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phase due to the hydrophilic-OH group of hydroxyproline in
the chelate. Their interactions are so weak that the DNS-
amino acids are less retained in the Cu(Il)-Hyd elution than
in the Cu(I)-Pro elution as seen in Table 2 and 3.

The optical selectivity obtained in the use of Cu(Il)~Hyd
elution system for DNS-Ser and DNS-Thr was better than
in the use of Cu(Il)—Pro elution system. It seems that the
resolutions of the optical isomers result in the hydrogen bond-
ing of the hydroxy group of the clelate ligand when they make
an attack for the ligand exchange reaction.

It can be concluded that a SN-2 reaction involving the
cis/trans product for the ligand exchange reaction
predominates the separation of the optical isomers of amino
acids. The reaction schemes in the Cu(II}-Pro chiral mobile
phase are seen in Figure 6. D-DNS amino acids except DNS-
serine are able to have the cis and trans products, but the cis
product of L-DNS amino acids are not available because of
steric effect for the ligand exchange reaction.
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The emission spectra of RbCl: Rb* excited in the A-absorption band at various temperatures are reported and the excitation
spectra are also investigated. The relaxed excited states able to explain the two A-emission bands are proposed.

Introduction

In many ways, the study of luminescence of divalent ca-
tion ions (Sn*, Ge*, Pbh**) doped in alkali halide single crystals
has only just begun. Most of the work!? to date has been for-
mulated in terms of the Jahn-Teller effect, spin-orbit interac-
tion and an effect of the charge compensating cation vacancy
(CCV, v7). Since, for Sn* ions, the Jahn-Teller effect is domi-
nant, the emission from Sn?* was interpreted in terms of a
model which includes the Jahn-Teller effect, the spin-orbit
interaction in the second order and an additional effect due
to the CCV. In the previous works,’* the comprehensive

energy-level scheme for Pb** color centers in KX (X =Cl, Br,
I} was presented. The spin-orbit interaction of Pb** ion in the
crystal field is exceptionally strong, compared, for example,
with the Sn* jon. The spin—orbit interaction causes a mixing
of °T,, and 'T,, states and results in 2T, and ' 7% described
as

PTE> =~ |'T >+ Tu>

I .Tl.‘u> ¥ 74 l 1T1||>+3’ l 'Tln>
where pand v (4* + v*=1) are mixing coefficients. The John-
Teller effect coupling to the E, (¢4, Q.) vibrational modes splits
the *7)7 state into a twofold degenerate state with E-symmetry



Emisston from RbCLPb* Single Crystal

at lower energy and a singlet state with A~symmetry at higher
energy. The lower-energy doublet may be further split depen-
ding on the relative orientation of the vacancy and the Jahn-
Teller axes. These two levels and the metastable *A,, level
are involved in A~band emission processes.

Excitations of KCI:Pb*** and RbCl:Pb** within the A-
absorption band (*A,;** T} were observed to produce a strong
emission band and an additional band. [u the case of KCl:Ph**,
the additional band appeared at lower energy and showed an
uncharacteristic temperature-dependence, while for RbCl:Ph**
it appeared at higher energy. The additional band for both
KCI:Pb** and RbCl:Pb* has not been identified. The present
work was undertaken to investigate the A-band emission from
RbCL:Pb** as a function of both temperature and exciting
energy and to permit a more definitive relaxed excited state
in terms of the adiabatic potential energy surface (APES).

Experimental

RbCl:Pb* single crystal was grown in a nitrogen at-
mosphere and was kindly provided by Professor P.W.M.
Jacobs (University of Western Ontario), Thin sample, cleav-
ed from the ingot, was annealed at 550°C for one hour and
then rapidly quenched to room temperature immediately
before commencing measurements. The emission and the ex-
citation measurements were performed in an Oxford In-
struments Co. CF-100 continous flow cryostat combined with
a high-pressure 1000-W Xe arc lamp, a Jobin~Yvon and a
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Figure 1. Emission spectra of RbCl:Pb* excited in the A-band (270
nm) at various temperatures: (a) 1; 14.8 K, 2; 36.0 K, (b) 3; 65.0 K,
4; 100.0 K.
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Baush and Lomb monochromators. A CoSo, solution filter and
a UG-11 filter were used to further improve the
monochromaticity of the exciting radiation. A Hamamatsu
photomultiplier (R-928) transformed the light signal into an
electric signal which was amplified by a preamplifier and
recorded on an X~Y Recorder.

Results and Discussion

The intensity spectra of the A-band emission from
RbCl:Pb* excited at 270 nm {4.59 eV) were measured at
various temperatures. As shown in Figure 1, the A-band ex-
citation at T=14.8 K produces a strong emission band
centered at 354 nm and a weak band at 322 nm. As
temperature increases, the intensity of the high energy band
decreases and vanishes above T =65.0 K. It is strikingly dif-
ferent from the temperature behavior of KCl:Pb?*, whose ad-
ditional A-band emission has a maximum intensity at T =150
X and does not appear at very low and room temperatures.*
In the contrast with the high energy band, the 354 nm emis-
sion band is nearly constant over a wide temperature range.
Excitation spectra of these two emission bands were measured
at T=13.4 K and the emission from RbCl:Pb* was also in-
vestigated as a function of the ex¢iting energy at the same
temperature. As shown in Figure 2, the excitation within the
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Figure 2. (a) Excitation spectra for 1; 355 nm and 2; 322 mm, (b}
intensity spectra of RbLCLPb** emission for various excitation
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A-absorption band produces both of the two emssion bands.
If the additional band arises from an aggregation of Pb** ion,
it shows a complex dependence of the exciting energy as
KI:Pb* does.* All of the above features can permit one to
assign the two emission bands of RbCL:Pb* as the principal
emission which arises from isolated Pb** - v; dipoles.

According to the A-absorption spectra of RbCl:Pb*¢, the
spin-orbit interaction has a value of 0.975 eV. Assuming

that the Jahn-Teller energy, Exr = 5- Stoke's shfit, it can

be estimated from the experimental results of the A-band
emission from RbCLPb? : E,, =0.42 eV for 322 nm emission
and 0.55 eV for the 354 nm emission. It is reasonable to choose
*T» state due to the mixing of *7,, and '7,,, and *A,, for the
relaxes excited states. The next step is to consider the effect
of the Jahn-Teller effect on the 2T, state. In this case, the
coupling to the tetragonal E{Q;, ;) modes is much stronger
than it is to the trigonal T,4Q., Q., Q) modes. Taking into
account the liner Jahn-Teller effect in terms of the E, modes,
Ranfagni and his group’ showed that two kinds of minima,
tetragonal (T*) and rhombic (X, nearly tetragonal), can coex-
ist on the *7%, APES, depending on values of the lattice energy
and the spin~orbit coupling constant. Figure 3 shows the cross
section of the APES along one of the two tetragonal vibra-
tion modes. It suggests a possible clue for the assignment of
the two A-band emissions from RbCL:Pb*. On the basis of this

’ T1u*

JAlu

A Ay
Figure 3. Schematic diagram of *°T% and *4,, APES’s section along
the coordinate @, (or ). The A-band excitation produces both Ap.
and A, emissions which account for the high and iow energy bands,
respectively.
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scheme, the low energy emission could be attributed to fran-
sitions from the X minima to the ground state and the high
energy emission to transitions from the 7* minima: the former
is referred to as Ay and the latter referred to as A2

At very low temperature, both of the two minima could
be populated by the A-band excitation. The A emission is
observed with very weak intensity, compared with the inten-
sity of the Ay emission, due to the shallow depth of 7*
minima. As temperature increases, nonradiative transitions
from the 7* parabola to the X increase and result the decrease
of intensity of the Ap. emission band. A characteristic
feature of the schematic diagram is that the A4, level is
underlying the X minima as a trap level, while for the 7*
minima it exists only as a saddle point. Accordingly, it can
be seen that the A, emission has only a fast component of
decay time (ca. 10 ns), while the A emission has both fast
and slow (ca. millisecond) components due to nonradiative pro-
cesses between the X level and the trap level. This is very
consistent with the experimental resuits of the decay time of
the A-band emission form RbCl:Pb*, reported by Schmitt et
al®

If we further investigate the polarization of the emission
from RbCl:Pb* as a function of both azimuthal angle and
temperature, a more satisfactory picture of the A-band emis-
sion mechanism and a symmetry of the luminescent center
can be determined.
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