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IR and Visible Absorption Studies on KNiBr; Crystals
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The absorption bands caused by the phonon vibrations and the Ni2*(3d®) electronic transitions ob-
served in KNiBr; single crystals have been studied. The Ni?* ions in the present crystals appear to
exist in a moderate octahedral coordination site [forming the Ni(Br)s-type polyhedron] which is excited
in the electronic as well as in the vibration (IR) spectrum. The electronic spectrum for some of the d—d
transitions indicates well-resolved vibronic structures, the frequencies of which are consistent with
those observed in the IR spectrum. @ 1988 Academic Press, Inc.

1. Introduction

The ABX; (X for halogen) series of com-
pounds, where A and B respectively refer
to an alkali and a divalent transition/IIA
group cation, is of interest for the laser
hosts and/or for studying the imperfection
centers (I—4). The optical absorption and
luminescence spectra of the host and/or
doped Ni/Co cations in the various ABF;
fluoride crystals have been reported in this
series (2, 3). However, few studies have
been carried out on the other halides. We
report here the electronic (3d® — 3d?%) ab-
sorption spectra of possible Ni?*(d®) cen-
ters in KNiBr; crystals, The results are dis-
cussed in the light of vibrational analysis
proposed for the crystal vibration modes.

2. Experimental

The single crystals of KNiBr; investi-
gated in this work were obtained from slow

0022-4596/88 $3.00
Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved.

48

evaporation of an aqueous solution contain-
ing KBr and NiBr; in stoichiometric
amounts. The formation of KNiBr; in the
solution is confirmed by X-ray diffractome-
try of the crystal particles (using a Rich and
Seifert-Isodebyeflex 2002 diffractometer
with filtered CuKa radiation) which indi-
cates sharp and intense diffraction lines
(Fig. 1) in the range 20° = 20 = 50°. The
data characteristically differ from those of
NiBr; (5a) or KBr (5b) and KNiX; (X = F,
CD) halides (5¢, 5d). The latter halides crys-
tallize essentially in a hexagonal or cubic
crystal system. The crystal structure of
KNiBr; is believed to be monoclinic (space
group C3,, Z = 2), with the Ni?* cation
situated at an octahedral coordination site
forming the Ni(Br)¢-type polyhedron. Other
crystallographic details for KNiBr; remain
to be determined.

IR spectra of the sample (ground into
powder) were recorded on a Perkin-Elmer
783 spectrophotometer using a resolution of
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Fic. 1. X-ray powder diffraction patterns for
KNiBrs;.

1.2 cm™!. The measurements in the near IR
and visible regions (2500-400 nm) were per-
formed with thin polished platelet samples
on a Cary 2300 spectrophotometer.

3. Results and Discussion

3.1 Phonon Vibrations

The IR spectrum of the sample (shown in
Fig. 2) comprises a series of band groups in
the region extending from 300 to 4000 cm™!.
The prominent bands lying below the 1200-
cm~! region could be correlated with the
four expected fundamental modes, viz., vy,
v, v, and wy for KNiBr; crystal in

TABLE I

PHONON BANDS (FUNDAMENTAL) OBSERVED IN THE
IR SrECTRUM OF KNiBr;

Frequency Intensity

(cm™Y) (arb. units) Assignment
370%(a) 71

420 (b) Sh

400 (2) 67 vdE)
447 (b") Sh

470 (a)* 58

535 (b) 75 VA1)
580 (a) 94

620 (b) 99 »iA)
642 (a) 100

770 (b) 95

858 (a’) 80 v(E)
900 (b") 75

992 90 Electronic
11254 100 NiZ+{*F(T';)} bands

Note. s, sharp; Sh, shoulder bands. The modes v,, v;
represent stretching and v, », the deformation modes
in a moderate Ni(Br)s octahedron. The bands (corre-
sponding to transverse and longitudinal modes) are
marked by a and b, respectively.

@ Qverlapping bands make placement difficult.

perovskite-type structure (6, 7). The as-
signments of the individual bands observed
in the spectrum are given in Table 1.

It is logical to compare the results with
those reported for the ideal ABY;
perovskite (cubic crystal structure) with

<— Transmiftance
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Fi1G. 2. IR spectrum of KNiBr; in KBr pellet. a, b, a’, and b’ refer to band components in v; vibration
mode and corresponding higher harmonic modes excited in the system. *Much intense electronic
absorption because of Ni2*. This could be recorded by reducing the vertical (transmittance) scale by a

factor of 10.
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space group P, 3,(0}) (8). The frequencies
assigned for v, and »; vibrations in the
present work are reasonably high and show
a larger number of band components than
expected even after the triplet degeneracy
of T, and T,, modes (cf. Table II) is lifted.
One perspective is that the perovskite
structure is probably distorted in KNiBr;
crystals. The relationship involves a tetrag-
onal distortion of the perovskite unit cell,
together with a transition from an octahe-
dral Ni(Br)s unit to tetrahedral Ni(Br), by
the shortening of Ni-Br bonds. In this
model the above vibrations would present
large frequencies in the tetrahedral scheme,
and the prominent IR intensities observed
even in the case of highly symmetric vibra-
tions are very likely. A correlation diagram
summarizing the various vibration species
and their selection rules in the two crystal
systems is given in Table II.

The assignment proposed for the various
fundamental vibration modes of KNiBr; in
Table 1 seems consistent with the X-ray
diffraction analysis, which reveals a possi-
ble monoclinic structure (space group C3,
and Z = 2) for the system at room tempera-
ture (295 K). All four fundamental vibra-
tions of KNiBr; may be allowed in IR under
the approximation of this crystal system
and for the nickel cation forming a moder-
ately distorted [Ni(Br)s type} polyhedron in

TABLE II
CORRELATION DiaGrRAMS?

Perovskite
KNiBr; ABY, (8)*
Vibration mode Ci 0,

Vi, Va, Tz Ag(R)5 AH(I)———) Tlu(l)
R, A,R)
Vs, Vd(Rxs Ry) Eg(R)’ Eu(I)'-_)TZH(la)

2 R, Raman active; I, infrared active; ia, inactive.
¢ There is no Raman active mode.

the crystal unit cell as expected for the
nickel bromide (5a, 9).

The site group symmetry for Ni(Br)g
polyhedron in KNiBr; crystal is not known
and therefore, with the data available at
present, it is not possible to carry out a fac-
tor group analysis for the various vibra-
tions. Also factor group splitting could not
be resolved because a sharp band structure
was lacking in the present spectrum. More-
over, all four fundamental vibrations are
split into transverse and longitudinal com-
ponents: TO/LO splitting (10). As a result,
the number of bands in the spectrum is dou-
bled by this TO/LO splitting. The corre-
sponding bands are marked a and b, respec-
tively, in Table 1. The E(v; and v4) modes
are further split into two distinct compo-
nents by removal of the doublet degener-
acy.

A sharp band observed at 992 cm™! (Fig.
2) along with the broadband features cen-
tered at ~1125 cm™! is believed to arise in
3d3(Ni?*) electronic transitions excited to
the crystal field splitant level (I';) of the
ground state multiplet 3F, (11, 12). The ex-
tension of the band features into the high-
frequency side indicates mixing of the tran-
sition with lattice vibrations (not studied in
the present work), thus resulting in the vi-
bronic bands associated with the iatter.

The band series showing unresolved trip-
let structures centered around 850, 1700,
and 2250 cm™! (cf. Fig. 2) have similar band
profiles. The frequencies in those bands
empirically follow the series nv;, with v3 =
850 cm~! and n = | — 3, The intensity de-
creases successively in the series, confirm-
ing that the latter is due to the higher har-
monics of vy vibration. Similar harmonic
bands have also been reported with measur-
able intensities up to n = 4 in BaBiO;
perovskite (13).

3.2 Optical Transitions

The absorption spectrum of KNiBr; is
shown in Fig. 3. The positions and intensi-
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FiG. 3. Optical absorption spectrum of a KNiBr; crystal. The actual absorption in the region 800-400

nm is 10 times that shown on the vertical axis.

ties of the prominent bands together with
the transitions assigned are summarized in
Table III. The spectrum contains a group of
characteristically broadbands which arise
from the transitions within 3d®(Ni?*) config-
uration.

The Ni?* exhibits a series of d <> d transi-
tions occurring in the near IR to UV regions

(14). The transitions within these levels are
in principle forbidden in the absorption.
They usually appear, however, because of
a coupling with the lattice vibrations. The
resulting spectrum is very sensitive to coor-
dination number, symmetry, and crystal
field at the ion site offered by the nearest
neighbors in the crystal. Absorption bands

TABLE III

ZERO PHONON LINES AND ASSOCIATED VIBRONIC TRANSITIONS OBSERVED IN THE
OPTICAL ABSORPTION SPECTRUM OF KNiBr; CRYSTAL

Band position

Separation from
zero phonon line

Assignment

A(nm) »(cm™) Ay (cm™) (transitions 34, — 3F, 'D, 3P)
3075 3252 SF(Ty)
2450 4082 0 (0,0) band
2243 4458 376 + vy (a) STL{PF(T5)}
2164 4620 539 + vy (b)
1905 5249 0 (0,0) band
1875 5333 84 ? SR}
1770 5650 401 + v (@)
1570 6369 0 0,0) band .,
1440 6944 575 + vl (a) TPFED}
1290 7752 TR}
940 10638 it .
810 12345 T\{'Dy(I'y), *FAT5)}
693 14430 0 (0,0) band .,
664 15060 630 + ) ECRD)
579 17271 ITADLTs)}
554 18050
500 20000 TP T3 5.4)}
457 21882

Note. vy, v;, etc., refer to the vibrations (Table I) associated with the excited

electronic state.
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F1G. 4. Schematic splitting diagram of the Ni2*(d%)
levels adopted to the observed transitions for KNiBry
in moderate octahedral crystalline fields. Free ion en-
ergy values (cm™!) and notations are taken from Ref.
(12). The transition corresponding to 3AxI) — *P,
level (shown by dotted line) was not observed in the
present investigation.

corresponding to Ni®* cations at both octa-
hedral and tetrahedral coordination sites
have been reported (9, 11, 12, 14, 15). Thus
similar to the results for NiX; (9, 15) and
KNiX; (other than X = Br) (12) halides, the
spectrum of KNiBr; observed in the
present investigation can be ascribed to the
d—d transitions of Ni2* in a moderate ocia-
hedral coordination.

The transitions from ground state 34.(I"))
to the various levels of ground (*F;,) and
excited state P, 'D) multiplets are usually
excited (cf. the assignments in Table III).
“The broad absorption with subsidiary max-
ima and satellite bands ranging from 8000 to
4000 cm~! and below is assigned to transi-
tions arising from the 3F ground state multi-
plet. In Fig. 4 we show the various Ni2*
electronic energy levels as deduced from
the observed absorption corresponding to
zero phonon lines. The 3F multiplet is split
into two triplets (T, and 3T,) and a singlet
(3A,) because of crystalline field effects.
The 3AxT)) is the lowest energy level
(ground state) for the Ni** ions in an octa-

hedral coordination site. It remains singlet
even after the spin—orbit coupling. Also,
the ligand field splitting of 3F multiplet (A ~
4100 cm™!) is comparable with the spin—or-
bit splitting (~3250 cm™!). In fact, a compli-
cated splitting pattern of the ground state
multiplet can be anticipated. Obviously, the
zero phonon lines in the transitions origi-
nating from 34, (e.g., cf. the bands at 4300
and 7000 cm™ ") are identified by the rela-
tively sharper band edge on the lower en-
ergy side of the absorption maxima. These
are further accompanied by several vi-
bronic bands in the higher energy side, indi-
cating that the transitions are allowed by
vibration coupling. The vibrational struc-
ture, however, is obscured in most cases
because of Jahn-Teller distortions in the
degenerate states.

Some of the assignments of Ni?* transi-
tions indicated in Table IIl are still being
discussed in the literature. For example, a
transition A, — 'Dy(I's) is not reported to
appear in the spectrum of KNiF; (12). De-
Kock and Gruen (I5) have assigned it to a
sharp band at ~11500 cm™! in NiCl,. We
agree with this assignment and accordingly
have correlated a weak band observed at
~10638 cm~! in KNiBr; to this transition.
The comparatively diffuse band feature
shown in the present case indicates a rea-
sonably lower symmetry for the Ni** cat-
ions in KNiBr; crystal lattice.

A more interesting observation is that the
electronic transitions of NiZ* (except 24, —
3T,'Dy(T'3)) in KNiBr; comprise the consid-
erably smaller energy values compared to
those reported for KNiF; crystals (12). The
latter crystallizes in a cubic crystal struc-
ture with Ni** located at the octahedral co-
ordination site (O, symmetry). Moreover,
most of the transitions of KNiBr; corre-
spond very closely in transition energies to
those observed for NiBr; (hexagonal crystal
system) crystal. The coordination polyhe-
dron of NiBr; is a distorted octahedron (9).
The Ni(Br)s octahedron is more likely to be
distorted in KNiBr; crystal, with a transi-
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tion from the octahedral coordination site
toward the tetrahedral site. The Ni?* elec-
tronic levels could comprise the smaller en-
ergy values for the latter (14).

From the splitting patterns observed for
the *F multiplet we assigned a speculative
crystal field parameter value A = 4100
c¢m~! to the nickel ion in an octahedral site.
The value found in the present case is ap-
preciably smaller than 6800 cm~! reported
for KNiF; crystals (2, 12) and shows good
agreement with the value ~4500 cm~! pro-
posed by DeKock and Gruen for NiCl, (I5).
This appears in accordance with the elec-
tronegative character of the F, Cl, and Br
anions. Fluorine, being highly electronega-
tive, could offer a stronger ligand field
(larger A value) on the Ni?* cations sites in
the system.

The strongest absorption for the spec-
trum of KNiBr; is observed between 18,000
and 22,000 cm™!. It frequently occurs in the
nickel systems because of the transition of
a 3d electron on the molecular orbital of the
Ni(Br)s polyhedron unit, corresponding to a
transfer of charge from the ceniral ion to
the ligands (12, 14).
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