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Raman Effect in the E Center
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A discussion is given of the theory of the Raman effect in the Ii center. It is shown that the study of this
effect could give new information about the F center that might lead to an understanding of its long radiative
lifetime.

I. INTRODUCTION

'HE Il center in the alkali-halide crystals has been
understood" rather completely for over twenty

years. It was proposed by de Boer' and now generally
accepted that the Ii center consists of an electron
trapped at a halogen-ion vacancy. The electronic states
of this system have recently been discussed by Gourary
and Adrian. 4 The Ii absorption band in KCl, which may
be considered typical, is centered' at 2.30 eV at O'K
and shifts to lower energy with increasing temperature,
reaching 2.21 eV at 300'K. The width' (full width at
half-maximum) increases from 0.36 eV at O'K to
0.78 eV at 300'K. From the integrated absorption
Dexter finds that the oscillator strength (KC1) is 0.55.
It was suggested by Gurney and Mott, ' and later by
Huang and Rhys, ' that the F center should be a very
efficient luminescence center at low temperatures.
Nevertheless, Klick' failed to observe any luminescence
which he could de6nitely attribute to the Ii center, and
concluded that the radiative efficiency must be less
than 3% in his samples. Botden, van Doom, and
Haven" observed a luminescence which they tentatively
attributed to the Ii center, and estimated the radiative
efficiency to be 1%. Subsequently a possible rnecha-
nism for the nonradiative decay of the excited state has
been proposed by Dexter, Klick, and Russell. "

Recently the lifetime of the excited state has been
measured directly by Swank. and Brown. " These in-
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vestigators observed both the luminescence and the
photoconductivity excited by a short pulse of radiation
in the F-absorption band. They showed that their re-
sults are in good agreement with a model which con-
siders only two states, the ground state and an excited
state which can decay to the ground state or be ther-
mally ionized into the conduction band. The decay to
the ground state, which they call the radiative decay,
is assumed independent of temperature, while the
ionization rate is assumed to be temperature-dependent
with an activation energy AE. They find from their
analysis AE 0.15 eV for KCI. Their most surprising
result is that the lifetime of the excited state at low
temperatures T(75'K is found to be 7 6X10 ~ sec.
This represents an upper limit to the radiative lifetime
since it corresponds to a radiative efficiency at low
temperatures of 100%; if the radiative efficiency is less
than 100%, the true radiative lifetime is even longer.
The lifetime observed is surprisingly long in view of
previous estimates ranging from' 2)&10 ' to" 6)&10 '
sec. Fowler and Dexter" have carefully reconsidered the
relation between emission and absorption processes in
solids and now find a radiative lifetime for the Ii center
in KC1 of 5&&10 ' sec. All of these estimates are based
upon the assumption that the electric dipole-matrix
elements are the same for emission and absorption. If
these matrix elements (squared) differed by a factor of
approximately 12, the observed lifetime could be ex-
plained. We shall refer to this factor as the absorption
entissiots discrepattcy Fowler a.nd Dexter'4 have argued
qualitatively that it is not unreasonable that the absorp-
tion-emission discrepancy may be as large as 12 in view
of the jahn-Teller distortion of the lattice that is
undoubtedly associated with the degenerate (2p) ex-
cited state.

On the other hand, there may be no discrepancy at all.
The explanation preferred by Swank and Brown" is that
emission occurs from a metastable state below the (2p)
state. Recently Wood" has shown that such a state
slightly above the (2p) state may explain the E band.
The oscillator strength is borrowed from the Ii band
through interaction with vibrations, perhaps explaining
the temperature dependence" of the F-luminescence
lifetime at low temperatures. Wood does not believe,
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however, that the metastable state is a likely explana-
tion for the long lifetime. On the other hand, indirect,

support for the idea of Swank and Brown comes from
the work of Mahr" on the bound excitons in KCl crys-
tals containing I ions. He has found strong evidence
that the absorption and emission involve different
excited states, and suggests that the same may be true
in the F center.

The question as to the role of metastable states and
as to whether or not an absorption-emission discrepancy
exists in the F center is therefore still open. In view of
this, we propose that new information on the F center
could be obtained by studying its Ruman egect. It
will be shown that the first-order Raman scattering is a
direct measure of the absorption-emission discrepancy.
Furthermore, the Raman effect appears to be the only
method of observing directly the vibrations associated
with the F center. From the temperature dependence of
the width of the F-absorption band Russell and Klick'
have concluded that the dominant vibration is a local
mode of frequency (KC1) 2.6X10" cps. On this basis

they have set up a configuration coordinate description
which accounts reasonably well for the Stokes shift
and temperature dependence of the emission and ab-
sorption bands. I ax" has emphasized, however, that
the configuration coordinate does not necessarily have
significance as the coordinate of a normal mode of
vibration. McCornbie, Matthew, and Murray" have

pointed out that a local mode should have a much

higher frequency. They suggest that the F center
interacts with the continuum (nonlocal) modes modified

by the center so as to enhance the interaction with

low-frequency modes. On this picture the spectrum of
Raman frequency shifts would be broad and continuous,
whereas on the local-mode picture it would be relatively

sharply peaked at 2.6X10" cps. The theory of the
Raman eBect is essentially the same for either picture,
but the discussion here will assume a local mode to
avoid introducing a lot of nonessential detail.

D. THEORY

The absorption-emission discrepancy may be meas-

ured by p in the relation

(l(grIMg~(X)'I~bgi)=p'(P»IMg~(X)'Io»), (1)

where tt gi, fr r represent the lowest sibratiolgl states as-

sociated with the ground electronic state "6"and excited
electronic state "Ii" respectively, Mg&(X) is the matrix
element of the dipole-moment operator between elec-

tronic states 6 and F, and X represents the positions of
the ions. Figure 1 shows a configuration coordinate
diagram for the F center in KBr after Russell

and Klick. ' The parabolas represent the potential
energy of the lattice in the gound (G) and excited (F)
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FIG. 1. Configuration-coordinate diagram for the F center in
KBr showing the potential energy of the lattice as a function of a
single coordinate X representing a radial vibration of the neigh-
boring ions. The vibrational levels are indicated schematically on
the right (spacing exaggerated) to show a Raman process.

electronic states as a function of a coordinate X repre-
senting the radial vibration of the six neighboring K+
ions. On the right the vibrational levels are indicated
with the spacing somewhat exaggerated for pictorial
purposes.

It has been customary" in configuration coordinate
analyses to neglect the dependence of Mgs(X) on X.
This is not consistent with (1), so we express Mg p(X) as
a linear function Mp+(X —Xg)M', which it is con-
venient to write in the form

Mgp(X) = (X—Xp)M', (2)

with —XpM'=Mp —XgM'. In order to make use of
the results of Russell and Klick' we must assume that X
is a single coordinate (the configuration coordinate)
referring to a fully symmetric local mode of vibration
in which the six neighboring K+ ions move radially
toward and away from the Cl ion vacancy. This vibra-
tion will have different equilibrium positions in the
electronic states G and F. If we denote the equilibrium
positions by Xg, Xs, (1) can be rewritten approximately

Mg p(Xg) = ~PMgs, (X~) .

From (2) and (3) Xp can be determined:

Xo= (X ~PX.)/(1~P),

except for the ambiguity in the sign of p. In any case, if

IpI is large Xp lies close to Xs. Since the oscillator
strength f of the absorption band is known, we have
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another relation:

M" (Xg—Xp)'= 3f(lie'/2m') g p), (5)

where cogr is the angular frequency in absorption
(X=Xg).

We now consider the Raman scattering of the F
center. The total power scattered at frequency co is
given formally"" by

F center and the vibration we have assuinedi Thus, w'e

denote by M any Cal'tesian component of the dipole-
iiionient opei.'ator and write

2&gp
n(x) =- Mgp(x)',

A Gogp —
Gop

where we have assumed for convenience that Mg~(x)
is real. From (2), (5), and (8)

~a) &BIO )

oa ——(8s/3) (~/c)'(ng tr p)', (6)
1 2cp gr M")

I Q gr I (X—Xo)'lygp)
'lt cogr —cop 3 J

Mgr„Mr, gp Mr, g Mpg , rr

&gl, r+&p

2

BZ(Q) gr G)p )

(0'g&
I (x—xo)'

I 0 gp)

(Xg—Xp)'
(10)

where Ip is the intensity in the medium of the incident
wave, O.g is the total Raman cross section, 0.~ is called
the Raman polarizability tensor, y, p is the unit polari-
zation vector of the incident wave, Gj and G2 denote the
first two vibrational states associated with electronic
state G, and v denotes any electronic-vibrational inter-
mediate state. Figure 1 shows a typical process in which
r is the state F3.The radiated power I'„ is just the total
radiation from a classical dipole moment M=naEp,
where Kp is the amplitude of the incident wave. The
refractive index of the medium cancels out of (6). The
scattered frequency is co= cop —cog, where cog is the vibra-
tion frequency in electronic state G, and cop is the incident
frequency.

In the Born-Oppenheimer approximation' the elec-
tronic-vibrational states have the form

IG1)=cg(x,x)pg, (x), (7)

where x represents the electron coordinates. We assume
that I&pgr, —rdl in (6) is much larger than the vibra-
tional frequency cv, in state 7.. Then the vibrational
states of state 7 can be summed immediately and we
can regard 7 as denoting just an electronic state
C, (x,x). The polarizability can then be written as a
matrix element between vibrational states

e' (P—1) 2A/Mcp g

sl(Mgr —Mp ) 4 J9 ) (Xg Xp)
(12)

where P may have either sign. This relation shows how
the Raman scattering is a measure of the absorption-
emission discrepancy. For P=+1 (no discrepancy) the
Raman scattering of the F center would vanish; this is
the case corresponding to the usual assumption that
Mgr is independent of X (the Condon approximation). 'r

The last factor in (12) is a measure of the ratio of
the vibration amplitude to the displacement of the
equilibirum position of the vibration between states
G and F.We can estimate it from the analysis of Russell
and Klick' who find IXg—Xrl 4X10 ' cm, rpg/2m.
=2.6X10" sec, and M(6K+ ions)=3. 7X10 ' g; thus

We now assume that the amplitude of vibration is small
compared to IXg—Xrl and to IXg—Xpl; then we
can write

Q gr I (X—Xp)' Ilbgp) = 2(Xg—Xp) (t't/2Mrog)' ', (11)

where M is a suitable reduced mass for the vibration
and cog is the vibration frequency. Finally we can elimi-
nate Xp from (4) and obtain

ng ——(4 grin(X) I4gp), (2A/Mppg)r~'/(Xg Xr) 0 14—(13)

1 Mg M, g M, gMg,
n(x) =—P +

M gr —rpp cdg~+Mp

which justifies the assumption in (11) that the vibration
amplitude is small. Our numerical result, therefore, is
for the polarisability

M„(X)= d~,e(*,X)Mc, (x,X). n~= (1.3X10 '4)I
I

1—
I

cm', (14)
CO gg

In view of the large oscillator strength of the F-absorp-
tion band, it is sufhcient to consider only the single
intermediate state r=F. Furthermore, a(X) must re-
duce to a scalar because of the cubic symmetry of the

'~ San-Ichiro Mizushima, in Handbuch der I'hysik, edited by
S. Fliigge (Springer-Verlag, Berlin, 1958), Vol. 26.

~ J. Srandmiiller and H. Moser, Binfuhrung in die Eaman-
spektroskopie (Dr. Dietrich Steinkopff Verlag, Darmstadt, 1962).
For a discussion of Raman intensity measurements see Sec. 113.

and for the cross section

(P 1 (rpp/pp gr)
o-g=3X10 "I cm' (15)

P [1—(cop/Mgr) ]
III. DISCUSSION

The usual situation in Raman spectroscopy is that
~p is small compared to the energy of the strong elec-
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tronic transitions in the material; In (14) this would
mean cop'&(crap'. - Under these conditions n~ is inde-
pendent of coo while o-~ varies as coo', making o.~ more
convenient than 0-~ for describing the strength of the
Raman eRect. Raman strengths have been measured"
for a number of molecules by comparing the intensities
of the Raman and Rayleigh scattering. This measures
nz'/n', where n is the ordinary polarizability which can
be related to the contribution of the molecule to the
refractive index. In this way, it has been found that in
typical strong Raman lines n& is of the order"

an 2)& 10 "cm' (liquid CC14),

while (14) gives for P=+12' '=3.5
9)&10 "cm' (F center).

(16)

(17)

This value would apply for incident light in the red or
infrared (A(dp(2. 3 eV); for example the He —Ne laser
(X= 11526 A, bros ——1.07 eV) might be used as the light
source. Thus, we expect the Ii center to have a some-
what stronger Raman effect in the red than typical
molecules if the absorption-emission discrepancy exists.

The theory of the preceding section, of course, does
not apply if coo is very close to cogF, the resonance case.
This case is often very important in practice because the
Raman scattering is larger, and additional information
may be obtained since n& is not required to be a sym-
metric tensor in this case. In the case of the Ii center,
however, it does not apppear that the resonance case is
likely to be very important because of the great breadth
of the F-absorption band. A simple consideration shows
that o.& for the resonance case coo=co&& is obtained by
multiplying (17) by the factor (&ogF/Da&) 6; thus there
is only a modest enhancement over the ordinary Raman
effect. There may actually be a great reduction of the
measured scattering due to the strong absorption of
both the incident and scattered waves in the sample.
Whether there is any advantage to operating in the
F-absorption band will depend on the concentration of
Il centers.

Due to the relatively low energy of the P-absorption
band (2.3 eV) compared to the intrinsic absorption of
the alkali-halide crystals (7.4 eV in KC1) it is possible
to operate in the range G)p'P)cog@'. This is a rather
unique property of the kind of system we are consider-
ing, since usually a material becomes opaque at all
energies above the strong electronic transitions. In the
high-energy region o,~ goes as ~0 ' while 0-g becomes
constant. Thus, 0-~ now becomes more convenient than
rr p for describing the Raman strength. For P= +12'~' the

cross section becomesr'

o.~ 1&&10 "cm' (Il center). (18)

This would apply, for example, if the incident wave
were from a Hg source producing the 2S36 A resonance
line (4.9 eV). The greater ease of observing the Raman
scattering at high energies may be surmised by com-
paring (18) with the cross section (6&&10 's cm') re-
cently reported" for nitrobenzene at the ruby-laser
energy (1.8 eV). It follows that in the high-energy
region the total Raman scattering of the Ii center
represents an easily detectable power (unless /=+1).

Whether the Raman scattering can actually be ob-
served will depend not only on Og but also on the line
shape. If the vibrational mode is too broad nothing will
be seen. Here, however, one has the great advantage in
this system that the Raman scattering by the perfect
crystal lattice is forbidden in first order. Thus, the
background should be quite low permitting a very
broad Raman spectrum to be seen.

One might consider whether other optical centers in
solids should also be studied in Raman effect. The
greatest interest is in centers that have been extensively
analyzed by configuration-coordinate methods. Besides
the Ii center the most conspicuous example is the T/+
center in KCl which has been analyzed by Williams"
and Knox and Dexter. " This center is somewhat less
favorable than the Ii center because of its relatively
high (6 eV) absorption energy. All centers in crystals
of the diamond, zincblende, or wurzite type are con-
siderably less favorable because the vibrations of the
perfect lattice are Raman active. It might also be
pointed out that the phonon structures of the sharp
exciton lines in many of these crystals are clearly seen
in the luminescence spectra, and appear to be due in all
cases to phonons of the perfect crystal (i.e., not local
modes). "There is therefore less to be learned from a
Raman study of such centers. We conclude that the Ji

center holds the greatest promise of yielding interesting
information from a Raman investigation. "
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Thomas, M. Gershenzon, and J. J. Hopfield, Phys. Rev. 131, 2397
(1963)."R.J. Elliot and R. London, Phys. Letters 3, 189 (1963), have
proposed that studies should be made of the electronic Raman
e8ect in transition and rare-earth-impurity ions. The mechanism
of this effect divers from that considered here, which is the usual
vibrational Raman effect. Experimentally, both effects would be
studied in the same way, and careful interpretation would be re-
quired to distinguish them. In the case of the F center this should
present no di%culty.


