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would be Ce*- (4f1) or Tb*- (4£°) doped CaF, but
not La®*- or Lu®*-doped samples, since La® (45°)
has no 4f electron and Lu®* (474) has a 4/~ 14%°
5d transition even higher!® than that of isolated
Gd® (4f"), i.e., far beyond the cutoff of CaF, We
identify the sharp absorptions at 26 400 and 37 800
cm™, which occur only in the uv-switched photo-
chromic samples®?® of 0. 1%Ce : CaF, and 0. 1%

Tb: CaF,, respectively, as the “red-shifted” tran-
sitions. They correspond to the transitions of 45!
~ 5d at 32400 cm™ for Ce® and 4/°%~45"54 at

46 600 cm™ for Th**, respectively, in ordinary®®
CaF;. The amount of the down shift is 6000 cm™
for Ce®* (4f') and 8800 cm™ for Tb%* (4f%). By in-
terpolation we estimate that the lowest 4f"—4%5d
transition of Gd* in ordinary CaF, would be at
83000 cm™, i.e., the sum of 47"~ 45 %5d energy
of Gd®* in uv-switched CaF,—174 500 cm™—and the

[T

interpolated down shift of 8400 cm~! for Gd.

We have measured the ultraviolet spectra of non-
photochromic CaF, and have confirmed that the
spectra presented in this paper are present only in
the photochromic CaF, crystals.

In conclusion, our ultraviolet spectra of PC in
CaF, is in general agreement with the present mod-
12358 of vacancy-impurity complex.
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LO-Phonon-Assisted Transitions in the Two-Photon Absorption Spectrum of KIT
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The two-photon absorption spectrum of KI is measured experimentally with high resolution
in the exciton region at approximately 6°K. Fine structure is resolved in which the 2P exci~
ton is seen at 6.263 eV and a peak at 6.285 eV is identified as a LO-phonon-assisted transi-
tion. The exciton-phonon interaction is calculated using third-order time-dependent perturba-
tion theory. The two-band model is used, where the two intermediate states are virtual ex-
citons excited by the photons and the final state is composed of an exciton and LO-phonon.

The theoretical prediction of the strength and location of the phonon-assisted peak agrees fa-
vorably with the experiment. Calculations are performed with several values for the hole
mass; the value 3.0 is chosen as representing a good average for the fourfold-degenerate
hole.

alkali halides has been prevalent for some time.
A considerable amount of work has been produced
by Toyozawa on the general theory of the line shape

I. INTRODUCTION

Interest in the exciton-phonon interaction in
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of exciton absorption spectra taking into account the
effects of exciton-phonon coupling.!~® His primary
results were that the exciton spectra become asym-
metrically broadened and shifted in energy. The
former effect has been established experimentally,
where asymmetries are observed and half-widths
have been measured.*~® The energy shifts have not
been measured since they are much smaller than
the relative shifts in the hydrogenic series caused
by deviations in the electron-hole interactions from
the normal Coulomb interaction. This latter effect
is most pronounced in the 1S state which prevents
it from being treated as a true Wannier exciton.

Recently, Baldini ef al. have observed, via high-
resolution reflectivity measurements, rather com-
plex structure in the excitonic spectra of the alkali
halides.” They found that exciton lines, instead of
being only asymmetrically broadened, were resolved
into numerous peaks; in particular, KI exhibited
very anomalous behavior. The 1S exciton displayed
a shoulder on the high-energy side separated by
about 35 meV, whereas the 2S exciton was composed
of four or five peaks spaced about 16.5 meV apart.
Since the highest-energy phonon that can be linearly
excited in KI has an energy of 18 meV, they at-
tributed the former case to localized phonons cre-
ated by quadratic terms in the exciton-phonon in-
teraction and the latter to normal linearly excited
phonons. The results presented on the reflectivity
measurements were for a temperature of 6 °K. It
is unfortunate that they did not fold the reflectivity
spectra into the dielectric constant by a Kramers-
Kronig inversion. This would have facilitated a
clearer comparison of their results with previous
one-photon absorption work and the present two-
photon experiment.

A new method for studying the exciton-phonon in-
teraction is provided by two-photon absorption spec-
troscopy. Two-quantum absorption was originally
utilized by Hopfield et al. in studying the exciton
regions of KI and CsI.>® The two-photon technique
offers very important advantages over the one-pho-
ton absorption method and the reflectivity approach.
In one-photon absorption spectroscopy, one must
work with very thin single crystals to study exci-
tons, since the absorption constant in this region is
typically around 10° cm™. However, it is very dif-
ficult to obtain samples that are free of strain in
such a geometry. Another problem with thin crys-
tals is the large surface-to-volume ratio, where
owing to surface impurities and surface inhomogene-
ity, it becomes difficult to separate'the surface-
vs—bulk-volume effects. The latter problem is
critical in reflectivity measurements regardless of
the crystalline size, especially in resolving fine
structure. This difficulty arises because the radia-
tion penetration depth in regions of intrinsic absorp-
tion is only a few hundred angstroms.!® In two-pho-
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ton absorption, both light beams traverse the entire
crystal. Since the crystal can be as large as phys-
ically possible, the surface-to-volume problem be-
comes negligible. Another serious difficulty with
the one-photon method arises in comparing experi-
ments with theory. Since the index of refraction
varies rapidly in the exciton region, it must be
made artificially smooth to allow the comparison
using perturbation theory. However, in the two-
photon work, both photons have individually 7Zw

<K Eg;=Epg. This condition ensures that their re-
spective indices of refraction are slowly varying and
alleviates the comparison problem.

The experimental results of Hopfield et al. on KI
exhibit weak structure in the 2P region of the ab-
sorption edge. . Their theoretical approach did not
allow for the degeneracy of the P;,, valence band
and they pointed out that the 2P states are split into
four levels according to the effective-mass theory
for degenerate exciton bands. This degeneracy was
attributed by them as the probable cause of the
weak structure.

In view of the results of Baldini ef al. and Hop-
field et al., and given the advantages of the two-
phonon technique, it appeared desirable to us to per-
form a high-resolution two-photon absorption ex-
periment on KI. The results of such an experiment
are described in Sec. IV, and the experimental ap-
proach is described in Sec. II. The particular
alkali halide KI was chosen not only because of the
wealth of available experimental results on this
material but in addition several advantages arise in
isolating the exciton-phonon effects. Since Ej is
much smaller than the spin-orbit splitting of the P
valence band, the absorption spectrum is less com-
plicated. Also, the S conduction band is fairly iso-
lated from other conduction bands,!! such as the D
bands which cause very complicated spectra in other
alkali halides.!? An especially important feature is
that E5> 7iw,, which allows the exciton-phonon in-
teraction to be tractable both experimentally and
theoretically.

Exciton-phonon interactionshave been considered
previously in connection with a bound exciton-pho-
non state, the so-called exciton-phonon complex
(EPC).** Toyozawa and Hermanson have formu-
lated a theory to account for this effect,® treating
the EPC as a quasiparticle. But their theory is
valid only for Ez~7iw,., In KL, Eg> fw,, so that
their results are not applicable here.

A theoretical approach which accounts for the ex-
perimental results in Sec. IV is presented in Sec.
III. However, a brief resume of previous work,
along the lines followed in Sec. III, will be pre-
sented here to provide a basis for understanding the
present approach.

The electron-phonon interaction has been studied
extensively in the past. Frohlich!® first solved the
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dynamic problem of a Bloch electron moving through

an ionic lattice and obtained the basic interaction
Hamiltonian. His Hamiltonian treated LO phonons
only, since they give rise to the largest electric
fields. Ionic solids were chosen because the dis-
placement of ions by phonons causes larger electric
field than similar displacements in other solids. In
the remainder of this paper, unless otherwise noted,
phonons are taken as LO phonons exclusively.

Dumke!” has applied a simplified version of the
Frohlich interaction to band-to-band transitions in
semiconductors. He considered phonon-assisted
optical absorption using second-order perturbation
theory. In his approach, free electrons or holes
(free in the sense of having negligible electron-hole
attraction) could destroy a phonon near the T point.
His solution was valid only at the band edge and in
the absence of excitons. Thomas ef al. extended
the treatment to excitons,"’ also using an approxi-
mate interaction valid for the small exciton wave
vector K. Since the electron and hole are now
bound, the pair acting as a quasiparticle absorb a
phonon rather than either one having the phonon
all to itself. This process again involves only pho-
non annihilation and was limited to the low-energy
edge of an exciton resonance. Segall'®?® and
Mahan?? extended the theory by including the exact
Frohlich interaction in the creation of an exciton by
absorbing a photon and simultaneously scattering
to K by destroying a phonon.

It should be noted that in the previous methods
the case for phonon annihilation was considered
only. The extension to include phonon creation was
treated just recently?! The threshold for phonon
annihilation is E,, — 7w,, whereas for creation it is
E,, +hw,.

DELAY

II. EXPERIMENTAL METHODS

The experimental arrangement is quite similar
to Hopfield and Worlock’s earlier arrangement® and
is shown in Fig. 1. Major improvements have been
made to increase the resolution. The most impor-
tant modifications will be mentioned first; a de-
tailed description of the experiment will follow.
The probe and laser beams are collinear and po-
larized, with their polarization vectors parallel.
These features decreased the number of allowed
final states, thereby making the comparison with
theory simpler. A much longer sample, a more
intense probe beam, and higher laser power are
used to increase the signal-to-noise ratio. With a
double monochromator, the scattered light was de-
creased. Concave aluminized mirrors were used
instead of lenses to remove chromatic dispersion.

The essential elements of the experimental ap-
paratus are shown in Fig. 1. The probe beam is
from a pulsed xenon flashlamp (Xenon Corp., Sun-
tron 4A) with a half-width of about 3 usec. The
beam is focused onto the sample and then refocused
onto the entrance slit of the monochromator with
one-to-one imaging using /3. 6 optics. The concave
mirrors are f1.8 with a 6 in. diam. A polarizer
(Polacoat, uv) is mounted on the lamp housing, and
another is placed in front of the monochromator to
correct for the depolarization effects of the concave
mirrors and sample.

The probe beam is scanned by a double mono-
chromator consisting of two 0.25-m Eberts (Jar-
rell-Ash) in tandem. This geometry decreased the
scattered light to less than one part in ten million.
The monochromators were followed by a uv photo-
multiplier (RCA developmental type No. C70128)
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which had negligible sensitivity, in the visible. Its
useful range extended from approximately 2950—
1050 A. Since the phototube was exposed to the air,
the higher- energy range above 2000 A was not
used. Because of the low-energy cutoff, no special
filter was needed to exclude scattered laser light
from the photomultiplier.

The laser beam was brought in collinear with the
probe beam by means of several prisms. The beam
was masked to 1-cm? cross section. After being
attenuated, the unfocused beam has a peak inten-
sity of 30 MW. The laser beam was attenuated,
rather than using a weaker one, because of the non-
linear excitation properties of the ruby rod. The
more intense the beam, the more homogeneous was
its spatial intensity distribution. The monitoring
of the laser occurred after the beam passed through
the crystal. It was detected by a phototube (RCA
925). The MgO plate was used to ensure against
nonlinear scattering with variations in the laser
intensity.

The sample was a pure single crystal of KI (Har-
shaw Chemical Co.), 3 in. long with a surface 1
X% in. normal to the incident light. Since the crys-
tal was cleaved to these dimensions andhas O, sym-
metry, orientation was simple to accomplish. The
light was directed along the [100] axis and the polar-
ization vectors were mutually parallel to [001]. Ex-
cept for the two ends, the crystal was entirely en-
closed in an aluminum jacket which was secured to
the ceiling of the Dewar chamber. The temperature
(6 °K) was monitored by a gallium-arsenide diode
imbedded in the jacket.

When the sample was freshly cleaved, no laser
damage was sustained if the beam did not touch the
sides of the crystal and if no lens was used to focus
the laser.

The procedure for triggering the various elements
was as follows. A pushbutton triggers the laser
flashlamp (~1-msec half-width). The triggering of
the xenon flashlamp is delayed until the photon flux
in the ruby rod is near a maximum. After firing
the xenon (3-usec half-width), the laser is @
switched (30-nsec half-width) when both flashlamp
intensities are simultaneously at a maximum. The
oscilloscope is triggered by the leading edge of the
probe beam signal from the uv photomultiplier.

The pulses from the two phototubes were dis-
played simultaneously on a dual-beam oscilloscope
(Tektronix, type 556). A representative photograph
of the probe and laser intensities is displayed in
Fig. 2. The oscilloscope sweep was running at 100
nsec/cm and a positive bias was added to the probe
input so that only the absorption region was re-
corded on the screen. The upper trace is the laser-
beam intensity and the lower is the probe beam,
where the two-photon absorption effect is clearly
discernible. Normally each photograph contained
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FIG. 2. Oscilloscope photograph of the probe and laser-
beam signals showing the two-photon absorption effect.

five events with the probe beam intensity having
much less curvature than shown in the figure. Dur-
ing the experiment, typically 30 events per spectral
point were taken. To facilitate the data analysis,
the oscilloscope photographs were enlarged by an
opaque projector and the curves traced on graph
paper. The major error was introduced in deter-
mining the incident intensity before absorption. The
problem in estimating the original curve was com-
pounded by shot noise riding on top of the probe
signal.

The quantities which were then measured were
the laser peak and the simultaneous signal dip and
reconstructed incident probe intensity. Beer’s law
was applied to these intensities to yield the absorp-
tion constant. The resulting spectrum is a compos-
ite of several identical experiments, so that most
points exhibit the results of around 100 events.

The accuracy of the data decomposes into two
parts consisting of the absorption constant and the
absorption constant per unit laser intensity. The
former was limited chiefly by the shot noise from
the probe-beam monitor, where the shot noise was
typically 1% of the probe signal. In order to achieve
this low level of shot noise, only six stages of the
photomultiplier were used, while pushing it to the
limit of its linearity. The upper limit of the photo-
multiplier linearity was experimentally determined,
and the subsequent detection of the probe-beam in-
tensity was done well below the saturation point of
the photomultiplier (PM) tube by suitably attenuating
the light output of the probe source. The PM elec-
tronics was very sensitive to transient sources of
radiation, such as the laser @ switch. This source
of noise was decreased to below the shot noise level
by careful shielding of all signal carrying cables.
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Noise with a time constant much smaller than the
laser width was partially integrated by using 170-
Q2 coaxial cable between the PM and oscilloscope.
The percentage absorption at 30 MW was about 10,
so that the accuracy of the relative absorption con-
stant was restricted by the shot noise to about 10%.
The error in reading the oscilloscope screen gave
a lower bound on this figure of around 2%.

Because the absorption constant depends linearly
on the laser intensity for a given probe-beam wave-
length, the normalized absorption constant is inde-
pendent of laser intensity. Since this intensity has
a large uncertainty, maybe a factor of 2 or higher,
the normalization can have an error of greater than
50%. However, this is an error only in the scaling
factor of the absorption constant, which does not
affect the relative structure. The relative struc-
ture in the absorption constant can therefore be
compared with the theory much more accurately
than the absolute magnitude.

II. THEORETICAL METHODS

In this section we consider phonon-assisted two-
photon absorption in insulators and apply the results
to KI. With respect to perturbation theory, the sub-
ject divides into two parts: the determination of the
two-photon matrix elements and separately the LO-

|
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phonon transition matrix elements. The theory of
two-photon spectroscopy in solids has been treated
before, the most successful work being Mahan’s
calculations of exciton transitions.??" He uses a two-
band model to construct Wannier excitons composed
of electrons and holes from these bands. In the
two-photon process, virtual excitons are included
as intermediate states, and the final state is an ex-
citon. The previous three-band models excluded
the exciton intermediate states.?® His results for
the case where the conduction-to—valence-band di-
pole transition is allowed will be used extensively
in the following calculations, since KI has a P val-
ence band and a S conduction band.

For the phonon-assisted transitions, we adopt an
approach similar to the previous treatments using
phonon annihilation in optical-absorption spectra by
Segall and Mahan.'*?® The approach is modified,
the difference being that we treat phonon creation,
where a virtual exciton emits a phonon in reaching
its final state. This method has already been ap-
plied to the phonon-assisted one-photon spectra,?!
and we now extend it to the two-photon case.

From third-order time-dependent perturbation
theory, the probability of a vacuum-state exciton
absorbing two photons (w;, w,) and simultaneously
emitting a phonon (w,) in all possible sequences is
given by

Hy, Hy HY

2

Pfi"_h—- -

(E” - h'wz)(EH + 7w, - h’w2)+(—E;_i - h'wl)(E,“- + 7w, - fiwy) b (E” - h_wg)(Eu - liw; = Iiw,)

* (B = 11w, )(Ey; = Hwy — fiw,)

Presently, we are only interested in the two-
photon energy region containing the bound-state
excitons, i.e., E; - Ep to E;. For this case, if
fiwy, wy < E,;, we have fiw,+%w,~E,,;. Further-
more, if 7w, 7w, <<Ey;, then the above expression,
to good approximation, simplifies to

Py
=2_'” > Hy, Hy H?i . HEIH}i )] 2
Zo|w By —liwy—Twy | 7 \(Byy =T, (Eyy = hiw,)

XG(Efi‘Fﬁwl—ﬁwl_sz) . (2)

This three-quantum transtion is shown schemat-
ically in Fig. 3, where a vacuum-state exciton ab-
sorbs two photons in a vertical transition involving
two intermediate states. The second virtual ex-
citonic state then scatters into another excitonic
state with wave vector K and simultaneously creates
a phonon of wave vector —~K. Since KI has a P
valence band and an- S conduction band, the first in-

2
5(Eﬂ+h'a),—7'l'w1—h'wz) . (1)

H, He Hy, )

termediate state must be S exciton.?* This limits
the second intermediate state to P excitons. In the
present experiment, with both photon polarization
vectors parallel to z, this last state must be P,,
i.e., [#10], where [nlm] represents a Wannier ex-
citon with hydrogenic quantum numbers #n, I, .

In Eq. (2), the expression in square brackets is
the two-photon transition matrix element which has
been evaluated by Mahan in closed form.??2 Under
the previous conditions, letting w,=w; (fixed laser)
and w, =w (variable probe), we have

E( HI%IH}z‘ HtlH%i \
1 \Ey —w, En‘h—wz/

1/2,2
S s @)Alwy) (el o)

umc
2 _ 511/2
% [hz[g; (3#151)/)? 2] [7.(K) + J,(K,)] 3)

where 7 is the principal quantum number of the #th
[#10] exciton, and
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Ju(K) =

(1 - K)K® Zf (2-—n),<K>/F(1+2)

22 o 1! \nty)\rQ+3-K)

K=Ey/(Eg-hw), ty=3(1+K/n).

The exciton-phonon matrix element is evaluated
using the Frohlich interaction Hamiltonian.'® The
resulting matrix element is

Hy=ulg) (fl U(g) | k) ,
where
ulg) =ile*2ntiw, V- (el - MV 2gt,
(0@ k)= [ &7 pF()(e' % F = &' F) g, (r)

(5)

and
(Ve (Me,h/M)q .

An important parameter in Eq. (3) is (clp,lv),
which must be determined experimentally. In one-
photon absorption, an exciton with a Lorentzian line
shape has an absorption constant given by

.T‘n_/ 27
(iw - ES 2 +5T0

_8re’l (clp,lv)I?
o, (i) = nem*(na)w

(6)
Therefore, letting a,,(E,,) = o we have
| (c|p.l v>|2=ncm2a“’Enl‘lsao/16e2h .

Now A (w) = (c/n)(2n7ip/w)*'? and Aw;) = (c/ng)(2nFip,/
wL)” 2, Since wand w; areinthe transparent region
of KI, we can let n~n;~Ve,. Using Eg=e?/2¢_ 0,
the transition probability is

P () = 47%(e?! - Ymehiw )PEY pp, Ty

- 3#200qu2
, 2 _1\l/2 2
B (222 s

("

where E%, = ES, + i¢?/2M; ES, = E; — Ep/n'? is the
energy of an [n'lm] exciton at the T point, and

X8 (EZ, + fw, — wy, — fiw) ,

(n'| U(g)|n)= (n'U'm’| Ulg)|n10) .

The contribution to the absorption constant of the
probe beam caused by creating [»'I'm’] excitons is
obtained by summing Eq. (7) over all final g states:

. 2n |4 3 a
n —— q
o (h’w)-NC (2—ﬂ)‘§fd q Py (fw). (8)
Integrating over the 6 function, we find
o (fw) = £ (Tw) A7 2P (w) , (9)

where
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FQ-K -K1+3-K;1-1)

K T(1+3)

" 2nty T1+4-K) F(I_K’_K;l""l'K;l—to)), (4)

211%2(67.3 - E;l)(h-wl)ﬁsEgl(zM)l/ 2DL Flsao
3u2(nw,) (w)

' 2 _1\1/2
7 ()= [ an|2 SO e

E,, - hwy, = fiw \»

£(w) =

2

’

X[, (K) + J,(Ky)]

A, = TPq?/2M = liw + Hiwy, — Tiw; — Ex, .

The sum on # is over all [#10] states. All final
states [n'l'm’] are allowed for which energy con-
servation holds, since the LO-phonon interaction
Hamiltonian contains all possible symmetries. The
final states of interest to us are [100], [200], [210],
and [21x1]. To illustrate the basic behavior of «
for these states, the sum over the first two inter-
mediate states is sufficient. This point has been
treated in detail elsewhere.?! Basically, what hap-
pens is that each succeeding term is much smaller
than the preceding, so that the basic absorption
structure is determined by the leading terms. How-
ever, due to the increase in density of states with

FIG. 3. Schematic of the simultaneous creation of an
exciton and a phonon by an annihilation of two photons.
The dot at E =0 is the crystalline ground state (excitonic
vacuum state). The parabolas represent the hydrogenic
exciton bands, going from the discrete to the continuum.
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FIG. 4. Experimental two-photon absorption constant
vs two-photon energy. The laser photon density is about

1015 photons/cm®. The vertical error bar includes all of

the acceptable experimental events for a given energy.
Although there were not enough events per spectral point
to do good statistics, a rough rms deviation would cer-
tainly be at most one-half of the indicated vertical bar.
The boxed figure is extracted from K. Park and R. G.
Stafford [Phys. Rev. Letters 22, 1426 (1969)].

energy, the neglected terms give an appreciable,
but smooth background, so that the major contribu-
tion of these terms is to raise or lower the approxi-
mate expression for a.

IV. RESULTS

The experimental two-photon absorption constant
in the exciton region is shown in Fig. 4. The boxed
graph extends over a larger range, well into the
band-to-band transitions and is a composite of pre-
vious experiments.®>*% The spectrum clearly
shows resolved structure that is sharper than ex-
pected from previous estimates of phonon broaden-
ing.%# Taking Hopfield and Worlock’s estimate of
the band-gap and exciton binding energies (E; = 6. 34
eV, E;=0.35 eV),° there should be 2P, 3P, and 4P

excitons at 6.253, 6.301, and 6.318 eV, respectively.

The experimental peak at 6.263 eV can only be the
2P exciton at the T point since it is energetically

the first allowed two-photon transition. The 0.01-
eV discrepancy in peak location can probably be
partially accounted for by the crystalline field split-
ting of the 25-2P hydrogenic degeneracy. However,
since E; and E; have been determined only indirect-
ly,° the 25-2P shift cannot be determined in the above
fashion. Problems also are encountered in the ex-
perimental determination of the 2S peak. Results
from emission spectra at?® 10 °K indicate a 2S energy
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of 6.22 eV, a value lower than either of the above
which partly may be caused by the shift to lower en-
ergy due to higher temperature. However, in con-
trast to this temperature shift, Fisher and Hilsch®’
in a one-photon absorption experiment at 14 °K mea-
sured the 2S state at 6.24 eV. Again, in a reflec-
tivity experiment at 6 °K, Baldini et al. obtained for
the 2S position a value of 6.28 eV.” The experimen-
tal situation is clearly in disarray. In any case, the
0.01-eV shift is much smaller than the 1S shift.
Since the 1S state lies at 5. 87 eV,28 but from the
band parameters assumed here® should be at 5. 99
eV, the latter shift is 0.12 eV.

The two spikes at 6. 302 and 6. 318 eV were re-
peatable to within +0.001 eV. They lie so close to
the 3P and 4P positions that we tentatively designate
them as such. Nothing can be achieved by consider-
ing the relative strengths of succeeding exciton
lines, sincethe exciton-phonon interaction contri-
butes quite strongly to absorption at the resonances,
as will shortly be shown. Beyond the 4P state, the
spectrum rapidly approaches the rising straight
line predicted by Mahan®® and verified by Hopfield
and Worlock.? These results appear to emphasize
the validity of using Wannier excitons in insulators
except for the anomalous 1S state.

The most interesting part of Fig. 4 is the rela-
tively broad peak at 6. 285 eV which lies in a posi-
tion that cannot be accounted for in the simple two-
photon formalism using Wannier excitons. How-
ever, if one invokes the phonon-assisted interac-
tion of Sec. HI, the situation becomes quite promis-
ing. Evaluating Eq. (9) by computer, we find the
theoretical phonon-assisted contribution to the two-
photon absorption constant, of which the logarithm
is plotted in Fig. 5. The plot is a composite of the
[100], [200], [210], and [21+1] final exciton states.
The first has a threshold at E21+h'w,, and the others
at EY, +7iw,. While the use of the effective-mass
approximation is open to question for [100] in this
energy range, it is certainly justified for the other
states. ‘The LO-phonon energy is’ 0.018 eV and the
value chosen for the hole mass is 3.0. The inter-
esting structure near the 2S position is the result
of quantum-mechanical interference in the phonon-
assisted transition to the 1S final state. It is the
virtual intermediate states which interfere with one
another, and this effect has been treated in detail
elsewhere.”’ I the §-function approximation, the
phonon-assisted transitions become singular at the
exciton resonances. The spikes at 2S and 3S indi-
cate this behavior, where [100] causes the peak at
6.253 eV, and [100], [200], [210], [21+1] contribute
to the peak at 6. 301 eV. The phonon-assisted
threshold for »=2 states is shown by I. The peak
at II is 6. 275 eV and results chiefly from a linear
superposition of the rapidly varying transitions to
[200], [210], and[21+1]. A linear plot of the latter
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FIG. 5. Logarithm of the theoretical two-photon LO-

phonon-assisted absorption constant vs two-photon ener-
gy. The hole mass is 3.0 and the laser photon density is
about 106 photons/cm3.

structure is given in Fig. 6, which shows the nar-
rowness of the phonon-assisted transition.

A few words should be said about the choice of the
hole mass. There are no experimental measure-
ments of M, because of its large value.!! Theoreti-
cal calculations have been performed by Onodera
et al., where they chose the band-gap energy to be
6.20 eV at 80 °K.!"*2 This value is actually the
position of the absorption shoulder,* which is caused
by excitons and is not the absorption band edge due
to band-to-band transitions. Eby et al. incorrectly
interpreted this shoulder as being associated with
the onset of band-to-band transitions.* The shoulder
has been solidly established as due to excitons;
the shoulder turns into a flat region and this merges
continuously with the band-to-band transitions.?*
More recent works give E; as 6.31 eV at 10 °K, %28
and 6.34 eV at 4.2 °K.? For the effective electron
mass, Onodera and Okazaki derive 0.49,!! which
is much larger than the experimental value of
0. 398.28

The determination of M, is complicated due to a
degenerate P;,, valence band. This T valence band
is fourfold degenerate, composed of two doubly de-
generate bands. At ﬁ=0, the states are a linear
superposition of P orbitals with azimuthal quantum
numbers + $ and +  where the mixing is determined
from k - p perturbation theory using the crystalline
field. In this fashion, Kittel®® obtains the following
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expression for the energy splitting of the hole band:

ER)= AR+ [ Bk + C(k 2R + k2R + R 2R VE .

(10)

For these parameters, Onodera and Okazaki find
2mA/MP=-0.4, 2m|B|/7*=0.2, and 2m|C|/i?
=0.0." since EE)=7%?k*/2m}, this gives us two
hole masses (M,=~1.67, —5.0). These are much
larger than the effective electron mass. No at-
tempt has been made here to take into account de-
generate band theory in our calculation, except in
using a suitable average value for the hole mass.
In Fig. 7, the absorption constant in the region of
the phonon-assisted peak is plotted for several
values of the hole mass, where the variation of M,
is over a reasonable range. It can be seen that
the strength of the phonon-assisted transition is
critically dependent on the ratio of the hole and
electron masses. If M,=M,, then the effect would
be zero since the exciton would then be effectively
neutral. In an earlier letter,% 3! we used a value
for M, of 1.0, which is smaller than the result of
Onodera and Okazaki’s calculations.

With a hole mass of 3.0, the separation of the
2P and phonon-assisted peaks is 22.5 meV, which
is close to the experimental spacing of 22 meV.

It can be seen that the theory reproduces the ex-
perimental situation very well.

The experimental parameters used in the calcu-
lations are given elsewhere,?! with the exception of
the hole mass and the laser intensity. A very rough
estimate of the laser is 30 MW, which gives a pho-
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FIG. 6. Linear plot of Fig. 5. in the region about II.
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FIG. 7. Parametric dependence of the logarithm of the
absorption constant on the electren-hole mass ratio in
the region about II in Fig. 5.

ton density of approximately 10'® photons/cm?®.

Since the absorption constant depends linearly on the
laser photon density when I (probe)/I(laser) <1,

the laser acts merely as a scaling factor so that its
rough determination is not crucial.

V. CONCLUSION

It has been shown that the two-photon absorption
technique can be a powerful tool in the study of the
fundamental interactions in solids. The experi-
mental results agree so well with the theoretical
calculations that it seems quite conclusive that the
LO-phonon-assisted transitions play an important
part in the absorption spectra of KI. With this
initial impetus, several improvements in the ex-
perimental and theoretical methods immediately
suggest themselves.

The present experiment was chiefly instrument
resolution limited. Resolution can be improved by
going to lower temperatures and using a monochro-
mator with better dispersion characteristics and
narrower slit widths. It would be desirable to in-
crease the resolution to study the broadening ef-
fects of the acoustic phonons. It has been previ-
ously stated® that the 2P exciton state was not re-
solvable because of its closeness to other exciton
lines and its large width. Since we have resolved
this state, its width cannot be as large as supposed.
A further indication of the possible weakness of the

‘serve it.
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acoustic phonon interaction is the sharpness of the
spikes at the 3P and 4P positions.

In conjunction with experimental improvements
increasing the resolution, the theory should also
be extended to include acoustic phonon broadening
and degenerate k - p perturbation theory. The lat-
ter must include not only the splitting of the valence
bands, but the degeneracy of the excitons as well.
With these improvements, it might be possible to
study the relative strengths of the exciton and pho-
non-assisted transitions.

Of further interest is the interference effect at
the low-energy side of the 2S state. This effect has
such a small absorption constant that the signal-to-
noise ratio must be considerably improved to ob-
To pursue the effect more carefully,
more intermediate states should be included in the
numerical evaluation of Eq. (9) to provide an ac-
curate background for the leading terms to inter-
fere with. The previous work on phonon-assisted
one-photon absorption showed the shifting of the
interference minimum with the exact-vs-approxi-
mate spectra. More serious is the questionable
existence of effective-mass states in this region.
For this reason, it is important to measure the
phonon-assisted transition from threshold at EY,
+%w; up to E%. The absorption in this range is
around 107° cm™, so that detection will be difficult.

As mentioned, only the parallel-polarization spec-
trum of the two beams was studied. The perpen-
dicular polarization was also measured, but the
signal-to-noise ratio was not good enough to resolve
any structure. For this case, the absorption con-
stant was typically 60% of the parallel geometry.
The polarization dependence of the probe and laser
beams should be measured more completely so
that the relations between states with different sym-
metries can be compared with the group-theoretical
predictions.

Finally, it would be advantageous to extend the
experiments to other solids to test the generality
of the theory. In particular, one should choose a
system with a well-established Wannier series,
such as Cu,O, since the present exciton-phonon in-
teraction was calculated using Wannier excitons.
Slight modifications would have to be incurred,
however, since this insulator has a D valence
band.?* % Some other interesting solids are RbI,
MgO, ZnO, CdS, and Pbl,.
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The theory of optical processes associated with point imperfections in insulating crystals
is briefly reviewed and a practical efficient computational procedure is developed for the de-
tailed application of the theory to systems whose spectra exhibit marked vibronic structure.
This procedure includes the following features: (a) an iterative scheme for extracting the ef-
fective one-phonon density of states from experimental data; (b) the convolution of the one-
phonon spectrum to find the contributions of those n-phonon processes which yield discernible
vibronic structure and the use of moment analysis for higher z-phonon processes; (c) inclu-
sion of the lowest-order effects of quadratic coupling on the temperature dependence of the
zero-phonon line’s half-width and peak position; (d) a simple transformation between phonon
operators in the ground and excited electronic states of the impurity which breaks the mirror
symmetry between the absorption and emission spectra characteristic of the strict linear-cou-
pling approximation. The absorption spectrum of the N color center in NaCl, which exhibits

a great deal of phonon structure, is used to illustrate certain aspects of the calculations.

Good

agreement between theory and experiment is obtained for this example.

I. INTRODUCTION

The modifications of the electronic and vibration-
al properties of crystals produced by the introduc-
tion of point imperfections' have been investigated
extensively in recent years. A particularly large
amount of work has been devoted to the study of
the optical absorption and emission spectra of de-
fects and impurities in insulators, which display

great variety ranging from smooth broad bands with
little or no vibronic structure to spectra in which
only sharp structure is observed. Although the
theory of these optical processes is well under-
stood by now, the calculations involved in its de-
tailed application can become quite complicated.

In spite of this, it would seem that the great wealth
of information about the interacting electron-phonon
system which is inherent in the theory warrants



