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High pressure luminescence studies of localized excitations 
in ZnS doped with Pb 2+ and Mn2 + a) 
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High pressure luminescence measurements have been made on ZnS doped with Pb 2+ and Mn 2+. The data 
include changes in peak energy and shape, integrated intensities, and lifetimes. These localized emissions 
are treated in terms of a single configuration coordinate model. For Pb 2+ the emission peak shifted to 
lower energy by a moderate amount and narrowed. For excitation in the Pb2+ absorption the intensity was 
independent of pressure, which is consistent with the fact that the energy barrier for radiationless return 
to the ground state was high at all pressures. For excitation in the ZnS absorption edge the intensity 
decreased significantly with pressure above about 80 kbar. Data on shifts of the conduction band with 
pressure would indicate that one is approaching a transition from a direct to indirect transition at high 
pressure so that decrease in emission intensity may be associated with decreased absorption efficiency. The 
Mn 2 + emission peak shifted strongly to lower energy with increasing pressure. The direction and 
magnitude of the shift were consistent with the predictions of ligand field theory. The intensity doubled in 
100 kbar, while the lifetime decreased by roughly a factor of 2. These results could be described in terms 
of a model for a phonon assisted transition. In addition, peak location, intensity, and lifetime 
measurements were made on ZnS:Pb:Mn. There is clear evidence of energy transfer by exchange, but in 
addition there is a nonradiative process in the doubly doped crystal which affects both intensities and 
lifetimes. 

INTRODUCTION 

The effect of pressure has been measured on the lumi­
nescence of znS doped with Pbz

> and with Mnz>. The 
measurements include emission peak location, half­
widths and asymmetry, emission intensity and lifetimes. 
Some measurements were also made on znS doped with 
both Pbz> and Mn2> to study Pb2

> to Mnz
> energy transfer. 

The methods of sample preparation, the high pressure 
luminescence teChniques, and methods of data process­
ing are discussed in references given in the first paper 
of this series. 1 

These impurities when introduced into the host lattice 
occupy zinc sites and require no charge compensation. 
Whereas the optical properties of those phosphors dis­
cussed in the previous papers were largely determined 
by the host, the luminescence behavior of these mate­
rials is strongly dependent on the nature of the impurity 
ion. Luminescence in these systems involves optical 
transitions within the electronic levels of the impurity. 
Excitation can be achieved either through host absorp­
tion or direct absorption by the impurity ion. In the 
'tatter case the degree of absorption depends on the oscil­
lator strength of the impurity in the tetrahedral environ­
ment. The pressure-dependent configuration coordinate 
modelz- 4 provides the basis for the analysis of these 
de ep ~evels. 

RESULTS 

Excitation of the znS : Pb phosphor was achieved 
through host lattice absorption (298 nm Hg line) and 
also by direct excitation of the Pbz

> ion (405 nm Hg 

a)This work was supported in part by the U. S. Energy Re­
search and Development Administration under contract 
E(1l-1)-1l98. 

\ 

line). The absorption process is the 652 
- 6·sp electronic 

transition. A constant excitation rate was assured in 
the former case since the flat portion of the fundamental 
absorption always overlapped the exciting line. Direct 
excitation at 405 nm is believed to involve the BctSo 
- 3pz) and C band (lSO- IP l) absorptions. 5 Excitation 
spectra yielded a fairly broad absorption peak centered 
at 430 nm which is insensitive to pressure. The re­
sulting green luminescence occurs via the 3 Pz - ISO 

electronic transition. A detailed study and assignment 
of energy levels of the Pbz

> center in cubic zinc sulfide 
is given by Uehara. 5 

Figure 1 shows data for znS : Pb for both the emission 
peak shift and half-width change with pressure. In con­
trast to the donor-acceptor type luminescences where 
the emission bands exhibited a large blue shift with in­
creasing pressure the Pbz

> emission band shows a shift 
to lower energy. A least squares fit of this data gives 
the following relation for the band shift (in cm -I) as a 
function of pressure; 

(1) 

The data for the observed half-width change are fit 
linearly from 20-120 kbar. The half-width data obtained 
from 0-20 kbar required the resolution of two peaks and 
probably do not reflect the true bandwidth variation over 

. this pressure range. The additional peak was due to an 
SA (self-activated) band introduced by chlorine which 
was present during firing. This band was quenched at 
pressures greater than 20 kbar. At 20 kbar the Pbz> 

bandwidth was approximately 0.22 eV. The observed 
half-width change with pressure obeyed the following 
relation: 

(OE1/Z)e= - 5. 8p , 

where (OE I/Z)e is in cm -1 • 

(2) 
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FIG. 1. Emission peak shift and half-width change versus 
pressure for ZnS: Pb (oE I /2)0 = 2390 cm-1 by extrapolation of 
the fit curve to p = 0. 

The band location at 1 atm and the observed peak shift 
and half-width change were independent of the exciting 
wavelength. Absorption by the host and direct excita­
tion of Pb2

+ ion yielded identical results. 

Figure 2 gives the steady state intensity and the ob­
served lifetime of the znS : Pb phosphor as a function of 
pressure. In the case of Pb2

+ excitation there is little 
change in the intensity over the entire pressure range. 
Excitation in the fundamental lattice absorption band, 
however, yields a different effect. Here the intensity 
stays constant up to about 80 kbar at which point a de­
cline begins. The observed decay function is exponential 
as would be expected by the first order kinetics pre­
dicted for a localized center. The measured lifetime is 
seen to be independent of exciting wavelength and shows 
a modest increase in the first 30 kbar before leveling at 
250 nsec. 

The orange luminescence of znS : Mn arises from an 
optical transition with the Mn2

+ ion. The Mn2
+ has a 3d 5 

electron configuration with a spherically symmetric 
ground state 6S(6A t )_all spins unpaired. The lowest 
excited state (one spin paired) of this ion is the 4C ex­
cited state band comprised of the 4Th 4Tz, and (AI + 4E 

excited states. The observed emission occurs from the 
lowest energy excited state 4Tl to the 6AI ground state; 6 
the transition is forbidden by spin and parity selection 
rules. These rules become relaxed through perturba­
tions due to one or a combination of the following 
sources: crystal field, spin-orbit interaction, exchange 
coupling of Mn2

+ pairs, or phonon coupling. In the case 
of phonon coupling it is the breathing mode about the 
impurity ion that is responsible for the phonon ass is-

tance. 7 The ground state of the manganese ion in zinc 
sulfide has been estimated to be anywhere from 3 to 6 
eV below the top of the valence band. Klick and Schul­
mana provide further discussion of the luminescence 
properties of divalent manganese in solids. Their paper 
shows the applicability of the configuration coordinate 
model to this center and also includes causes for band 
asymmetry. 

The data of Fig. 3 show the large pressure shift to 
lower energy for the znS : Mn phosphor. The accom­
panying half-width dependence over this pressure range 
appears in the top part of Fig. 4. The bandwidth at I 
atm and room temperature was 0.27 eV. As is known 
the manganese emission band is asymmetric. a A plot 
of the pressure dependence of this asymmetry is shown 
in the lower portion of Fig. 4. It is observed that at 
about 120 kbar the band assumes a Gaussian distribution 
[R-1 in Eq. (3) below]. It is also interesting to note 
that in each set of data of Figs. 3 and 4 there is a mea­
surable change in the data at approximately 40 kbar. 

The final sets of data on the ZnS : Mn system appear 
in Fig. 5. Plotted here are the steady state intensity 
and the observed lifetime(s) as a function of pressure. 
The emission intensity increases by a factor of 2 over 
the pressure range studied. The decay function was fit 
to the sum of two exponentials. The 1 atm, room tem­
perature values of the decay constants were 180 and 650 
msec. The 650 msec decay is believed due to the pho­
non-assisted electronic transition within the manganese 
ion, while the shorter decay is ascribed to a trapping 
state. 7,9 As can be seen the longer decay constant 
shows a gradual decrease with pressure while the faster 
one stays approximately constant. 

DISCUSSION 
The influence of high pressure on the optical proper­

ties of localized centers in ZnS : PO and ZnS : Mn is un-
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FIG. 2. Relative emission intensity and lifetime versus pres­
sure for ZnS: Pb. 
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FIG. 3. Emission peak shift versus pressure for ZnS: Mn. 

derstood in terms of a single configuration coordinate 
analysis. 2

-4 Pressure-induced changes in the emission 
peak location and half-width are used to determine pa­
rameters characteristic of the model. These param­
eters provide the basis necessary to understand the 
other experimental results. 

The fits of the data for ZnS : Pb [Fig. 1, and Eqs. (1) 
and (2)] related the emission peak shift and half-width 
change to the pressure variable. We use the equations 
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FIG. 4. Emission half-width change and skewness versus 
pressure for ZnS: Mn (c5E1/ 2)O =2200 cm-t. 
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FIG. 5. Relative emission intensity and lifetime versus pres­
sure for ZnS : Mn. 

of Refs. 2-4. If one assumes that w2
, the ground state 

force constant, is independent of pressure, these ex­
pressions are for the emission peak shift 

(3) 

and for the emission band half-width 

(4) 

where ~o is the value of ~ (the relative displacement of 
the potential wells along the configuration coordinate of 
interest) at zero pressure, R = (w' /w) is the ratio of 
force constants for the potential wells, and N is a nor­
malization factor (32 cm-l at 25°C). The other param­
eters we define in Fig. 6. These equations contain the 
same pressure dependences as the observed data and, 
by equating like powers of p in Eqs. (3) and (4), one 
can make use of the numeric coefficients of Eqs. (I) 
and (2) to calculate w2

, R, and ~o. These quantities 
were found to be 

w2 = 2.17 kbar2/cm-! , 

R= 1.44 , 

~o = - 2. 55 cm3/mole . 

(5) 

(6) 

(7) 

The observed steady state intensity change with pres­
sure was seen to depend on the excitation wavelength 
(Fig. 2). This intensity was essentially independent of 
pressure when excitation was achieved by direct exci­
tation of the Pb2

+ ion; host lattice excitation showed a 
rapid decrease in intensity at pressures above 80 kbar. 
It is possible to understand the insensitivity of the in­
tensity to pressure in the former case by considering 
the analysis below. One solves the configuration coor­
dinate equations for the quantity of importance, the 
quenching energy Eq , which is the energy measured 
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FIG. 6. Schematic configuration coordinate diagram. 

from the lowest vibrational.level of the excited state to 
the point of intersection of the potential wells (see Fig. 
6). This energy represents the classical energy nec­
essary for an electron to surmount the potential Eq and 
crossover nonradiatively to the ground state well. The 
probability nq of this occurrence is generally expresed 
in the following fashion: 

nq ex: e-Eq/kT , (8) 

where kT~ 200 cm-1 at room temperature. Using the 
value of Q obtained above one can then use the following 
relations, assuming R = 1 (linear coupling with A = Ao), 
to obtain a relationship for the pressure dependence of 
the quenching energy: 

hVe= hVea+ pt:.. = Eo+ pt:.. - !w2 t:..2 
, 

Eq=~W'2(Qq_A)2 • 

The resulting expression is 

Eq = 2J!AZ (hVea+PA)2 • 

(9) 

(10) 

(11) 

Although this equation is strictly valid for linear cou­
pling, the previously determined configuration coordi­
nate parameters, based on R *1, will not introduce much 
error in the argument. Using values of hVeO of 20000 
cm-t, A= - 2. 55 cm3/mole and w2 of 2.17 kbar2/cm-1

, 

one obtains a value of roughly 10000 cm-1 for Eq at 
1 atm. This value compares favorably with the 12000 
cm -1 value obtained by Mita 10 for the ZnS : Pb yellow 
emission. Hence, at room temperature and atmospher­
ic pressure there is a very low probability of classically 
surmounting E q • It is known that there is little tem­
perature quenching of this phosphor below 100 °C. 10 At 
100 'kbar the quantity (hvea+ pA)2 is reduced by only 20% 
or E q =8000 cm-1

, hence, the effect of pressure on the 
quenching energy is slight over the range of pressures 
studied. It is seen then that in the absence of any com-

peting, pressure-dependent, non radiative process (as 
is indicated by a constant lifetime from 30-120 kbar) 
or changes in optical selection rules that the observed 
emission intensity in this case is expected to remain 
fairly constant with pressure. It is uncertain why there 
is an increase in the lifetime over the first 30 kbar. 

It is necessary to consider the band structure diagram 
of Fig. 7 to understand the observed intensity loss of 
the ZnS : Pb emission when excited in the host. In Fig. 
7 the optical absorption of interest is the direct transi­
tion at the zone center r 15 - r l' As stated before at 
low pressure this band gap increases at the rate of 
9.0X 10-3 eV/kbar. In addition, the indirect minima at 
L and X also shift with pressure relative to the valence 
band maximum at r 15 • An estimate of the shifts of 
these minima with pressure can be achieved through I 

use of calculations provided by Cohenll for ZnSe. The 
assumption made is that Zns and ZnSe have similar 
compressibilities. In ZnSe the X and L conduction min­
ima are approximately 1. 9 and 1. 2 e V, respectively, 
higher in energy than the direct minimum at r 1.12 

Cohen's calculations indicate that both the L and X min­
ima shift in energy relative to the r 15 maximum at a 
slower rate than does the conduction band at r 1. This 
effect has been experimentally observed in many of the 
III-V semiconductors . 13 The calculations for ZnSe 
show that the X minimum shifts much more slowly to 
higher energy than does the L minimum. The shift of 
the various minima up to a 0.30 A change in lattice con­
stant a are nearly linear. The shift of these minima 
relative to the r 15 valence band are 

d!r1 =3 .62 eV/A , 

dEx /0 
da = 1. 31 eV A , 

d!t = 2. 94 eV/A . 
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FIG. 7. Band structure of ZnS along two principal symmetry 
directions. 
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Assuming a similar dependence for ZnS and a change in 
lattice constant of about 0.33 'A corresponding to roughly 
100 kbar one can estimate the locations of various con­
duction minima relative to each other. The band struc­
ture of ZnS at atmospheric pressure shows the X mini­
mum to be at an energy of about 1 eV higher than the 
r 1 point. At 100 kbar the estimated relative position of 
these bands can be expressed, using Eqs. (12) and (13), 
as 

= 1900 cm-1 
• 

(15) 

Physically, the material is nearly an indirect semi­
conductor. As the material goes indirect it is expected 
that the absorption coefficient will decrease since pho­
nons of the wave vector kp are required to satisfy the 
conservation of wave vector. Thus, it can be seen that 
the intensity of the Pb2+ emission will drop due to a re­
duction in the absorption coefficient of the host. In 
addition, the decrease in absorption strength of the host 
should not effect the observed lifetime of the emission. 

From Fig. 2 it is noted that the intensity of the emis­
sion for excitation in the host absorption edge starts to 
decrease significantly near 80 kbar, which is some­
what lower than the pressure predicted for the indirect 
transition to become lowest in energy by Eq. (15). In 
view of the approximations involved in the numbers 
used, however, the agreement is qualitatively satis­
factory. This effect is not apparent in the donor-ac­
ceptor type emissions since these materials are 
quenched at lower pressures. 

A quantitative understanding of the pressure depen­
dence of the emission transition energy of Mn2+ in 
znS : Mn may be obtained through use of crystal field 
theory. In considering the 4Tl - 6A 1 transition as a 
function of pressure one can make use of the Tanabe 
and Sugano diagram14 for the 3d 5 electron configuration. 
The pertinent parameters of crystal field theory are 
the Racah parameters Band C, which account for inter­
electronic repulsion in a d-electron system, and D q , 

the crystal field strength. The latter parameter can be 
crudely' approximated by a point charge model which has 
an r-5 dependence; r is the ligand-impurity ion distance. 
The value of Dq for Mn2+ in cubic ZnS : Mn has been esti­
mated to be 410 cm -1 .18 The energy diagram of Tanabe 
and Sugano relates the energy of the 4Tl - 6A1 transition 
to B, C, and Dq • The effect of changes in these param­
eters on the transition energy can be extracted from the 
diagram. The dependence of B on pressure has been 
determined to be - O. 348 cm-! /kbar. 15 The zero pres­
sure (1 atm) value is 655 cm-1. 16 The results of zahner 
and Drickamer17 show that the ratio C/B in MnCl2 and 
MnBr2 is fairly independent of pressure. Qualitatively, 
it is easily seen that a decrease in B and an increase in 
Dq will result in a decrease in the energy separation E 
of the 4Tl and 6A1 states. The zero pressure ratio D/B 
is 0.626 and the corresponding value of E/B is 16750 
cm-1/655 cm-1 =25.6. Using the pressure dependence of 
Band Dq one can estimate the change in the emission 

transition energy with pressure. In 1 )0 kbar (corre­
sponding roughly to a 0.14 'A change in ligand impurity 
ion distance) the value of D/B is found to be 

(2.34/2. 2Wx 410 = 0 90 
655 - 34. 8 " 

(16) 

In the region of interest for D/B (0.5 -1. 0) the energy 
diagram 14 has a linear slope of 10 for the 4Tl state. 
Using the zero pressure values of D/B= O. 626 and E/B 
=25.6 gives a point which falls slightly below the 4T1 

curve. Assuming a slope of 10 and using the 100 kbar 
value of 0.90 for D/B results in a graphical value of 
22.8 for E/B. Since Bat 100 kbar is roughly 620 cm-1, 
the estimated transition energy is E = 22. 8 x 620 = 14 150 
cm -1. Tpe predicted red shift is then 2600 cm -1, which 
agrees very well with the observed 2500 cm-1 peak shift 
of Fig. 3. 

Since the Mn2+ ion forms a highly localized center in 
znS, the single configuration coordinate model may be 
applied. Assuming a linear peak shift from 0-100 kbar 
for the data of Fig. 3 the value of 6.0 was determined to 
be - 25.6 cm -1/kbar or - 3.07 cm3 /mole. As the data 
of Fig. 4 show the Mn2+ emission band is asymmetric at 
pressures less than 100 kbar. There are several 
causes of band asymmetry: self-absorption when 6.0 is 
small, low temperature freezing out of vibrational lev­
els of the excited state which partiCipate in the transi­
tion, and quadratic electron-phonon coupling. 17 In this 
investigation the first two causes can be ruled out since 
the oscillator strength of manganese is so low and the 
experimental data were taken at room temperature. 
Although the half-width data of Fig. 4 show a relative 
insensitivity to pressure (implies R = 1), the band skew­
ness indicates quadratic coupling (R* 1). An €stimate 
of R at 1 atm and room temperature can be obtained 
through the following relation17: 

(17) 

Using this relation R was found to equal 0.55. Substi­
tution of this value of R in 'Eq. (4) at p = 0 yields a value 
of 3.50 kbar2/cm-1 for w2

, the ground state force con­
stant. Implicit in the change of band asymmetry for 
this case is a change in R with pressure. The data in­
dicate that R is constant up to 40 kbar at which point it 
varies linearly (0.55 -1. 0) up to 100 kbar. It is not 
clear based on the change in band asymmetry why the 
observed half-width is nearly constant with pressure. 

The data of Fig. 5 gave the relative emission intensity 
and lifetime of znS : Mn as a function of pressure. The 
intensity was seen to rise by a factor of 2 in 100 kbar 
while the lifetime decreased by roughly that same factor 
over the pressure range. An understanding of the mea­
sured lifetime may be obtained through the relation given 
in by Klick et al. 16 for phonon-assisted transitions 

(18) 

The pressure dependence of T is contained mainly in 6.: 

(19) 

The dependence of R on band skewness is given in Eq. 
(17). R remains constant (0.55) over the first 50 kbar 
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FIG. 8. Relative emission intensities versus pressure for 
Pb2+ and Mn2+ emissions of ZnS: Pb : Mn. 

and then varies nearly linearly to 0.73 up to 90 kbar. 
Therefore, by Eq. (18) as ~ increases 7" will decrease. 
The experimental data of Fig. 5 for the longer compo­
nent (see previous discussion) are in good agreement 
with this prediction. The observed increase in the in­
tensity may be argued by assuming the radiative process 
within the Mn2

+ ion is rate controlling, i. e., those host 
absorptions not dissipated via a Mn2+ transition are 
thermally degraded by the crystal. If the observed rate 
at which the Mn2

+ transition occurs is increased (de­
creasing lifetime), then, with a fixed number of Mn2+ 

centers in the region of the crystal where light is ab­
sorbed, it is expected that the number of electrons re­
turning radiatively per unit time (intensity) will in­
crease. 

SENSITIZED LUMINESCENCE 

Sensitized luminescence is known to occur in many 
inorganic systems. 19,20 Usually, the host must possess 
a large band gap and the sensitizer and activator ions 
must form highly localized states. It is of scientific 
interest to investigate the pressure dependence of this 
nonradiative energy transfer process as it occurs in 
zinc sulfide. The modest band gap (3.7 eV) restricts 
the availability of sensitizer and activator ions which 
satisfy the above requirement of localization. The ions 
found suitable for this study were Pb2+ (sensitizer) and 
Mn2

+ (activator). The data presented previously on the 
znS : Pb and znS: Mn phosphors provided useful infor­
mation on the singly doped systems. Two znS: Pb: Mn 
phosphors were prepared; one contained equal impurity 
concentrations of 0.15 mole% and the other had a man­
ganese concentration 10 times greater. The experi­
mental 'results are discussed qualitatively in terms of 
Dexter's analysis . 2o Prior study of the znS : Pb: Mn 
system has been limited to the temperature work of 
Shionoya et al. 21 In their investigation they were unable 
to determine if room temperature energy transfer was 

due to photoconductive transfer or resonance transfer. 

For the sample more dilute in Mn2
+ excitation of the 

Pb2+ ion at 405 nm yielded an emission spectrum com­
posed of equally intense Pb2+ and Mn2+ bands. No mea­
surable Pb2

+ emission was evident in the sample con­
taining the higher Mn2+ concentration, only an intense 
Mn2

+ band was observed. The data presented in Figs . 
8 and 9 refer only to the phosphor containing equal Mn2

+ 

and Pb2+ concentrations. The steady state emission in­
tensity changes as a function of pressure for both Pb2

+ 

and Mn2
+ are given in Fig. 8. The dashed line repre­

sents the variation of the lead emission intensity in the 
znS : Pb phosphor over this pressure range. The ob­
served pressure effect on the ZnS : Pb : Mn phosphor is 
to decrease substantially the Pb2+ emission intensity 
over the first 70 kbar. Over this same pressure range 
the Mn2+ intensity stays constant to 30 kbar, then be­
haves similarly to the Pb2+ emission. The sample con­
taining the higher Mn2+ concentration exhibited an initial 
rise in intensity about a factor of 2 to 30 kbar, then re­
mained fairly constant in intensity at the higher pres­
sures (data not shown). 

Excitation at 405 nm eliminated the possibility of 
photoconductive energy transfer. Thermal ionization of 
the Pb2

+ was felt to be negligible since the Pb2+ excited 
state lies 0.40 eV below the bottom of the conduction 
band21; at higher pressures this ionization energy is 
even larger as indicated by the red shift of the Pb2+ 
emission band relative to the large blue shift of the con­
duction band edge. Further experimental confirmation 
of this neglect of thermal ionization was obtained from a 
znS : Pb phosphor also possessing a self-activated (SA) 
band due to chlorine. Excitation in the host showed the 
presence of both bands while direct excitation of Pb2

+ 

at 405 nm yielded only Pb2+ emission. 

Figure 9 gives the change pf the Mn2
+ lifetime with 

pressure for the znS : Pb: Mn phosphor. The faster 
component (0.07 msec at zero pressure) is believed due 
to the Mn2

+ decay. This initial (zero pressure) lifetime 
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FIG. 9. Lifetimes versus pressure of the Mn2+ emisSion in 
ZnS:Pb:Mn. 
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is seen to be much faster than that of ZnS : Mn. This 
decrease in the Mn2+ decay constant is not expected in 
the doubly doped crystal since energy transfer should 
not alter the lifetime of the activator. It appears that a 
nonradiative process may be enhanced when both im­
purities are present. Decay constants for the Pb2+ . 
emission in ZnS: Pb: Mn were too rapid for measure­
ment. Addition of Mn2+ is expected to decrease the 
sensitizer lifetime [see Eq. (22)] but not to the extent 
observed. It appears that desensitization of the Pb2+ 
ion by modes other than radiative recombination or 
energy transfer to Mn2+ are important. The data for 
the Mn2+ decay as a function of pressure indicate an en­
hancement of nonradiative processes. 

The optical transition involved in the excitation of the 
Mn2+ ion is presumed to be the 6S - 4C crystal band. 
The cascade process, i. e., absorption of photons emit­
ted by the Pb2+ center, will not be efficient since the 
Mn2+ absorption is both spin and parity forbidden. The 
bright Mn2+ emission observed in the ZnS : Pb : Mn sys­
tem indicates that sensitization of Mn2+ by Pb2+ does 
occur; excitation of the znS : Mn phosphor at these ex­
citation wavelengths yielded virtually no emission at any 
Mn2+ concentration. Due to the forbidden nature of the 
Mn2+ absorption it is apparent that the dominant trans­
fer process is by exchange. In Dexter's treatment of 
exchange20 the expression for the energy transfer prob­
ability is 

PSA{ex) = ~11' Z2 f fs{E)fA(E)dE . (20) 

In this equation 

Z2 = K2 exp(- 2R/L) . . (2l) 

Z is an asymptotic form of an exchange integral for the 
sensitizer-activator pair; the exponential dependence 
arises from the fact that the electronic wavefunction 
generally declines exponentially. K has the units of 
energy and L is a constant termed the effective Bohr 
radius. The spectral overlap condition is given by the 
integral, wherefs(E) and fA (E) are the normalized sen­
sitizer emission band and activator absorption band, re­
spectively. 

Since the energy transfer process competes with the 
normal sensitizer emission, the observed lifetime of 
the sensitizer will be altered by the presence of the 
activator. A relationship has been derived which de­
scribes this effect in the case of exchange interaction. 22 
The time dependence of the sensitizer decay as a func­
tion of activator concentration c may be expressed as 

1> (t) = exp[ - tho - y-3 c/ cog(eY tho}] , • 
(22) 

~ (_ x)m 
g(x) = 6 ~ (m + 1)4m !' (23) 

where y= Ro/L, Ro being a critical transfer distance, 
where for an isolated sensitizer-activator pair is the 
separation distance at which energy transfer occurs at 
the same rate as spontaneous deactivation of the sensi­
tizer. Co is defined as 3/(411'R~) and To is the inverse 
of the rate of spontaneous deactivation of the sensitizer. 
The short range nature of this process is evident in the 

exponential factor contained in Eqs. t20) and (2l). It 
is expected that appreciable transfer by exchange will 
occur from the sensitizer ion to only nearest or next 
nearest neighbor cation sites. If it is assumed that the 
Pb2+ and Mn2+ ions are randomly distributed (there 
should be no electrostatic interactions since they re­
place Zn2+), then the fraction of Pb2+ ions having as a 
nearest cation neighbor Mn2+ is23 

f{c) = 1 - (I _ C)12 , (24) 

where c is the mole fraction Mn2+ in the sample. For 
c1=0.0015, i1{c)=0.018 or 1.8%; for c2=0.015, f2{C) 
= 0.165 or 16.5%. If one includes next nearest neigh­
bors, the fraction of Pb2+ having a Mn2+ at a nearest 
heighbor or next nearest neighbor will be much higher. 
It is seen then that at the lower activator concentration 
where equally intense Pb2+ and Mn2+ bands were ob­
served at zero pressure the impurity ions are probably 
closer than a random distribution would predict. It is 
not obvious based on simple size effects why this should 
occur. The ionic radius of Mn2+ (0.80 A) is very simi­
lar to that of zn2+ (0.74 A), while that of Pb2+ (I. 20 A) 
is much larger. Perhaps the lattice strain introduced 
by the incorporation of Pb2+ is reduced by having a Mn2+ 
nearby. In the case of the higher Mn2+ concentration 
there is no Pb2+ emission. This indicates that most of 
the Pb2+ ions have a nearest or next nearest neighbor 
cation Mn2+ and that the energy transfer process is an 
efficient one. Dexter20 has given a typical transfer time 
for exchange of 10-11 or 10-12 sec for nearest neighbors. 
This transfer time is mu'ch more rapid than either the 
sensitizer lifetime (10-7 sec) or nonradiative thermal 
transitions which also have 10-7 sec time scale. 

It is difficult to account for the results in Fig. 8 sim­
ply in terms of Dexter's equation (20). The spectral 
overlap given by the integral is certainly influenced by 
pressure. It has already been shown that the spectral 
locations of the Mn2+ emission and the Pb2+ emission in 
the singly doped crystals are shifted with pressure. 
The Pb2+ band shifts - 12.5 cm-1/kbar while the Mn2+ 
emission shifts at a more rapid - 25.0 cm -l/kbar . 
Transfer is assumed to occur to the Mn2+ 4C band and 
it is likely this band exhibits a pressure dependence 
much like that of the Mn2+ emission. Based on these 
data and the zero pressure spectral locations of the 
sensitizer and activator bands it would seem that the 
spectral overlap should increase as the Mn2+ 4C band 
overtakes the Pb2+ emission band. The observed in­
tensity decrease of the Pb2+ emission in znS : Pb : Mn 
over the 0-70 kbar range are highly supportive of this 
argument. The Mn2+ data however do not reflect any 
enhancement of the Mn2+ emission intensity. The con­
stant Mn2+ intensity from 0-30 kbar followed by a de­
crease up to 70 kbar imply that a non radiative process 
is important since both emissions are being quenched 
over this latter pressure range. Any energy transfer 
process, as observed via the Mn2+ data, has superim­
posed upon it some quenching process. The fast com­
ponent of the lifetime in Fig. 9 is seen to be much 
shorter than the znS : Mn lifetime discussed previously. 
This is not expected since the activator lifetime should 
be unaffected by the presence of the sensitizer. This 
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fact alone implies that a competitive, nonradiative pro­
cess has been introduced by simultan.eous incorporation 
of these ions into the crystal. In addition, this lifetime. 
is seen to decrease by a factor of 3 over the pressure 
range. 

It may be concluded from the data that the Pb2
+ ion 

when introduced in znS : Mn does sensitize the Mn2
+ ion 

and that the dominant mode of energy transfer is by ex­
change. The large intensity loss with pressure of the 
Pb2 + emission is not accompanied by a corresponding 
increase in the Mn2

+ emission. It is apparent that a 
quenching process of unknown origin influences both 
the Pb2

+ and Mn2
+ emissions. 

ACKNOWLEDGMENT 

The authors would like to thank Professor M. L. 
Cohen of the University of California, Berkeley for 
furnishing us his unpublished calculations on the band 
gaps of ZnSe as a function of lattice parameter. 

IG. L. House and H. G. Drickamer, J. Chem. Phys. 67, 3221 
(1977). 

2H. G. Drickarner, C. P.· Slichter, and C. W. Frank, Proc • . 
Natl. Acad. Sci. 69, 933 (1972). 

3B. Y. Okamoto and H. G. Drickamer, J. Chern. Phys. 61, 
2870 (1978). 

4W. D. Drotning and H. G. Drickamer, Phys. Rev. B 13, 
4568 (1976). 

5y. Uehara, J. Chem. Phys. 62, 2982 (1975). 
6D. W. Langer and S. Ibuki, Phys. Rev. 138, 809 (1965). 
7R. Beserman and M. Balkonski, Phys. status Solidi 44, 535 

(1971). 
BC. C. Klick and J. H. Schulman, J. opt. Soc. Am. 42, 910 

(1952). 
9D. Curie, Luminescence in Crystals (Wiley, New York, 1963). 
lOy. Mita, J. Phys. Soc. Jpn. 20, 1822 (1965). 
11M. L. Cohen, University of California-Berkeley (personal 

communication) • 
12J. P. Walter and M. L. Cohen, Phys. Rev. 183, 763 (1969). 
13A. L. Edwards, T. E. Slykhouse, and H. G. Drickamer, J. 

Phys. Chem. Solids 11, 140 (1959). 
14y. Tanabe and S. Sugano, J. Phys. Soc. Jpn. 9, 753, 766 

(1954). 
15T. Koda, S. Shionoya, M. Ichikawa, and S. Minomura, J. 

Phys. Chem. Solids 27, 1577 (1966). 
16J. C. Zahl).er and H. G. Drickamer, J. Chem. Phys. 35, 

1483 (1961). 
17C. E. Tyner, W. D. Drotning, and H. G. Drickamer, J. 

Appl. Phys. 47, 1044 (1976). 
IBD. I. Klick, K. W. Bieg, and H. G. Drickamer, Phys. Rev. B 

(submitted for publication). 
I~. F. Ivey, Proceedings of the International Conference on 

Lum inescence, 1966, edited by G. Szigetti (Akad. Kaido, 
Budapest, 1968), p. 2027. 

20D. L. Dexter, J. Chern. Phys. 21, 836 (1953). 
_2~. Shionoya, T. Koda, K. Era, and H. Fujiwara, in Lumi­

nescence of Organic and Inorganic Materials, edited by H. P. 
Kallman and G. M. Spruch (Wiley, New York, 1962). 

22M. Inokuti and F. Hirayama, J. Chem. Phys. 43, 1978 
(1965). 

23D. S. McClure, J. Chem. Phys. 39, 2850 (1964). 

J. Chern. Phys., Vol. 67, No.7, 1 October 1977 


	(Drechsler, M.) (Dremin, A.N.)-5187_OCR
	(Drechsler, M.) (Dremin, A.N.)-5188_OCR
	(Drechsler, M.) (Dremin, A.N.)-5189_OCR
	(Drechsler, M.) (Dremin, A.N.)-5190_OCR

