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The behavior-type analysis method of the polarized Raman scattering intensities on preferentially
or randomly oriented defects described in the preceding paper was applied to study two types of per-
turbed interstitial hydrogen atom (H;) centers in alkali halides doped with halogen impurities E,
heavier than the host halogen ion X . This method allows one to determine the symmetry of the
defect, the nature of its vibrational modes, and the components of the Raman tensor. In a series of
six crystals we have identified the A l and E modes of the H; center perturbed by a single substitu-
tional F ion, the H;(F ) center, which possesses C3„[111]symmetry. Compared to the T2 mode
frequency of the unperturbed H; center the E mode is unshifted or shghtly higher, while the Al
mode exhibits a much larger (up to 14%}shift to lower frequencies. The relative values of the ele-
ments of the Raman tensors of the A l and E modes have been determined, and the Ã halogen im-
purity is found to have a stronger influence on the E-mode tensor than on the A l-mode tensor. A
calculation of these elements within the framework of the valence optical theory provides an under-
standing of their behavior. A localized vibration of the doubly perturbed H, defect, the H, (I' I' )
center, is also detected at still lower energies and is shown to belong to the 82 representation of the
point group C2„[001](110,1TO). The relationships between the mode frequencies of the various H;-
type centers are discussed.

I. INTRODUCTION

The properties of localized modes of impurity defects in
solids have been studied extensively by means of Raman
scattering and infrared spectroscopy. Recently, we have
measured the inelastic light scattering of several radiation
defects in alkali halides and have determined the frequen-
cy of their vibrational modes. In the preceding paper
a detailed discussion is given of a method which allows
determination of the symmetry properties of a defect and
its vibrational modes from the intensities of polarized Ra-
man scattering of preferentially or randomly oriented de-

Any possible defect symmetry as well as any possi-
ble symmetry of the preferential orientation process, com-
patible with a cubic crystal structure, has been considered.
The results, which are helpful in the application of the
method, are summarized in a set of tables given in Ref. 6.
In the present paper this method is applied to a Raman
study of interstitial hydrogen atom (H, ) centers in alkali
halides (A+X ) perturbed by substitutional halogen im-
purities Y', heavier than the host halogen ions X

The properties of the H; centers, also called Uz centers,
have been extensively investigated by means of optical-
absorption spectroscopy, " electron spin resonance ' '
(ESR), electron-nuclear double resonance, ' 's and Ra-
man scattering. s The model of the center, which
possesses T~ symmetry, is shown in Fig. 1(a). From Ra-
man experiments it was determined that the threefold-
degenerate Tz mode of the defect is well described by the
vibration of the H; atom in a quasistatic cage formed by
the eight nearest-neighbor (NN) iona. In alkali halides
doped with the heavier halogen impurities I', it is possi-
ble to stabilize the interstitial hydrogen atom in a NN po-

UNPERTURBED

SINGLY PERTURBED

H', (Y )

(c)
DOUBLY PERTURBED

H';(YY)

FIG. 1. Schematic models showing the unperturbed and per-
turbed interstitial hydrogen atom centers H;, H;(7 ), and
H~(F K ). The host anion and cation are indicated by X and
A+, and the impurity halogen anion by F
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sition to such an impurity and to produce the singly per-
turbed H; center denoted by H;(Y ) [see Fig. 1(b)]. The
H;( Y ) center was studied in a series of crystals by opti-
cal absorption' ' and ESR.' This defect possesses C3g
symmetry around the (111)axis connecting the H; atom
and the Y impurity ion. The T2 mode of the H, center
is expected to be split by the perturbation into a A ~

vibra-
tion in which the H; atom moves along the threefold axis,
and into a twofold-degenerate E mode in which the inter-
stitial H; atom moves perpendicular to this axis. In this
work (Secs. III and IV) we have identified and investigat-
ed the Raman scattering from the A

&
and E modes of the

H, (Y ) centers in a series of six crystals, i.e., RbC1:I
RbBr:I, KC1:I,KBr:I, RbCl:Br, and KC1:Br . The
Raman tensors of the localized modes have been deter-
mined and they are compared to the Raman tensors of the
T2 mode of the unperturbed H,. center (Sec. V).

Moreover, it has been possible to identify the Raman
scattering of a doubly perturbed H, center, the so-called
H; ( Y Y ) defect, which was found to possess
C2„[100](011,011) symmetry (Secs. III and IV). The pro-
posed model of this defect is given in Fig. 1(c). The ex-
istence of such a doubly perturbed H; center was already
reported by Fisher' on the basis of optical-absorption ex-
periments, and also in an ESR study of the H, (Y ) de-
fects."

In alkali-halide crystals doped with a cation impurity
B+, smaller than the host alkali ion, especially in
KC1:Li+ (Refs. 18 and 19) and KC1:Ag+ (Ref. 19), it is
possible to produce other types of perturbed H; defects.
The polarized Raman scattering of H -Li+ in KC1 has
been investigated in our laboratory and the results will be
published in a planned forthcoming paper.

II. EXPERIMENTAL PROCEDURES

The inelastic light scattering was measured with a Spex
Raman instrument featuring a double monochromator
and a photon counting system. A Kr+-ion laser (Spectra
Physics 171) tuned at a wavelength of 530.9 nm and run
at a power of about 600 mW was employed as an exciting
source. The crystals were mounted in a helium-cooled op-
tical cryostat which permitted measurements of both Ra-
man and optical-absorption spectra at each stage of the
experiment. Special care was taken to obtain a good cali-
bration of the optics in the Raman instrument and a high
accuracy of the orientation of the crystal with respect to
the polarization directions of the incident and scattered
light.

The alkali-halide crystals used in our experiments were
doped with heavier halogen impurities F and with OH
ions. The concentrations in the melt varied from 0.5 to 5
mo1% for the Y ions, and from 0.1 to 0.2 mo1% for the
OH impurities.

The unperturbed H, centers were produced by uv irradi-
ation from a deuterium lamp of the crystals at low tem-
perature (T= 15 K) as described in Ref. 4. The singly per-
turbed H;(Y ) were produced by a subsequent thermal
anneal to temperatures between 75 and 100 K, depending
on the crystal. In this temperature range the interstitial

H; atom migrates through the crystal and it can be stabi-
lized next to a substitutional Y halogen impurity ion.

Preferential bleaching of the defects in different orien-
tations was achieved by polarized uv light (see Fig. 2)
T= 15 K. The uv light was exciting the lowest-energy ab-
sorption band of the H;( Y ) defect, e.g., the 320-nm I& or
the 267-nm Br& band in RbC1 according to the nomencla-
ture of Ref. 16. The uv light originated from a deuterium
light source, and was filtered by a Nicol prism polarizer
and suitable cutoff filters. The polarized optical absorp-
tion of the crystals was measured with a double-beam
spectrophotometer (Cary 17). A Nicol prism polarizer
was inserted in the optical path before the splitting into a
reference and a measuring beam: As a result compensa-
tion for the absorption by the polarizer was not necessary.

III. EXPERIMENTAL RESULTS

A. Production of the defects and correlation
with the Raman measurements

[III]
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FIG. 2. Geometry of the bleaching direction of the polarized
uv light and definition of the crystal reference frame (x,y, z).

In each of the crystals the production sequence
described in Sec. II was followed. In Fig. 3 the resulting
Raman spectra in RbCl doped with 2 mo1% I are shown
for four different optical geometry pairs (OGP's): The
scattering intensities are indicated by I~ p in which the
OGP (a,P) indicates the polarization directions of the in-
cident and of the scattered light, respectively. The refer-
ence axes in which the directions are expressed are defined
in Fig. 2. After the low-temperature uv irradiation the
Raman peak of the unperturbed H,. center is found at 398
cm ' as shown in Figs. 3(a) and 3(b). After a thermal an-
neal of the crystal at about 95 K for 5 min the intensity of
the H, peak is strongly diminished and three new Raman
peaks are observed [see Figs. 3(c) and 3(d)]. Figures 4 and
5 show the Raman spectra of the same crystal but for dif-
ferent OGP's. Through a parallel optical-absorption mea-
surement it was confirmed that the perturbed H, (I )
center, monitored at its I~ band at 320 nm, ' had been
produced at the expense of the unperturbed H;, monitored
at 235 nrn.

Subsequently, a [011]polarized uv bleach in the I& band
of the H;(I ) defect was performed at low temperature
for about 200 min. By this treatment the concentration of
the unperturbed H; defect grows again to about half of its
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original value, as is also seen in Figs. 3(e) and 3(f).
The intensities of the polarized Raman spectra I y, and

I „-„with n=x or y, which in the previous spectra had
been accurately equal, are shown in these figures to be un-
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FIG. 3. Raman spectra of the H;, H;(I ), and H;(I I )

centers in RbCl:I for several OGP's: (x,yz), (x,yz), (y,yz), and

(y,yz), i.e., set 1.2 of Table II. Spectra (a) and (b) were measured
after the unperturbed H, center was produced. Spectra (c) and

(d} show that after a thermal anneal at 95 K (F~ T}the Ram——au
intensities of the C3„.E and AI modes of H, (I ) and the C2, .82
mode of H;(I I ) have grown at the expense of the mode T2 of
the unperturbed H; center. Spectra (e) and (f) were measured
after a [011] polarized uv bleaching (F~ ——Dz[011]) into the I~

absorption band of the perturbed H;( Y ) center. This bleaching
has regenerated some unperturbed H; as evidenced by the in-

creased T2 mode.
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FIG. 4. Similar polarized Raman spectra as Fig. 3, but for
OGP (x,y), (x,z), (y, z), and (y,y), i.e., set 1.1 of Table II.

equal for the three new Raman peaks, but still equal for
the unperturbed H; peak. This demonstrates that the de-
fects from which the three new peaks originate are aniso-
tropic and possess an absorption band in the region above
the characteristic wavelength of the cutoff filter, A, =305
nm, in this experiment. The I& optical-absorption band of
the H;(I ) center, at 320 nm, which is a charge-transfer
transition fram the H atom to the I ion, ' is found at
this stage to be strongly polarized indicating that about
40% of the centers with symmetry axes along [111]and
[111]have been preferentially destroyed by the polarized
bleaching. In this bleaching process the interstitial H;
atoms have moved back into an unperturbed interstitial
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FIG. 5. Similar polarized Raman spectra as Figs. 3(c) and 3(d), but for the OGP (yz, yz), (yz, yz), (yz, y), and (yz, z), i.e., set 3.2 of
Table II. The spectra were measured after an anneal of the sample at 95 K.
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position, and this explains the partial recovery of the nor-
mal H; centers mentioned above.

The following facts strongly support the hypothesis that
the new Raman peaks originate from a H; defect per-
turbed by an I impurity: (i) They cannot be produced in
crystals without I doping, (ii) they possess a frequency in
the neighborhood of the H; vibrational frequency, and (iii)
they appear after the thermal anneal during which the H;
atom can migrate through the crystal. It will be shown in
Sec. IVC1 that two of the peaks, i.e., those at 363 and
409 cm ' in RbCl:I originate from the AI and the E
modes of the H, (I ) center, respectively. In each of the
crystals the analogous Raman signals have been measured
and the peak positions are listed in Table I together with
the corresponding vibrational frequency of the H; defect.
In three of the crystals, i.e., RbC1:Br, KC1:Br, and
KCl:I the quantitative analysis of the Raman spectra
was complicated by the fact that the E mode of the singly
perturbed H;( Y ) defect and the T2 mode of the unper-
turbed H, defect overlap (see Table I). The differences in
vibrational frequencies of the modes of H;(Y ) center
and the Tz mode of the unperturbed H, center are also
listed in Table I and show a systematic variation from one
crystal to another.

The remaining Raman peak, at 323 cm ' in RbC1:I, is
not correlated with H;(I ) defect. Through a comparison
of measurements on RbC1:I samples with an iodine dop-
ing concentration of 0.5 and 2 mol%, it was found that
this signal is, relative to the H,.(I ) signals, much stronger
in the crystal with a higher I doping level. Therefore,
this peak is believed to be associated with a H; interstitial
stabilized next to a pair of substitutional I impurities
(Sec. IV C 2). A similar Raman peak was observed in four
of the crystals under study, and the corresponding fre-
quencies are also listed in Table I. The proposed model of
this center, which will be further called the doubly per-
turbed center H;(Y Y ), is shown in Fig. 1(c) and con-
sists of a H, interstitial flanked by two Y impurities in
NN substitutional positions. Such a defect possesses
C2„[001](110,110) symmetry. The short notation Cz„(110)
will be employed from here on. From polarized Raman
measurements it will be further argued (Sec. IVC2.) that

the Raman peak originates from the 82 mode of this de-
fect. In such a mode the interstitial H; vibrates parallel to
the line joining the two Y impurities. Although the
identification of the Raman peaks as given above will not
be fully confirmed until Sec. IV C, we will already use this
nomenclature for the vibrational modes under study.

B. Pulse-anneal experiments

In order to confirm the identification of the Raman
spectra the following pulse-annealing experiments were
performed: After the production of the unperturbed H,.
centers the crystal was warmed up for about 5 min to a
temperature at which the interstitial H; atom becomes
mobile. This was repeated using constx:utively higher an-
nealing temperatures with intervals of 5 K, and after each
sequence the Raman spectra were measured at about 15
K. In Figs. 6 and 7 the intensities of the four Raman
peaks are plotted as a function of the annealing tempera-
ture for the crystals RbC1:I and RbBr:I, respectively.
Each of the curves is normalized to its maximum value.

The At and E peaks of the H, (I ) center follow very
accurately the same thermal-anneal curve, which is dis-
tinctly different from the behavior of the H; and the
H, (I I ) peaks. This confirms that these two lines
originate from the same defect. Moreover, in RbC1:I the
height of the Il absorption peak of the H, (I ) defect was
also measured, and it shows qualitatively the same depen-
dence on the annealing temperature as the Raman data
(see Fig. 6). The small discrepancies are probably related
to the fact that the H, (Y Y ) absorption band overlaps
the II band.

The unperturbed H; signal, which decays during the
conversion to H,.(I ), has a more complicated behavior
showing a small recovery around 105 and 90 K for
RbC1:I and RbBr:I, respectively. The H;(I I ) peak
grows at a somewhat higher temperature than the H('(I )

signals, and possesses a slightly higher decay temperature
also. The center seems to form a somewhat deeper trap
for the interstitial H, atom than the H, (I ) defect.

In the remaining crystals the same experiment was at-
tempted but without conclusive results: Either the depen-

TABLE I. Vibrational frequencies (in cm ) of the interstitial hydrogen atom in the unperturbed H; centers and in the singly or
doubly perturbed H;( Y ) and H;( Y Y ) centers in various alkali halides, and the inhomogeneous linewidth (in cm ) of these Ra-
man peaks. The difference in vibrational frequencies between the modes of the H, and of the H, (Y ) or H,.(Y Y ) centers are also
listed. All frequencies are accurate to about 1 cm
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898 868 828 -35 -75 2.8(1.2)' 2.6(1.4)~ 8.2
KCl: l%%uoI I 439 418 —21 1.6 1.8

RbBr:5%I- I 330 284 -46 -61 9 10 18
KBr:Gaol I 366 885 -81 -46 9 9 10

RbC1:1'@Br I 398 375 —23
KCl:GOBI I 437 421 -16 -22 7 7

'The errors are roughly equal to half of the corresponding inhomogeneously broadened peak widths because of overlap of the 12 and
E modes, i.e., about 1 cm ' for KCl:I and RbC1:Br, and about 3.5 cm ' for KC1:Br
'The linewidth values between parentheses are for RbCl:0.5%I
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IV. ANALYSIS OF THE POLARIZED RAMAN
SPECTRA

A. Behavior-type analysis method

o 0.5
N

C)

dence of the peak intensities on the annealing temperature
was too difficult to determine because of overlap between
Raman peaks and because of a low signal level, or else the
different peaks followed nearly the same dependence and
no conclusions could be drawn.

LIJ

0.5

C)

80 90

TEMPERATURE (K)

100

FIG. 7. Similar pulse-anneal results as in Fig. 6 but for
RbBr:I . The symbols follow Fig. 6 except that there are no
pulse-anneal data on optical absorption.

90 100

TEMPERATURE (K)

FIG. 6. Normalized intensities of the pulse-anneal curves in
RbC1:I . The dashed line indicates the behavior of the optical
density of the Hi(I ) center Ii band at 320 nm; the solid lines

indicate Raman intensities. The E and A ~ modes of the H;(I )

are indicated by ~ and 0, respectively, the B2 mode of H;(I I )

is indicated by 0, and the T2 mode of the unperturbed H; center
is indicated by X.

(n) (n)
fiji j'' = g +n Tij Tij''

n

(2)

where E„ is the po ulation number of the nth orientation
of the defect and TJ"' is a component of the Raman tensor
of the vibrational mode of a defect in this orientation.
For the sake of brevity the 21 IP's have been given a short
notation, q;, r;, s;, t;, u;, and UJ with i=1,2,3, and

j= 1, . . . , 6 [see Eqs. (8) of Ref. 6]. It is often possible to
influence the population numbers E„by a physical pro-
cess (e.g., by polarized light) which is described by an
orientating operator F. As is discussed in Ref. 6 it is not
necessary to consider the actual symmetry groups of the

defects and of the operator F, which are subgroups of the
point group Oi„but it is sufficient to work with the so-
called representative symmetry groups, Oi and Fi, which
are subgroups of the smaller cubic point group 0, because
the Raman tensor is invariant under inversion symmetry.
The possible tnodes of the defects have been classified in
25 sets of modes, the so-called representative modes, which
are the only ones that can possibly be distinguished by po-
laized Raman measurements.

For a given representative mode and a given symmetry
Fi the number of independent IP's is often reduced: Some
of the IP's become zero, or simple specific relations exist
among the IP's. The set of these IP relations [Eqs. (18)
and Table VII in Ref. 6] defines the so-called behavior
type (BT) of the IP. The BT's have been investigated for
any possible representative symmetry Fi CO of the orien-
tating operator F and any possible representative mode of
the defects. The basic idea of the method is to determine
the BT from the experimental Raman intensity data, and
in this way to determine the representative defect symme-
try Oi and the representative modes, instead of directly
trying to determine the Raman-tensor elements and the
population numbers N„ from Eqs. (1) and (2) which are
difficult to solve. Once the symmetry properties of the
defect and its vibrational modes are determined it is often

The method applied for the analysis of the Raman spec-
tra is discussed in detail in the accompanying paper and
only its essential features will be summarized here. The
intensity I of the Raman scattering of a vibrational mode
of a defect can be written as

I=kIp g a& bjai'bj Piji j
~ ~ ~ I ~ I
&)J~& )J

in which the a; and bj are the components of the polariza-
tion vectors (with respect to the lattice coordinates x, y,
and z, see Ref. 6) of the incident and scattered light,
respectively, Ip is the intensity of the incident laser beam,
k is an instrumental efficiency factor, and Pij, z' is a .so-
called intensity parameter (IP). A pair of polarization
vectors (a, b) is an OGP. There are 21 independent IP's
containing all of the information that can be derived from
Raman scattering about the vibrational mode of the de-
fect. The IP's are given by
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TABLE II. Raman scattering intcns1flcs I p expressed as a function of thc IP s for two fcprcscnta-
tive symmetries, I'1 of the orientating operator I'. The corresponding order e of the angular errors are
also listed. This table is simplified from Table XI of Ref. 6.

Optical
geometry

Set 1.1

Set 1.2

Se't 3.2

$~9

Iy, y~

Iv, y»
12,, ya
Ix, ya

Fi = Dg Oll

82
82
8]
q2

2(81 +q2+
2(81+ q2—
82 —gt

82 + &1

1

2tli ) 1
281) 1

2

I,yI,
Iy,

Iy y~

y, yz
ix, yX

Ix, yx

Fi —T

q

&(&+ q)
—,'(a+ q)

—2i(q+r)+8 2

—,'(q —r) 2

possible to simplify the IP expressions [Eq. (2)] substan-
tially.

In Table II the Raman scattering intensities which
could be measured in our experiments are listed as a func-
tion of the IP for the representative symmetries Fl of the

orientating operator F employed in thc experiment: Tbc
uv bleaching polarized along [OT1] (see Sec. II and Fig. 2)
yields the symmetry Fl ——D2[011],while randomly orient-
ed defects correspond to the symmetry Os of the operator
I', i.e., a representative symmetry I'~ ——T. Table II is ex-
tracted from Table XI in Ref. 6. The lower index of the
IP is omitted if the IP is independent of this index, e.g., s
stands for sl —sl ——ss. The OGP's have been classified
into sets which can be experimentally realized without ro-
tating the sample. In our experiments only set 1 was em-

ployed for the preferentially orientated defects,
F, =D1[011],and both sets 1 and 3 are applied to the ran-
domly oriented defects, Fl T. ——

The BT which can occur for the symmetries
Fl —Dl [011]and F1

——T are listed in Table III for each of
the possible representative modes. No optical anisotropy
was produced with Fl ——D4[100] light and consequently
these BT's are not listed in Table III. Only that part of
the BT relations is listed that can be verified on the basis
of our measurements (see Sec. IV C 1), in which for OGP
set 1 and Fl ——D2[011] we could measure five IP's and for
OGP set 3 with Fl ——T we could measure three IP's.
Table III is derived from Tables VII and VIII in Ref. 6,
and it is instructive to investigate it.

As discussed in Ref. 6 it is possible that the experimen-

TABLE III. BT's and corresponding sets of representative modes that must be considered on the
basis of flvc 11lcasllrccl RR111R11 IP s obtRlllcd ill (OGP) sct 1 wlfb orlclltailllg opclator El =Dl [011] Rlld

three IP's obtained in OGP set 3 with Fl ——T. This table is extracted from Tables VII and VIII of Ref.
6.

Sets of distiaguishabIe
Representative modes

OGP Set I
Fl ——DS [011]

OGP Set 3
Fl ——Y

I C&..
2 Cs[
3 C, [
4 Cs[
5 Ds[
0 D. [
7 Ds[
8 C, [
0 c, [

1O Ds[
ll C4[

111]:A,DS [111]:Al
111]:E
111]:K
001]:8

I2 Y:A
13 Y:Y

A, Cs [110]:A
010]:A, Ds [110]:A
010]:8,Ds [110]:Bs,Bs
11o]:8
100]:A, C4 [001]:A, D4 [001]:Al
1oo]:B„c,[001]:E,D, [001]:8&,z
110]:Bl,D4 [001]:81,T:E

By 82

Bg Bg 0
0 81 82

Bl 82

qg 0 0 0
0 By 82 0

qg 0 0 0

g 8 8

g 8 8

8 8

81 82 0
q 0 0 0
0 8 8 0

Vg

Vl

0
Ug

0
0
0
cl [el/tll = (q/s)'*
Vy

~1 [«/&ll = (q/s)'
0
0
0

lq ra

lo os

]0 Os

q ~

lq —q ~

lq —q8
)q qo
l0 08
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tally measured IP's of a vibrational mode obey the BT re-
lations accidentally, i.e., for reasons other than symmetry
arguments. A so-called observed BT is thus measured cor-
responding to a higher symmetry than that of the actual
vibrational modes. Therefore, one must check all of the
so-called actual BT's, i.e., the BT derived purely from
symmetry arguments, which can correspond to this ob-
served BT.

B. Evaluation of the experimental errors

We have carefully evaluated the experimental errors on
the measured Raman intensities taking into account the
statistical errors on the number of photon counts, and the
accidental errors due to slight misalignments of the crystal
or of the optical assembly. In Table II the error order e is
indicated for the intensity error M as a function of angle
deviations hP; of the crystal orientation: M-{b,P)'. The
accidental errors were monitored by taking the signals of
the unperturbed H; defect as an indicator and checking a
number of OGP's with theoretically equal Raman intensi-
ties (see Table XIV in Ref. 6). In fact, the sample orienta-
tion was improved on the basis of these monitoring mea-
surements. The relative accidental errors on the final
measurements are estimated to be about +2.5%.

It should also be noted that while the preferentially
bleached (with Fi ——Dz[011]) perturbed H; centers were
being measured, a slow reorientation induced by the laser
beam was observed (530.9 nm, 100—800 mW). The
reorientation rates are quite slow and are different in dif-
ferent crystals. Using polarized light optical absorption
we have measured the ratio d[o»)/d[oii) =%2/Ei before

q2, $ i,s2, tl, Vi%0,

and for Fi ——T,

q, r,s+0,
r/q&1 .

(3a)

{3b)

and after the Raman measurements. The mean value and
the difference were taken as the experimental value of
d[o»)/d[0») and its error, respectively (Table IV).

C. Behavior-type analysis of the H;-type Raman spectra

The results of the polarized Raman measurements on
the perturbed H, centers as derived from spectra of the
types measured in Figs. 3—5 are summarized in Table IV,
both for the preferentially (Fi ——D2[011]) and for the ran-
domly {Fi——T) orientated defects. In RbC1:I it was pos-
sible to produce a relatively high concentration of the two
perturbed H, centers in a sample with a relatively low
halogen impurity concentration (=2 mol%). As a result
the data in RbC1:I possess the highest precision and reli-
ability compared to the other samples, and we will first
discuss the measurements in this crystal. We will com-
ment on specific features which occur in the other crystals
later.

l. Analysis of the H; (Y ) spectra

By making use of the relations which define the BT
(Table III) it was possible to definitely eliminate a number
of possible representative modes on the basis of the fol-
lowing experimental results which are found for the F.
peak of the H;(I ) spectrum in the RbC1:I sample. For
Fi ——D2 [011],

TABLE IV, Relative values of the IP s obtained from the experimental Raman intensities, and the values d&0,—,~/dto~~~ obtained
from polarized optical absorption are given for the Ai and E peaks of the H;(F ) center. The IP ratios for the 82 peak of the
H;( F F ) center are also listed.

Crystal Mode q2/» si/s2
F t

—— Do [011]
ti/» t'ai ag Vi /ti d[oii[/d[oti]

Fi —T
q/s r/q

RbC1:
2%%u01

KC1
1%%u0I

RbBr:
5FoI—

KBr:
5FpI

RbC1
l%%ugBr

E
Ai
B2
E

Ai
E

Ai
Bg
E

Ai
82
E

Ai

F
Ai

! 0.98~.07 0.95~.07
0.08~.03 0.97~.09
0.0+.2 O.S~.2

1.1' 1.00~.08
0.00~.06 1.0+.1

I

0.14' 1.02m. 08
0.4+.3 1.0+.4
0.24' 0.97+.07

0.08+.06 1.0+.1

—0.17~.05(—0.13~.06)
0.32+.06(0.3+.I)

0.6~.2
—0.17'(—0.18~.02)
0.32~ .08(0.37~ .05)

—0.24+.07(—0.23+.06)
0.5+.1(0.5~.1)

0.5~.1
—0.36+.09(—0.39~.03)

0.8+.1(0.77+.05)
0.6~.2

—0.41'( —0.4)
0.5+.3(- 0.9)

—0.38'(—0.42~.08)
0.8+.1(0.8+.2)

0.20~.05
0.05~.04
0.0~.2
0.15'

O.OG~.06
0.17'.09
0.2~.1
0.0~.15
0.23~.07
0.10~.07
0.0~.1
0.03'
0.0~.2
0.12'

0.18~.07

—1.3+.4(0.99+.04)
0.15+.12(0.28+.05)

0.0~.3
0~3(1.1')

0.0~.2(0.27~.09)
—0.8~.5(0.73~.04)
0.31+.25(0.33~.07)

0.0~.3
—0.7~.3(0.67~.04)
0.12~.08(0.0~.2)

0.0~.2
0.0~.3(0.37')
0.0~ .6(0.4+.1)
—0.5+.5(0.49')
0.2~.1(0.3~.1)

0.47~.03

0.13~.02

0.1

0.09~.01

0.9+.1
0.07+.02
0.05~.04

! 0.41~.04"
0.08~.05

0.53~.06
0.11~.05

I 0.12+.04
0.45~.05
0.00~.03

[ 0.16~.08
1005+01

0.14~.07

! 0.06~.02"
! 0.07~.04

—0.6~.1

—0.5~.3

'The values inside the parentheses are calculated from the polarized optical absorption data by Eqs. (4a) and (4b) (see Table V and
Sec. IV.C.1).
"The values between parentheses are calculated from (q /s )'~ =

! v ~/t ~! for C3„symmetry (see Table III and Sec. IV.C.1).
'In these crystals the E mode of H, {Y ) center overlaps the T2 mode of the H; center. The values are estimated by subtracting the
Raman intensity of the H, center. The amount of H; center is used as a fitting parameter.
dThese values are not corrected for overlap of the T2 and E peaks.
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Only four out of the thirteen BT's listed in Table III are
consistent with these results (Nos. 1, 4, 9, and 10) and one
of them, namely No. 10, corresponds to the representative
mode D3 [111]:Ewhich includes the E mode of the H, (I )

defect with C3,[111]symmetry.
In order to further narrow down the representative

mode it is useful to check other BT relations. The experi-
mental data (Table IV) are found to obey very closely the
following rules for F, =Dz [011]:

si /sz ——1,
and for Fi ——T,

in which Ni is the population number of the defect orien-
tations with a threefold axis along [111]and [111],while
Nz is that number for the [111]and [111]orientations.
The first part of Eq. (4a) is accurately obeyed for the A i
and E peaks in RbC1:I (Table IV). According to the
bleaching properties of the H;(I ) center (Sec. IIIA) the
relation N»Nz must hold and hence (tilsz)z &0 as is

indeed found in the experiment. Finally it is possible to
determine the ratio Nz/N& from the polarized optical
densities of the Ii absorption band (see Sec. II): If d is
this optical density for light polarized along the direction
indicated by 0. then

Nz/Ni ——d(pii}/d(pii} . (4b)

These rules are only found for the E modes in the C3[111]
and D3 [111]representative symmetries, i.e., Nos. 9 and 10
in Table III. Finally, within the experimental accuracy
the additional BT relation (Table III) for Fi ——Dz[011]

/sz } (q/s) (3c)

= —2
t) N) —N2

s2 E N]+N2
(4a}

is also obeyed as can be seen in Table IV. This BT only
applies to the E mode of representative symmetry
D3[111],i.e., No. 10 in Table III. In order to check this
relation the values (qz/sz)'~ are listed between
parentheses in the ui /t& column of Table IV.

For the A i peak of the H, (I ) spectrum the elimination
procedure is somewhat less rigorous: Among the IP rela-
tions (3) only ti&0 for Fi ——Dz[011] and s&0 for F, =T
were unambiguously determined. This is consistent with
six of the thirteen BT (Nos. 1, 3, 4, 8, 9, and 10 in Table
III). However, the relation si/sz ——1 is very accurately
obeyed (see Table IV) and this only occurs for the
representative modes of C3[111]and D3[111](Nos. 8—10
in Table III). Taking also into account the results of the
production and pulse-anneal experiments (Sec. III) which
show that the two modes measured in the experiment be-
long to the same defect, we conclude that we are dealing
with a defect possessing a representative symmetry
D3[111]. We delay until the end of this section the argu-
ment leading to the actual C3„symmetry of the H;(Y )

center.
If only the Raman data concerning the Ai mode were

available and taking into account that qzlsz and u i It i are
very near to zero (see Table IV), the BT corresponding to
the representative modes Cz[010]:B,and Dz[110):Bz and
83 would have to be considered. However, the fact that
qz and ui nearly vanish does not result from the symmetry
properties of the mode, but refiects the fact that compared
to the unperturbed H, center, the Raman tensor of the A i
mode of the H;(I ) center is not drastically infiuenced by
the presence of the I impurity as will be discussed in Sec.
V.

Characteristic relations between the IP's of different
modes of the same defect were found to exist for several
defect symmetries Oi. All of these relations are given in
Table IX of Ref. 6. For the representative modes
D3[111]:Eand A i the following constraints on the IP were
found:

It should be kept in mind that the optical densities d are
measured over the whole thickness of the crystal, in con-
trast to the Raman measurements in which only a small
volume covered by the focused laser beam is involved, and
that this could contribute to differences between the two
types of data Th.e t, Isz ratios derived from the polarized
optical-absorption data [see Eq. (4)] are given between
parentheses in Table IV together with the corresponding
Raman results. One notes that they are in good agreement
with each other.

The experimental results for the H;(Y ) modes in the
other crystals are very similar to those given above for
RbCl:I . Owing to experimental circumstances the data
are sometimes incomplete and less reliable than those for
RbC1:I . The concentration of H,.(Y ) centers was lower
in the other crystals, and as a result both the Raman and
the optical-absorption signals were weaker. Higher exper-
imental errors on the ratios of the IP resulted from this.
As mentioned earlier (Sec. IIIA) in RbC1:Br, KC1:Br
and KCl:I the E peak of the H;(Y ) spectrum overlaps
with the Tz peak of the unperturbed H,. center. There-
fore, the IP ratios qz/sz, ti Isz, and ui Isz of the E modes
could not be directly determined for F, =Dz[011]. An at-
tempt was made to subtract the contributions of the un-

perturbed H, defects: The relative amount of H, centers
with respect to H,.( Y ) centers was used as a fitting pa-
rameter in order to obtain the set of IP's which is in the
best agreement with the following relations [see Table III
and Eqs. (4)]:

(t i /sz)E ————,
' (t i /sz)z, ,

(ti Isz)g = ——,(Ni Nz)l(Ni+Nz) —.
The results of this procedure are listed in Table IV. The
ratio q/s for Fi Tgiven in Table IV fo—r—these three crys-
tals could not be corrected for the overlap of the E and Tz
peaks. In the crystals with 5 mol%%uo concentration of
halogen impurities the Raman lines were found to exhibit
an inhomogeneous broadening with a linewidth of about
7—10 cm '. This formed an additional source of errors
due to overlap between different Raman peaks. Finally, in
the measurements with OGP set 3 (see Tables I and IV}
the crystals had to be ground and polished along a (110)
plane. This procedure was only applied to the RbC1:I
and KC1:I crystals.

So far our discussion has been based on the so-called
observed BT, i.e., the BT obeyed by the experimentally
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determined IP. In Ref. 6 it was pointed out that the ob-
served BT may accidentally possess a higher symmetry
(i.e., more IP relations) than the actual BT of the center
under consideration, and Table X of Ref. 6 hsts the possi-
ble hierarchies. Consequently, we will redo the reasoning.
The argument will be restarted from the point in the
analysis where we concluded that the two Raman peaks
induce the observed BT Nos. 8—10 in Table DI. The no-
tation of Ref. 6 will be used in the remainder of this sec-
tion and the corresponding BT Nos. in Table VII of Ref. 6
are 21, 23a, and 23b, respectively. The corresponding sets
of actual BT's are (1621 24), (1623a 41), and
(1623a23b41) as can be seen from Table X in Ref. 6.
First we note that BT No. 16 is impossible because it does
not occur in either the Fi ——Dz[011] or the Fi ——T column
of Table VII in Ref. 6 and these were the only orientating
symmetries used. Second, we know from the production
and pulse-anneal data (Sec. III) that the two modes belong
to the same center. This eliminates BT No. 41 because it
is not paired with either BT Nos. 23a or 23b within a
representative defect symmetry in Table VIII of Ref. 6 for
any Fi symmetry, Fi ——Dz[011] in particular. This leaves
pairs Nos. 21,23a and Nos. 21,23b as the only possibilities,
i.c., representative symmetries C3[111]and Dz[111]. The
former representative symmetry represents the actual
symmetries C3 and S6 and the latter one represents D3,
C3„, and Dze (Tables II and VI in Ref. 6). However, we
can again ehminate C3[111] because relation (3c) is
obeyed within experimental error. The last argument can
be bypassed if one wishes by the following' reasoning
which uses a minimum of skeletal information about the
center that were are investigating: The H;(F ) center
possesses two constituent impurities (a hydrogen and a
halogen), and it is impossible to construct with these in
the alkali halides a defect possessing either Cz, S6, D3, or
D3d symmetry. As a result the H;(F ) center must pos-
sess C3„symmetry. This of course we knew already but
we have derived it from the Raman data using the BT
analysis method.

2. Raman spectrum ofH; (F F ) defects

In an analogous way as for the H;(I ) spectra in
RbC1:I the number of possible BT's given in Table III
can be reduced from thirteen to three (Nos. 1, 3, and 4 in
Table III) for the H;(I I ) peak in RbC1:I on the basis
of the following experimentally determined IP relations
for Fi ——Dz [011]:

si»ziti%0 ~

s 1 /sz+ 1

The confirmation of the representative symmetry
Oi =Dz[110], which contains the defect symmetry
Cz„(110) of the proposed deftx:t model (see Fig. 1c), is
more hazardous if only the Raman measurements are con-
sidered. However, for Fi ——Dz[011] the following charac-
teristic relations of the BT of the Dz[110]:Bz and 83
modes arc obeyed w1th1n thc cxperiQ1cntal accuracy:

$2, vy =0,
which is an argument in favor of the proposed H;(F I' )

model which possesses Cz„(110)symmetry. One of the BT
relations for Fi ——T, namely

q=0
is not accurately obeyed in the experiment. The ratio q/s
is quite small but, according to our analysis, it is different
from zero (see Table IV). This is most likely caused by
the overlap of the rather weak H;(I I ) peak with Ra-
man signals of a different origin. In such heavily doped
crystals the occurrence of several H;-type defects with
structures close to our defects is to be expected However,
it is still possible, albeit unlikely, that the H;(F Y' )
ccntcr posscsscs a lowcl symIIlctry, but cvcn 1n that case 1t
should be near the proposed Cz„(110)symmetry.

We will further support the proposed model by combin-
ing, on the one hand, the Raman results, with, on thc oth-
er hand, the expected properties of a H, (I I ) defect
preferentially bleached by [OT1] polarized uv radiation
(see also Sec. II). Considering the model of Fig. 1(c) the
H;(F F ) defect can take six orientations. If the model
in Fig. 1(c) is taken as the original orientation u I, with the
pair of F iona parallel to [110],and following the nota-
tions of the accompanying paper, these six orientations
are ui, u3, v9 UIQ Ui3 and uiz (see Ref. 6: Tables I and
thc left cosets of the representative symmetry Dz[110] in
Table IV(b)) corresponding to the face diagonals [110],
[110], [101], [101], [011], and [011], respectively. Fu-
rthermore, taking the uv light polarized along [011]with
a Symmetry Fi =Dz[011] tllC OrlCIltatloIIS Ui, U3, U9, alld
v~o possess the same bleaching rate, and as a result
N, =%3=%9=XIv after the optical bleaching [see Table
IV(a) in Ref. 6].

The H, (I I ) defect is preferentially bleached very
probably because it possesses an absorption band which
overlaps the 320-nm Ii band of the H;(I ) center. If this
absorption band is also caused by a charge-transfer transi-
tion from an I ion to the H atom, similar to the Ii ab-
sorption band, one expects a large absorption efficiency
when the polarization vector of the uv light has a com-
ponent along the H; —I bond. As a result one expects for
the H (I I ) defect nearly no bleaching for the orienta-
tion v~3, while v&4 is expected to be bleached about twice
as fast compared to the orientations u I, uz, u9, and U, II.

In Table V the explicit expressions of the IP as a func-
tion of the Raman-tensor elements and of the population
numbers are listed for the BI and Bz modes in the defect
symmetry Cz„(110). These modes correspond to the
representative modes Dz[110]:Bz and 83, respectively.
FroIn XI3 & XI4 aiid tllc explicit cxpl'cssioIls It follows
that (ti/sz)II, &0 and (ti/sz)II, &0. The representative

mode Dz[110]&z is eliminated for the H;(I I ) peak be-
cause in the experiment ti/sz &0 is found. From the ex-
plicit expressions in Table V it is also possible to derive
the ratios of the population numbers as a function of the
IP. Considering Dz[110]:B3,and filling in the experimen-
tal values of the IP, one finds

si/sz
=O. 19,2—(s, /sz)+2(t, /sz)

le Ig 2 —(si/sz) —2(ti/sz)
=O. 11,

NI3 2—(si/sz)+2(ti/sz)
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TABLE V. IP's for two representative symmetries I'& of the orientating operator I', expressed as a
function of the population numbers N„and the Raman-tensor elements TJ for the modes of the defect
symmetries C3„[111]:2&and E, and C2„(110):B&and B,. This table is extracted from the Tables II—V,
VII, and VIII of Ref. 6.

Cs„[ill):Ai !

!

!

Cs„[111]:E
!

!

!

D, [III]:A,

Ds [ill]:E

Cp „(110):Bi Dz [110]:82
!

!

Cz„(110):82 !

!

!

D, [110]:B,

Vibrational Representative
m.ode mode Fi ——D2 [011]

= 12II,(N, +N, )n'a'

!
a = 12kIo(Ni + Nz)b'b'

I &i = »»p(Ni —N. )b'b'

12kIo (Ni —N2) tr'b'

! q = 24kIp(Ni + N2)d'd'

! a = 24kIp(Ni + N2)e'e'

! ti = 12kIo(—Ni + Ns)e'e'
vi = 12kIo(—Ni+ N2)d'e'

! a i = 8kIo Ni f'f'
! ag ——2kIp(2Ni + Nis + Ni4) f' f'
! ti ——2kIp( —Nis + Ni4) f' f'
! ai ——8kIoNiff
I ag ——2kIp(2Ni + Nis + Ni4) ff
! t, = 2kIo(N„—N, 4)ff

48&Ip~~d
48kIp NI e'e'

8kIoNi f~f~

8kIpNi ff

in good agreement with the above discussion of the
bleaching properties of the H, (I I ) defect. Moreover, it
is found that the orientation v&s was hardly bleached by
the uv irradiation since the observed intensity I„Y, after
the excitation is still more than 50%%uo of its value before
the bleaching [compare Fig. 3(c) with 3(e)]. If the popula-
tion number %~3 was unaltered by the bleaching, and tak-
ing into account the results in Eqs. (5), the intensity I„»,
would be reduced to

—,'(1+N, /N, 3)=60%

as can be derived from the formula in Table V.
Because of the production and pulse-anneal results, and

because of the consistency of the Raman results with the
expected bleaching properties of the H, (I I ) defect with
the proposed model in Fig. 1(c), we attribute this Raman
peak to the 82 mode of this defect which possesses
C2„(110) symmetry. This corresponds to a representative
mode D2[110]:B&. In this vibration the H; atom is mov-
ing parallel to the face diagonal joining the two I impur-
ity ions. In two other crystals, RbBr:I and KBr:I, it
was possible to perform a similar polarized Raman rnea-
surement of the H, (I I ) spectrum with qualitatively the
same results (see Table IV), although the experimental
data are less precise than in RbCl:I . The BT analysis
could not be applied to the H,.(Br Br ) peak in KC1:Br
(see Table I) because it strongly overlaps with the 2 i peak
of the H;(Br ) defect: The linewidth occurring in this 5-
mol%%uo doped crystal is about 7 cm

V. RAMAN TENSORS OF THE E AND A g MODES
OF THE H;(F ) DEFECT

A. Experimental tensor elements

d'

TE(„,) v3 0—0 —e'
—d' e'
e' 0

d' —2e' e'
(6a)

TE(& )
= —2e

e' e'

while for the 2 i mode

e'
—2d'

a' b' b'

~T, = b' a' b'
b' b' a'

(6b)

where the tensors are given with respect to the coordinate
axes x, y, and z fixed to the (100) crystal directions.
When the tensors are expressed in the local reference
frame (x',y', z') of the defect, they take the usual form as
given in Ref. 21. In Table V one finds the explicit expres-
sions of the IP, for the 2 i and E modes of a C3„[111]de-
fect, as a function of the Raman-tensor elements and of
the population numbers N„of the center in its different
orientations. It is straightforward to determine from these
relations the relative values of the diagonal tensor ele-
ments with respect to the off-diagonal ones. One finds for
the E mode

lute concentration of the defects are known. As a result

only the relative values of the Raman-tensor elements of
the vibrational modes of the same defect can be deter-
mined (see also Ref. 6). The Raman tensors T for the E
mode of a center with C&,[111]symmetry read (see Table
V of Ref. 6)

Neither the instrumental efficiency factor k in the Ra-
man scattering intensities [Sec. III, Eq. (1)] nor the abso-

&'/e'=(v, Ir, )~ =+(q/s)g ',
and for the A i mode

(7a)
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a'jb'=(u) jt))~, ——+(q js)~,'. (7b)

Apart from the sign the ratio of the off-diagonal tensor
elements of the A

&
and E modes is given by

i
b'/e'( =(2s„,/s )'i . (7c)

The ratio sz, /sE can be obtained from experimental spec-

tra of the type presented in Figs. 2(c) and 2(d} from which
the intensities of the A i and E modes can be determined.
Note that in Eq. (7c) the IP sE represents one component
of the E mode, making that the intensity of the observed
E Raman peak is equal to 2sE. There is some spread in
this ratio depending on the impurity doping concentra-
tions: Higher doping increases the linewidth (Table I) and
enhances the H;(I' I' ) concentration {Sec.III). The 82
mode of this center is resolved but it is possible that its A i
and Bi modes contribute to the A i and E lines of H;(F )

(Sec. VE). One finds, e.g., for RbC1:I that

sg, jsE ——0.9+0.1,
which yields

i

b'/e'
i
= 1.35+0.07 .

(8a)

(8b)

The ratio a'/b' is much smaller, i.e.,

a'/b'=0. 3 (10)

for all our crystals, but the experimental data do not pos-
sess a sufficient precision, and as a result trends from one
crystal to another cannot be determined.

B. Sma11 perturbation analysis

It is instructive to attempt a zero-order description of
the H;(F ) tensor elements based on the assumption that,
compared to the unperturbed H; center, the X ion in
H;(I' ) represents only a very small perturbation. A
small perturbation would be, e.g., an externally applied
uniaxial stress. Such stress yields mode splittings of the
order of —1 cm ', and the Raman-tensor elements are
not perceptibly changed.

The Raman tensors of the threefold-degenerate T2
mode of the unperturbed H; center are of the form

000
TT( )= 0 0 f

OfO
00f

TT(y) ——0 0 0

f 00

The ratios d'/e' and a'/b' can be found in Table IV as the
experimental Ui/t) or (q/s)'~ parameters. One notes that
the six crystals studied can be grouped into sets of two
crystals with the same pair (X,F ) of host and impurity
halogen. The values of d' je' are close to each other for
crystals with the same pair (X,F ), specifically

—1.0, (Cl, I }
d'/e'= —0.7, (Br,I )

—04, (Cl,Br ) .

Of 0
TT()= f 0 0

000

a'=0, b'=f/v 3,
which means vanishing diagonal elements and a ratio

b'/e'=v 2

(12b)

for the off-diagonal elements.
The experimental d'/e' values presented in (9) are in

strong disagreement with (12a). This is sufficient to con-
clude that the F ion does not represent a very small per-
turbation. Even so, not all the tensor elements are strong-
ly affected. The observed low a'/b' values [see (10)] sug-
gest that the A]-mode tensor elements are much less
changed than the E-mode ones. Also, the experimental
ratio ~b'/e'~ between the elements of the A) and E
modes as given in (8b) is not very different from the v 2
value in (12c}. Thus it seems that the off-diagonal ele-
ments e' and b' which are already comparable to each oth-
er and different from zero for the unperturbed H, center
are not strongly influenced by the I' ion even though
this ion must be considered to induce a substantial pertur-
bation in the sense discussed above. These conclusions
will be substantiated below.

C. Calculation of the Raman-tensor elements

Leaving the zero-order approximation one can push the
level of the description further by calculating the Raman-
tensor elements within the framework of the valence opti-
cal theory. 3 In this theory the electronic polarizability of
the molecule is written as a sum of the polarizabilities of
the H —X and H —F molecular bonds. We write the
electronic polarization P as

These tensors are described with respect to the crystal
reference frame fixed to the (100) directions. When the
orthogonal vibrations are taken along the local axes x', y',
and z' defined for a defect symmetry C3„[111],one finds

0 0 —f
I

TT(~)= ~ o 0 f
f f-

LT2(y') 2f 0 f1
0 2f f—

{11)

. f f
1

off
TT(')=~3 f Offf o. .

If the perturbation of the Raman tensors of the H; defect
due to the presence of the F impurity were indeed a very
small one, one would expect by comparison of Eqs. (6) and
(11), for the E mode„

d'=0, e'= f/V 6,
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4
P= g a;E+ g Pi 1;( I; E), (13)

Accepting these inequalities one derives from Eqs. (15)
that

u'= i (P'r Px)+—a'r ax, —
b'=

9 (3P'r+Px 8Px/R—o)

d'= (Pr Px—)/Ro
v3
3

4v3,e'=
27

v2
(5lC+3P'r)/Ro .

18

(15)

In Eqs. (14) and (15) the symbols have the following
meanings:

a; =a;(Rp),

P; =P;(Rp),
(16)

Ia;= a;
gp

dRg R; =Ro

where Ro is the hydrogen-halogen equilibrium distance ig-
noring the difference between H -X and Hp-Y' dis-
tances. These parameters are not known and they are
hard to calculate theoretically. We will attempt to make
some guesses about their relative magnitudes so as to ar-
rive at the correct signs of the Raman-tensor elements
a', b', d', e'.

Electronic polarizabilities are positive numbers and be-
cause it is found experimentally for diatomic molecules "
that a~~ &ai it follows that P~,P~&0. Furthermore, be-
cause the polarizabilities of the heavier F halogen ion
are larger than the X ones it is not unreasonable to as-
sume that j3~&P». Using these assumptions one con-
cludes from Eqs. (15) that

d'&0 . (17)

The experimental data on the 3 i mode (Table IV) indicate
that the a' parameter is small as given by (10). This
means either that the derived polarizabilities a,' and P'; are
comparable to each other and/or that they are small in the
sense that

in which 1; is the unit vector from H to the ith halogen
ion and E is the electric field. In terms of the polarizabili-
ties a~I; and az; parallel and perpendicular to a bond
direction one has a;=ai; and P; =a~~; —ai;. Assuming
that a; and P; are only a function of the instantaneous
magnitude R; =

I
R;

I
of the H -halogen distance (this as-

sumption permits changes in the bond directions), one
finds the following expressions for the Raman-tensor
components. For the unperturbed H; centers

f= (Px 2Px/—Ro»
4v3

9
(14)

and for the singly perturbed H, ( Y ) center

b'&0

e'(0 .

This yields together with (17) that

e'/d' &0,

b'/e') 0 .

(19)

(20)

E. Ai andri modes of H,.(F F )

The former agrees with experiment and the latter could
not be derived from experiment. The sign of a' is not
easily guessed from Eq. (15) but because experimentally
a'/b'&0 one concludes that a'&0.

A final quantitative test which gives confidence in the
overall reasonableness of the foregoing analysis is supplied
by the following relation which is readily derived and ig-
nores only a small term in a'z —az..

e' v2 a' V2 b' 1

d' 2 d' 2 d' 2

The most reliable set of data in Table IV is supplied by
H;(I ) in RbC1:I and inserting this in the left-hand side
of Eq. (21) one finds —0.3 which has the correct sign and
is reasonably close to the required —0.5 value. If one as-
sumes that there is overlap with the modes of the
H;(F Y ) center (see Sec. VE) one may improve the
agreement.

D. Strength of the perturbation

From the foregoing discussion one can attempt a classi-
fication of centers from the point of view of Raman
scattering as to whether they are weakly, intermediately,
or strongly perturbed compared to an unperturbed model
defect. To classify as a weakly perturbed defect the mode
shifts and/or splittings should be very small, e.g., less
than 1% of the mode position, and the Raman tensors
should not be perceptibly changed. As mentioned earlier
uniaxial stress applied externally to a sample will induce
this type of weak perturbation.

For an intermediately perturbed center the mode split-
tings and shifts may amount to, e.g., 15%, and the change
of the relevant Raman-tensor elements determining the in-
tensities of the split modes is such that their relative inten-
sities are within -20%%uo of the intensities of the unsplit
modes in the unperturbed center. The H,.(F ) center, and
most likely the H, (Y F ) center too, classify as inter-
mediately perturbed centers.

For the strongly perturbed centers the mode shifts and
splittings and change in Raman-tensor elements are very
much larger. In fact the structure of the center may be
drastically altered and only its atomic or molecular con-
stituents are similar to the original unperturbed model
center. The Li+ perturbed H; center in KC1 is an exam-
ple of such a strongly perturbed center.

I a,' I, I &; I
&4'/Ro (18)

The doubly perturbed H; ( Y' Y' ) center possesses
C2, (110) symmetry and should possess three Raman-
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&oT2 = 3fx'+Y'fx/Ro,

for the singly perturbed H;(F ) center

&OE= 3fx+{3fx+fr)/Ro, {22b)

g
& r—

&

= 3~ fx+fr+ Y3fx/Ro ~

and for the doubly perturbed center H; (Y' F ):

active modes, namely an A &, a 8&, and a Bz. In order to
avoid confusion the A& modes of H;(F ) and H;(F F )
will be denoted in the remainder of this section by 3 &( F )
and A&(F F ), respectively. In this paper (Sec. IVC2)
only the 82 mode is resolved and little has been said so far
about the other two modes. One should first consider the
possibihty that the H;(F F ) center is a case of a strong-
ly perturbed H; in the sense as discussed in Sec. VD.
This would imply very large shifts in the frequencies of
the A &( F F ) and 8& modes compared to the unper-
turbed and singly perturbed H; centers. This might ex-
pla1Q thc abscncc of corrcspondlng Raman signals 1Q ouI'

mcasu1cmcnts. Howcvcr, wc bc11cvc that thcsc modes aI'c

present but that they are obscured by the E and A&(F )

modes of H;(F ) and/or the T2 mode of H, . Indeed,
H;(Y' F ) was classified in Sec. VD as an intermediately
perturbed center just as the H;(F ) Fo. r the latter the E
mode is either very near to or overlaps with the T2 mode
of the unperturbed H; (see Table I). It is therefore not un-
reasonable to assume that a similar near-degeneracy
occurs between, on the one hand, the E and A&(F )

modes of H;(F ) and, on the other hand, the 8& and
A&(F F ) modes of H;(F F ). It may also be pointed
out that H,.(F Y' ) is only visible in the more strongly
doped samples which also exhibit a substantially increased
linewidth (Table I). These increased A &(

Y' ) and E mode
linewidths provide an umbrella for the unseen A

& {Y F )

and 8& modes. Unfortunately, this contention cannot be
checked experimentally because of the difficulty of pro-
ducing H;(F F ) separately (see Figs. 6 and 7).

Qualitative information about the vibrational frequen-
cies of the H, (F F ) center can be derived on quite gen-
eral grounds, making the following assumption: In the
perturbed H; defects the hydrogen atom is sitting intersti-
tially at, or close to the center of the conventional cube
(see Fig. 1), and the NN halogen ions are close to the
halogen-ion positions in the unperturbed H; center. As a
result the H —X and the H —Y' bonds are directed
along, or nearly along, the {111) crystal directions.
Furthermore, the potential energy which the H atom ex-
periences can be written as a sum of four pair potentials
fx {RHx) and fr (R~r) originating from the H —X and
H —F bonds, respectively, in which RHx and R~r are
the corresponding internuclear distances between the H
atom and thc halogen 1ons.

If in the H;(F ) and H;(F F ) centers the static dis-
placements of the hydrogen atom and the halogen ions
away from their position in the unperturbed H; are small,
one can evaluate the vibrational frequencies in terms of
the first and second derivatives of the pair potentials.

One finds for the unperturbed H,. center

&oa, = 3fx+{3fx+2fr)/Ro

& r—r—&= 3 (fx+fr)+ 3 {fx+fr)/ (22e)

&op, = ,'fr"—+{2fx+3fr)/Ro (22f)

in which R is the hydrogen-halogen bond length. For
reasonable pair potentials, such as the soft sphere poten-
tials derived for the unperturbed H,. center in Ref. 4, one
finds that the main contributions in Eqs. (22) originate
from the terms containing the second derivatives, fx' and
fr". Taking into account the experimental results concern-
ing the H;(F ) centers, namely that w„&r

&

Q NF &oT, onc f&nds

This allows one to conclude that for the vibrational fre-
quencies of the doubly perturbed center H;(F F ), the
following relations hold:

which are in qualitative agreement with the available ex-
perimental data (see Table I).

The relations given above correspond to the following
physical picture: In the A&(F ) mode of the H, (Y' )

center [Fig. 1(b)], the vibrational motion of the H atom is
along the H —F bond. This mode possesses a lower fre-
quency than the E mode because the corresponding
H —F pair potential is softer than the H —X one. In
the 82 mode of H;(F F ) [see Fig. 1(c)] the Ho atom
moves against two such H —F bonds, and this yields a
lower vibrational frequency than the 8& mode in which
thc hydrogen atoIIl 1Tlotioll 1s agaigst two H —X bonds.
Finally, in the A ( &FF ) mode of this defect, the H
motion is beating partly against the Ho—X and the
H —F bonds, yielding a frequency in between the 8&
and 82 modes.

The results presented in this paper concerning the per-
turbed H;(F ) and H;(F F ) centers in alkah halides
provide a particularly nice example of the possibilities of-
fered by the BT analysis of polarized Raman scattering
spectra, the theory of which was presented in the preced-
ing paper. Even though one knew alI'eady in this case
from electron-spin-resonance measurements the C3„sym-
metry of the H3&(F ) center, we have derived with a high
level of confidence the same conclusion from the Raman
data presented here. This is partly due to the fortunate
circumstance that one is able to produce a rather strong
anisotropy in the orientation of the centers which can be
monitored in optical absorption. By its nature the BT
analysis yields not only the symmetry of the defect but
also identifies the nature of the vibrational modes and
gives valuable information about the Raman-tensor ele-
ments.

Even for defects, as ls thc case here, whc&c a rather



J. I'. ZHOU, E. GOOVAERTS, AND D. SCHOEMAKER

complete BT analysis is possible the information does not
come easy: very careful measurements must be per-.
formed. For many centers the data may be less complete
and less definite conclusions may be drawn. Still the re-
sults may be quite valuable when combined with data ob-
tained with other experimental techniques. An example of
the latter case 1s provided by the I 1 pertUlbed H, cente1
in KC1, the Raman BT results of which will be published
in a planned forthcoming paper.
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