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It was recently shown for the F~(Li+) center in KC1:Li+ that polarized resonant Raman scatter-
ing spectra analyzed with the Zhou-Goovaerts-Schoemaker behavior-type (BT) method [Phys. Rev.
8 29, 5509 (1984)] allow one to establish the off-center position of the Li+ impurity ion in this
center. The present study reports the resonant Raman spectra of F„(Li ) and F& ( Li+) in KBr.
The BT analysis of the polarized Raman data establishes a C4, defect symmetry indicating the on-
center position of the Li+ ion in this defect, in agreement with the on-site location of the isolated
Li+ ion in KBr. Among the many observed modes, F& (Li+) in KBr possesses a vibrational mode at
227 cm ', which reflects the motion of Li+ along the fourfold defect axis, as indicated by its regular
isotope e6'ect. Its vibrational energy strongly exceeds that of the 17-cm infrared mode of the iso-
lated Li+ ion, demonstrating that the adjacent electron in the F&(Li+) center strongly disturbs the
potential experienced by the Li+ ion. A mode at 28 cm ' also associated with the Li impurity ex-
clusively appears under F» excitation and shows by the absence of an isotope e6'ect very small par-
ticipation of Li+ motion. The other dynamical modes of KBr:F&(Li+) are defect-induced lattice
modes with peak positions close to those of the unperturbed F center. However, they possess
di6'erent relative peak heights and polarized Raman intensities. A comparison with the vibrations
of the F&(Li ) center in KC1 is presented and the low-frequency Raman- and infrared-active modes
of the isolated Li+ impurity in KBr are also reported. It is suggested that both static and dynamic
anharmonicities are important for the description of these low-frequency modes.

I. INTRODUCTION

The off- or on-center position of the substitutional Li
ion in KBr has been a controversial subject both from a
theoretical and an experimental viewpoint. One reason
for this was the lack of a precise identification of the Li+
center under study. ' By means of paraelectric resonance
and far-infrared- (ir-) absorption measurements it was re-
cently recognized that at least two different Li+ centers
occur in the KBr host. The erst is a nontunneling isolat-
ed Li+ impurity ion, for which no paraelectricity was ob-
served. This defect gives rise to an ir-active mode at
about 17 cm '. The second is a relatively-low-
concentration Li+-pair center, which exhibits a peculiar
paraelectric behavior and a tunneling motion, both of
which are still not yet well understood. '

The present Raman-scattering study focuses on the dy-
namics of the isolated substitutional Li+ ion. Extensive
experimental data (summarized in Ref. I) indicate that
the Li+ ion in KBr is located on center. However,
theoretical predictions concerning the off- or on-center
position were contradictory, since the existence and the
location of of-center potential minima is extremely sensi-
tive to the parameters of the repulsive part of the poten-
tial. It is still an intriguing problem to characterize
the Li+ potential in KBr to such an extent that it de-

scribes the Li+ dynamical modes, as studied from far-ir
and Raman measurements. From this perspective a com-
parison between KBr:Li+ and KCl:Li+ is very interest-
ing. In KCl the Li+ ion is definitely located oQcenter,
yielding typical paraelectric and paraelastic behavior. In
contrast, KBr:Li+, being a borderline case for off-center
versus on-center behavior, exhibits peculiar dynamical
properties, which cannot be straightforwardly explained.

The isolated Li ion in KBr exhibits low-frequency ir-
and Raman-active modes. ' A summary and brief
description of these dynamical modes will be given in Sec.
III. The Fz(Li ) center has only been studied with the
Raman-scattering technique and first results have been
presented in Ref. 10. It possesses defect-induced phonon
modes, often with several observable overtones or com-
bination bands above the cutoff frequency, which are
similar to the pure F-center-induced lattice modes. In
KCl the vibrations above the cutoff frequency are un-
doubtedly associated with motions of the Li+ impurity it-
self. " ' This is not so obvious for the F„(Li ) center
in KBr. We, will compare the vibrational modes of
KCl:Li+ and KCl:F„(Li+) to those of KBr:Li and
KBr:F„(Li ), respectively, since the observability and
the properties of these modes reAect details of the
different impurity potentials in the two hosts.

The Fz(Li+) center in KBr provides another interest-
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ing test case for the Zhou-Goovaerts-Schoemaker
behavior-type (BT) analysis of polarized Raman
data. ' ' With this method it was possible to determine
the off-center position of Li+ in the KCI:F~(Li ) system,
based on the polarized Raman data only. ' A similar Ra-
man study of the KBr:F~(Li ) system should be il-
luminating, especially in view of the controversial results
obtained earlier for the KBr:Li+ defect system.

The outline of this paper is the following. Experimen-
tal details are given in Sec. II. Sec. III contains a descrip-
tion of the experimentally observed dynamical modes of
the Li+ and F„(Li+) centers in KBr and KCl. The prop-
erties of the low-frequency Raman and ir modes of Li+
are summarized and the resonant Raman-scattering spec-
tra of the corresponding F„(Li+) centers are also report-
ed. The data are interpreted in Sec. IV. The polarized
Raman spectra are correlated to the defect symmetry and
the location of the Li+ ion. The nature of the dynamical
modes of F„(Li+) is discussed as well as their coupling to
the F~, and F~2 transitions. The main conclusions and
some remaining problems are pointed out in Sec. V.

In addition to the odd-parity (T,„) ir vibration, the
KBr:Li+ defect also possesses two low-frequency
Raman-active transitions at 37 and 27 cm ' for Li+.
Although these transitions are even with respect to the
Li+ lattice site, they do exhibit an isotope effect with ra-
tio 1.09 and 1.08 for the 37- and 28-cm ' modes, respec-
tively. The polarized Raman measurements established
that these modes transform according to the 3

&
and the

E representations (in that order) of the cubic group. No
T2g contribution was observed.

B. Resonant Ratnan spectra of F„(Li+) in KBr

I. Fz(Li+) indu-ced lattice modes

Below the phonon cutoff frequency at 166 cm ' the
F„(Li+) spectrum in KBr consists of a continuum of
defect-induced acoustic- and optical-phonon modes. The
sharp peaks at 97, 106, and 119 cm ' closely resemble
those of the unperturbed F center in KBr, since they pos-
sess approximately the same Raman shift (Fig. 1). The

II. EXPERIMENTAL DETAILS

The crystals used for this investigation were grown at
the University of Utah (Salt Lake City) and Paderborn
University (West Germany) laboratories, and at ENEA
[Centra Ricerche Energia Frascati (Italy)). The Raman
data were taken on additively colored crystals at Utah
and on x-irradiated KBr:Li+ crystals at the University of
Antwerp. While in the first samples nearly complete
F~F„conversion is possible, in the latter samples the
relative concentration of the F„centers with respect to
the F centers is comparatively lower, because the conver-
sion to F„centers is never complete. This encumbers the
interpretation of some of the polarized Raman data, par-
ticularly those obtained under resonant excitation of the
F~2 transition, which is nearly coincident with the F
band. Samples with natural (93% Li+) abundance and
with enriched concentration of Li+ isotopes were stud-
ied. About 1 mol% of lithium halide was added to the
melt. The resonant Raman spectra of the Fz (Li+ ) center
were recorded at 10 K, excited with a Kr+-ion laser (568,
647, and 676 nm) or a He-Ne laser (632 nm).

I

I

I

I

I

I

2l
I

I

I

1

I

I

I

Ra man, 10 K

6528 A Excitation

(l00) (l00)

(a) KBr, F Center

2+5
I+ I 2+2 i 3+5 2+5

2 I

(b) KBr: Li

F„(Li) Ce nte r

III. RAMAN AND INFRARED SFKCTRA
OF Li+ AND F„(Li+)IN KBr

A. Low-frequency modes of the
isolated Li+ center in KBr

The Li+ ion in KBr exhibits a far-ir resonant mode at
16.3 cm ' with an absorption constant of about 12 cm
for an impurity concentration of 1.3 X 10' /cm . The
peak position shifts to 17.9 cm ' upon Li+-to- Li+ sub-
stitution. The size of this isotope eifect (ratio 1.10) slight-
ly exceeds that of an Einstein oscillator (ratio 1.08). The
ir spectra also show weaker impurity modes at 43 and 45
cm ' for Li+ and Li+, respectively, which are possibly
the second overtones of the low-frequency resonance, as
was suggested in Ref. 8.
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FIG. 1. (a) Resonant Raman spectrum of the F center in an
additively colored KBr sample. The most prominent F-center-
induced phonons, together with their overtones and combina-
tion bands, are labeled with numbers. (b) F& center spectrum in
an additively colored KBr: Li+ sample. The phonon mode (2)
has a di6'erent spectral position in (a) and (b) and is useful to
monitor the F-to-F& conversion. Note the Li+-induced modes
at 28 and 227 cm ' in (b).
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peak positions of the most prominent "common" spectral
features of the F and Fz center are listed in Table I.
Above the phonon cutoff several overtones and combina-
tion bands of these fundamental modes are detected (Fig.
1). Their spectral positions are listed in Table I. A com-
parison between the F- and the F„-center spectra shows
that the additional vibrational modes in the F„(Li+)
spectrum at 28 and 227 cm ' are associated with the Li+
impurity.

2. The 28- and 227 cm -' Roman modes: Isotope sects

In KBr:Fz ( Li+ ) we observed two dynamical modes at
28 and 227 cm ', which are specific for the Li+ impurity
in the sense that there is no corresponding F-center vibra-
tion. The high-frequency mode exhibits an isotope shift
to 243 cm ' upon Li+-to- Li+ substitution, which clear-
1y correlates it with a motion of the Li+ ion itself. ' This
isotope effect is shown in Fig. 2. The KBr:F„( Li+)
spectrum is of crucial importance for the identi6cation of
this Li high-frequency mode. On one hand, its vibra-
tional energy is nearly degenerate with the sum frequency
of the 106- and 119-cm ' modes and the polarized Ra-
man properties are similar to those of the F„(Li+)-
induced lattice modes (see Fig. 3 and Table II in the next
subsection). This may lead one into thinking that one is
dealing with a combination mode. However, the Raman
spectrum in Fig. 2 clearly shows the Li+ vibration at
243 cm ', well separated from the combination band at
about 225 cm '.

Within experimental accuracy the low-frequency vibra-
tion at 28 cm ' does not exhibit an isotope shift upon
Li -to- Li substitution. Surprisingly, it shows up only

under Fz& excitation. For the isolated Li+ center in
KBr, no dynamical mode corresponding to this 28-cm
vibration has been observed, either in far-ir absorption or
in Raman scattering. Such a Raman mode would be su-

perimposed on the E mode at 27 cm, from which it
could be distinguished by its polarization properties.

3. Polarized Raman spectra under F» and F» excitation

lO 20 50 40 50

The frequency dependence of the polarized Raman
spectra is shown in Fig. 3 for resonant excitation in the
F„, (676- and 647-nm) and F„2 (568-nm) bands. The
data are indicated by (a) (P), in which a and P (in that
order) are the polarization vectors of the incident and
scattered light in the crystal reference frame. The spec-
trum observed under 568-nm excitation still contains a
considerable F-center contribution, as is reflected in the
asymmetric shape and the spectral position of the highest
peak in the ( 110) ( 110) spectrum. According to the rel-
ative intensities of the sharp peaks at 112 and 106 cm
under 568- and 632-nm excitation, the Fz-center contri-
bution to the F„2 spectrum (568 nm) is estimated to be
about 50%. The polarized Raman properties of the
F„(Li+) center under F„z excitation closely resemble
those of the isolated F center: the dominant contribution

TABLE I. Dynamical Inodes of the F center and the
F~ ( Li+ ) center in KBr. The vibrational energies are given in
wave numbers. The modes above the phonon cutoff frequency
are identified as overtones or combination bands of the funda-
mental transitions v&, v2, v3, v4, and v, .

KBr:F
(cm ')

97
112
123

—135
—160

KBr F (Li+ )

(cm ')

97
106
119
—135
—160

Identification

VI

V2

V3

V4

V5

200 220 240
Wave Number Icrn j

193
208
223
233
245

-270

193
204
213
225'

'Nearly degenerate with the Li+ vibration.

2vl
Vl +V2

2V2

V2+ V3

2V3

V2+ Vg

FIG. 2. Isotope effect of the F„(Li+) modes in additively
colored KBr at 28 and 227 cm ' upon 'Li+-to- Li+ substitution
under F» excitation. The low-frequency mode at 28 cm ' does
not exhibit an isotope effect (a), while the 227-cm mode shifts
up to 243 cm ' (b). Note the combination band at about 227
cm [mode (2+3) in Fig. 1], which is nearly degenerate with
the F&( Li+) high-frequency vibration.
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KBr Li, Rarnan Spectra of F(Li) Centers at IOK
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568 633|676 nm

appears in the (110) (110) spectrum. ' The depolarized
Raman scattering, i.e., the ( 110) (001 ) spectrum isspecti-um,
comparatively weak. In particular, it is negligible for the

frequency mode at 28 cm ' is not observed under F~2 ex-
citation.

For F~& excitation at 647 and 676 nm the polarized
Raman intensities are very different. First, the 28-cm
mode is observed to exhibit zero depolarized scattering
and equal intensities for the ( 110) ( 110) and
( ITO) (110)& spectra. Apart from the acoustic and opti-
cal phonons the depolarized scattering is negligibly small
for all modes. This is, in particular, the case for the
sharp peaks at 97, 106, and 119 cm ' (labeled 1, 2, and 3
in ig. 1), their overtones and combination bands, and for
the Li+ mode at 227 cm ' Th f t h h
(110 1

110 1

contribution is more intense th the an e
( 0) (110) spectrum is very specific for the F„(Li+)
center in KBr and will be discussed in Sec. IV.

. Behauior typ-e analysis of the polarized Raman data

For the present discussion we assume that the Fz (Li+ )

centers are randomly distributed among their possible
orientations. This assumption does not infIuence the con-
clusions of the BT analysis, as will be discussed in the
Appendix. In Fig. 4 a set of polarized Raman data I
presented, together with the essential information on the
observed BT.' The Raman intensities are expressed in
terms of the intensity parameters (IP's)' s, q, and r:

s =kIo+( T~)2 + T2 + T~ ) (la)

q =kIoX(T„+T22+ T33 ),
r =kIoX(T„Tzz+ Tz2T33+ T33T„)

(lb)

(lc)

The T, are the components of the Raman tensor for an
arbitrary initial orientation of the defect, expressed in the
crystal reference frame. N is proportional to the defect
concentration, k is the instrumental eKciency, and Io is
the intensity of, the incident laser light. The IP's q, r, and
s can be determined from the data I & and their relative
values are also indicated in Fig. 4. All information about
the symmetry-related properties of the Raman tensor and
the populations numbers is contained in the ratios s/q
and r/q. They are listed in Table II for some specific vi-
brational modes of F„(Li+) in KBr.

The acoustic and optical band modes possess F-center-
like polarized Raman properties and do not reAect devia-
tions from the cubic symmetry. For the determination of

Iyz, yz
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FIG. 3. Frequency dependence of the polarized Raman spec-
tra in additively colored KBr:F„( Li) under F~ &

and F» excita-

tai
tion, as indicated in the inset. The 568-nm spectrum stillum s i con-
ains a contribution of isolated F centers U dn er excitation at

longer wavelengths, the F~(Li+) features become dominant,
i.e., the Li+-induced modes at 28 and 227 ' d h
F L+-„( i )-induced phonon made at 106 cm '. The palarized Ra-
man properties are very different under F d F& 1 an» excitation,
as is rettected in the relative intensities of the (110) ( 110) and
( 1 10) ( 1 10) spectra.

100 200
RAMAN SHIFT(cm ')

FI
~7L' +

I . . Polanzed Raman spectra under 676-er -nm excitation in
~ ~ ~

a r: Li sample, which was x irradiated for 20 min and sub-
sequently F~F& converted by bleaching in the F band. The
polarized Raman spectra are expressed in terms of the intensity

analysis.
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TABLE II. Relative polarized Raman intensities s/q and r/q under F» and F» excitation for some
typical F~ ( Li+ ) vibrations. The Raman shifts are given in wave numbers (cm ').

F~ (Li+ )

mode
(cm ')

28
107
165
227

s/q
568 nm

0.05+0.03
0.09+0.03
0.0+0.1

s/q
647 nm

0.00+0.05
0.00+0.02
0.3+0.1

0.00+0.05

s/q
676 nm

0.00+0.05
0.00+0.02
0.2+0.1

0.00+0.02

r/q
568 nm

0.9+0.1

0.6+0.1

1.0+0.1

r/q
647 nm

0.00+0.05
—0.50+0.05
—0.2+0.1

—0.50+0.05

r/q
676 nm

0.00+0.05
—0.20+0.05
—0.07+0.10
—0.30+0.05

the defect symmetry from the polarized Raman data we
concentrate on the F„(Li+) modes at 28 and 227 cm
and on the sharp peaks at 97, 106, and 119 cm '. The
s/q ratio of all these Raman modes is equal to zero,
within experimental error. The r lq ratio is zero for the
28-crn ' mode and negative for the other Fz(Li+) vibra-
tions. These two IP relations define the BT no. 50 (Ref.
15), which is consistent with the C~, point group. ' The
negative r /q ratio is discussed in Sec. IV.

TABLE III. The low-frequency vibrations of the isolated Li+
centers in KC1 and KBr are given for both Li+ isotopes. For
KBr:Li+ the ir spectrum contains the fundamental modes and
the second overtones (SO), while the first overtones (FO) show
up in the Raman spectrum. The KC1:Li+ mode is both Raman
and ir active. Peak positions are given in wave numbers.

Center

KCl Li+
KC1: Li+
KBr: Li+
KBr. Li+

Infrared

39 5'
42.1'
179
16.3

Infrared

45.5 (SO)
43.0 (SO)

Raman

43'
44

28,40 (FO)'
27,37 (FO)'

'Reference 17.
Reference 8.

'Reference 9.
References 9 and 18.

C. Comparison with KCl:Li and
KC1:F„(Li+)Raman and infrared spectra

The isolated Li+ off-center impurity in KC1 possesses a
low-frequency vibrational mode at 43 cm, which is
both ir' and Raman active. ' The intensity of the
KC1:Li+ ir mode is weaker than that in KBr:Li+: for a
Li+ impurity concentration of 2.3 X 10' /cm in KC1 the
absorption constant is typically 4 cm '. In KC1:Li+ the
low-frequency vibration has both in ir and Raman a small
and anomalous isotope effect, ' indicating that the Li+
coordinate is hardly involved in this dynamical mode.
Consequently, this ir mode derives from an even-parity
(A,g) vibration and its observability is due to the off-
center relaxation of Li+ in KC1. Its isotope shift ' may
probably originate from the coupling to the tunneling
motion of Li+ (Ref. 19). The low-frequency Raman and
ir modes of the isolated Li+ centers in KC1 and KBr are
summarized in Table III.

The low-frequency ir mode at 16.3 cm ' in KBr:Li+

reAects the Li+ motion through its observed normal iso-
tope effect, and does not possess a Raman-active mode of
similar frequency. Moreover, the Raman transitions with
normal isotope effect, i.e., those at 27 and 37 cm ', are
not directly correlated with the vibrational energy of the
low-frequency ir mode (see Table III). For both the
KC1:Li+ and KBr:Li+ systems no high-frequency modes
were observed either in Raman scattering or in ir absorp-
tion, although a theoretical calculation for KC1:Li+ pre-
dicted Li+ vibrations at 280 and 380 cm

The resonant Raman spectra of F~(Li+) in KCl and
KBr exhibit high-frequency modes with a normal Li+
isotope shift for excitation in the F„, and F~2 bands.
Only under F~& excitation is a low-frequency vibration
detected at 47 and 28 cm ' in KC1 and KBr, respective-
ly. In KC1 the properties of this F„(Li ) mode are simi-
lar to those of the low-frequency mode of the isolated Li+
center. This is in contrast with KBr, in which the low-
frequency modes of the isolated Li+ ion and the F„(Li+)
center exhibit different polarized Raman properties, iso-
tope effects, and vibrational energies.

IV. DYNAMICS OF THK Li+
AND F&(Li+) CKNTKRS IN KBr

A. The on-center position of the Li ion in KBr:F& (Li+ )

The Li+ ion in KBr:F„(Li+) can be located on or
away from the C4, axis of the center. The corresponding
defect symmetry is rejected in the form of the Raman
tensor of the vibrational modes of the F„(Li+) center.
We have established BT no. 50 for the Fz(Li ) vibra-
tions at 28, 97, 106, 119, and 227 cm ' through the ob-
servation of the zero s/q ratio. In earlier work we ob-
served the same quantitative behavior for the polarized
Raman intensities of some particular dynamical modes of
the F„(Li+) center in KC1, the Tl+-perturbed Tl (1)
center, and the unperturbed Tl (1) center. ' ' ' ' Accord-
ing to the BT analysis it is concluded that these F~ (Li+ )

modes transform like the A, representation of the C4,
point group. This defect symmetry corresponds to an
on-center position of the Li ion in the F~ (Li+ ) defect in
KBr.

B. Coupling of the F„(Li+) vibrations
with the F» and E» transitions

Earlier Raman work on the laser-active Tl (1) center, '

the F„(Li ) center in KC1, ' and the Tl+-perturbed



8662 LEBLANS, JOOSEN, SCHOEMAKER, MABUD, AND LUTY 39

Tl (1) defect in KC1, KBr, and RbC1 (Ref. 16) has shown
that resonant enhancement (RE) of particular com-
ponents of the Raman tensor, i.e., selective RE (SRE), can
strongly infIuence the IP ratios and may even obscure the
actual defect symmetry. This is clearly illustrated by the
216-cm ' mode of the F„(Li+) center in KCI: Under

F~2 excitation, its s/q ratio rejects the off-center posi-
tion of the Li ion, which is not the case under F~ &

exci-
tation. For the F„(Li ) modes in KBr the s/q ratio is
equal to zero both under F~

&
and F&2 excitation, which is

consistent with the C4, point group of this center.
The r/q ratio of the F~ (Li+ ) modes in KBr (i) clearly

depends on the nature of the dynamical mode, (ii) is
strongly frequency dependent, (iii) is negative for several
modes under 647- and 676-nm (F„&) excitation, and (iv)
possesses a magnitude ranging from zero for the 28-cm
mode under F~& excitation to about unity for the 227-
cm ' mode under F~ 2 excitation. These four features
will now be discussed in some detail.

(i) According to the BT analysis all the F„(Li ) vibra-
tions transform according to the 3, representation of
C4„. Its Raman tensor is

a 0 0

C4, . 3 ) 0 a 0
0 0 a3

(2)

The components a and a3 describe the derived polariza-
bilities perpendicular and parallel to the defect axis, re-
spectively. The difference between a and a3 indicates the
anisotropy of the vibrational modes and is reAected in the
r/q ratio (Fig. 4 and Table II). The 28-cm ' mode is ex-
tremely anisotropic: its r/q ratio is equal to zero, which
means that only the polarizability parallel to the defect
axis is modulated by this dynamical mode. This feature
is related to the fact that the 28-cm ' signal is only ob-
served under Fz j excitation, which connects the s-like
ground state and the p, excited state. The three modes at
97, 106, and 119 cm ' and the Li+ mode at 227 cm
possess a nonzero r/q ratio, establishing a vibronic cou-
pling with all the p functions in the excited state.

(ii) In Figs. 3 and 4 and in Table II it is shown that the
r /q ratio is strongly frequency dependent. This is
reflected in the relative intensities of the (110) (110)
and ( 110) ( 110) spectra. Apart from the mode at 28
cm ', the F„(Li+)modes in KBr are characterized by a
negative r/q ratio under Fz& excitation. In contrast, the
568-nm spectrum exhibits F~(Li ) vibrations with r/q
values about unity.

(iii) The negative sign of r/q implies that the com-
ponents a and a3 are opposite in sign: the vibrational
modes, which couple to the F~, transition, modulate the
polarizabilities parallel and perpendicular to the defect
axis in the opposite way. In this sense the F„(Li )

centers in KC1 and KBr behave very differently, stimulat-
ing further investigations in other host lattices such as
RbC1 and NaC1.

(iv) Although the experimental accuracy of the polar-
ized spectra under 568-nm excitation can certainly be
enhanced by a more complete F- to F~-center conver-

sion, it is established that the F~ (Li ) modes possess r/q
values which are definitely positive (Table II). In particu-
lar, the r/q ratio of the 227-cm ' mode is very close to
unity. The relation r/q equal to 1 reflects the fact that
the components a and a3 of the derived polarizability
tensor (2) are equal, i.e., the observed form of the Raman
tensor corresponds to the A

&
representation of the cubic

group 0&. Therefore, the polarized Raman properties of
the F„(Li+ ) modes under F&2 resonant excitation hardly
rellect the noncubic symmetry of the F„(Li+) center.
This is very peculiar for the 227-cm mode, since it
strongly involves the Li+ coordinate. In contrast, select-
ing a laser line in the low-frequency tail of the F~& band
reveals the anisotropic character of the F„(Li+) center
through the much-smaller-than-unity magnitude of the
r/q values. The decreasing r/q ratio from 647- to 676-
nm excitation (Table II) demonstrates the increasing F„,
contribution to the polarized Raman spectra. The 28-
cm mode is the most anisotropic one. Surprisingly, the
motion of the Li+ ion is hardly involved in this mode, as
is reflected in the absence of an isotope shift upon Li+-
to- Li+ substitution (Fig. 2). The nature of this 28-cm
mode and the similar 47-cm ' mode of the F„(Li+)
center in KC1 are not yet understood.

Finally, we readdress the question of the observability
of E-like modes in resonant Raman scattering. ' For the
Fz(Li+) center in KC1 only totally symmetric modes
have been identified. " ' The two high-frequency modes
reflect the motion of the Li+ ion within the mirror
plane. '" The unidentified mode at 245 cm ' in KC1: Li+
(Ref. 13) can be tentatively associated with the Li+
motion out of the mirror plane. However, due to the
small overlap of the F„, and F„2 bands in KCl (see Ap-
pendix), resonant enhancement of this mode is unlike-
ly. ' ' ' In KBr, excitation in the spectral region of over-
lapping Fz &

and F&2 bands may result in SRE of such E-
like modes, since they mix up the three p states of the F~
center and, consequently, the o and ~ character of the
F~, and F~2 bands, respectively.

C. The KBr:Li low-frequency modes: Anharmonic eÃects

Sievers and Takeno have observed the low-frequency
ir-active mode at 16.3 cm ' in KBr: Li+. This very
small vibrational energy is explained by a drastic reduc-
tion of the force constant between the Li+ impurity ion
and its Br neighbors, namely to 0.6% of the value in the
pure KBr lattice. The isotope shift to 17.9 cm, which
is larger than the shift for an Einstein oscillator, was as-
sumed to be due to a strong quartic contribution to the
potential experienced by the Li+ ion.

The low-frequency Raman modes at 27 and 37 cm
exhibit a normal (positive) isotope effect. However, the
motion of the Li+ ion itself cannot be involved in these
even-parity Raman modes. The mean Raman shift of
these modes exactly coincides with the overtone ir fre-
quency of 32 cm '. Therefore, in agreement with Ref. 2,
we interpret the Raman vibrations as the first overtones
of the ir mode. They should belong to one of the repre-
sentations of the cubic group 0& contained in the product
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X T] & ]g +Eg + T)g + T2g The difference in vi-
brational energy between the observed Raman peaks and
the exact double ir frequency, as well as the isotope
effects and the linewidths, require a detailed reconsidera-
tion of the defect potential.

The absence of the T2g contribution in the Raman
spectrum is an unsolved problem. At this point it is in-
teresting to compare the KBr:Li+ data to the Raman
spectra of the H, center, which were measured in KI
and KBr, and also in KC1. The H, center is a sub-
stitutional negative hydrogen ion on an anion site. It
possesses an ir mode at 500 cm ' with Raman-active
overtones at about 1000 cm ' belonging to the T2, E,
and A

&
representations. ' For this defect the T2

overtone is the most intense one. A theoretical explana-
tion for this observation is not yet available.

The strongly anharmonic potential, initially proposed
to explain the large isotope effect of the low-frequency
resonance, could not explain the small electric-field-
induced frequency shift of the latter. A static harmonic
potential, with an incipient Gaussian barrier lower than
the zero-point energy of the Li+ oscillation, was found to
explain both the isotope shift and the Stark effect.
However, this way one cannot explain the peak positions
of the first and second overtones observed in the Raman
and ir spectra, respectively. A static potential suitable to
describe these peak positions should be much more
anharmonic for large vibrational amplitudes.

Sievers and co-workers investigated the isotope effect
of the ir resonant modes of KBr:Li+ and other lattice-
impurity systems. Two anharmonic effects were con-
sidered: (i) A fourth-order static perturbation, and (ii)
coupling with a continuum of (perturbed) lattice modes.
Starting from this theoretical work, one can tentatively
associate the large isotope shift of the fundamental mode
with the static anharmonicity of the defect potential. The
smaller size of the isotope effect for the Raman-active
overtones probably parallels a stronger coupling (dynam-
ic anharmonicity) with the lattice modes. Consistent
with this idea are the still smaller isotope effect for the
43-cm ' ir mode of KBr: Li+ and the interpretation of
this mode as the second overtone of the 16.3-cm ' vibra-
tion.

D. Strongly perturbed I,i+ potential

1. The Li+-perturbed lattice mode at 28 cm

The 28-cm ' mode of F„(Li+) in KBr:Li+ is coupled
exclusively to the I'„& transition. It does not influence
the energy difference between the s-like ground state and
the p and p„ levels of the excited state. The fact that
this vibration hardly involves the Li+ coordinate, as is
reflected in the zero isotope shift, seems in contradiction
with the preferential coupling to the F~ &

transition.
In KBr there is no correspondence at all between this

Raman mode and the low-frequency ir vibration at about
17 cm ' of isolated Li+. In the KC1:Li+ system, the
low-frequency Raman mode at 43 cm ' is also ir active,
because of the off-center position of Li+. The anomalous
isotope shift of the KC1:Li+ mode probably has to do

with its coupling to the tunneling motion of the Li+
ion. ' From this point of view, no isotope shift should be
expected for the 28-cm ' mode of F„(Li+) in KBr, since
the Li+ ion in this system does not exhibit a tunneling
motion.

In KBr:Li+ the on-center position of Li+, or
equivalently the conservation of cubic symmetry, implies
the separation of dynamical modes of different parity into
the Raman and ir spectra. In this sense the absence of a
low-frequency ir mode similar to the 28-cm ' Raman
mode supports the idea that the Li+ ion in KBr:F„(Li+)

is located on center. It should still be explained why such
a low-frequency mode is not observed for. the isolated Li+
ion in KBr. The I center adjacent to the Li+ ion could
enhance the polarizability. For the F~(Li ) center in
KC1 this phenomenon leads to the observability of the
high-frequency Li+ modes, which are not detected for
the isolated Li+ center. The observation of the 47-cm
Raman mode in KCl:Li+ and the absence of a similar
mode in KBr:Li+ indicates a larger derived polarizability
in KC1:Li+ than in KBr Li+.

2. The Li+ vibration at 227 cm

The 227-cm ' mode of F~( Li+) in KBr is associated
with the Li+-ion motion because of its normal isotope
shift. In this sense the 227-cm ' mode is related to the
T&„mode, i.e., the vibration of the Li impurity itself,
which is observed in the ir spectrum of isolated Li+ at
16.3 cm '. Therefore, the potential felt by the isolated
Li+ center in KBr is drastically steepened by replacing
one Br ion by an electron. This is in qualitative agree-
ment with the picture of the flat anharmonic potential of
Li+ in KBr, such that the Li+ vibrational wave function
is smeared out and actual Li+ position not well defined.
Far-ir measurements under hydrostatic pressure on
KC1:Li+ allow one to estimate the full width at half max-
imum of the Li+ wave function in KBr, yielding a value

0
of 1 A, i.e., about one-third of the lattice constant.
This large extension of the vibrational wave function of
Li+ in KBr may result in a large sensitivity of the Li+
dynamics to addition of an extra impurity or defect in its
vicinity.

The vibrational energies of the Li+ motion for the iso-
lated Li+ and F„(Li+) centers in KBr provide one illus-
tration of this idea. Another example is the Li+-pair
center. ' Although the precise structure of this defect
is not yet understood, it is sure that the presence of a
nearby Li+ ion yields a completely different potential in
which a correlated tunneling motion takes place. '

Finally, we compare the vibrational energies of the
high-frequency modes of the F„(Li+ ) center in some oth-
er hosts. For the Li+ isotope the motion along the de-
fect axis possesses a Raman shift of 264, 266, and 227
cm ' in NaC1, KC1, and KBr, respectively. In this
series the vibrational frequency of 227 cm ' for
KBr:F„(Li+) seems reasonable. However, the very large
shift from 16.3 cm ' for the Li+ ir vibration of the iso-
lated defect to 227 cm ' for the C4, .2, Raman mode of
F„( Li+ ) is not yet understood.
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V. CONCLUDING REMARKS

The low-frequency ir mode around 17 cm ' of the iso-
lated Li defect in KBr reAects the very weak forces on
this on-site impurity ion. The strong anharmonicity of
the potential experienced by the Li+ ion is revealed by
the Raman-active erst overtones and also by the ir-active
second overtones of the 17-cm ' mode. In contrast with
KCl:Li+ no nearly degenerate Raman- and ir-active
modes are observed, which indicates the conservation of
cubic symmetry, i.e., the on-center position of Li in
KBr.

The resonant Raman spectra of F„(Li+) in KBr exhib-
it a low-frequency mode at 28 cm ', in which the Li+
coordinate hardly participates, and a 227-cm vibration
of the Li+ ion itself along the F„(Li+)-center axis. The
high energy of the latter in comparison with the 16.3-
cm ' ir mode demonstrates that the potential experi-
enced by the Li+ ion is strongly inAuenced by the adja-
cent F center. The high sensitivity of the Li+ dynamics
upon addition of extra defects or impurities in its vicinity
undoubtedly has to do with the large extension of the Li+
vibrational wave function and the fact that its on-center
position is not well defined in the Aat anharmonic poten-
tial.

The polarized Raman spectra of the F„(Li+ ) modes in
KBr are consistent with totally symmetric representation
of the point group C4, . This is in contrast with KC1:Li
for which the depolarized Raman scattering under F~2
excitation indicates a lower symmetry, corresponding to
the off-center position of the Li+ ion.

The Raman spectra are a superposition of F~, and F~z
scattering. These two contributions possess very different
polarization properties, which are more dificult to unrav-
el than in the KC1:Li+ crystal, because of the stronger
overlap of the F~, and F~2 transitions in KBr. The F»
spectrum shows that the polarizabilities parallel and per-
pendicular to the defect axis are modulated the opposite
way by the Fz(Li ) vibrations. This feature is very
specific for the F& (Li+ ) center in KBr. 5QO 600

WAVELENGTH {nm}

}

700

optical reorientation of the defects is discussed. Possibili-
ties of a more refined data analysis are indicated.

The polarized Raman intensities are presented in Sec.
III B. Apart from the continuum of acoustic- and
optical-phonon modes, the F„(Li ) vibrations exhibit an
s/q ratio equal to zero within experimental accuracy.
This means that the off-diagonal components of the Ra-
man tensor can be neglected and, therefore, one does not
need the extended BT method for nonsymmetric Raman
tensors, as was necessary to study the Fz(Li+) center in
KC1 (Ref. 14) and the Tl+-perturbed Tl (1) center in
KC1, KBr, and RbC1. ' From this viewpoint the data of
the F~(Li+) center in KBr can be treated in the same
way as those of the unperturbed Tl (1) defect. '

In all KC1:Li+ and in x-irradiated KBr:Li+ crystals
the exciting laser light induces optical reorientation of
the F„(Li ) center, which results in a nonrandom distri-
bution of the F~(Li ) center among its possible orienta-
tions. " ' Because of a different mechanism, the reori-
entation of the F„(Li+) center in KBr is less efficient
than in KC1, but polarized optical-absorption measure-
ments clearly demonstrate the necessity of considering a
nonrandom distribution. In this case the r/q ratio intro-
duced in Sec. III 8 is given by a more general expression:
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APPENDIX

The behavior-type (BT) analysis of the polarized Ra-
man spectra of the F~(Li+) center in KBr is considered
more in detail. The role of the resonance effect and the

(b)
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8QO

FIT&. 5. Approximate gaussian line shapes are depicted for
the I'» and I'» transitions of the I'&(Li+) center in (a) KC1
and (b) Kar taking into account the experimental values for the
peak positions and linewidths (from Ref. 12). The integrated
absorption is normalized. The wavelengths of some relevant
laser lines are also indicated. The overlap of the F» and I'»
bands is much smaller in KC1 than in KBr.
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2N aa3+N~a

(N„+N )a +N a3
(A 1)

Here, a and a3 denote the diagonal components of the
C4, A, Raman tensor and N; are the population numbers
of the three possible orientations of the Fz(Li+) center,
as depicted in Fig. 2 of Ref. 14. For the F„(Li ) center
in KBr under F„& and F„2 excitation, N~ and N, are
equal. The ratio r, /qz is frequency dependent through
the frequency dependence of a and a 3, and the population
numbers. We have calculated the latter for a stationary
regime by assuming a Gaussian profile for the Fz& and

F„~bands (see Fig. 5). Some typical observations for the
ri/q2 ratio are presented in Table II of Sec. III. Apart
from the 28-cm ' mode all the F„(Li+) modes possess
r, /qz values, which are definitely negative, but still large
enough to exclude the C4, 8, mode, for which the r, /qz
value lies between —0.5 and —1.

The variation of the ri /qz ratio from —0.50 to —0.20
by tuning the excitation frequency from 647 to 676 nm
rejects the larger contribution of F„& scattering. In x-

irradiated KCl:Li we established an s2/qz ratio equal to
zero for both the continuum and the localized modes un-
der F„, excitation. ' The C, h symmetry, which rejects
the off-center position of the Li+ ion in this center, is
thus obscured by SRE. However, it should be mentioned
that this polarized Raman property was not observed in
additively colored samples. '

More detailed conclusions beyond the BT analysis can
be obtained by taking into account expression (Al). Pro-
vided that after a long enough exposure to the laser light,
the population numbers N, of the F„(Li+) center are
close to the stationary-state values, one can replace X,- in
(A 1) by the solutions of the rate equations and derive
the ratio a/a3 from the observed r, /q2 value. In KBr
this allows one to distinguish the A, modes according to
their anisotropy a/a3. In KCl the a/a3 ratio is a func-
tion of the off-center tilting angle with respect to the
crystal's (100) directions. Consequently, polarized Ra-
man scattering can be considered an independent tech-
nique to study this tilting angle through the determina-
tion of the r

& /q2 value.
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