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Abstract The emission and excitation spectra of yellow

luminescence due to S2
- in scapolites (#1 from Canada and

#2 from an unknown locality) were observed at 300, 80 and

10 K. Emission and excitation bands at 10 K showed vib-

ronic structures with a series of maxima spaced 15–30 and 5–

9 nm, respectively. The relative efficiency of yellow lumi-

nescence from scapolite #2 was increased up to 117 times by

heat treatment at 1,000�C for 2 h in air. The enhancement of

yellow luminescence by heat treatment was ascribed to the

alteration of SO3
2- and SO4

2- to S2
- in scapolite.

Keywords Scapolite � Photoluminescence � S2
- center �

Heat treatment

Introduction

The natural scapolite represented by the general formula

(Na,Ca)4Al3(Al,Si)3Si6O24(Cl,CO3) is the solid solution

of marialite (Ma) Na4Al3Si9O24Cl and meionite (Me)

Ca4Al6Si6O24CO3. The crystal structures of various types

of natural scapolite were investigated by many researchers

(Shaw 1960; Chappell and White 1968; Lin and Burley

1975; Curie et al. 1981; Swayze and Clark 1990; Teertstra

and Sherriff 1996; Seto et al. 2004). In accordance with the

nomenclature of Shaw (1960), the scapolites are classified

into marialite, Me0–Me20; dipyre, Me20–Me50; mizzonite,

Me50–Me80; meionite, Me80–Me100. Scapolite shows a

strong yellow fluorescence band with a distinct vibronic

structure, which is evident even at room temperature. Early

reports on the photoluminescence (PL) spectra of natural

scapolite were reviewed by Kirk (1955), who treated the

luminescence and tenebrescence of natural and synthetic

sodalites, and observed the PL spectra of natural scapolite

at 293 and 77 K under 365.0 nm excitation. The features of

the PL spectra of scapolite were similar to those of natural

sodalite and hackmanite, and the PL spectra of scapolite

extended from about 500 to 700 nm and consisted of broad

bands with structures whose most intense peaks were

located at 570 and 589 nm at 293 and 77 K, respectively

(Kirk 1955). Kirk (1955) ascribed the orange–yellow

fluorescence of sodalite and the yellow fluorescence of

scapolite to the presence of sodium polysulfide.

Since 1960, the optical properties of O2
-, S2

-, SeS-and

Se2
- ions in various alkali–halide crystals have been

investigated by some researchers (Rolfe et al. 1961; Rolfe

1964, 1968; Kirk et al. 1965; Ikezawa and Rofe1973;

Rebane and Rebane 1974).

From the analogy of bimolecular ion centers in alkali–

halide crystals, the yellow fluorescence of scapolite has

been ascribed to S2
- ions (Tarashchan 1978; Burgner et al.

1978; Marfunin 1979; Curie et al. 1981; Prokofiev et al.

1982; Gorobets and Rogojine 2002). The crystal structure

of the scapolite family is formed from open aluminosilicate
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cages consisting of AlO4 and SiO4 tetrahedra. These cages

contain Na+, Ca2+, Cl- and CO3
2- ions, and the dominant

S species in scapolite are SO3
2- and SO4

2- substituting for

CO3
2- (Chappell and White 1968; Lin and Burley 1975;

Curie et al. 1981; Swayze and Clark 1990; Teertstra and

Sherriff 1996). Figure 1 shows the S2
- center in an

aluminosilicate cage of scapolite determined by electron

paramagnetic resonance (EPR) experiments (Curie et al.

1981).

Tarashchan (1978) observed the emission bands of the

S2
- center in natural scapolite. The emission band showed

a distinct structure with the most intense peak located at

about 625 nm. Burgner et al. (1978) reported the vibronic

structures observed on the emission and excitation bands of

S2
- centers in natural and heat-treated scapolites at 4.2 K.

Details will be described in the following section. Curie

et al. (1981) observed S2
- emission bands with the most

intense peaks located at about 600 and 599 nm for scapo-

lite at 80 K under pressures of zero and 5.7 kbar,

respectively. Prokofiev et al. (1982) observed the S2
-

emission band with the most intense peak located at about

626 nm for meionite.

The objectives of this investigation are to observe the

PL spectra of natural and heat-treated scapolites in detail

and show the effect of heat treatment on the efficiency of

yellow luminescence due to the S2
- center in scapolite.

Experimental

In this study, two natural scapolites were used, one (#1)

from Canada and the other (#2) from an unknown locality.

As described in our previous paper (Aierken et al. 2007), the

efficiency of the S2
- luminescence of heat-treated sodalite

was about seven times as high as that of untreated natural

sodalite. From the analogy of sodalite, we attempted to heat

scapolite under various conditions. Before heating, the

broken pieces of natural scapolite were powdered using an

agate mortar. Scapolites of two forms, powder and broken

piece, were heated in quartz crucibles in the temperature

range of 600–1,100�C for 15–120 min in air. After heating,

the samples were rapidly quenched to room temperature by

placing the crucibles on a metal plate. A few samples were

kept in a furnace after heating and slowly cooled to room

temperature after 4 h.

The crystal structures of the samples were examined

using a Rigaku RAD-1B X-ray powder diffraction system.

The structures were ascertained by comparing the data with

ICDD Cards, 31-1279 for marialite and 2-405 for meionite.

The chemical compositions of the samples were deter-

mined using a JEOL JXA-8900 electron probe micro-

analyser (EPMA) operating at 15 kV and 12 nA with a

beam diameter of 5 lm.

In the measurement of the contents of trace elements

in the samples, an inductively coupled plasma-optical

emission spectrometer (ICP-OES) (Varian, Vista-PRO

type) was used. Before ICP-OES analysis, approximately

200 mg of a powdered sample was dissolved in 15 ml

nitric acid. The solution was evaporated to dryness. The

residue was dissolved in 0.1 M nitric acid to produce 50 ml

of the stock solution. The stock solution was examined

using the ICP-OES.

Before the measurement of luminescence spectra, the

samples were sufficiently powdered using an agate mortar.

The powdered samples were packed into sample holders

with synthetic quartz–glass covers.

The details of the system for measuring PL and exci-

tation spectra were described in our previous paper

(Aierken et al. 2007). In the measurement of luminescence

spectra, a 200 W deuterium lamp, a 500 W xenon short-arc

lamp and a 50 W halogen tungsten lamp were used as

excitation light sources.

In the measurement of PL spectra, excitation wave-

lengths were selected using a Ritsu MC-50L grating

monochromator. A band-pass glass filter or an interference

filter was set in front of the sample to eliminate stray light

from the excitation source. Observation wavelengths were

selected using a Ritsu MC-50 grating monochromator. A

suitable glass filter was set in front of the entrance slit of

the observation monochromator to eliminate the radiation

reflected from the excitation source. The PL spectral

intensity was measured using a Hamamatsu Photonics

R955 photomultiplier. The PL spectra were corrected for

the spectral sensitivity of the measuring system using a

standard tungsten lamp calibrated according to the National

Bureau of Standards (NBS), USA.

In the measurement of optical excitation spectra, the

same measuring system as that used for the emission

spectra was used. As excitation light sources, three types ofFig. 1 S2
- in aluminosilicate cage of scapolite (Curie et al. 1981)
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lamp corresponding to three measurement regions were

used: a deuterium lamp in the 190–320 nm region, a xenon

short-arc lamp in the 280–400 nm region and a halogen

tungsten lamp in the 360–480 nm region. The ordinate of

the excitation spectra was plotted against the excitation

efficiency after optical excitation energy correction.

Results

The heat-treated scapolite showed intensely bright yellow

luminescence under the UV light from a handy Hg lamp

(TOPCON FI-5L, 11 W, 365.0 nm). The brightness of

yellow luminescence from scapolite #1 heat-treated under

optimum conditions exceeded that of yellow luminescence

from the well-known phosphor ZnS:Mn under 365.0 nm

excitation. The effect of heat treatment did not depend on

the sample form, powder or broken piece, or on the speed

of thermal quenching after heating.

Figure 2 shows the relative intensities of yellow lumi-

nescence from powdered scapolite #2, unheated and heat-

treated under various conditions. The PL intensities at

room temperature were observed at 596 nm under 390 nm

excitation and plotted on a logarithmic scale. Heat treat-

ments for 30 min at 600 and 800�C reduced luminescence

efficiencies to about 60% of that unheated powder sample,

whereas heat treatments at 1,000�C for 15, 30, 60 and

120 min increased relative luminescence efficiencies to 28,

85, 108 and 117 times, respectively, as high as that of the

unheated powder sample.

Figure 3 shows the PL spectra of yellow luminescence

from four scapolites, natural #1, heat-treated #1 (1,000�C,

30 min), natural #2 and heat-treated #2 (1,000�C, 30 min).

The PL intensities were observed at room temperature

under 390 nm excitation and plotted on a logarithmic scale.

The features of the PL spectra of the four samples were

almost the same and the curves were parallel to each other

on a logarithmic scale. The relative luminescence effi-

ciency of heat-treated scapolite #1 (Curve 2) was about 11

times as high as that of natural scapolite #1 (Curve 1),

whereas that of heat-treated scapolite #2 (Curve 4) was

about 85 times as high as that of natural scapolite #2

(Curve 3).

The X-ray patterns of natural scapolite #1 and heat-

treated scapolite #1 (1,000�C, 30 min) obtained by a

powder diffraction method were almost the same, and the

interplanar spacings d (Å) calculated from diffraction lines

corresponded well to those for the components of scapolite,

namely, marialite and meionaite. Figure 4a, b shows the

X-ray patterns of natural scapolite #2 and heat-treated

scapolite #2 (1,000�C, 30 min), respectively. Only a minor

diffraction line at 2h = 29.40�, which is shown by an arrow

in an inset in Fig. 4a, vanished after heating (see inset

in Fig. 4b). The line that vanished was assigned to the

strongest diffraction line due to calcite. This indicates that

the minor inclusion of calcite in natural scapolite #2 was

decomposed into noncrystal CaO and CO2 gas by heating

Fig. 2 Relative intensities of yellow luminescence from powdered

scapolite #2; unheated (filled square), heated for 30 min at various

temperatures (open circle) and heated at 1,000�C for various times

(filled circle). The ordinate is plotted on a logarithmic intensity scale

Fig. 3 PL spectra of four scapolites on logarithmic intensity scale,

obtained at room temperature under 390 nm excitation; 1 natural

scapolite #1, 2 heat-treated scapolite #1 (1,000�C, 30 min), 3 natural

scapolite #2 and 4 heat-treated scapolite #2 (1,000�C, 30 min)
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in air. Indeed, the mass of powder sacapolite #2 decreased

by 1% (600�C, 30 min) to 9% (1,100�C, 30 min) after heat

treatment.

Table 1 shows the chemical compositions and the

meionite ratios x of the four samples examined using the

EPMA; natural #1, heat-treated #1 (1,000�C, 30 min),

natural #2 and heat-treated #2 (1,000�C, 30 min). In cal-

culating the chemical compositions, we normalized the

formula of scapolite to Si + Al = 12. The meionite ratio x

in scapolite was determined from the data in Table 1 using

the following equation:

Scapolite Na;Cað Þ4Al3 Al; Sið Þ3Si6O24 Cl;CO3ð Þ
¼ Marialite 1� xð ÞNa4Al3Si9O24Cl

þMeionite xCa4Al6Si6O24CO3: ð1Þ

The meionite ratios x of the four samples, natural #1, heat-

treated #1 (1,000�C, 30 min), natural #2 and heat-treated

#2 (1,000�C, 30 min), were determined to be 0.329, 0.332,

0.348 and 0.343, respectively. The differences of the

meionite ratios x between natural and heat-treated samples

were insignificant. The meionite ratios x of heat-treated

scapolite #2 determined using the EPMA ranged from

0.318 to 0.391. This indicates that the composition of

meionite is nonuniform in scapolite. The compositions of

SO3 in the four samples, natural #1, heat-treated #1

(1,000�C, 30 min), natural #2 and heat-treated #2

(1,000�C, 30 min), were 0.94, 0.91, 0.10 and 0.05 (wt%),

respectively, (Table 1).

In the rough measurement using the ICP-OES, the

presence of Ti, Fe, Mn, P, S, Sr, Ce and Eu was found in

the four samples, natural #1, heat-treated #1 (1,000�C,

Fig. 4 X-ray patterns of a natural and b heat-treated scapolite #2

(1,000�C, 30 min). The diffraction line shown by an arrow in an inset
in (a) corresponds to the strongest diffraction line due to calcite. The

X-ray used was CuKa1,2 . The diffraction lines due to CuKa2 were

automatically deleted using a computer software

Table 1 Chemical

compositions (wt%) and

meionite ratio x of scapolites

examined using EPMA; natural

#1, heat-treated #1 (1,000�C,

30 min), natural #2 and heat-

treated #2 (1,000�C, 30 min)

a Analyzed spots

Natural #1

na = 10

Heat-

treated #1

na = 10

Natural #2

na = 10

Heat-

treated #2

na = 20

Standard

SiO2 54.76 54.28 54.08 55.45 Albite

Al2O3 23.12 23.00 23.31 23.79 Kyanite

TiO2 0.02 0.02 0.02 0.01 SrTiO3

FeO 0.01 0.02 0.02 0.02 Hematite

MnO 0.01 0.01 0.00 0.02 Rhodonite

MgO 0.00 0.00 0.00 0.00 Periclase

CaO 7.52 7.91 8.69 8.58 Wollastonite

Na2O 9.59 9.20 8.67 7.69 Albite

K2O 0.85 0.88 0.74 2.09 K-feldspar

Cl 2.28 2.27 2.44 1.51 Tugtupite

SO3 0.94 0.91 0.10 0.05 Celestite

F 0.04 0.07 0.05 0.06 Fluorite

P2O5 0.01 0.01 0.01 0.18 Apatite

Ce2O3 0.04 0.05 0.04 0.03 CeF3

Eu2O3 0.02 0.01 0.00 0.02 EuF3

O = Cl –0.51 -0.51 -0.55 -0.34

O = F -0.02 -0.03 -0.02 -0.03

Total 98.68 98.10 97.60 99.13

Meionite ratio x 0.329 0.332 0.348 0.343
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30 min), natural #2 and heat-treated #2 (1,000�C, 30 min).

Table 2 shows the contents of trace elements, S and Fe, in

these samples, determined by detailed measurement using

the ICP-OES. The contents of S and Fe were slightly dif-

ferent between natural and heat-treated samples, but the

effect of heat treatment on the contents of S and Fe was

unclear.

Figure 5a, b shows the PL spectra of natural scapolite #1

and heat-treated scapolite #1 (1,000�C, 30 min), respec-

tively, at 300, 80 and 10 K, obtained under 390 nm

excitation. As shown in Fig. 3, the relative PL intensity

of heat-treated scapolite #1 was about 11 times as high as

that of natural scapolite #1 at 300 K under the same

measurement conditions. As the temperature decreased, the

structure with a series of maxima spaced 15–30 nm

became more distinct, and the PL spectrum at 10 K became

a pectinate feature. After the heat treatment, narrow bands

in the PL spectra at low temperatures became broad, and

the dips between the narrow bands became shallow.

Figure 6 (left) shows the excitation spectra of natural

scapolite #1 at 300, 80 and 10 K, obtained by monitoring

yellow luminescence at 596 nm. The excitation spectrum

at 300 K consisted of the main band with a peak at 393 nm

and a full width at half maximum (FWHM) of 57 nm. As

the temperature decreased, the structure with a series of

maxima spaced 5–9 nm became distinct on the main band.

In addition to the main band, two small excitation bands at

wavelengths 233 and 285 nm were observed. The slopes of

the curves at wavelengths 200–220 nm indicate that there

is another band at a wavelength shorter than 200 nm.

Although figures are not shown, the excitation spectra of

the yellow luminescence from heat-treated scapolite #1

(1,000�C, 30 min) were also obtained at 300, 80 and 10 K.

The main excitation band had a peak at 387 nm and a

FWHM of 79 nm, and showed only an obscure structure

even at 10 K.

Figure 7 shows the vibronic structures observed on the

excitation (Ex) and emission (Em) bands of natural scap-

olite #1 at 10 K. Tables 3 and 4 show the peak wave

numbers m (kcm-1) of narrow bands and the intervals (cm-1)

between the neighboring narrow bands of the emission and

excitation spectra, respectively, in Fig. 7. The corre-

sponding data obtained by Burgner et al. (1978) are also

listed on the right-hand sides of Tables 3 and 4. The vib-

ronic structure observed on the emission band started from

Table 2 Contents (mg/g) of trace elements in scapolites examined

using ICP-OES; natural #1, heat-treated #1 (1,000�C, 30 min), natural

#2 and heat-treated #2 (1,000�C, 30 min)

Element Natural #1 Heat-treated #1 Natural #2 Heat-treated #2

S 2.48 3.08 0.97 0.95

Fe 1.03 1.12 1.25 0.86

Fig. 5 PL spectra of scapolites, obtained at 300, 80 and 10 K under

390 nm excitation; a natural and b heat-treated scapolite #1 (1,000�C,

30 min)

Fig. 6 Excitation spectra of natural scapolite #1 at 300, 80 and 10 K,

obtained by monitoring yellow luminescence at 596 nm. Excitation

spectra at short wavelengths at 300 and 10 K are magnified 910 and

95, respectively
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the zero-phonon band at 20.881 kcm-1 (478.9 nm). The

interval between the neighboring narrow bands decreased

from 613 cm-1 for t00 = 1 to 540 cm-1 for t00 = 15. On

the other hand, the vibronic structure observed on the

excitation band started from the zero-phonon band at

20.921 kcm-1 (478.0 nm). The interval between the

neighboring narrow bands decreased from 406 cm-1 for

t0 = 1 to 340 cm-1 for t0 = 18.

The peak wave numbers m (cm-1) of vibronic struc-

tures in the absorption and emission spectra of diatomic

molecules are given by the following formula (Herzberg

1950):

m ¼ m00 þ x00t
0 � x00x00t

02 þ x00y00t
03 þ � � �

� x000t
00 � x000x000t

002 þ x000y000t
003 þ � � �

� �
; ð2Þ

where m00 is the wave number difference between the

vibrational level with the quantum number t0 = 0 in the

excited state and the vibrational level with the quantum

number t00 = 0 in the ground state, x0
0 and x0

00 are the

fundamental vibrational energies of the excited and ground

states, respectively, and x0
0x0
0, x0

0y0
0, x0

00x0
00 and x0

00y0
00

are anharmonicity parameters. The coefficients x0
0y0
0 and

x0
00y0
00 are usually very small and can often be neglected. If

we apply Eq. (2) to optical spectra at low temperatures,

the peak wave numbers mem (cm-1) and mex (cm-1) of

vibronic structures in the emission and excitation spectra,

respectively, are given by the following formulae:
Fig. 7 Vibronic structures observed on the excitation (Ex) and

emission (Em) bands of natural scapolite #1 at 10 K. Ex was obtained

by monitoring yellow luminescence at 596 nm, and Em was obtained

under 390 nm excitation. Excitation spectrum at long wavelengths

and emission spectrum at short wavelengths are magnified 910

Table 3 Peak wave numbers m (kcm-1) of narrow emission bands

due to S2
- in scapolite shown in Fig. 7

t00 This work m (kcm-1) Burgner et al. m (kcm-1)

0 20.881 20.752

1 20.268 (613) 20.145 (607)

2 19.666 (602) 19.542 (603)

3 19.069 (597) 18.946 (596)

4 18.477 (592) 18.354 (592)

5 17.892 (585) 17.766 (588)

6 17.310 (582) 17.185 (581)

7 16.731 (579) 16.607 (578)

8 16.155 (576) 16.031 (576)

9 15.584 (571) 15.462 (569)

10 15.017 (567) 14.896 (566)

11 14.457 (560) 14.334 (562)

12 13.902 (555)

13 13.351 (551)

14 12.804 (547)

15 12.264 (540)

Values in parentheses are intervals (cm-1) from neighboring high-

energy bands. The corresponding data obtained by Burgner et al.

(1978) are listed on the right-hand side

Table 4 Peak wave numbers m (kcm-1) of narrow excitation bands

due to S2
- in scapolite shown in Fig. 7

t0 This work m (kcm-1) Burgner et al. m (kcm-1)

18 27.647 (340)

17 27.307 (346)

16 26.961 (351)

15 26.610 (356)

14 26.254 (361)

13 25.893 (363) 25.907 (377?)

12 25.530 (366) 25.530 (338?)

11 25.164 (369) 25.192 (378)

10 24.795 (375) 24.814 (382)

9 24.420 (376) 24.432 (385)

8 24.044 (381) 24.047 (378)

7 23.663 (380) 23.669 (775?)

6 23.283 (384) Lack

5 22.899 (387) 22.894 (387)

4 22.512 (393) 22.507 (395)

3 22.119 (394) 22.112 (396)

2 21.725 (398) 21.716 (796?)

1 21.327 (406) Lack

0 20.921 20.920

Values in parentheses are intervals (cm-1) from neighboring low-

energy bands. The corresponding data obtained by Burgner et al.

(1978) are listed on the right-hand side
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mem ¼ m00 � x000t
00 þ x000x000t

002 ð3Þ

and

mex ¼ m00 þ x00t
0 þ x00x00t

02: ð4Þ

The spectroscopic constants obtained by fitting Eqs. (3) and

(4) to the experimental data in Tables 3 and 4 are listed

in Table 5, where the spectroscopic constants of S2
- in

scapolite (Burgner et al. 1978) and KI (Rebane and Rebane

1974) are also listed.

Discussion

As shown in Table 1, the meionite ratios x in natural

scapolites #1 and #2 were 0.329 and 0.348, respectively.

In accordance with the nomenclature of Shaw (1960),

our samples were identified to be dipyre, Me20–Me50. In

calculating the chemical compositions, we normalized the

formula of scapolite to Si + Al = 12. A divalent Fe2+ ion

substitutes for Na+ or Ca2+ in scapolite, and a trivalent Fe3+

ion substitutes for Si4+ or Al3+. If the chemical content of

Fe in our samples is large, we should renormalize the

formula to Si + Al + Fe3+ = 12. It was reported by Shaw

(1960) that some natural scapolites contain 1.5–2.0 wt%

Fe2O3. However, the chemical composition of FeO in our

samples was only 0.02 wt% (Table 1), and the content of

Fe in our samples examined using the ICP-OES was only

about 1 mg/g (Table 2).

As shown in Fig. 2, the relative efficiency of yellow

luminescence from scapolite #2 was increased up to 117

times by heat treatment at 1,000�C for 2 h in air. The effect

of heat treatment did not depend on the sample form,

powder or broken piece. This indicates that the increase in

the efficiency of S2
- luminescence caused by heat treat-

ment is not affected by the oxidation atmosphere.

In sodalite containing sulfur, we can observe orange–

yellow fluorescence due to S2
- in the cubo-octahedral

cages consisting of AlO4 and SiO4 tetrahedra (Aierken

et al. 2007). McLaughlan and Marshall (1970) suggested

the presence of S3
- clusters in synthetic sulfur-doped

sodalite on the basis of the results from the EPR mea-

surement. The above results also suggest that scapolite

includes S3
- clusters. In lead-activated alkali halides, Pb

clusters are resolved into isolated Pb2+ centers by heating

samples to 400–700�C for 10–60 min and successive

quenching. An activator is mobile in a crystal at room

temperature and aggregates to form Pb clusters in 2–5 h

after thermal quenching (Dryden and Harvey 1969; Collins

and Crawford Jr 1972). However, the efficiency of yellow

luminescence from scapolite did not depend on the speed

of thermal quenching and was stable in 6 months after

thermal quenching. This suggests that the increase in the

efficiency of S2
- luminescence caused by heat treatment is

not affected by the decomposition of sulfur clusters, such

as S3
- clusters to S2

- centers in scapolite.

The relative efficiency of yellow luminescence from

scapolite #2 was increased up to about 85 times by heat

treatment at 1,000�C for 30 min in air (Figs. 2, 3). It was

ascertained by X-ray diffraction analysis that the crystal

structure of scapolite #2 is unchanged by heat treatment,

except that a minor inclusion of calcite in the untreated

sample was decomposed by heat treatment in air (Fig. 4a, b).

The contents of sulfur as a trace element in natural and

heat-treated scapolites #2 analyzed using the ICP-OES

were 0.97 and 0.95 mg/g, respectively, and were almost

unchanged by heat treatment (Table 2).

The dominant S species in scapolite are SO3
2- and

SO4
2- (Chappell and White 1968; Swayze and Clark 1990;

Teertstra and Sherriff 1996). From the facts described

above, we may conclude that the increase in the efficiency

of S2
- luminescence caused by heat treatment is ascribed

to the alteration of SO3
2- and SO4

2- to S2
- in scapolite.

As shown in Fig. 2, the relative efficiency of yellow

luminescence from scapolite #2 was decreased by heat

treatment at temperatures below 800�C. Regrettably, the

present authors cannot give a reason for the decrease in the

luminescence efficiency.

As mentioned above, the emission and excitation spectra

of the S2
- center in scapolite have been reported by some

investigators (Kirk 1955; Tarashchan 1978; Burgner et al.

1978; Curie et al. 1981; Prokofiev et al. 1982). The peak

wavelengths of the S2
- emission bands, however, do not

agree. We presume that our spectra in Figs. 3, 5, 6 and 7

show the reliable curves of the emission and excitation

spectra of S2
- in scapolite at 300, 80 and 10 K, because we

carefully corrected the measured spectra as described in the

experimental section.

Burgner et al. (1978) observed vibronic structures on the

emission and excitation bands of S2
- centers in scapolite

at 4.2 K. Emission spectra were observed under 454.5–

Table 5 Spectroscopic constants for ground and excited states of S2
-

in scapolite and KI

State m00 (kcm-1) x0 (cm-1) x0 x0 (cm-1)

Ground State

S2
- in scapolite 20.881 611 2.6

S2
- in scapolitea 20.808 607 2.1

S2
- in KIb 20.026 598.6 2.2

Excited State

S2
- in scapolite 20.921 405 1.8

S2
- in scapolitec 20.920 399 1.0

a Under 454.5 nm excitation (Burgner et al. 1978)
b Rebane and Rebane 1974
c Burgner et al. 1978

Phys Chem Minerals (2008) 35:137–145 143

123



476.5 nm excitation using an Ar+ laser and were not

corrected for photomultiplier response. These excitation

wavelengths correspond to the lowest-energy end of the

excitation band, where the excitation efficiency is very low.

They indicated that yellow luminescence is enhanced by

heating samples to 900�C for 24 h. The effect of heat

treatment on the luminescence was not described. The

excitation band of the S2
- luminescence of heat-treated

scapolite at 4.2 K consisted of a band located at about

400 nm and showed a series of more than 14 vibronic

bands on the low-energy half (Burgner et al. 1978). On the

right-hand side of Table 4, we listed the peak wave num-

bers written in Table 1 and Fig. 4 of the paper by Burgner

et al. (1978). We note that Fig. 4 of the paper by Burgner

et al. (1978) is incorrect. In Fig. 4 of the paper by Burgner

et al. (1978), 11 wave numbers were written on a series of

maxima. The energy interval 775 cm-1 between 22.894

and 23.669 kcm-1 is about twice as large as the energy

intervals 380–390 cm-1 between other wave numbers.

This indicates that there is a lack between the two wave

numbers. Therefore, the wave numbers of 23.669 (kcm-1)

and larger correspond to the neighboring peaks at short

wavelengths. Moreover, the excitation curve was drawn at

long wavelengths by about 4 nm compared with the correct

curve.

In our previous paper (Aierken et al. 2007), we reported

the details of the narrow bands of S2
- luminescence from

heat-treated sodalite at 10 K. Each narrow band showed a

fine structure consisting of a small peak due to the

stretching vibration of the isotopic species of 32S34S-, a

main peak due to that of the isotopic species of 32S2
- and

five peaks due to the phonon sidebands of the main peak.

The pectinate structure with a series of maxima in natural

scapolite #1 at 10 K is more pronounced than that in heat-

treated sodalite at 10 K, but no fine structure is observed on

the narrow bands of S2
- luminescence from natural scap-

olite #1 [Figs. 5a, 7 (right)]. The relative efficiency of

yellow luminescence from scapolite is markedly increased

by heat treatment. However, the dips between the narrow

bands of heat-treated scapolite #1 at 10 K become shallow

after heat treatment (Fig. 5), and no fine structure is

observed on the narrow bands of S2
- luminescence from

heat-treated scapolite #1 (Fig. 5b). In another expression,

the feature of the PL spectrum of S2
- in heat-treated

scapolite #1 at 10 K corresponds to that in natural scapolite

#1 at temperature higher than 80 K (Fig. 5). These phe-

nomena are explained by the fact that S2
- in scapolite is

placed in various aluminosilicate environments, because

scapolite is a solid solution of marialite and meionite. As

mentioned above, the meionite ratios x of heat-treated

scapolite #2 determined using the EPMA ranged from

0.318 to 0.391. The electronic transitions in the S2
- centers

in scapolite are affected by crystal vibrations with various

modes, and the spectral shapes are diffused. In contrast to

scapolite, the narrow emission band of S2
- in KI at 10 K

consists of sharp lines (Rebane and Rebane 1974), because

S2
- in KI is placed in a simple crystal environment.

As shown in Fig. 6, the excitation spectra consist of a

main band at 393 nm, two small bands at 233, 285, and a

third small band at a wave length shorter than 200 nm. The

main band is clearly ascribed to the reverse transition of

yellow luminescence due to S2
- in scapolite. The origin of

the small excitation band at a wavelength shorter than

200 nm may be ascribed to the fundamental absorption of

scapolite. The other two small excitation bands at 233 and

285 nm may be ascribed to minor impurities in the sample,

the origin that is unknown. The main excitation band shows

a distinct vibronic structure at 10 K. Similar vibronic

structures are observed on the excitation bands of S2
- in

heat-treated scapolite at 4.2 K (Burgner et al. 1978) and

sulfur-added KI at 4.2 K (Rebane and Rebane 1974).

Figure 7 and Tables 3 and 4 show the vibronic struc-

tures observed on the excitation and emission bands of S2
-

in natural scapolite #1 at 10 K. There is a small difference

between the peak energies of the zero-phonon bands of the

excitation and emission bands, which are 20.921 kcm-1

(478.0 nm) and 20.881 kcm-1 (478.9 nm), respectively.

This may be caused by the fact that the zero-phonon bands

consist of several zero-phonon lines, which correspond to

the energy levels of S2
- centers with different alumino-

silicate environments, because scapolite is a solid solution

of marialite and meionite. Burgner et al. (1978) observed

six zero-phonon lines at 20.677, 20.752, 20.808, 20.986,

21.024 and 21.057 kcm-1 in the emission spectrum of S2
-

in scapolite under laser excitation. As shown in Table 4,

the peak energies of our zero-phonon band (20.921 kcm-1)

and the zero-phonon line (20.920 kcm-1) observed by

Burgner et al. (1978) in the excitation band of scapolite are

in good agreement.

Concluding remarks

The PL and excitation spectra of S2
- in scapolite at 300, 80

and 10 K were presented. The pronounced structures due to

the symmetric vibration of sulfur atoms in S2
- centers were

observed on both the emission and excitation bands. It was

found that the relative luminescence efficiency of yellow

luminescence is markedly increased by heat treatment

in air. The enhancement of yellow luminescence by heat

treatment is ascribed to the alteration of SO3
2- and SO4

2-

to S2
- in scapolite.
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