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The  d i amagne t i c  suscep t ib i l i ty  of zinc su lphide  decreases  on h e a t  t r e a t m e n t  and  
becomes  less t e m p e r a t u r e  dependen t .  The  suscept ibi l i t ies  or t he  differences in  
suscept ibi l i t ies  of t he  pure  and  ac t i va t ed  samples  do n o t  obey  Curie Law.  The  
suscep t ib i l i ty  follows a re la t ion of t he  t ype  ZT = Zo + Z1 e--E/KT in which  bo th  Z0 
and  Z1 h a v e  t he  s a m e  sign. )/0 is i n t e rp re t ed  as t rue  d i a m a g n e t i c  suscep t ib i l i ty  
of t he  s ample  and  g radua l ly  increases  in va lue  wi th  ac t iva t ion .  Z1 depends  on t he  
par t ic le  size and  is found  to decrease wi th  t he  increase  in par t ic le  size. This  is 
i n t e rp re t ed  as be ing  due  to surface  electrons.  " E "  as m e a s u r e d  in th i s  w a y  is found  
to be of the  order  of 0.01 ev. in all cases. T h u s  " E "  seems  to be t he  average  sur face  
t r ap  d e p t h  of zinc sulphide.  

I t  h a s  also been  found  t h a t  in zinc su lphide  wi th  low copper  concen t r a t i on  t he  
l u m i n e s c e n t  cent res  are d i amagne t i c ;  copper  ions are p r e sen t  p r e s u m a b l y  in sub-  
s t i t u t iona l  posi t ions.  For  zinc su lph ide  con ta in ing  h igh  concen t r a t ion  of copper,  
t he  presence  of p a r a m a g n e t i c  cent res  are de tec ted .  I t  is sugges ted  t h a t  in th is  case 
copper  is p r e s e n t  n o t  on ly  a t  t he  regu la r  la t t ice  pos i t ions  ac t ing  as l uminescen t  
cen t re  b u t  also se t t les  a t  special  la t t ice  s i tes  like dis locat ion jogs. 

Introduction 

Pure zinc sulphide is non-luminescent but  can be made to luminesce 
either by impuri ty activation or by  self activation due to heat treatment.  
The heat treatment,  depending on the nature of the ambient gases, 
produces lattice vacancies, interstitials and stoichiometric excess of zinc. 
Such defects are supposed to be the cause of luminescence in zinc sulphide 
activated by  heat treatment.  I t  has been shown by  BuB~ 1 tha t  the 
change from cubic to hexagonal structure, which may  result from heat 
t reatment,  has little influence on the luminescent properties. 

A large amount of work on the luminescence of sulphide phosphors 
has accumulated and various models for the luminescent and trapping 
centres have been suggested. The data on luminescence are felt to be 
not quite enough, and leave disputed alternatives regarding the nature 
of centres. So a combined work on the luminescent and magnetic 

* The  work  was carr ied ou t  in the  I n d i a n  I n s t i t u t e  of Technology,  K h a r a g p u r .  
1BuBE,  R . H . :  P hys .  Rev.  80, 655 (t950). 
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properties of the phosphor may help in the better understanding of the 
defect centres. Quite a few semiconductors like germanium, indium 
antimonide show temperature dependent diamagnetism. The dia- 
magnetic susceptibility of germanium, indium antimonide have been 
explained by STEVEXS and CRAWFORD 2 as being due to free carriers. 
LARACH and TURKEVICH a studied the magnetic changes in zinc sulphide 
phosphors and have concluded that the luminescent centres are dia- 
magnetic. BOWERS and MELAMED 4 a/so measured the magnetic pro- 
perties of impurity activated sulphide phosphors. All such investiga- 
tions show that in these phosphors the luminescent centres are dia- 
magnetic. 

The present investigation has been undertaken to study the magnetic 
and luminescent properties of these sulphides under different conditions 
of activation. The heat treatment of these materials can produce changes 
in the crystal structure, the particle size, the number and nature of the 
defects and also modify the surface condition. These changes will 
contribute to the magnetic and luminescent properties. Thus it is 
expected that a consolidated study of the magnetic and the luminescent 
properties of the material may lead to better understanding of the 
defect centres. It may also give some explanation of the temperature 
dependent diamagnetism exhibited by defective solids. 

Experiments and Results 

In the present work the magnetic susceptibilities of samples of pure 
and copper activated zinc sulphide have been measured and the tem- 
perature dependence of the magnetic suceptibility has been studied in 
most cases. 

The absorption spectra have been studied by the method of diffuse 
reflectance. The fluorescence spectra as well as the temperature variation 
of the total intensity have been studied. 

The average particle size of the fired or heat treated samples has been 
measured by a high power microscope ; in case of samples having particle 
size smaller than I • 10 -4 cm the same has been estimated from the 
width of the X-ray diffraction lines. 

The X-ray diffraction pattern of the different samples has been taken 
to identify the phase changes that may occur with heat treatment; 
these patterns also indicate the degree of crystallinity of the powders. 

2 STEVENS, D.K., and J .H.  CRAWFORD: Phys. Rev. 99, 487 (t955); 100, I084 
(t955). 

a LARaCH, S., and J. TURKEVlCH: Phys. Rev. 98, 10t5 (1955). 
4 BOWERS, R., and N.T. M~LA~a~D: Phys. Rev. 99, 178t (1955); ]00, t084 

(t955). 
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The results of various measurements for the different samples are 
given below: 

Pure zinc sulphide-ZnS: Pure zinc sulphide is heat treated in air in 
a platinum cruicible for 15 minutes. To avoid any contamination, the 
lower part of the heat treated material is collected for measurement. 
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Fig. I. The fluorescent spectra of ZnS fired at 
1073 ~ 1273 ~ and 1473 ~ K measured at room 
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Fig. 2. - -  Log R of fired samples of ZnS as a function 
of wavelength of light. {R is the relative reflectance 

of the specimen with respect to unfired ZnS) 
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Its fundamental absorption starts at about 330 m~ (not shown). 
When the sample is fired at different temperatures, it becomes fluores- 
cent (Fig. 1) and a new absorption band on the long wave length side 
of tile fundamental absorption edge is created (Fig. 2). For samples 
fired at about I073~ or about the position of the band (380 m~) 
agrees closely with the absorption region of zinc oxide (in ZnO--ZnS 
mixed phosphor). 

The fluorescent spectra (excited with 3130 AU) of a fired sample at 
liquid nitrogen and room temperature is shown in Fig. 3. The fluorescent 
spectrum at room temperature consists of a broad band with peak at 
520 mtx. At low temperature two distinct peaks at 480 and 514 mv are 
obtained and the total intensity of fluorescence increases. On washing 

Z. Physik. Bd. t73 l t a  



t 62  A. CttOUDItURY : 

Tab le  1. The indenti/icaiion o/ the crystal structure 
of ZnS  from X-ray diffraction photograph 

V a l u e s  of  M e a s u r e d  v a l u e  R e m a r k s  
S p e c i m e n  h �9 �9 l of  d • 10 8 c m  

Unf i red  111 3"11 
220 t ' 94  
113 1'65 
33t ~-23 
5 t i  t ' 02  

5 3 t  0.9t 

Cubic 

Table  2. Identification o/ the crystal structure o/ 
ZnS  (fired at 1273 ~ K) /tom X-ray diffraction 

photograph 

Specimen 

ZnS fired 
a t  1273~  

values of 
h "k .l  

1oo 
002 
1ol 
002 
1o2 
t l o  
1o3 
2o0 
2ol  
112 
210 
202 
214 
220 
3oo 
1 t6  
215 

M e a s u r e d  v a l u e  
of  d • t 0  s e m  

3"29 
3.10 
2"89 
2"59 
2-26 
t .88 
1 "76 
1"65 
t "59 
t .37  
t .29 
1.23 
0"02 
o'95 
0'95 
0"9t 
0.88 

R e m a r k s  

Z nS  (Hex) 
ZnS  (Hex) 
Z nS  (Hex) 
ZnO 
Z nS  (Hex) 
ZnS  (Hex) 
ZnS  (Hex) 
ZnS  (Hex) 
Z nS  (Hex) 
ZnO 
ZnS (Hex) 
ZnO 
Z nS  (Hex) 
ZnS  (Hex) 
ZnO 
Z nS  (Hex) 
ZnS  (t tex) 

Table  3. Identi[ication o[ the crystal structure o[ 
ZnS (fired at 1273~ from X-ray diffraction 
photograph, after washing the sample acetic acid 
m 

Specimen 

ZnS  fired a t  
(1273 ~ K af- 
ter  w a s h i n g  
w i th  acetic 

acid 

Values of 
h -k "l 

100 
002 
101 
t10  
103 
20O 
20t  
210 
214 
220 
1 t6  

M e a s u r e d  v a l u e  
of  d x l 0  g era '  

3"31 
3'13 
2"9i 
t '91 
I '76 
t "62 
1 '59 
1 '29 
1 '03 
0"95 
0 '9t  

Remarks 

Z nS  (Hex) 
Z nS  (Hex) 
Z nS  (Hex) 
ZnS  (t tex) 
Z nS  (Hex) 
Z nS  (Hex) 
ZnS  (Hex) 
Z nS  (Hex) 
Z n S  (Hex) 
Z nS  (Hex) 
Z nS  (Hex) 

the sample with acetic 
acid so as to remove 
the oxide, the short 
wave length band at 
480m~ becomes promi- 
nent while the band 
with peak at 5t0m~z 
diminishes in intensity. 
From this it is con- 
cluded that  the band in 
the blue region (480 m~t) 
is due to self activation 
of zinc sulphide while 
the green band is due 
to the presence of zinc 
oxide. The system is 
similar to the mixed 
phosphor ~ of zinc oxide 
dissolved in zinc sul- 
phide. 

The X-ray diffraction 
patterns of the sample 
before and after firing 
at different tempera- 
tures have been given 
in Tables t to 3. Be- 
fore firing, the sample 
is cubic in character 
and the X-ray diffrac- 
tion lines are compara- 
tively diffuse. The par- 
ticle size estimated 
from the width of the 
diffraction line is about 
t •  -6cm. The meas- 
ured values of the aver- 
age particle size for 
different temperatures 
of firing are given in 
Table 4. 

5 K R O G E R ,  F . A . ,  a n d  

J .A.M. DIKHOFF: J. Elec t ro-  
chem.  Soc. 99, t44  (1952). 
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The sample fired at about 
t073~ is partially converted 
into hexagonalvariety (Table 
not given) and complete con- 
version takes place after firing 
at t273 ~ K or above. The zinc 
oxide lines are also distinctly 
present on the X-ray diffraction 
patterns. These are removed 
on washing the samples with 
acetic acid (Table 3). 

T a b l e  4. The average particle size o/ 
Z n S  /or di//erent temperatures or firing 

Temperatur  Average particle 
of fir ing 

T ~ size at 300 ~ K 

3OO 
1 2 7 3  

1 4 7 3  

1"0 x 10 -8  c m  
2 ' 0  x 10  . 4  c m  
3 ' 6  X t 0  . 4  c m  

The magnetic susceptibili- 
ty  and its variation with 
temperature between 87 ~ to 
300 ~ K has been measured 
for various samples. The re- 
sults are shown in Fig. 4. 
Before firing the diamagnetic 
susceptibility of this sample 
of zinc sulphide is --0.3805 
•  -6 e.m.u./gm. On firing 

the diamagnetic susceptibility 
decreases but its temperature 
dependence is reduced (Fig. 4). 

The presence of zinc oxide 
has very little effect on the 
results; the diamagnetic sus- 
ceptibility of zinc oxide is 
--0.36 • 10 -6 e.m.u./gm and is 
practically independent of tem- 
perature. On removing zinc 
oxide by washing with acetic 
acid, the magnetic susceptibility 
remains practically unaltered. 

Z. Physik.  Bd. t73 
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Fig. 3. The fluorescent spectra of ZnS fired at t273 ~ K, 
before and after washing with acetic acid. The 
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Copper activated zinc sulphide - -  ZnS--Cu (0.01% ). This sample emits 
green fluorescence under ultraviolet excitation (3130 AU). The absorp- 
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Fig. 5. The fluorescent spectra of ZnS activated with copper. 

The measurements were made at 300 ~ and 84 ~ K 
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Fig, 6. The magnetic susceptibility of ZnS--Cu (0.ot %) and 
ZnS--Cu (0.02%) as a function of the reciprocal 

of temperature 

tion edge as measured by 
reflectance is shifted towards 
longer wavelength (390 mix). 
The average particle size 
measured under microscope 
is about 7.8 • 10 -4 cm. 

The fluorescence spec- 
trum under ultraviolet ex- 
citation at 84 ~ and 300~ 
is shown in Fig. 5, it con- 
sists of a green band with 
a peak at about 550mix 
when measured at 300 ~ K. 

The X-ray diffraction pat- 
tern of this sample consists 
of sharp lines and indicates 
the presence of cubic variaty 
alone (Table not given). 

The magnetic suscepti- 
bility of the sample meas- 
ured at different tempera- 
tures in the range of 87 ~ to 
300 ~ K is shown in Fig. 6. 
The diamagnetic suscepti- 
bility of the sample at room 
temperature (300 ~ K) is 
--0"3895 x t0 -6 e.m.u./gm. 

Copper activated zinc 
su lphide  (Blue)  - -  Z n S - - C u  
(0.02%). This sample con- 
taining higher concentration 
o5 copper has a blue fluores- 
cence under ultraviolet ex- 
citation (3t30 AU). The fluo- 
rescence spectra measured 

at 300 ~ and 84~ are shown in Fig. 5. The absorption edge is shifted 
towards longer wavelength (400 mix) compared to the previous samples. 

The X-ray diffraction pattern of the sample shows lines of the hexa- 
gonal variety (Table not given). The average particle size measured 
under the microscope is about 5"4 • 10 -4 cm. 
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The magnetic susceptibility of the sample, measured at different 
temperatures between 87 ~ to 300 ~ K is shown in Fig. 6. The diamagnetic 
susceptibility at room temperature is --0-2987 • t0 -6 e.m.u./gm and it 
falls to a value of --0.2757 • t0 -~ e.m.u./grn at 87 ~ K. 

Discussion 
The blue liminescence of self activated zinc sulphide according to 

KROGER and VINK 6, is due to cation vacancies that  have lost one elec- 
tron (V~+), while the green fluorescence is due to anion vacancies that  
have captured one electron (VA-) ; interstitial zinc, which is likely to be 
in the ionic state is also believed to produce green luminescence. Such 
centres should be paramagnetic, but  LARACH and TURKEVICH a conclude 
from their magnetic measurements of zinc sulphide that  the fluorescent 
centres are diamagnetic in character. The luminescence of self activated 
zinc sulphide is thus supposed to be due to simple ionic vacancies 7. 

I t  is found from the present measurements that  pure zinc sulphide, 
prior to any heat treatment is cubic in structure, is of poor crystallinity 
and have very small average particle size (1 • t 0 -6 cm). Heat treatment 
in air, at temperatures of about t073 ~ K or above, increases the average 
particle size and improves crystallinity, as well as starts oxidation; 
heat treatment at temperature about t273 ~ K converts the cubic variety 
into hexagonal modification. The samples heat treated even at as low 
a temperature as 673 ~ K show bluish fluorescence and the new absorption 
band with maximum at 340 mv is detectable. 

The luminescent spectra of zinc sulphide heat treated at t273~ K 
show two peaks at 480 and 5t0 mv (Fig. 3). As a matter  of fact as the 
temperature of heat treatment is raised from 673 ~ to t273 ~ K, the position 
of the absorption band peak shifts from 340 to 380 m~. Thus in zinc 
sulphide heat treated in air at temperatures at about 1273 ~ K or above, 
two types of luminescent centres are created. On washing the phosphor 
with acetic acid, zinc oxide present as separate phase is removed and the 
corresponding diffraction lines of the oxide disappears in X-ray pattern. 
The blue band in emission increases in intensity but  the green band, 
although comparatively weak, is still present. I t  may, therefore, be 
concluded that  the surfaces of the crystallities of the heat treated 
specimens, consist mainly of a solid solution of zinc oxide in zinc sulphide 
and in addition to this, they also contain the luminescent centres 
characteristic of self activation. 

Zinc sulphide containing 0.01% of copper, shows a peak at about 
550 m~ (Fig. 5); zinc sulphide containing 0.02% of copper shows two 
peaks at 470 and 5t0 m~ (Fig. 5). 

6 KROGER, F.A., and H. J. VINI~: J. Chem. Phys. 22, 250 (1954). 
BROWI~E, F.F.: J. Electronics 2, 154 (1956). 
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The luminescence yield of heat treated zinc sulphide increases rapidly 
on lowering the temperature (Fig. 7). For zinc sulphide (0.01% Cu) 
the luminescence yield is also temperature dependent and for zinc 
sulphide (0.02% Cu) the luminescence yield slightly decreases at liquid 
nitrogen temperature. Thus, the luminescent centres responsible for the 
different emission bands 8,~ discussed above are distinctly different. 

The present investigation shows that the diamagnetic susceptibility 
of pure zinc sulphide decreases on lowering the temperature. The nature 
1~o of temperature variation how- 

ever, does not follow Curie Law 
or modified Curie Law. This 
appears to be a case of real 
decrease in diamagnetism of 
the material. 

The temperature depen- 
dent diamagnetism has been 
observed and reported for a 
number of semiconductors like 
germanium, indium antimonide 
etc.; the decrease of dia- 
magnetic susceptibility on low- 
ering of temperature, observed 

'- in indium antimonide has been 
~- / L L L t ~ ~ ~ successfully explained as being 

s s z o ~ 70 ~1 le due to corresponding changes 
103[T~ in carrier concentrationZ For 

Fig. 7. The intensity of fluorescence of ZnS fired at 
t073 ~ and 1473 ~ K as a function of t /T ~  a m a t e r i a l  l ike  z inc  sulphide 

the carrier concentration in the 
normal temperature range will remain very low due to large band gap. 
Besides STEwxs and CRAWrORD = show that  log (z/z/T ~) plotted against 
I /T  is a straight line if the effect be due to the carriers; such an analysis 
of the results of the present measurement has been carried out, but  the 
plot does not approximate to a straight line. 

After various trials of curve fitting it has been found that  the dia- 
magnetic susceptibilities of pure and heat treated zinc sulphide can best 
be described in the form Zr = Z 0 +  Z1 e-~/Kr- Following standard method 
of curve fitting 1~ the parameters, ;go, Zl and E have been determined 
in each case from the measured values of the susceptibilities, Zr; these 
are given in Table 5. The straight line plots of log (Zr--:go) against (t/T) 

S TOMLINSON, T.B. :  J. Electronics 2, t66 (t956). 
s SCHRADE~, R .E . ,  and S. LARACH: Phys.  Rev. 193, 1899 (1956). 
lo LIPKA, J. : Graphical  and Mechanical Computat ion.  New York:  John  Wiley 

& Sons. Inc.  1918. 
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are shown in Fig. 8 and the variation from straight line fit of the results 
with small changes in the values of the parameter Z0 are also indicated 
in Fig. 9. 

The temperature independent part  of the diamagnetic susceptibility 
of pure zinc sulphide, ZnS is --0.236 • 10 -6 e.m.u./gm; for heat treated 
samples its value increases (Table 5). LARACI~ and TURI;EVlCH a obtained 
a value of diamagnetic susceptibility, - -0-26•  10 -6 e.m.u./gm for a 
cubic sample of pure zinc sulphide which was temperature independent; 
it has satisfactory agreement with the value of Z0 obtained in the present 
measurement for pure ZnS. For samples heat treated at temperatures 
between 1073 ~ to t473 ~ K, 
the value of Z0 increases 
from -- 0.287 • 10 .6 to 

- -  0.294 • t0 .6 e.m.u./gm 
the complete conversion 
to hexagonal modification 
has taken place and the 
corresponding value of Z0 = 
-- 0.294 • 10 -6 e.m.u./gm 
agrees very closely with 

Table 5. The value o/ the parameters Xo, )h and 
E as determined/tom the measured values of 

susceptibilities 

Specimen 

ZnS (unfired) 
ZnS (673) 
ZnS (1073) 
ZnS (1473) 

o'236 
0'277 
0'287 
0"294 

-Xt• 10 ~ 

0'212  
0't44 
0"108 
0"060 

Eine.v. 

0"010 
0"013 
o-016 
0.o16 

the temperature independent diamagnetic susceptibility of the hexagonal 
modification of zinc sulphide reported by LARACH and TURKEVlCI~ a 
(--0 '29 • 10 -6 e.m.u./gm). 

The temperature dependent part of the diamagnetic susceptibility is 
determined by  the value of Zl and E; the value of 21 is largest for unfired 
pure zinc sulphide and decreases gradually as the firing temperature is 
raised (Table 5) while the value of E is about 0.01 e.v. and changes 
only slightly for different samples. I t  may also be seen that  the value 
of Zl decreases with increase in average particle size. I t  can then be 
tentatively suggested that  the electrons are trapped presumably in the 
surface trapping states, which have a depth of the order of 0.01 e.v., 
these are immobilised with corresponding decrease in diamagnetism. 

The temperature dependence of the diamagnetic susceptibility of 
copper activated zinc sulphide is very small. I t  is minimum for ZnS--Cu 
(0.0t %) which is cubic in structure and has the largest particle size 
7 .8•  the temperature dependent part of the diamagnetic 
susceptibility is so small in this case that the determination of Z1 and E 
by curve fitting becomes very unreliable. The value of Z0 is roughly 
about --0-33 • t0 -6 which is higher than that  of pure ZnS this is in 
agreement with the conclusion of BOWEl, S and MELAMEI) 4. 

Zinc sulphide containing 0.02% of copper is of hexagonal structure 
and of average particle size 5.4 • 10 .4 cm. The variation in magnetic 
susceptibility within this temperature range is also small and • plotted 
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against  tIT shows a s t ra ight  line fit (not shown) wi th in  exper imenta l  

error. I t  is also known tha t  copper present  as Cu + is responsible for 
luminescence of copper ac t iva ted  zinc sulphide. B u t  the result  of the 
present  inves t iga t ion  imply  t ha t  at  higher concentra t ion  of copper, 
paramagnet ic  centres as well are created. TOMLINSON s, MCKEAG and  
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Fig. 8. L o g ( z T -  Zo) as a function of the recipro- 
cal of temperature. (X~ is  the susceptibility at 
any temperature T and %0 is the temperature 

independent diamagnetic susceptibility) 
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103/T~ 
Fig. 9. Log (y.2' -- %0) as a function of the reciprocal of 
temperature. The plot has been shown with different 

va lues  of  %0 

STUARD n have clearly shown tha t  at  higher copper concentrat ion,  copper 

is also present  ill some other association in addi t ion to tha t  in solid 
solution, The copper in solid solution produces normal  u l t raviole t  
luminescence while the excess copper possibly goes to dislocations or 
special points  on the surfaces. 

The author is indebted to Prof. G.F.J. GARLICK, F. R. S., for providing the 
specimens of zinc sulphide and to Prof. H.N. Bose for his valuable guidance. The 
author is also indebted to Prof. S.D. CHATTERJEE for his kind interest in the work. 

n McKEAG and S~IJARI): J. Electrochem. Soc. 104~ 41 (1957). 


