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Effects of a noncubic crystal field on the s2 ion are investigated. Optical-absorption spectra of thallous
ion centers produced in single crystals of KH,PO, (KDP) and RbH,PO, (RDP) are presented. They
consist of polarized absorption bands. Since it is confirmed that the T1* centers in KDP and RDP ex-
hibit quite similar absorption characteristics, a model is proposed to interpret the interaction mecha-
nisms between the s? ions and the KDP-like crystal lattices. Among five typical absorption bands named
A,, 4,y By, Cy, and C,, the 4,, band has a noticeable doublet structure and the B, band is as intense
as the 4,, band even at liquid-nitrogen temperature and is strongly temperature dependent. The ob-
served results are qualitatively explained by taking into account the spin-orbit, crystal-field, and

electronic-vibrational interactions.

I. INTRODUCTION

Marked progress in experimental techniques and
methods of analysis has been made in understanding the
electronic properties of point imperfections in crystalline
solids and their interactions with host lattices. Among
various kinds of point defects, impurity ions with s? elec-
tronic configuration introduced into alkali halide crystals
have been one of the most attractive objects of physical
research.!'?

Alkali halide crystals are extremely suitable for experi-
mental and theoretical studies of the s2 centers. They are
fairly well-understood crystals with cubic lattices and
their outstanding transparency in a wide range from in-
frared to vacuum ultraviolet, where the so-called A4, B,
and C absorption bands due to the s? ions appear, makes
optical measurements feasible. Accordingly alkali halides
have extensively been adopted as host crystals. Impurity
ions embedded in the crystals take the places of alkali-
metal ions and the symmetry of the crystal field at the im-
purity site is the highest point symmetry O,. Many ex-
periments, in which external perturbations such as
mechanical stress,>™> electric,’ and magnetic’° fields
were utilized to produce noncubic environments around
the s2 centers, have been conducted to obtain further in-
formation to determine the physical parameters of experi-
mental and theoretical interest.

It is rather difficult to find noncubic host crystals
where the s? centers exhibit a number of uv absorption
bands which allow study of the various interactions be-
tween the impurity ion and the host lattice. A unique
case is potassium dihydrogen phosphate (KDP) doped
with thallous ions, KH,PO,: Tl (KDP:T1).1° Some other
studies have been carried out on s2 centers in noncubic
lattices,'"!? but the T1" center in KDP:TI is so far the
only s? center in a noncubic host lattice where all the
possible s2—sp transitions corresponding to the A, B,
and C bands in alkali halides have been confirmed.

The present work was undertaken to observe optical
absorption of Tt centers in thallium-doped rubidium

0163-1829/94/49(10)/6462(8)/$06.00 49

dihydrogen phosphate single crystals RbH,PO,:Tl
(RDP:T]) and to study the general absorption charac-
teristics of s2 ion centers in the KDP-like lattices. Each
of the T1" ions in these crystals occupies an alkali-ion site
whose local symmetry is lower than that of the similar
center in alkali halide crystals. One naturally expects
that absorption bands in those systems exhibit crystal-
field-allowed components and certain polarization
characteristics. It is confirmed that such absorptions ex-
ist in the expected photon-energy range not only in
KDP:T], but also in RDP:T1. The fact that the integrat-
ed absorption intensity of a crystal-field-allowed band in-
creases as temperature rises demonstrates cooperative
contribution of the spin-orbit and electron-lattice interac-
tions to the intensity. It is shown that the observed spec-
tra in these systems can be explained qualitatively by a
simple model in terms of the spin-orbit, crystal-field, and
vibronic ion-lattice interactions.

II. EXPERIMENTAL METHOD

Host crystals were grown from supersaturated aqueous
solutions and the recrystallization technique was adopted
to improve the crystal quality by reducing impurities.'>!*
Thallium ions were added to the solution of the purified
crystals in the form of TICl (99.9% pure), but the
chlorine ions existing in the solution did not seem to
affect the crystal growth. Furthermore, a comparison of
optical absorption of KDP grown in a KCl-doped solu-
tion with that of KDP grown in an undoped solution did
not indicate any trace of additional absorption due to
KCl in the spectral range of our interest. X- and z-cut
sample plates of each crystal were prepared to measure
absorption spectra polarized in parallel and perpendicu-
lar to the z axis of the crystal.

A vacuum monochromator equipped with a 50-cm
concave grating and a hydrogen-arc discharge tube as a
light source was used since most absorption measure-
ments were made in the vacuum uv region. Its spectral
resolution was about 0.4 nm. Plane-polarized light was
obtained by use of a polarizer made of two parallel LiF
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plates which reflected incident light at the Brewster an-
gle. The polarizer was placed between the light source
and the entrance slit of the monochromator and was
made rotatable together with the light source to attain an
arbitrary direction of polarization. The spectral resolu-
tion in this instance was about 1.6 nm due to inevitable
decrease of light intensity at the LiF polarizer. Two
recording spectrophotometers, a Cary model 14 and a
Shimadzu model UV-2100, were also utilized for absorp-
tion measurements of z-cut samples with unpolarized
light only in the spectral range above 190 nm.

III. uv ABSORPTION SPECTRA

Absorption of the Tl-doped crystals rises at about 5 eV
in photon energy and the spectra give several band peaks
toward higher energy up to the fundamental absorption
tail of each crystal. Polarization-dependent spectra in
KDP:Tl and RDP:Tl measured at room temperature
(RT) and at liquid-nitrogen temperature (LNT) are shown
in Figs. 1 and 2. The spectra are decomposed into indivi-
dual component bands termed 4,, 4,,, B,,, C,,, and C,.
The symbol A4,, for example, stands for an absorption
band corresponding to the A band of T1* centers in al-
kali halides and to its polarization parallel to the z axis of
the host crystal. Anisotropy in the plane perpendicular
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FIG. 1. Polarized absorption bands in KDP:Tl measured at
RT and LNT. The label 4,, for example, signifies that the band
corresponds to the A4 band in the TI* center in alkali halides
and the polarization of the light absorbed is parallel to the z axis
of the crystal. All the expected absorption bands corresponding
to the s’—>sp transitions in S, symmetry are seen. Dashed
curves represent approximate decompositions of the overlap-
ping bands.

to the z axis was not noticed in the 4,,, B,,, and C,,
bands. This isotropy provided the advantage that the xy
components, in particular a doublet structure noticed in
the A,, band, could be measured by use of z-cut sample
plates and intense unpolarized light, which led to optimal
spectral resolution.

In KDP:T1 five absorption bands were seen at LNT,
but the C, band and a large portion of the C,, band were
concealed by the fundamental absorption of the host
crystal at RT. In RDP:Tl, on the other hand, only four
absorption bands, whose general features are quite simi-
lar to those in KDP:Tl, were observed. Though one
might expect a C, band in the vicinity of the strong C,,
band, it could not be distinguished from the strong host
absorption.

Positions, full widths at half maximum (FWHM), and
intensities of the absorption bands at RT and LNT are
summarized in Table I. The intensities are obtained as
integrated absorption coefficients relative to the 4, band
area of each crystal at LNT. The values in parentheses
stand for the doublet components of the 4,, band, which
is decomposed into two Gaussian subbands by numerical
approximation.

Intensities of the 4,, 4,,, and B,, bands at LNT are
nearly equal in both crystals, while the C,;, and C, bands
are very intense in comparison with the first three bands.
The intensity of the B,, band at RT is larger than at
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FIG. 2. Absorption bands in RDP:Tl at RT and LNT. Gen-
eral features are very similar to those of KDP:T1 but the intensi-
ty change in the B,, band is rather enhanced. A doublet struc-
ture is clearly seen in the 4,, band. The peak position of the
C,, band at RT was not confirmed due to the strong fundamen-
tal absorption of RDP. The ordinate scales in Figs. 1 and 2 are
independent.
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TABLE 1. Positions, FWHM'’s, and intensity ratios of the absorption bands in KDP:Tl and RDP:Tl
measured at RT and LNT. The intensity ratio of each band is determined as the integrated absorption
strength of the band relative to that of the A4, band at LNT. Values in parentheses stand for the dou-

blet components of the 4,, band.

Absorption band A, A,, B,, C,, C,
Position (eV) RT 5.53 5.73(5.63,5.78) 6.88
LNT 5.56 5.76(5.68,5.81) 6.91 730 7.67
FWHM (eV) RT 0.21 (0.20,0.16) 0.19
KDP:Tl LNT 0.10 (0.14,0.12) 0.09 026 022
Intensity ratio RT 1.00 1.28(0.59,0.69) 2.35
LNT 1.00 1.22(0.56,0.66) 1.85 8.0 9.8
Position (eV) RT 5.55 5.72(5.64,5.80) 6.90
LNT 5.58 5.80(5.72,5.84) 6.96 7.35
FWHM (eV) RT 0.21 (0.26,0.16) 0.2
RDP:TI LNT 0.12 (0.18,0.10) 0.12 0.34
Intensity ratio RT 0.80 1.48(0.74,0.74) 3.6
LNT 1.00 1.62(0.76,0.86) 1.7 6.9

LNT. Note that in RDP:TI the B, band at RT becomes
about twice as intense as at LNT. The fundamental ab-
sorption tail of each crystal prevents precise measure-
ments of intensity changes in the C,, and C, bands.

IV. DESCRIPTION OF THE MODEL

A theoretical model to interpret optical spectra of the
s? impurity centers in solids was proposed by Seitz.!> In
this model an s? ion substituted at a cation site exhibits
essentially the same electronic transitions as those of the
free ion, and the lattice environment causes a phonon-
assisted transition and broadening of the optical spectra.
Various improvements have been made on the model
describing interactions between the impurity ion and the
surrounding ions: the Jahn-Teller distortions play an im-
portant role in explaining rather complicated structures
in the observed absorption'é and emission!”!® spectra,
the molecular-orbital approach revealed an interaction
mechanism between the central ion and the ligand
ions,’*~2! an integration method in multidimensional
space was developed to calculate band shapes,?* and the
method of moments?®* was applied to estimate physical
parameters from band shapes.?*

In the case of alkali halides the nondegenerate s
ground state of these impurity ions is 'S, (lAlg of O,
symmetry) and the first excited state is a twelvefold-
degenerate sp state which splits into the following multi-
plets: P, (34,,), °P, °T,,), °P, (°T,,,’E,), and 'P,
(T,,). Three absorption bands called 4, B, and C,
whose energies are characteristic to each impurity-host
combination, are commonly observed. The '4,,—°T),
transition allowed by the spin-orbit interaction gives the
A band. The '4,,—(’T,,,’E,) transition assigned to
the B band is allowed only by vibrational mixing of 3T,
and/or *E, with 3T, in addition to the spin-orbit cou-
pling. Naturally the B band intensity is very weak at low
temperatures and increases gradually as temperature
rises. The transition ' 4,,—'T, is allowed by the elec-
tric dipole and spin selection rules, yielding the most in-

2

tense C band. These bands have temperature-dependent
structures which are understood in terms of the spin-
orbit interaction and the vibronic interaction.

KDP:Tl and RDP:TI exhibit quite similar absorption
spectra where the 4,, 4,,, B,,, and C,, bands are
confirmed in common. We should note two obvious
differences between these spectra and those of thallous
ion centers in alkali halides, i.e., anisotropy of the absorp-
tion and large intensity of the B,, band, which indicate
the importance of the crystal field around the T1" center
in understanding the spectra of KDP:Tl and RDP:TL

The host crystals undergo ferroelectric phase transi-
tions at 123 K in KDP and at 147 K in RDP.?® The crys-
tal lattice being tetragonal in the paraelectric phase above
the transition temperature T, and orthorhombic in the
ferroelectric phase below T,, the exact symmetry of the
K" or Rb" site is lowered at the transition to the fer-
roelectric phase.?® The influence of the transition was
clearly observed as small changes in the positions and
shapes of the bands.?’” However, approximate local sym-
metry around a T1" ion may be estimated by reference to
the well-known crystal structure of KDP in the paraelec-
tric phase?® at any temperature of our interest, because
no drastic changes, disregarding the finer details such as
the peak shifts mentioned above, were observed in the ab-
sorption spectra in spite of the phase transition.

This point of view has been set forth in the interpreta-
tion of a number of polarized absorption bands observed
in the KDP:Tl spectra.’® The absorption spectra of
RDP:TI seem to support the idea and to give impetus to
the attempt to describe a model with explicit expressions
of the interactions, which would be useful for analysis of
the s? centers in KDP-like lattices. Inspection of the in-
teraction matrices constructed in the present work, for
instance, will elucidate mutual location of the bands and
the magnitude of the crystal-field splitting between the
A,, and A, bands relative to that between the C,, and
C, bands.

When a thallous ion introduced in these crystals re-
places an alkali-metal ion, it is surrounded by four first-
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neighbor and four second-neighbor oxygen ions as shown
in Fig. 3. These eight oxygen ions are considered to exert
the most important part of the crystal field upon the cen-
tral ion. The point symmetry of the local field is then S,
as a good approximation. The possible lower-symmetry
field existing in the ferroelectric phase is considered to be
much weaker than the S, field.
The Hamiltonian of our model is expressed as follows:

H= Hfree + I'ISO + Hcryst + Hvibronic ’

where Hy,, represents the free-ion Hamiltonian without
the spin-orbit interaction Hgo, H,y the static crystal-
field energy, and H ;i the electron-vibrational interac-
tion between T1™ and neighboring ions. To the accuracy
of the present analysis, H.,, can be written as
H(,+Hc where H,, is the largest part of the static
field of almost spherical symmetry and Hy is the S, field
proportional to 2z2—x2—y?, ignoring weak fields of
lower symmetry. The simplest form of H,;;on;. leads to
linear dependence of the interaction energy on the
vibrational-mode coordinate Q and is denoted by H,,.
The Hamiltonian may now be rewritten as

H=H,+Hg+Hc+H,,

where Hy=Hj,..+H,y,. The last three terms Hgo, He,
and Hg, are treated as perturbations to H,,.

In order to compare the TI* center in the KDP lattice
with that in the cubic alkali halide lattice, a set of wave
functions which diagonalize H,, are grouped according to
the irreducible representations of two point groups O,
and S,. The ground-state electronic configuration of T1*
is s2 and the wave function ¢, with singlet spin multipli-

O 1st neighbor 0%
O 2nd neighbor 0"

FIG. 3. Perspective view of the TI* center in KDP. A T1*
ion at the center is surrounded by six PO, tetrahedra. Two of
them, located immediately above and below the T11 ion along
the crystal z axis, provide four second-neighbor oxygen ions.
Four first-neighbor oxygen ions belong to the remaining four
tetrahedra. The symmetry of the center is then S,.

o
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city belongs to the totally symmetric representation 4,
of O, in the cubic environment, and likewise it belongs to
the representation 4 of S, in the S, field. Twelve wave
functions for the first excited sp configuration are given in
Table II with irreducible representations of O, and S,
symmetries.

The interaction Hamiltonian Hy+Hgo+H_ is given in
Table III, neglecting the Madelung potential and
Coulomb integral. We see that the spin-orbit interaction
§ mixes the singlet states ¢,,4,,¢; and triplet states
$9,$10o41; and that the crystal-field interaction D com-
bines two singlet states ¢,,¢, with the triplet states ¢,
by way of the spin-orbit interaction.?

An interaction matrix of Hy, is constructed to consider
some temperature-dependent phenomena observed in the
absorption spectra. Vibrational modes of the thallous ion
and the eight ligand oxygen ions forming S, symmetry
can be treated as three interaction modes with four
interaction-mode coordinates.’® They are a totally sym-
metric A-mode coordinate Q,, a B-mode coordinate Q,,
and two E-mode coordinates Q; and Q,. In Table IV the
matrix is given in the linear approximation where the in-
teraction is described as

4
Ho=3 V.0; .
i=1
The coefficient V; is a function of the coordinates of the
electrons derived as the first derivative of H ;. With
respect to Q;.

TABLE II. The sp wave functions and their associated irre-
ducible representations (IR) of O, and S, symmetries with spin
multiplicities. U, and (U,,U,, U, ) stand for the singlet and the
triplet spin functions of the two-electron system and
(Xo, Y0,Z,) and (X,Y,Z) for the symmetric and antisymmetric
orbital functions, respectively. The orbital functions are
Xo={s(1)p,(2)+s(2)p, (1)} /V2, X= {s(1)p,(2)—s(2)p, (1)} /
V2, etc., where s(1) and Dx(2) are one-electron orbital functions
of electron 1 in the s state and of electron 2 in the D, state, re-
spectively.

IR of O, Wave function IR of S,
ITlu $=UoX, 'E
$=U,Y,
$:=U,Z, 'B
T, $:=(U,Z+U,Y)/V2 g
$s=(U,X+U,Z)/V2
¢6=(U,Y+U,X)/V2 3y
'E, $:=(U.X—U,Y)/V2 ~ 34
$s=(2U,Z—U,X—U,Y)/V6 3B
Ty, $o=i(U,Z—U,Y)/V2 ’E
$10=i(U,X—U,Z)/V2
én=i(U,Y—-U,X)/V2 3B
34,, $,=(U,X+U,Y+U,Z)/V3 ip
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V. DISCUSSION

The spin-orbit interaction Hgg and the crystal-field in-
teraction H¢ not only resolve the degeneracy in O, sym-
metry but also mix the states ¢’s. H¢ in particular, as
seen in Table II, splits the threefold-degenerate states
into a twofold-degenerate state and a nondegenerate state
(T,,-E+B and T,,—~E-+ A), and the twofold-
degenerate state into two nondegenerate states
(E,—~A+B).

A schematic energy diagram to illustrate level split-
tings of the sp configuration by the exchange energy G,
the spin-orbit interaction §, and the crystal-field interac-
tion D is shown in Fig. 4, where energy shifts due to the
Madelung energy and Coulomb integral are not shown.
Although values of the energy parameters G, §, A, and D
are unknown, the diagram is tentatively constructed with
the relation {=~2D >>D. The value of G smaller than § is
not so unreasonable, because considerable reduction of G
has been obtained experimentally and confirmed by
theoretical study on the TI' centers in alkali
halides.?%31:32 A relatively small value is used for D be-

Exchange Spin- Orbit Crystal Field

1Blg)
8.6.9, 60 G
'E (8, 8,)
iCXy

B(#)
E(8 ¢5)
Alg) Alg,)

9. 8.9 9.9

Singlet-Triplet
Mixing
|

¢9 ¢m¢u :
E (2, 8)
B(#,)

’B(#.)

§? Ground State — — — — — — Al#,)

FIG. 4. Schematic energy diagram showing splittings of the
twelvefold-degenerate sp state with respect to the exchange in-
teraction G, the spin-orbit interaction £, and the crystal-field in-
teraction D. Repulsion between the 'T,, and T, levels due to
the spin-orbit interaction is also shown. At the extreme right,
energy levels in the S, crystal fields are shown with the corre-
sponding wave functions given in Table II. The two kinds of ar-
rows indicate the allowed transitions of different polarizations
from the s? ground state and are labeled with the corresponding
absorption bands observed.

cause of the small crystal-field splitting between the 4,,
and A, bands in comparison with the splitting by the
spin-orbit interaction. Effects of mixing among the eigen-
states of H, due to the off-diagonal elements are not
shown, except the singlet-triplet mixing by the spin-orbit
interaction.

By diagonalizing the interaction matrix, mixed eigen-
states are obtained in the form of linear combinations
among the singlet and triplet states. The mixed states
may hereafter be designated by the same notations (¢’s)
without confusion.

Mixing between three doubly degenerate states
E(¢,,9,), E(dy,¢5), and E(dg,d,o) gives three new dou-
bly degenerate states, each of which shares the spin-
singlet state E(¢;,¢,). Three electric dipole transitions
from the spin-singlet s> ground state ! 4(¢,) are allowed,
to result in the corresponding absorption bands
Ay (do—¢9b10), By (do—d4,¢5), and C, (¢o—61,6,),
with polarization perpendicular to the z axis of the crys-
tal. The B,, band is allowed by cooperation of the spin-
orbit and crystal-field interactions.

The 'B(¢;) and 3B(4,,) states also combine to give new
¢; and ¢,; which allow the C, absorption (¢y—¢3) and
the A, absorption (¢y— ¢,,), respectively, for light polar-
ized parallel to the z axis. Another mixing occurs be-
tween two triplet states ¢5 and ¢, but it is trivial in the
present absorption experiment.

Consequently five electric dipole transitions indicated
by arrows in Fig. 4 are possible from the ground state
'4(¢y). Two A—B transitions correspond to the A4,
and C, bands and three 4 —E transitions to the A4
B,,, and C,, bands.

Diagonal elements of the matrix in Table III indicate
that the crystal-field interaction locates 'B(¢;) at the
higher-energy side of 'E(é,,4,) by 6D and *B(¢,,) at the
lower-energy side of *E(¢,,$,,) by 3D, as shown in Fig. 4.
This is just the order of the observed bands. If the mix-
ing by the crystal field is not so large, the energy
difference between the C,, and C, bands should be larger
than that between the 4,, and 4, bands by a factor of
about 2. In the present study the factor is calculated
from the values in Table I to be (7.67—7.30)
/(5.76—5.56)=1.85 in KDP:Tl at LNT, although much
more detailed analysis may be required for quantitative
comparison.

The doublet structure of the 4,, band can be explained
by the vibrational interaction Hgy. The matrix clarifies
that the B interaction mode Q, combines the two states
belonging to any doubly degenerate E representation.
The doublet structure, however, is not observed in the
B,, and C,, bands. This difference may be ascribed to
the strength of the interaction, which should be estimated
by the spatial extent of the electronic wave functions and
by those of the ligand ions. Among the three E states,
the electron charge distribution of the state *E(dg,é ;o)
extends along the z axis®* toward four second-neighbor
oxygen ions closely situated along the z axis. In addition,
the interaction coordinate Q, includes displacement of
the thallous ion along the z axis, which is directly con-
nected with the ferroelectric modes4 3¢ derived from the

xy?
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KDP lattice structure. The displacement leads to closer
contact between the electrons of the thallous ion and
those of the four second-neighbor oxygen ions. This
seems to be the most probable reason why the A,, band
exhibits the obvious doublet structure. Since the FWHM
of the C,;, band is rather large it might have some vibron-
ic structure. The existence of strong fundamental absorp-
tion in the host crystals KDP and RDP, however,
prevents accurate measurements of their exact shapes at
various temperatures.

The magnitude of the peak separation of the doublet
component bands has been closely investigated in
KDP:Tl between 4.2 and 346 K.?” Although a rather
complicated behavior is observed around the transition
temperature T, it is almost unchanged between 4.2 K
and T,. Therefore, the origin of the structure below T,
seems to be of static nature. On the other hand, the sepa-
ration above T, increases as temperature rises. Since the
separation is proportional to the square root of the tem-
perature, the structure is ascribed to the dynamical
Jahn-Teller effect of the 4 —E transition®” which results
from interaction between the twofold-degenerate elec-
tronic state E (¢4, $5) and the B-mode vibrations.

The oscillator strengths of the five absorption bands in
KDP:TI have been determined.”® The value for the B,,
band is 0.10 at LNT and increases as temperature rises.
This value is five to ten times larger than that of the B
band of the s? centers in alkali halides.'®® The fact that
the B,, band in KDP:TI as well as in RDP:T1 is as in-
tense as the 4,, band even at LNT means that contribu-
tion of the S, crystal field to the B,, band intensity
should be comparable to that of the spin-orbit interac-
tion.
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The temperature dependence of the B,, band intensity
can naturally be attributed to the vibrational interaction.
It is recognized by reference to the matrix Hg, that the to-
tally symmetric vibrational mode Q; contributes to the
B,, band intensity just like the S, crystal field. The B
mode @, also couples (¢4, ¢s) with (dg,¢,0). These in-
teractions cause intensity transfer among the 4,,, B
and C,, bands.

In KDP:TI net intensity transfer occurs from the C,,
band to the B,, band, because the 4,, band intensity is
almost unchanged. Possible intensity change in the C,,
band could not be confirmed within the experimental ac-
curacy limited by strong superposition of the host ab-
sorption. In RDP:TI a remarkable increase of the B,,
band intensity seems to be attained at the cost of the 4,,
and C,, band intensities. Since one-half of the B,, band
intensity in RDP:T1 at RT is the temperature-dependent
increase, contribution of the vibrational interaction H, to
the B, band intensity is of equal importance to the spin-
orbit and crystal field interactions, Hgg and H..

Intensity distributions between the two component
bands of the 4,, band are rather approximate because of
arbitrariness in the method of decomposition. It may be
stated, however, that the 4,, band consists of two sub-
bands with nearly equal strength in both KDP:Tl and
RDP:TL

xy’ xy’
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