.7 && 10 dyn cm which agrees with the
adiabatic first-sound bulk modulus. Phonon measurements have also been obtained at 22'K
in the [100] direction with no change in sample density. The isochoric temperature shift
varies between 1 and 2% for the longitudinal mode and between —3.5 and 0% for the transverse
mode as |; changes from 0.1 to 0. 5, respectively. The measured phonon line shapes have al-
so been compared with the instrumental resolution in order to determine intrinsic phonon life-
times. In most instances, upper limits to the broadening are obtained. For /&0. 1, all
branches have widths &0.07 meV at 5'K. The phonon widths of the [100] branches are con-
siderably broadened by increasing the temperature from 5 to 22 K. At 22 K the [100]Tpho-
non at & = 0.2 has an energy of 1.45 meV and a width of = 0.3 meV, whereas at 5 K only an
upper limit for the width of &0.2 meV can be given for all [100]Tphonons. The detailed mea-
surement of phonons near the zone boundary with energies greater than 6 meV was not ac-
complished due to substantial broadening (&1 meV) of the single-phonon response and its
superposition by multiphonon scattering, which is broad in energy and of comparable inten-
sity.

I. INIODUCTION

The rare-gas elements provide ideal substances
for comparison of theory and experiment. Due to
their inertness, the solid pha, se is that of a simple
molecular crystal whose behavior is largely con-
trolled by an interatomic pair potential; the various
thermodynamic properties are related to particular
averages of the energy density of states. The in-
elastic scattering of neutrons from single crystals
is a particularly useful method of studying indi-
vidual excitations and such measurements could

therefore present a critical test for theory. The
first such experimental investigation was done at
Brookhaven National Laboratory by Daniels et al.
on a single crystal of krypton.

They showed that a simple quasiharmonic model
utilizing a Lennard —Jones (LJ) potential could give
agreement with the data. More accurate potentials
have also been used by Barker et al. to fit the
data, indicating a present need for more precise
measurements, especia, lly in order to check the
nature of the three-body forces. Subsequent ad. -
vances in measurement technique permitted the


