
PHYSICAL REVIEW B VOLUME 23, NUMBER 1 1 JANUARY 1981

Raman scattering and perturbed phonons in KC1:KH and KC1:KD. Experiments

Yasuhiro Kondo, ' J. R. Duffey, and Fritz Luty
Physics DepartI~teItt, UItiversity of Utah, Salt Lake City, Utah 84(12

(Received 22 July 1980)

The doping of KCl with substitutional H and D ions has been extended from the usual

low-concentration "U-center" range (10 to 10 mole ratio) into the 10 to 10 ' range. This

high H concentration has made possible Raman measurements of two effects, which so far

were not accessible: (1) The H defect-induced one-phonon spectrum (0—150 cm ') which in

various scattering geometries displays the coupling of the H ion to perturbed phonons of A ig,

Ez, and T2g symmetries. (2) A new combination process of the H or D local mode with lat-

tice phonons, appearing in the parallel scattering geometry as a broad spectrum around 600 and

430 cm ' for H and D, respectively. Besides these new effects, the second harmonic of the

H local mode near 1000 cm ' (D near 700 cm ') is observed, split into three components of
A &g, Eg, and T2g symmetry, similar to those measured previously for Kl:KH and KBr:KH. All

three Raman responses scale with the H doping for low concentrations, but display at high

doping levels marked changes due to H -H interaction. A theoretical treatment of these

results is planned to be presented in a separate paper.

I. INTRODUCTION

Negative hydrogen (H ) ions, substituted for
halide ions on lattice sites in alkali halides, are one of
the oldest and most extensively studied classes of
point defects in solids. From early work in Gottingen
the processes involved in the thermal production of
these defects were clarified' and their uv absorption'
and photochemical conversion " properties were sys-
tematically studied. More recently the substitutional
H ions (so-called "U centers") became the first de-
fect system for which a high-frequency local mode
was discovered. ' Extended measurements with in-

frared spectroscopy established the properties of H

and D local modes and their phonon sidebands in a

large number of alkali-halide and alkali-earth-halide'
host crystals. More detailed information was ob-
tained by a reduction of the Ot, defect symmetry and
splitting of the threefold-degenerate local mode using
applied stress, ' chemical impurities neighboring the
H ion, formation of H pairs, ' and displacement of
the H ion on interstitial sites close to the vacancy. "
This rich experimental material (which always inciud-

ed H D isotope substitution) stimulated extensive
theoretical activity, making this simple small mass de-
fect a prototype and model case for the testing of
various approaches towards the treatment of local
modes

—
and their coupling to lattice phonons is, i6

Very recently, practical interest in crystals with H

defects has become strong in connection with the ap-
plication of color center systems as materials for tun-
able infrared lasers. The possibility to produce stable
and nonaggregated F center systems by excitation
with x ray, ' uv, or two-photon exciton absorption'

in crystals with H defects plays a major role in this
development, particularly for crystals with spatially
modulated coloration as used in distributed feedback
color center lasers. "

So far all investigations of H defects in alkali
halides have been performed ori very dilute systems,
restricted in the usually applied technique of subse-
quent additive coloration' and hydrogenation to H

concentrations of N ( 5 && 10 mole ratio. Though
the early work with simultaneous additive coloration
and hydrogenation showed the feasibility of achieving
H concentrations up to 10 in very thin surface
layers, ' this technique was never again systematically
pursued and developed further for achieving high H

amounts in the volume of a crystal. The low-concen-
tration range, . available for H defects, has excluded
the application of experimental techniques like NMR
and has discouraged investigations with Raman tech-
niques. As the H local mode in an unperturbed

-crystal is not Raman allowed by symmetry, its obser-
vation can only be expected in second harmonics. In
the only previous Raman work" on dilute
(iV ( 10 4) H defects in KBr and Kl, the second
harmonic of the local mode and its splitting due to
anharmonicity could be measured. A low-energy gap
mode at 95 cm ' in KI was barely detectable, while it
was impossible to observe in these dilute systems the
one-phonon spectra due to the breaking of transla-
tional symmetry by the H defects.

In this work we report the first results of a more
general attempt to extend the restricted H concen-
tration range as far as possible into the alkali-halide
hydride mixture. As a first step, we applied and
developed in this work the technique of simultaneous
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coloration and hydrogenation' to its full potential in
KCl, achieving an extension of the H doping (com-
pared to the "two-step process") by about two orders
of magnitude into the 10 ' range (Sec. II). These
crystals allow easy and precise measurement of vari-
ous Raman effects connected with the H and 0
ions. Besides the second-harmonic local-mode spec-
tra, the defect-induced one-phonon spectra in all po-
larizations and a new combination effect between lo-
cal mode and lattice phonons are observed for the
first time (Sec. III). A theoretical treatment of these
Raman results is planned for a subsequent paper.

II. PREPARATION OF CRYSTALS WITH
HIGH H CONCENTRATION

The usually applied technique for homogeneous in-

troduction of H defects into a crystal is a two-step

process, consisting of an additive coloration in potassi-
um vapor (reaction 1 in Fig. I), followed by heating
of the crystal in hydrogen gas for conversion of the F
center into H defects (reactions 2 and 3). As the
melting point of the crystal limits the highest achiev-
able potassium concentration [K] in the vapor, the
obtained F center and H defect concentrations are
restricted to N ( 10 ' mole ratio.

In the simultaneous eolorafion and hydrogenation pro-
cess the reactions (1), (2), and (3) are proceeding
simultaneously. The F centers formed by the
"quick" reaction (1) throughout the crystal become
converted at the crystal surface by the "slow" reac-
tion with hydrogen into H defects, and can be re-
placed by reaction (I). For a given temperature T
{determining [K] (T)}and hydrogen pressure P
{determining [H2] (P)},an equilibrium value of H

defects will be established at the crystal surface.
Under prolonged treatment with these fixed condi-
tions, the steep diffusion profile of H ions at the
surface should propagate slowly into the colored crys-
tal.

KH

FIG. 1. The four reactions (1 to 4) occurring in the
simultaneous coloration and hydrogenation process when a
crystal is heated in an atmosphere of potassium vapor (K)
and hydrogen gas (H2).
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FIG. 2. Schematic illustration of the apparatus used for
simultaneous additive coloration and hydrogen treatment.

Two perturbations interfere with a simple exten-
sion of these processes to highest pressures and tem-
peratures and long treatment times.

(a) Apparently as the H content in the crystal
reduces effectively the melting temperature of KCl,
surface melting can occur. For this reason we had to
restrict the crystal temperature to about 50'C below
the melting point of KC1.

(b) Under prolonged heat treatment the potassium
and hydrogen react to form potassium hydride Af.ter
consumption of the potassium by this reaction (reac-

. tion 4 in Fig. 1), the vapor pressure of potassium
drops and a11 reactions 1, 2, and 3 will run backwards
towards decoloration and dehydrogenation of the
crystal.

In the apparatus used for these processes (Fig. 2),
the purified potassium metal was placed at the bot-
tom of a nickel container, while the crystals were
placed in a covered crucible (with holes) some dis-
tance above. After repeated evacuation and purging
with dry N2 and H2 gas, the container is filled with H2

gas to 100—300 psi pressure and heated by the oven.
The temperature is adjusted to about 725 'C at the
level of the crystal, but higher at the bottom level of
the container (to maximize the potassium vapor pres-
sure). After a treatment of 10—20 h the crystal can
be cooled either quickly or slowly to room tempera-
ture. In the case of quick cooling the crystal will

contain —besides the achieved H defect profile —the
high-temperature equilibrium concentration of F
centers, too, which are unwanted for our investiga-
tion. A slow cooling over several hours in the range
700 500'C, on the other hand, reduces the potassi-
um concentration [K](T) in the vapor and discolors
the crystal due to the quick equilibrium react'ion (1),
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III. EXPERIMENTAL RESULTS AND
THEIR INTERPRETATION

KCI: KH T=20 K
4880 A
unpolarized

(a)

Figure 5 sho~s a survey of the Raman response of
KC1 crystals with three different KH concentrations,
covering the total investigated spectral range 0—1100
cm '. The spectra were taken with the scattered light
unanalyzed so that all Raman active modes, regard-
less of symmetry, appear. Five different spectral ef-
fects can be distinguished in this survey.

(a) The second order s-pectrum of pure KCI, indicated

by the dotted line, appears in all crystals as the ex-
pected host-lattice background. Its prominent peak at
—300 cm ' can be used as a reference to which the
strength of the defect-induced scattering effects can
be compared.

(b) A low-energy spectrum (0—200 cm ') the
strength of which scales linearly with the amount of
KH in the crystal. It must be attributed to a one-

phonon spectrum caused by the presence of the KH.
The introduction of the H ions into the crystal des-

troys the lattice periodicity and inversion symmetry
of the ions around the defect, thus allowing first-
order Raman scattering from phonons throughout the
Brillouin zone.

(c) A sharp three-line structure observed at
—1000 cm '. As the infrared active but Raman

inactive local mode of H in KC1 is located near 500
cm ', the Raman response at 1000 cm ' must be due
to the second harmonic of the H local mode

(d) The broad spectrum at 600 cm ' scaling with

the H doping is a new and unexpected effect. Its
large width (150 cm ') indicates that it originates
from a broad phonon spectrum. This feature, togeth-
er with its position at 600 cm, suggests strongly that
it is caused by a combination effect of the H local mode

with lattice phonons.
(e) A tiny sharp line appears close to 500 cm ' in

samples with high H concentrations. It must be due
to the fundamental local mode vibration of an H ion in

some type ofperturbed surrounding which breaks the
inversion symmetry and makes the Raman response
of the fundamental allowed.

%hile the well-understood lattice background effect
(a) does not need any further attention, we will focus
on each of the four defect-induced phenomena
(b) —(d) with more detailed measurements and dis-

cussions.
Figure 6 shows an unpolarized measurement, simi-

lar to the ones in Fig. 5, but performed on a crystal
. doped with about equal, amounts of KH and KD.
%'hile the one-phonon spectrum is essentially unaf-

fected by the isotope exchange as expected, the
defect-induced Raman effects connected with the lo-

cal mode display a shift to lower energies by a factor
close to the inverse square root of the mass ratio
1/J2. The second harmonic of the D local mode

appears at 720 cm ' (which corresponds well to the
observation of the fundamental local mode at 360
cm ' in the infrared). The broad spectrum at 600
cm ' for KH appears in KD at —430 cm '. (Both
KD spectra are somewhat weaker than the corre-
sponding KH spectra due to the smaller local mode
amplitude of the D ion compared to the H ion. )
The 1/J2 shift of the broad band at 600 cm ' con-
firms our general assignment of this spectral feature

z'
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FIG. 5. Unpolarized low-temperature Raman spectra of
KCl, doped with three different amounts of KH. (a) 0.5
at. % KH; (b) 1.1 at. % KH; an'd (c) 1.7 at. % KH.

FIG. 6. Unpolarized Raman spectrum of KCl, doped with
equal amounts of KH and KD.
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to a local mode plus phonons combination effect.
Figure 7 displays the Raman spectra in the low-

energy one-phonon range, taken for the same crystal in

three scattering geometries. The samples for these
measurements were cut to present a (110) face which
was well polished in order to yield good optical quali-
ty. The crystal was oriented in the cryostat so that
the laser light is incident along a [001] direction with
its polarization being adjustable in [110]and [110]
crystallographic directions. The scattered light pro-
pagates along the [110]direction and its polarization
is analyzed in [110] and [001] directions. Without
moving the crystal, three geometries of incident and
scattered polarization ([110][110], [110][110],and
[110][001]) can be measured, allowing the detection
and separation of Raman spectra of all three sym-
metries. As Fig. 7 shows, one-phonon peaks of A]g
symmetry are observed at 100, 113, and 129 cm ',
while for Eg symmetry peaks at 71 and 121 cm ' ap-
pear. The Raman contributions of T2g symmetry are
rather small and unstructured. The second-order Ra-

an effect from the lattice background with a peak at
315 cm ' appears mainly in the A tg symmetry. The
defect-induced one-phonon spectra reflect directly the
coupling of the H or D ion to perturbed phonons
of A ]g, E~, and T2g symmetry. The general appear-
ance of these spectra has some similarities to the

ones observed for the F center, which has 1s and 2p
electronic states centered at an anion site similar to
the H defect. In detail, however, differences appear
and are expected due to the much more compact
wave function of the H defect compared to the rath-
er diffuse and extended F-center wave function

Figure 8 displays polarized Raman spectra in the
second-harmonic region of the local mode taken with an
instrumental resolution of 2 cm '. Experiments with
two crystals [having (100) and (110) optical faces]
and various scattering geometries lead to consistent
results: There is a mode of A &g symmetry at 1005
cm ', a mode of Eg symmetry at 1014 cm ' and a
mode of T2g symmetry at 995 cm '. As the H ion is

at a site of cubic (Oq) symmetry, the ground state
(n =0) wave function will transform as the A, g ir-

reducible representation of the Oi, point group, and
the» = 1 excited state as the T~„. The» = 2 excited
state will be split by anharmonic perturbation and
transform as the A [g, Eg, and T2g irreducible
representation. Owing to the inversion-symmetry
transitions between states of different parity will be
observed in infrared absorption but not in Raman,
while transitions between states of the same parity
will be Raman active but infrared inactive. This leads
to the single line infrared n =0 n =1 transition at
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FIG. 7. Raman spectrum of KCl:KH in the low-energy
range, taken in three different scattering geometries.

FIG. .8. Raman spectra of KCl:KH in the 1000-cm
range, taken in five different scattering geometries.
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500 cm ', and the n =0 n =2 Raman active transi-
tion which splits into components of & &g Eg and T2g

symmetry.
Very similar Raman results on the second-

harmonic H local mode have been obtained by
Montgomery et at." for the system KI:KH and
KBr:KH. The spectral sequence with rising energy
( T2g, A ~g, and Eg) and the splitting between neigh-
boring peaks ( —8 —10 cm ) is basically the same in

, both systems, indicating a similar contribution due to
anharmonicity. The observed relative intensity of the
three bands (T2g about twice as intense compared to
A ~g or E, , which have approximately equal intensity)
is again similar to the KI:KH and KBr:KH system.
This latter point is in contradiction to the calcula-
tions, " which predict a much stronger scattering from
the A &g and Eg modes compared to the T2g modes.

In addition to the material presented in the figures
of this paper we have also measured the splitting of
the second harmonic of the D local mode in KC1.
The three components (shown only in poor resolu-
tion in the survey measurement Fig. 6) were found
to lie at 714, 717, and 724 cm ' for the T2g, A ~g, and

Eg peak, respectively, According to the theoretical
model in Ref. 21, the splitting should vary under
H D mass exchange by a factor of 2; i.e.,
b v(H ):hv(D ) =2. For the H mode in KCl we
found Av(Er T2g) =19 c—m ' and hv(A ~g

—T2g)
=10 cm '. The corresponding b v values for the
second harmonic D local mode are 10 and 3 cm ',
respectively, in fairly good agreement with the
predicted reduction by a factor of 2 due to the mass
substitution. [The somewhat too small value
hv (A ~~

—Tqg) =3 cm ' might be caused by in-

teraction effects in the highly doped samples used, as
will be discussed later in conjunction with Fig. 11.]

Figure 9 displays polarized Raman spectra of
KCI:KH in the spectral region of the combination ef
feet ar 600 cm ' The A ~g.+Et spectrum was taken
with a cleaved (100) crystal (for better optical quality
and signal-to-noise ratio), while the T2g and Eg spec-
tra were obtained with (110)-cut crystals as described
above. As Fig. 9 shows, the combination effect is
predominantly of A ~g symmetry, showing a strong
main peak at 607 cm ' and a side peak at 660 cm '.
While there appears to be no contribution of Tqg

symmetry, a weak Eg response (in the same range as
the A ~g spectrum) is barely detectable.

As mentioned earlier in the survey of all the Ra-
man effects (Fig. 5), a very weak sharp line siructure
was observed in the crystals with highest KH doping
in the 500-em ' region. Figure 10 shows this effect in
an expanded scale. Two sharp lines are visible, one
at 488 cm ' (of A ~r or Eg symmetry), and one at 483
crn ' of T2g symmetry. It is evident that this weak
line spectrum must originate from the fundamental
local mode of an H ion located at a perturbed site of
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FIG. 10. Raman spectrum in the range of the H funda-
mental local mode frequency (-500 cm '), measured at 10
K for two polarization geometries in KC1 with high KH dop-
ing.

FIG. 9. Raman spectra in the range of the 600-cm ' gom-
bination effect, measured in three scattering geometries,
(The three weak Ar+ plasma lines supply accurate wave-

number calibration. )
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broken inversion symmetry. A point defect, neigh-
boring the H ion, would achieve this. As the host
crystals contain an estimated chemical impurity level
of N'

p ( 1 00 ppm it is evident that the H ions
themselves are by far the predominant candidates
qualifying to be neighboring impurities of the H de-
fect. For a doping level of 3 at. % and random H

distribution, the probability for having one of the
twelve next-nearest-neighbor places of an H ion oc-
cupied by another H ion is (0.03)(12)=0.36, so
that over one-third of the defects should be present
in the form of pairs. (110)-oriented pairs of H de-
fects have been identified and studied previously by
polarized infrared spectroscopy. ' The observed split-
ting of the degenerate H local mode into three com-
ponents could be fitted and accounted for by a simple
oscillator model with slightly changed effective force
constants due to electric dipole coupling between the
two H oscillators.

Aside from the three infrared-active in-phase
modes of the pair, three out-of-phase pair modes ex-
ist, which should be Raman active. The model in
Ref. 10 predicts these modes for KC1:KH to lie at
about 538, 467, and 491 crn '. The 538-cm ' mode,
due to the longitudinal stretching vibration of the
pair, would be expected to appear in parallel-polarized
Raman scattering, while the two transversal 467 and
491 ' modes should appear in perpendicular scatter-
ing. In spite of the high concentration of pairs in our
crystals, none of these modes was observed. From
the infrared work, the existence of the pairs and their
modes (with sizable frequency shifts) is well esta-
blished, Therefore the only explanation for not ob-
serving them must lie in an extremely small first-
order Raman efficiency. Unlike the atoms in an H2
molecule, the two H ions on neighboring (110)
places have a large separation (d =4.4 A) and little
overlap of their individual wave functions. More-
over, the closed-shell electronic structure and ion size
of the H and Cl ions are similar. Therefore the
changes in electronic polarizability when an H ion
moves towards an H or a Cl ion can be nearly
identical so that no observable first-order Raman ef-
fect occurs,

This latter argument is consistent with the observa-
tions on the electronic absorption properties of the crys-
tals with. high KH doping. If any sizable overlap or
interaction between the electronic wave functions of
neighboring H ions would be present, a changed
electronic absorption should be present for the pair
compared to the individual ions; specifically one
would expect a lower-energy transition polarized
parallel to the pair axis (as in the low-lying M-band
transition of the (110) F-center pair equal to an F2
center). The uv absorption of the heavily H -doped
crystals, however, showed essentially only the tail of
a large U-band absorption, as expected for individual
H defects. Therefore the electronic absorption (and

polarizability) properties of H ions in pairs (or larger
clusters) are evidently close to those of isolated H

defects, which agrees with the negative Raman result
on the pair modes.

This leaves the question of the origin of the weak
Raman line in Fig. 10 open: What other impurity
could break the inversion symmetry more effectively
than a neighboring H and thus produce a small
first-order local-mode Raman response? To answer
this question, we doped crystals before the hydroge-
nation with various cationic and anionic impurities
(Na+, Br, I, OH ), which in small amounts could
be present in the pure crystals. None of these impur-
ities produces any new Raman response close to the
local-mode frequency. In a series of further experi-
ments, we applied high electric fields (up to —10'
V/cm) to the crystal, checking carefully the Raman
response in the 500-cm ' range for a possible in-
crease of a signal due to the field-induced broken
inversion symmetry. The result was negative. Nei-
ther the electric field nor the perturbation by a neigh-
boring impurity is sufficient to produce a first-order
Raman responose of the H local mode.

It should be mentioned in this connection that ex-
periments in the infrared, which are related, have
also been negative. 9 In the infrared, the first har-
monic of the local mode is allowed and strong, and
the second harmonic is not allowed and not observed.
Lowering of the H -doped symmetry (e.g. , by a

neighboring Na+ or Rb+ defect in KCI) leads to a siz-
able splitting of the local mode absorption (by about
10—50 cm '). In spite of the fact that about 30% of
the H defects had been attached to Na+ impurities,
no second-harmonic absorption of the local mode
could be detected. In agreement with this, our
highest H -doped ( —3 at. %) samples (in which
about one-third of the hydrogen should be in the
form of pairs) did not show any trace of a second
harmonic local mode infrared absorption. This
demonstrates that even if neighboring impurities split
and shift the local mode frequency by sizable
amounts, the oscillatory motion of the H remains,
harmonic. Consequently, the vibrational amplitude
of the H when approaching the impurity and when
moving away from it must be exactly the same. This
helps to understand that the change in electronic po-
larizability during the two half-cycles of the vibration
are exactly equal too, so that no first-order Raman
response is observed.

The only way in which an H local mode has been
observed in first-order Raman was by resonance Ra-
man excitation of an F center located in a (110)
neighboring position beside an H defect ("F„
center"). '~ The diffuse Is and 2p wave functions of
the F center overlap the region of the H defect, so
that due to the strong electron-phonon coupling the
H local mode appears in the Raman spectrum of the
perturbed F center. We believe that the weak Raman
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lines in Fig. 10 originate in a similar way from very
small amounts of color centers coupled to the H local
modes which are excited in resonance by the laser
light. This interpretation is supported by the obser-
vation that in crystals of extremely high H concen-
tration, intense blue laser light is sufficient to pro-
duce a weak coloration of the crystals. This could be
observed by the appearance of a weak orange-red
luminescence, indicating the presence of small
amounts of F2+ centers in the crystal. It is therefore
likely that the Raman structure in Fig. 10 is not due
to excitation of the H electron, but due to
resonance-enhanced excitation of some neighboring
color center electron coupled to an H defect.

The larger-scale goal under which we set out has
not yet been reached: To leave the concentration
range of H defects and to progress through the re-
gime of truly mixed alkali-halide hydrides as far as
possible towards the pure alkali hydrides. If this
would be possible, the gradual evolution from the lo-
calized vibrations of individual H defects into the
high-frequency collective modes of the H sublattice
could be studied: first through a mixed spatially
disordered phase, and converging into the pure
alkali-hydride behavior. We are actively working to
progress in this direction.

In the presented work we have not yet left the con-
centration regime in which the H response can be
treated basically by that of individual uncoupled de-
fects. Even for the highest achieved H concentra-
tions, the low-energy one-phonon spectrum and the
combination effect of 600 cm ' show only a minor
washing out of fine structure. The second harmonic
local mode response shows the most definite changes
with concentration (Fig. 11): All three components
broaden and shift to higher energies, showing the ef-
fects of interaction among the H ions. The basic
description of the response as a local mode, split by

anharmonicity into three components of A ~, E„and
F.2~ symmetry remains valid, however.

The achieved increase of H concentration has
brought about two important features, which were
not observable before: The Raman spectra of the

KCI: KH
T=20K
488OA

I—
(0

LLI

Z.'

0/

2%-

. I

980 l000

O. 28%
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FIG. 11. Unpolarized Raman spectra of KCl:KH in the
1000-cm ' range, taken for three different amounts of KH

doping.
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perturbed lattice phonons coupling to the H defect,
and the new Raman combination effect between H
local mode and ungerade lattice phonons. Both these
effects will be treated theoretically in a planned
seperate paper.
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