
PHYSICAL REVIEW B 15 MAY 1998-IVOLUME 57, NUMBER 19
Photoluminescence studies of Sm21 in the stimulable phosphor SrS:Eu,Sm
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The doubly rare-earth doped phosphor SrS:Eu,Sm is representative of a class of stimulable phosphors that
may find application in optical data storage and related areas of photonic technology. The infrared photolumi-
nescence~PL! from the Sm21 ions is a potentially useful probe of the ‘‘written’’ state of this phosphor, i.e., the
right-hand side of the charge-transfer reaction (Eu211Sm31�Eu311Sm21). In the present study, several
properties of the Sm21 PL from bulk ceramic SrS:Eu,Sm were examined, including the emission spectrum,
temperature dependence from 14 to 300 K, electron-phonon coupling, excitation spectrum, and excitation
intensity dependence. The full width at half maximum of the PL emission spectrum,W(T), was found to
increase with temperature in a manner consistent with a linear electron-phonon coupling model,W(T)
5W0@ tanh(V/(2kBT))#21/2, with W050.190 eV and coupled phonon energyV50.026 eV. Periodic oscilla-
tions in the PL spectrum atT,60 K provide direct evidence for coupling to two phonon modes, with phonon
energiesV150.0155 eV andV250.028 eV. The peak of the emission spectrum occurs at 0.709 eV at 14 K
and increases with temperature at a rate 1.931024 eV/K. The electron-phonon coupling model predicts that
the corresponding optical absorption peak, which is anti-Stokes shifted relative to the PL peak, should occur at
1.17 eV at low temperature, or 1.23 eV at room temperature. Previous measurements of the charge-transfer
excitation spectrum in SrS:Eu,Sm showed a peak at 1.25 eV, in good agreement with the model prediction. The
PL excitation spectrum from 1.7 to 6.2 eV was measured atT514 K. Excitation peaks were observed at 2.08
eV, ascribed to absorption to a higher excited Sm21 state; at 2.65 eV, ascribed to Eu21 absorption followed by
Eu→Sm charge transfer; at 2.92 eV; and at 4.49 eV, ascribed to interband excitation of the SrS.
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I. INTRODUCTION

The stimulable phosphor systemXS:Eu,Sm, whereX is
an alkaline-earth element (X5Mg,Ca,Sr,Ba), is a prototype
for a class of phosphor materials that may find application
optical data storage applications1 such as compact disk sys
tems and digital photography, based on their optical mem
properties. The mechanism for optical memory in a stim
lable phosphor is as follows. Initially, irradiation by ligh
within a specific wavelength range stimulates the transfe
electrons from one type of impurity, which will be called th
activator, to another type of impurity, which will be calle
the trap. The electron transfer from the activator to the tra
called the ‘‘write’’ process and the corresponding wav
length range is called the ‘‘write’’ band. Then, after som
storage time, irradiation by light within another waveleng
range stimulates the reverse electron transfer process,
the traps to the activators. This reverse electron transfe
called the ‘‘read’’ process and the corresponding wavelen
range is called the ‘‘read’’ band. At the conclusion of th
‘‘read’’ process, electrons may undergo radiative recombi
tion at the activator, resulting in photoluminescence~PL!
emission from the material, which allows detection of t
‘‘read’’ process.

In theXS:Eu,Sm system, Eu is the activator and Sm is
trap.2,3 The ‘‘write’’ process comprises ionization of a E
center (Eu21→Eu311e2), followed by electron capture at
Sm center (Sm311e2→Sm21). The ‘‘read’’ process com-
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prises the reverse steps, ionization of a Sm cen
(Sm21→Sm311e2) followed by electron capture at a E
center (Eu311e2→Eu21). The overall charge transfer reac
tion, written (Eu211Sm31�Eu311Sm21), is driven to the
right by optical excitation in the ‘‘write’’ band and to the lef
by optical excitation in the ‘‘read’’ band. If the electron cap
tured by the Eu center in the ‘‘read’’ process undergoes
diative recombination from a (5d) excited state,
Eu21(4 f 65d), to the (4f ) ground state, Eu21(4 f 7), then PL
is emitted. The SrS:Eu21(5d→4 f ) PL emission spectrum is
a single broadband, centered at;2.03 eV~610 nm! at room
temperature.

PL spectroscopy is a useful characterization method
stimulable phosphors. PL has been observed from thre
the four possible rare-earth ion charge states in SrS:Eu,
namely Eu21, Sm31, and Sm21. The Eu21 PL is excited by
light in the ‘‘write’’ band as well as the ‘‘read’’ band.2 The
PL spectrum of the Sm31 ions, which is centered at almos
the same wavelength as the Eu21 PL spectrum but consists o
groups of narrow (4f→4 f ) lines, has been observed wit
UV excitation.4,5 PL from both the Eu21 and Sm31 ions is
observed in the ground state of the charge-transfer system
which all the Sm traps are depleted. On the other hand,
Sm21 PL can occur only when some of the traps are fille
and thus indicates that the system is in a partially or fu
‘‘written’’ state. The Sm21 PL should thus be especially use
ful as a probe of the dynamics of the optical storage proc

The PL from the Sm21 ions in XS:Eu,Sm was first ob-
12 094 © 1998 The American Physical Society
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served in an article by Keller6 ~in 1959!. In this previous
work, a broad infrared PL emission band was observed, w
a peak at;0.73 eV~1700 nm!, under conditions of simulta
neous visible excitation~tungsten source! and UV excitation
~xenon arc lamp source! at T577 K. The infrared PL could
not be observed at room temperature due to thermal que
ing of the PL intensity. To our knowledge, no further stud
of the infrared Sm21 PL in XS:Eu,Sm stimulable phosphor
were done after this initial report. In the present study,
expand on the work of Keller6 by carrying out a more exten
sive investigation of the properties of the Sm21 PL in bulk
ceramic SrS:Eu,Sm. PL was excited by visible lasers at 2
eV ~532 nm!, 2.41 eV~514.5 nm!, and 2.54 eV~488 nm!; an
infrared laser at 1.165 eV~1064 nm!; and a wavelength-
tunable, monochromatized xenon arc lamp source. The t
perature dependence of the PL intensity, peak emission
ergy, and spectral linewidth and line shape was measu
from 14 to 300 K. The xenon source was used to obtain
excitation spectrum of the Sm21 PL, atT514 K, from 1.7 to
6.2 eV~200 to 730 nm!. The dependence of the PL emissio
intensity on excitation intensity was measured at each of
three visible laser wavelengths. Finally, the time depende
of the PL was examined under conditions of visible la
excitation followed by infrared laser excitation, and t
Sm21 PL intensity was found to decay slowly with time fo
these conditions.

The present study confirms the principal results of
earlier work,6 the peak emission energy and linewidth of t
PL emission spectrum at low temperature and the ther
quenching of the PL from 77 K to room temperature. Ho
ever, we observed that the Sm21 PL is excited by steady
state irradiation at a single wavelength, either visible or U
and that simultaneous irradiation at two wavelengths is
needed. Also, the more extensive results of the present st
combined with an improved understanding of the energy l
els and optical transitions of divalent rare-earth ions,7,8 sup-
port a somewhat different model for the Sm21 PL process
than the model proposed by Keller.6

The results of the present study confirm that the infra
Sm21 PL is a probe of the ‘‘written’’ state of the optica
storage system in a stimulable phosphor that contains Sm
the trap species. It is hoped that this work will encoura
further PL investigations of the dynamics of the optical st
age process in Sm-containing stimulable phosphors, inc
ing technologically important thin-film structures as well
bulk ceramics.

II. EXPERIMENTAL PROCEDURE

For this study, SrS was doped with 200 parts per milli
by weight ~ppmw! Eu and 200 ppmw Sm. Dopants we
introduced as EuCl3 and SmCl3. A sintering flux of 4 wt. %
LiF and 2 wt. % Li2CO3 was added to facilitate incorporatio
of the Eu and Sm dopants into the host. The material w
mixed by ball milling and fired at 1173 K for 1 h in anitro-
gen atmosphere to form a solid ceramic specimen. The sp
men was mounted in a liquid-helium optical cryostat w
fused-silica windows that provided temperature control fr
4 to 300 K. The infrared PL was detected by a PbS pho
conductive detector with integrated preamplifier and therm
electric cooler. Several light sources were used to excite
th

h-

e

3

-
n-

ed
e

e
ce
r

e

al
-

,
t

dy,
-

d

as
e
-
d-

s

ci-

-
-
e

PL: first, a CW Ar1 laser operating at 2.41 eV~514.5 nm! or
2.54 eV~488 nm!; second, a pulsed Nd:YAG laser operatin
at 1.165 eV~1064 nm!, 2.33 eV~532 nm!, or 4.66 eV~266
nm!; and third, a lamp-monochromator source, consisting
a 400 W Xe arc lamp and a 0.22 m double monochroma
for low-intensity wavelength-tunable excitation within
1.7–6.2 eV~200–720 nm! range. The wavelength resolutio
of the lamp-monochromator source, with 1200 line/mm gr
ings and 2 mm slit widths, was 4 nm; the photon ener
resolution thus varied from 0.01 eV at 1.7 eV to 0.12 eV
6.2 eV. The Ar1 laser and lamp-monochromator source we
chopped at 20 Hz with a mechanical chopper, and
Nd:YAG laser was pulsed at 20 Hz. Maximum intensity~or
photon flux! incident on the specimen, averaged over t
pulse or chopper repetition period, was 2.9 W/cm2 (7.5
31018 photons/sec/cm2) at 2.41 eV and 2.6 W/cm2 (6.4
31018 photons/sec/cm2) at 2.54 eV for the Ar1 laser;
2.6 W/cm2 at 1.165 eV (1.431019 photons/sec/cm2),
0.47 W/cm2 (1.331018 photons/sec/cm2) at 2.33 eV, and
0.34 W/cm2 (4.631017 photons/sec/cm2) at 4.66 eV for the
Nd:YAG laser. The maximum intensity of the lamp
monochromator source was 3.631026 W/cm2. ~The incident
intensity values have uncertainties of roughly 20% due to
uncertainty of the measured beam areas; the relative un
tainty of different intensities within a single set of measu
ments is much smaller.!

For measurements of the PL emission spectrum, the t
dependence, and the low-temperature intensity depend
~variation of emission intensity with excitation intensity!,
two pairs of mirrors were used to collect and focus the
onto the entrance slit of a 0.6 m spectrometer with a 3
line/mm grating blazed at 2000 nm and slit widths set to
mm. The PbS detector was attached to the spectrometer
slit, and an infrared longpass filter was used to reject wa
lengths below 1200 nm. The wavelength resolution of t
spectrometer was 17 nm, corresponding to a photon en
resolution of 0.007 eV at the peak emission energy of
eV. For measurements of the PL excitation spectrum,
room-temperature intensity dependence, and the tempera
dependence of the total PL intensity, this spectrometer
not used. Instead, the PbS detector was mounted nea
cryostat, after the first pair of mirrors, and the infrared lon
pass filter was placed in front of the detector.

The wavelength variation of the response function of
spectrometer/PbS detector system, from 0.52 to 1.04
~1200 to 2400 nm!, was determined by measuring the r
sponse of this system to a 200 W tungsten-halogen lamp
had been calibrated against a NIST irradiance stand
lamp.9 Knowledge of the system response function allow
us to normalize the PL emission spectra to dimensions
~number of emitted photons!/~unit photon energy interval!.
The output power of the lamp-monochromator source, fr
1.7 to 6.2 eV, was determined by measuring the respons
a NIST-calibrated Si photodiode10 to this source. Knowledge
of the source power~or photon flux! allowed us to normalize
the PL excitation spectrum to dimensions of~number of
emitted photons!/~number of exciting photons!.

A lock-in amplifier provided phase-sensitive detection
the PbS detector signal at the 20 Hz source modulation
quency. Experiments were computer-controlled by a p
sonal computer system, which scanned the wavelength o
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12 096 57LAWRENCE H. ROBINS AND J. ARI TUCHMAN
0.6 m spectrometer~for emission spectra! or the lamp-
monochromator source~for the excitation spectrum! and re-
corded the output from the lock-in amplifier. For slow tim
resolved measurements (t.1 s) of the PL intensity, which
were needed to observe the PL time dependence for ‘‘wri
~2.33, 2.41, or 2.54 eV! excitation followed by ‘‘read’’
~1.165 eV! excitation, the lock-in amplifier output voltag
was recorded as a function of time on a digital oscillosco

III. RESULTS

Sm21 PL emission spectra at twelve temperatures
tween 13 and 301 K, excited by the Ar1 laser at 2.54 eV,
with 0.16 W (3.931017 photons/s) average power at th
specimen and 20 Hz chopping frequency, are shown in
1~a!. The same set of spectra is plotted again in Fig. 1~b!,
rescaled to equalize the peak intensity of each spectrum
order to better display the temperature dependence of
linewidth and line shape. As a function of increasing te
perature, the emission intensity decreases, and the peak
sion energy and linewidth increase. In order to examine th
trends more quantitatively, a nonlinear least-squares cu
fitting procedure was used to fit each of the observed spe
with a skewed-Gaussian line-shape function that has b
described previously.11 To illustrate the quality of the fits, in
Fig. 1~c! the fitted line-shape functions~thick dashed lines!
are plotted together with the observed spectra~thin solid
lines! at two temperatures.

The temperature dependence of the total, spectrally i
grated, Sm21 PL intensity, measured at 23 temperatures
tween 12 and 297 K, is plotted in Fig. 2~a!. The excitation
conditions were the same for the temperature depend
shown in Fig. 2~a! as for the emission spectra shown in F
1, except that the average laser power was reduced to
mW (3.831015 photon/s).~Lower laser power was neede
to obtain a good signal-to-noise ratio for measurements
the spectrally integrated PL intensity than for measureme
of the emission spectrum.! The intensity (I PL), plotted on a
semilogarithmic scale in Fig. 2~a!, is seen to decrease mon
tonically with increasing temperature. Two trial function
were fitted to the observed temperature dependence. The
function represents thermally activated quenching with
single activation energy,

I PL~T!5I PL~0!/@11A exp~2EA /kBT!#. ~1!

The best fit of Eq.~1! to the data, withA54206270 and
EA50.09460.015 eV, is shown as a dashed line in Fig. 2~a!.
The second function represents a sum of two thermally a
vated quenching processes,

I PL~T!5I PL~0!/@11A1 exp~2EA1 /kBT!

1A2 exp~2EA2 /kBT!#. ~2!

The best fit of Eq.~2! to the data, withA153.361.0, EA1
50.01660.004 eV, A25260061000, and EA250.132
60.010 eV, is shown as a dash-dotted line in Fig. 2~a!. It is
apparent from inspection of Fig. 2~a! that Eq.~2! fits the data
significantly better than Eq.~1!; the weighted sum of square
errors ~SSE!, which is a quantitative measure of the dev
tion between the data and the fitted function, is 18 tim
larger for Eq.~1! than for Eq.~2!. A third trial function, with
’’
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three distinct activation energies, was found not to fit t
data significantly better than Eq.~2!. The function of Eq.~2!,
with two activation energies, thus appears to provide a g
description of the temperature dependence of the intens

@The uncertainty in a parameter such asEA1 is defined as
the deviation from the best-fit value that causes a statistic

FIG. 1. ~a! SrS:Sm21 PL emission spectra at twelve temper
tures between 13 and 300 K, excited by an Ar1 laser at 2.54 eV, 20
Hz chopping frequency, and 0.89 W/cm2 time-averaged excitation
intensity. Spectra are offset vertically to improve visibility.~b! PL
emission spectra, same set of data as in Fig. 5~a!, multiplied by
scale factors chosen to equalize the peak intensities.~c! PL emis-
sion spectra at two temperatures, illustrating curve-fitting resu
The experimental data are shown as solid lines and the fi
skewed-Gaussian line-shape functions are shown as dashed li
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significant increase in the SSE, specifically SSE(x0

6Dx)/SSE(x0)5(N2P14)/(N2P), wherex0 is the best-
fit value of parameterx, Dx is the uncertainty inx, N is the
number of fitted data points, andP is the number of adjust
able parameters@e.g.,P55 in Eq. ~2!#. With this definition,
the calculated uncertaintyDx should represent a 2s devia-
tion; i.e., there is a 95% probability that the actual value ox

FIG. 2. ~a! Total, spectrally integrated SrS:Sm21 PL intensity as
a function of temperature, plotted on a semilogarithmic scale. D
points are plotted as vertical error bars, the fitted functionI PL(T)
5I 0 /@11A exp(2EA /kBT)# is plotted as a dashed curve, an
the fitted function I PL(T)5I 0 /@11A1 exp(2EA1 /kBT)
1A2 exp(2EA2 /kBT)] is plotted as a dash-dotted curve.~b! Peak
energies of SrS:Sm21 PL emission spectra vs temperature. Da
points are plotted as circles with error bars; the linear fitEPL(T)
5E01E1T is plotted as a dashed line.~c! Full widths at half maxi-
mum ~FWHM! of SrS:Sm21 PL emission spectra vs temperatur
Data points are plotted as circles with error bars; the fitted func
W(T)5W0@ tanh(V/2kBT)#21/2 is plotted as a dashed curve.
lies within the range (x06Dx). This definition of the uncer-
tainty in the value of a fitted parameter is used through
the present study.#

The peak energies and full widths at half maximu
~FWHM! of the PL emission spectra, taken from the fitt
line-shape functions@as shown in Fig. 1~c!#, are plotted as
functions of temperature in Figs. 2~b! and 2~c!, respectively.
In Fig. 2~b!, the peak energy is seen to increase as a lin
function of temperature,

EPL~T!5EPL~0!1E1T, ~3!

with EPL(0)50.70960.002 eV and E15(1.960.2)
31024 eV/K. The fit is shown as a dashed line.

Figure 2~c! shows the temperature dependence of
FWHM of the PL emission spectrum. The FWHM is seen
increase with temperature above 50 K. The temperature
pendence of the FWHM,W(T), was fitted by a function
derived from an electron-phonon coupling model12 discussed
in the next section,

W~T!5W~0!@ tanh„V/~2kBT!…#21/2, ~4!

with W(0)50.19060.004 eV and V50.02660.001 eV.
The fitted function is shown as a dashed line.

An oscillatory fine structure, not accounted for by th
fitted skewed-Gaussian line shapes, occurs in the low
temperature spectra in Fig. 1. To better display this fi
structure, the fitted line-shape functions were subtrac
from the experimental data. The results of this subtract
are shown in Fig. 3~a! for the five spectra recorded at tem
peratures between 13 and 103 K. The amplitude of the os
latory structure decreases rapidly with increasing tempe
ture.

The frequency content of the oscillations shown in F
3~a! was determined by Fourier analysis. The Fourier tra
forms of the spectra from Fig. 3~a! are plotted in Fig. 3~b!.
The oscillation period, or inverse of the Fourier frequen
has units of eV, and the Fourier frequency thus has units
(eV)21. Significant frequencies in Fig. 3~b! are indicated by
arrows labeled ‘‘A’’ to ‘‘ E. ’’ Arrows A, B, andC point to
the observed peaks in the transform spectra, with frequen
of roughly (0.0155 eV)21, (0.028 eV)21, and
(0.100 eV)21. Peaks A at (0.0155 eV)21 and B at
(0.028 eV)21 are prominent at the lowest temperatures, b
become unobservable at temperatures higher than 60 K. P
C at (0.100 eV)21 persists to higher temperature than pea
A and B. Arrow D indicates a Fourier frequency o
(0.026 eV)21, which corresponds to the parameterV50.026
eV from Eq. ~4!. Arrow E indicates a Fourier frequency o
(0.0352 eV)21, which corresponds to the longitudinal opt
cal ~LO! phonon, the highest-energy vibrational mode of t
SrS lattice.13 The interpretation of the Fourier transform
spectra will be discussed further below.

The excitation spectrum of the Sm21 PL at T514 K,
from 1.7 to 6.2 eV, is shown in Fig. 4. This spectrum w
excited by the lamp-monochromator source, as discus
above. The function used to fit the excitation spectru
shown as a solid curve, is a sum of four Gaussian peaks
a quadratic background component. The relative excita
efficiencies ~peak heights!, the peak energies, and th
FWHM’s of the fitted peaks are listed in Table I.

The dependence of the PL intensity (I PL) on visible-laser
excitation intensity (I ex) was examined at low temperatur
and room temperature. The low-temperature (T520 K)

ta
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intensity-dependent data, measured at an emission ener
0.73 eV, near the peak of the emission spectrum, are sh
in Fig. 5~a!. For excitation with the pulsed Nd:YAG laser a
2.33 eV, the PL appears to saturate at high excitation in
sity. ~It should be emphasized that all the excitation inten
ties shown in Fig. 5 are time-averaged intensities, with
spect to the pulsed laser or mechanical chopper duty cy
rather than peak intensities.! The intensity dependence fo
Nd:YAG excitation was fitted by the function@shown as a
solid curve in Fig. 5~a!#,

I PL~ I ex!5I PL~`!I ex/~ I sat1I ex!, ~5!

whereI PL(`) is the saturation value of the PL intensity, an
I sat is the excitation intensity at the knee of the saturat
curve. The fitted value of I sat is (5.860.861.2)
31016 photons/s/cm2. The first quoted uncertainty is the st

FIG. 3. ~a! Difference spectra obtained by subtracting the fitt
skewed-Gaussian line shape functions from the measured SrS:S21

PL spectra at temperatures between 13 and 103 K. Note the o
latory structure in the lower-temperature spectra.~b! Fourier trans-
forms of the difference spectra shown in~a!. Arrows A, B, andC
show oscillations with Fourier frequencies of (0.0155 eV)21,
(0.028 eV)21, and (0.100 eV)21, respectively. The Fourier fre
quency is the inverse of the oscillation period. ArrowD shows the
Fourier frequency of the parameterV50.0259 eV obtained from
the fit to the FWHM data@Fig. 2~c!#. Arrow E shows the Fourier
frequency of the 0.0352 eV SrS longitudinal optical~LO! phonon
mode.
of
n

n-
i-
-

le,

n

tistical uncertainty of the fit, the second quoted uncertai
arises from the measurement of the excitation beam are

For excitation with the CW Ar1 laser, the well-defined
saturation behavior described by Eq.~5! was not observed
but the power dependence was found to be sublinear,
gesting that saturation effects are present in this case a
The Ar1 data were fitted by power-law functions@dashed
curves in Fig. 5~a!#

I PL~ I ex!5k~ I ex!
b ~6!

with power-law exponentb50.77 for excitation at 2.41 eV
andb50.85 for excitation at 2.54 eV.

The room-temperature intensity dependence data
shown in Fig. 5~b!. To compensate for the weak PL signal
these measurements, the PL was spectrally integrated in
same manner as for the excitation spectrum~Fig. 4!. Less
saturation is apparent at room temperature than at low t
perature, i.e., the intensity dependencies are closer to li
within the examined range. The intensity dependence
2.33 eV Nd:YAG excitation was fitted by Eq.~5! with I sat
5(1.1060.2360.22)31018 photon/s/cm2 ~solid curve!.
~Note, however, that all the data points lie in the rangeI ex
,I sat, which casts some doubt on the reliability of the fit. T
accurately determineI sat, the measurement range should e
compass intensities both less than and greater thanI sat.! The
intensity dependence for Ar1 laser excitation, at both 2.41
and 2.54 eV, was fitted by a single power-law function w
power-law exponentb50.92 ~dashed curve!.

Sm21 PL was also excited by the Nd:YAG fundamental
1.165 eV. With 1.165 eV excitation, however, the PL inte
sity was found to decay on a time scale of seconds to m
utes. The infrared PL became too weak to observe after
longed 1.165 eV excitation, but was restored after a b
period of visible~2.33, 2.41, or 2.54 eV! laser excitation. To
quantify this behavior, the specimen was first irradiated
several minutes by the 2.33 eV laser beam, to saturate
Sm21 population, then the 2.33 eV beam was blocked a
the specimen was irradiated by the 1.165 eV beam. The

il-

FIG. 4. SrS:Sm21 PL excitation spectrum, measured atT
514 K, excited by a lamp-monochromator source. The displa
spectrum is normalized to dimensions of~number of emitted
photons!/~number of incident photons!. Data are plotted as square
the fitted function, a sum of four Gaussian peaks and a quad
background, is plotted as a solid line; and the background is plo
as a dashed line. The efficiencies, peak energies, and FWHM
the fitted Gaussian peaks are listed in Table I.
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TABLE I. Fitted efficiencies, peak energies, and full widths at half maximum~FWHM! of the component
peaks of the Sm21 PL excitation spectrum, measured atT514 K. Peak energies and FWHM’s are given
both photon energy~eV! and wavelength~nm! units.

Peak no.
Efficiency
~relative!

Peak photon
energy~eV! FWHM ~eV!

Peak
wavelength

~nm! FWHM ~nm!

1 0.939 2.07660.006 0.18060.016 597 52
2 0.687 2.65160.050 0.69860.097 468 123
3 0.439 2.91960.018 0.22960.062 425 33
4 1 4.49260.016 0.35360.041 276 22
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erage excitation intensity was 0.35 W/cm2 (9.4
31017 photon/s/cm2) at 2.33 eV and 1.6 W/cm2 (8.9
31018 photon/s/cm2) at 1.165 eV, and the specimen tem
perature was 14 K. The time dependence of the PL inten
at an emission energy of 0.73 eV, near the peak of the e

FIG. 5. ~a! Excitation intensity dependence of the SrS:Sm21 PL
intensity atT520 K, plotted on a double-logarithmic scale. The P
was measured at 0.73 eV, near the peak of the emission spec
Data points are plotted as vertical error bars for 2.33 eV pul
Nd:YAG laser excitation, as squares for 2.41 eV CW Ar1 laser
excitation, and as triangles for 2.54 eV CW Ar1 laser excitation.
The functionI PL(I ex)5I PL(`)I ex/(I sat1I ex), fitted to the 2.33 eV
Nd:YAG data, is shown as a solid line. Power-law fits to the 2
and 2.54 eV Ar1 data are shown as dashed and dash-dotted li
~b! Excitation intensity dependence of the SrS:Sm21 PL intensity at
T5300 K, plotted on a double-logarithmic scale. Data and fit
functions are plotted in the same manner as in~a!. The dashed line
represents a unified power-law fit to both the 2.41 eV data and
2.54 eV data.
ty
is-

sion spectrum, was measured by a lock-in amplifier and
corded on the digital oscilloscope. The time decay of the
is shown in Fig. 6 for timest.1 s, wheret50 corresponds
to the onset of the 1.165 eV laser irradiation.~The measured
time dependence at timest,1 s, not shown, was dominate
by the instrumental response of the lock-in amplifier.! Decay
curves similar to the one shown in Fig. 6 were obtained
initial irradiation at 2.41 or 2.54 eV, followed by irradiatio
at 1.165 eV.

IV. DISCUSSION

The large FWHM of the Sm21 (5d→4 f ) PL spectrum
~Fig. 1! and the temperature dependence of the FWHM@Fig.
2~c!# are indicative of strong electron-phonon coupling.12 In-
deed, the (4f n21)(5d) to (4f n) optical transitions of diva-
lent rare-earth ions in crystals,7,8 including the Eu21 ion5 in
XS:Eu,Sm, generally show strong electron-phonon coupl
We will use a simple, semiclassical model, where t
electron-phonon coupling is pictured as a change in the lo
atomic configuration~interatomic distances and bond angle!
around the PL center, to analyze the line shape and temp
ture dependence of the PL spectrum. The key assumpt
are that the electron-phonon coupling is one-dimensio
~the dependencies of the electronic energy levels on the l
atomic configuration are represented by functions of a sin

m.
d

s.

d

e

FIG. 6. Time dependence of the SrS:Sm21 PL intensity for
1.165 eV laser excitation after an initial period of 2.33 eV las
excitation. The time-averaged incident intensity was 0.35 W/cm2 at
2.33 eV and 1.6 W/cm2 at 1.165 eV, the temperature was 14 K, a
the PL was measured at 0.73 eV, near the peak of the PL emis
spectrum. The time-dependence curve is plotted on a dou
logarithmic scale, wheret50 corresponds to the onset of 1.165 e
laser excitation.
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‘‘configuration coordinate,’’ denotedQ! and linear ~the
ground-state and excited-state energies are quadratic f
tions of Q with the same curvature, hence the differen
between the ground- and excited-state energies is a li
function of Q!. An energy-level diagram for this model i
shown in Fig. 7.

The energy of the coupled phonon~V! can be determined
from the temperature dependence of the FWHM of the
spectrum @W(T)#, according to Eq.~4!. The value V
50.02660.001 eV was obtained by fitting Eq.~4! to the
W(T) data. Another way to determine the coupled phon
energy~or energies! is from the spacing of the phonon rep
lica peaks that may appear in the PL spectrum, especial
low temperature.12 We attribute the oscillations in the low
temperature spectrum of the SrS:Sm21 center, which are
prominent in the subtracted spectra shown in Fig. 3~a!, to
such phonon replicas. The Fourier analysis of the lo
temperature spectra, Fig. 3~b!, shows that the phonon repl
cas arise from two distinct coupled modes, with energ
~equal to the spacings between the peaks! V150.0155 eV
andV250.028 eV. The energy of theV2 mode lies between
the transverse optical~TO! and longitudinal optical~LO!
phonon energies in SrS, which were determined to
0.02405 and 0.0352 eV, respectively, by far-infrared abso
tion spectroscopy;13 the V2 mode thus probably has a
optical-phonon-like character. The similarity of the energ
of the V250.028 eV ~determined from the phonon replic
spacing! andV50.026 eV~determined from the temperatur
dependence of the FWHM! phonon modes suggests th
these are really the same mode, observed by two meth
the spectroscopic determination of the energy, from the r
lica spacing, is expected to be the more accurate determ
tion.

The observation of two coupled modes indicates that
electron-phonon coupling is more complex than assumed
the one-dimensional model. For simplicity, however, we w
continue to analyze the results in terms of the o
dimensional model. We will assume that the higher-ene
(V2) phonon, which apparently controls the thermal broa
ening of the PL, also determines the magnitude of the o
electron-phonon coupling effects, to be discussed.

A key parameter of the electron-phonon coupling mo
is the Stokes shift (ES), which is the difference between th

FIG. 7. Energy-level diagram for linear electron-phonon co
pling model of the lowest (5d�4 f ) optical transitions of the
SrS:Sm21 center.
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zero-phonon energy,U(T) ~defined as the electronic energ
difference between the ground and excited states of the
center, in the absence of electron-phonon coupling! and the
peak of the PL emission spectrum,EPL(T),

EPL~T!5U~T!2ES . ~7!

~We write EPL(T) andU(T) to emphasize that the peak e
ergy is a function of temperature, as shown in Fig. 2~b!.!
According to the model, if the coupled phonon energy~V!
and the low-temperature value of the FWHM@W(0)# are
known, then the Stokes shift is given by

ES5@W~0!#2/@8 ln~2!V#. ~8!

Substituting the values W(0)50.19060.004 eV and
V50.02860.001 eV into Eq. ~8! yields ES50.233
60.011 eV; substitutingEPL(0)50.70960.002 eV andES
into Eq. ~7! yields U(0)50.94260.011 eV. Another impor-
tant model parameter is the electron-phonon coupl
strength (S), a dimensionless number that represents the
erage number of phonons created during lattice relaxa
subsequent to the electronic transition. The coupling stren
is given in terms of the other parameters by

S5ES /V5@W~0!#2/@8 ln~2!V2#. ~9!

From the above results, the value ofS is found to be 8.3
60.5. WhenS is small, the PL spectrum is expected to sho
an observable zero-phonon line~a narrow peak at the zero
phonon energy!. WhenS is large, typically greater than 5, a
in the present case, the zero-phonon line is expected to
too weak to observe.

Another prediction of the model is that the peak ener
for optical absorption from the ground to the excited state
the PL center,Eabs(T), is shifted up from the zero-phono
energy by the Stokes shiftES ~see Fig. 7!,

Eabs~T!5U~T!1ES5EPL~T!12ES . ~10!

The absorption peak is thus predicted to occur at 1.1
60.022 eV atT50 K, or 1.23260.023 eV (1006619 nm)
at T5300 K ~room temperature!. One experimental probe o
the ground-to excited-state absorption of the Sm21 ions is the
IR-stimulated ‘‘read’’ process, Sm→Eu electron transfer fol-
lowed by photon emission from the regenerated Eu21 ions.
The peak of the room-temperature ‘‘read’’ excitation spe
trum has been experimentally determined14 to occur at
1.25360.014 eV (989611 nm), in good agreement with th
SrS:Sm21 optical absorption peak predicted by the line
electron-phonon coupling model. In addition to supporti
the validity of the model, the accuracy of this prediction al
shows that the initial state for the ‘‘read’’ process is the sa
as the excited state of the SrS:Sm21 PL center.

The linear increase ofEPL(T) shown in Fig. 2~b!, and
represented by the coefficientE151.931024 eV/K in Eq.
~3!, is not predicted by the electron-phonon coupling mod
This increase is attributed to a reduction in the crystal fi
around the Sm21 ion with increasing temperature due to the
mal expansion of the lattice.7 The reduction in the crysta
field causes an increase in the energy of the lowest (4f 5)
3(5d) excited state, and thus in the zero-phonon ene
U(T) and in EPL(T) and Eabs(T). ~See, for example, the

-
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energy level diagram in Fig. 2 of Ref. 8.! This model pre-
dicts the correct sign for the temperature coefficientE1 .

The thermally activated quenching of the PL, shown
Fig. 2~a!, is also ascribed to the electron-phonon coupli
Qualitatively, there is assumed to be an energy barrie
nonradiative recombination, which can be overcome, at
ficiently high temperature, by the absorption of therma
generated phonons. As pointed out above, the experime
I PL(T) data are fit much better by a function with two di
ferent activation energies for thermal quenching@Eq. ~2!#,
EA150.01660.004 eV andEA250.13260.010 eV, than by
a function with a single activation energy@Eq. ~1!#. We
speculate that there is a correlation between the occurr
of two coupled phonon modes,V150.0155 eV andV2
50.028 eV, as seen in the Fourier transform analysis of
phonon replicas@Fig. 3~b!#, and the observation of two act
vation energies in the thermal quenching data, because
coupled phonon mode may give rise to a distinct therma
activated nonradiative recombination process.

A formal prediction of the activation energy for nonrad
ative recombination is obtained from the linear electro
phonon coupling model~assuming, once again, that theV2
phonon mode is the strongly coupled mode! by attributing
the nonradiative recombination process to the crossing of
ground-state and excited-state configuration coordin
curves~see Fig. 7!. The activation energy (EA,model) is then
predicted to be the energy difference between the minim
of the excited-state curve, and the energy where the
curves cross, which is

EA,model5@U~0!2ES#2/~4ES!50.54 eV. ~11!

The activation energy predicted by Eq.~11! is about four
times larger than the observed activation energy of the do
nant nonradiative process,EA250.13260.010 eV. However,
it is well known that the simple, linear electron-phonon co
pling model does not~in most cases! accurately predict the
activation energy for nonradiative recombination, beca
this model neglects anharmonic terms in the potent
U(Q), which may greatly increase the overlap between
higher vibrational levels of the ground and excited electro
states, and thus reduce the nonradiative activation ene8

~If the anharmonic terms were known, then a more accu
prediction of the activation energy could be obtained from
full quantum-mechanical calculation.!

It is interesting to compare the electron-phonon coupl
at the SrS:Sm21 center with the electron-phonon coupling
the Eu21 center in MgS, CaS, or CaSe, which has been p
viously studied.15 The PL is believed to arise from 4f→5d
transitions both for theX~S,Se!:Eu21 centers and for
SrS:Sm21. A priori, one might expect the magnitude of th
electron-phonon coupling to be similar for the Eu21 and
Sm21 centers because of the similarity of the electronic tr
sitions and the host crystals. However, the electron-pho
coupling was actually found to be significantly smaller f
X~S,Se!:Eu21 than we find for SrS:Sm21. From Figs. 2 and 4
of Ref. 15, the coupled phonon energy~V!, coupling strength
(S), and Stokes shift (ES) are estimated to beV
50.0409 eV, S52, and ES50.082 eV for MgS:Eu21; V
50.0335 eV, S53, and ES50.100 eV for CaS:Eu21; and
V50.0174 eV, S55, and ES50.087 eV for CaSe:Eu21;
.
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whereas for SrS:Sm21 we find V50.028 eV, S58.3, and
ES50.232 eV.~The zero-phonon line is observed in the P
spectra of the Eu21 centers; we thus defineES for these
centers as the energy difference between the narrow z
phonon line and the peak of the broad multiphonon band!

We suggest two possible mechanisms for the increa
Stokes shift in SrS:Sm21 as compared toX~S,Se!:Eu21.
First, the energies of the 5d orbitals of the Sm21 ion may be
degenerate with the SrS conduction band. This degene
will cause delocalization of the outer electron in the excit
state of the PL center, which nominally has the electro
configuration Sm21(4 f 5)(5d). Therefore, the change in th
electronic charge distribution from the ground to the exci
state will be larger than in the absence of the degener
with the conduction band. The larger change in the cha
distribution from the ground to excited state may, in tu
cause an increase in the electron-phonon coupling. Sec
the incorporation of Sm31 ions in a II-VI host crystal re-
quires a charge compensation mechanism.~As discussed
above, the stable Sm charge state is believed to be S31

rather than Sm21.! The compensating defects or impuritie
may form complexes with the Sm ions, and the electro
phonon coupling may be stronger for the electronic tran
tions of the complex than for the corresponding transitions
an isolated Sm21 ion.

There is a correlation between the thermal quenching
the steady-state PL intensity and the saturation behavior
in the excitation intensity dependence curves, as show
Figs. 5~a! and 5~b! and modeled by Eq.~5!. Below satura-
tion, the steady-state PL intensity@ I PL(T)# is expected to
vary with temperature in proportion to the ration r /@n r
1nnr(T)#, where n r is the radiative recombination rat
~which is temperature-independent in most systems!, and
nnr(T) is the thermally activated nonradiative rate. On t
other hand, the saturation value (I sat) of the excitation inten-
sity (I ex) is expected to vary in direct proportion to the tot
recombination raten r1nnr(T), as indicated by the rate equa
tion model for saturation of a two-level system,

]nex/]t52]ngr /]t5sI exngr2@n r1nnr~T!#nex, ~12!

whereI ex is the excitation intensity (photons/cm2/s), s is the
absorption cross section of the two-level system,ngr is the
ground-state population, andnex is the excited-state popula
tion. Thus, as a function of temperature,I sat(T) should vary
in inverse proportion toI PL(T) ~excited below saturation!.
From the curve fitted to theI PL(T) data@Eq. ~2!#, the ratio of
the PL intensity atT5300 K to the PL intensity atT
520 K is I PL~300 K!/I PL~20 K!5(18.5)21. From the discus-
sion following Eq.~5!, the corresponding ratio of the satur
tion intensities isI sat~300 K!/I sat~20 K!51965; these two
ratios are inversely proportional, just as the rate model p
dicts.

The PL excitation spectrum, Fig. 4, provides informati
about the Sm21 excited states and other electronic excit
states of the SrS:Eu,Sm system. The peak at 2.08 eV is
cribed to a higher Sm21 excited state. A peak at 2.1 eV~590
nm! was observed in the ‘‘read’’ excitation spectrum,16 for
electron transfer from Sm to Ce ions, in the SrS:Ce,Sm
tical storage system. A peak at similar energy, 1.93 eV, w
observed in the optical absorption spectrum17 of SrS:Sm21.
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The broad peak at 2.65 eV~or 468 nm!, with FWHM of 0.7
eV ~or 120 nm!, is ascribed to optical absorption by the Eu21

ions, followed by Eu→Sm electron transfer, i.e., the ‘‘write’
process. The energy and width of this peak are similar to
parameters previously reported for the dominant peak in
‘‘write’’ excitation spectrum.2,14,18The origin of the 2.92 eV
peak is not known; this peak may arise either from a Sm21

excited state or from a Eu21 excited state. The UV peak a
4.49 eV is ascribed to SrS interband excitations, which m
be either excitons or electron-hole pairs. The energy of
peak is similar to the energy of the lowest interband abso
tion peak in the powder absorption spectrum of undoped S
which was found4 to be ;4.6 eV. To summarize, the PL
excitation spectrum shows peaks due to optical absorptio
the Sm21 ions ~correlated with the ‘‘read’’ process!, absorp-
tion by the Eu21 ions followed by Eu→Sm electron transfe
~the ‘‘write’’ process!, and above-band-gap excitation of th
SrS host crystal.

As shown in Fig. 6, the Sm21 PL can also be excited a
1.165 eV, which is close to the infrared ‘‘read’’ excitatio
peak at 1.25 eV. For intense laser excitation at 1.165
subsequent to visible laser excitation, the Sm21 PL was ob-
served to decay with time on a scale of seconds to minu
The form of the time decay is approximatelyI (t)}t20.5 un-
der the particular excitation conditions used for this expe
ment. This behavior can be qualitatively explained by stim
lation of the ‘‘read’’ ~Sm→Eu electron transfer! process by
the IR laser excitation, which gradually depletes the Sm21

population and thus reduces the Sm21 PL intensity.
Finally, we provide a brief critique of the model firs

proposed6 for the infrared PL in SrS:Eu,Sm and SrS:Ce,S
This earlier model is based on the assumption that
lowest-energy electronic state of Sm21 has a (4f 5)(5d) con-
figuration, rather than (4f 6) as we have assumed; furthe
electron-phonon coupling is not considered. According to
earlier model, the 2.1 eV absorption peak is due to af
→conduction band) transition of the Sm21(4 f 5)(5d) con-
figuration, which results in a Sm31(4 f 4)(5d) final state. The
1.25 eV ‘‘read’’ excitation peak~reported as 1.30 eV in Ref
6! is due to a (5d→conduction band) transition, which re
sults in a Sm31(4 f 5) final state~effectively the Sm31 ground
state!. Finally, the PL peak at 0.72 eV atT577 K ~reported
as 0.75 eV in Ref. 6! is due to a Sm31(4 f 4)(5d)→(4 f 5)
transition. The excited state of the PL center is identifi
with the final state of the 2.1 eV absorption process. Acco
ing to this model, the infrared PL arises from an excit
Sm31 state that is created by the ionization of Sm21, whereas
in our model the PL arises directly from a Sm21 transition.

In view of our results, and other studies of rare-earth io
done subsequent to Ref. 6, the earlier model is seen to
significant flaws:~i! The Sm21 ion has been studied in
number of host crystals, and the ground electro
configuration7 is always (4f 6), not (4f 5)(5d). ~ii ! If the
electron-trapping state were really Sm21(4 f 5)(5d), which
has a weakly bound outer electron, rather than Sm21(4 f 6),
then the long trapping lifetimes~many months in the dark a
room temperature! would be difficult to explain.~iii ! The
model attributes the infrared PL to a (5d)→(4 f ) transition
of Sm31, not Sm21, but the (5d)→(4 f ) transitions of triva-
lent rare-earth ions7 generally occur in the vacuum UV.~iv!
Our observation that the infrared PL is excited by 1.165
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light contradicts the model, which holds that a photon ene
of 1.165 eV is too low to excite the IR luminescence.

Most of the experimental results reported in Ref. 6 a
consistent with the results of the present study and o
recent work on optical storage systems. In Ref. 6,
Sm21 PL was excited by simultaneous irradiation with 2
eV light and 4.4 eV~above-band-gap! light. This is consis-
tent with our excitation spectrum~Fig. 4!, which shows effi-
cient excitation at both energies. Further~according to Ref.
6!, when the 4.4 eV light is switched off and the 2.1 eV lig
is maintained, the infrared PL intensity ‘‘slowly decays
zero’’ in a time of ‘‘the order of minutes.’’ This indicates
that the ‘‘read’’ process~net conversion of Sm21 to Sm31!
was induced by the 2.1 eV light, just as was observed in
present study~Fig. 6! for irradiation by 1.165 eV light. Other
work16 has shown that 2.1 eV light can induce the ‘‘read
process. The only experimental difference between the
sults of the present study and the results reported by Kelle
that according to Keller ‘‘when the@4.4 eV# light is main-
tained but the@2.1 eV# light is removed, there is no infrare
emission,’’ but our excitation spectrum shows efficient ex
tation of the Sm21 PL at 4.4 eV without simultaneous irra
diation at a second wavelength. Further work is needed
explain this discrepancy.

V. CONCLUSION

To summarize, infrared photoluminescence from t
Sm21 ions in a bulk ceramic specimen of the stimulab
phosphor SrS:Eu,Sm was excited by visible~2.33, 2.41, and
2.54 eV! and infrared~1.165 eV! lasers and by a wavelength
tunable, monochromatized xenon arc lamp source. The t
perature dependence of the infrared PL was examined f
14 to 300 K. The PL intensity was found to decrease mo
tonically with increasing temperature. The full width at ha
maximum of the PL emission spectrum,W(T), was found
to increase with temperature in a manner consistent w
a linear electron-phonon coupling model,W(T)
5W0@ tanh„V/(2kBT)…#21/2, with W050.190 eV and
coupled phonon energyV50.026 eV. Periodic oscillations
in the PL spectrum atT,60 K provide direct evidence fo
coupling to two phonon modes, with phonon energiesV1
50.0155 eV andV250.028 eV. The peak of the emissio
spectrum occurs at 0.709 eV~1750 nm! at 14 K and in-
creases with temperature at a rate 1.931024 eV/K. The PL
peak shift is attributed to a decrease in the crystal field w
increasing temperature. The electron-phonon coupling mo
predicts that the corresponding optical absorption pe
which is anti-Stokes shifted relative to the PL peak, sho
occur at 1.17 eV~1060 nm! at low temperature, or 1.23 eV
~1010 nm! at room temperature. Previous measurements
the charge-transfer excitation spectrum in SrS:Eu,
showed a peak at 1.25 eV~990 nm!, in good agreement with
the model prediction. The PL excitation spectrum from 1.7
6.2 eV ~200 to 730 nm! was measured atT514 K. Excita-
tion peaks were observed at 2.076 eV~597 nm!, ascribed to
absorption to a higher excited Sm21 state; at 2.651 eV~468
nm!, ascribed to Eu21 absorption followed by Eu→Sm
charge transfer; at 2.919 eV~425 nm!; and at 4.492 eV~276
nm!, ascribed to interband excitation of the SrS. The infra
PL intensity was observed to decay with time, on a scale
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seconds to minutes, under 1.165 eV laser excitation su
quent to visible laser excitation atT514 K. This decay is
attributed to the Sm→Eu charge-transfer process.

The results reported here confirm that the infrar
Sm21 PL is a probe of the ‘‘written’’ state of the optica
storage system in a stimulable phosphor that contains Sm
the trap species. It is hoped that this work will encoura
further PL investigations of the dynamics of the optical st
age process in Sm-containing stimulable phosphor mate
that are currently being developed for optical data stor
, J

in

a

e-

d

as
e
-
ls
e

applications, including technologically important thin-film
structures as well as bulk ceramics.
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