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S u m m a r y .  - -  The paper  reports the results of measurements on the effect 
of an electric field on the absorption and on the luminescence for excita- 
tion in the A band of thal l ium-act ivated potassium bromide crystals. 
A tr iplet  structure of the A band is found and the experimental  results 
also show a quadrat ic  Stark effect. The measured emission spectrum 
indicates tha t  there are two different centres responsible for the 
luminescence. 

1 .  - I n t r o d u c t i o n .  

The  a l k a l i  h a l i d e  p h o s p h o r s  c o n t a i n g  i m p u r i t y  ions  w i t h  (s) 2 conf igura-  

t i on  such  as  ~+ or  P b  ++ h a v e  been  i n v e s t i g a t e d  b o t h  e x p e r i m e n t a l l y  a n d  theo -  

r e t i c a l l y ,  a n d  t h e i r  e x c i t a t i o n  s p e c t r u m  has  b e e n  s t u d i e d  f i rs t  b y  ]~LSCH (1), 

t I rLsCK a n d  POI~L (~), a n d  LOnE•Z (3). The  a b s o r p t i o n  s p e c t r u m  a s s o c i a t e d  

w i t h  t h e  t h a l l i u m  a c t i v a t o r  cons is t s ,  as is wel l  k n o w n ,  of t h r e e  p r i n c i p a l  b a n d s  

w h i c h  a re  ca.lled A,  B a n d  C b a n d s  in o rde r  of i n c r e a s i n g  ene rgy .  

On t h e  b~sis  of t h o s e  e x p e r i m e n t a l  r e su l t s  SEITZ (4) p r o p o s e d  in  1938 t h e  

f i rs t  d e t a i l e d  e x p l a n a t i o n  of t he  a b s o r p t i o n  a n d  emis s ion  s p e c t r a  of t h e s e  phos -  

phors .  H i s  a n a l y s i s  was  b a s e d  u p o n  t h e  p o s i t i o n s  of t h e  e n e r g y  levels  of t h e  

f ree  T1 + ion  a n d  u p o n  t h e  e x p e c t e d  m o d i f i c a t i o n  of t h e s e  leve ls  when  t h e  ion  

is in  a c r y s t a l .  H e  e x p l a i n e d  t h e  o b s e r v e d  s t r u c t u r e  of t h e  a b s o r p t i o n  s p e c t r a  

(') To speed up publication, the authors of this paper have agreed to not  receive 
the proofs for correction. 

(i) It. HILSe~: Zeits. Phys., 44, 860 (1927). 
(3) R. HILSC~ and R. W. POHL: Zeits. Phys., 48, 384 {1928). 
(3) H. LORENZ: Zeits. Phys., 46, 558 (1928). 
(4) F.  SEITZ: Journ. Chem. Phys., 6, 150 (1938). 
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by means of a model  based on the  intra-ionic t ransi t ions,  a t t r ibut ing  the A, B 
and C bands  to h~o-~ 3_Pl (spin-orbit  allowed), ~So-> 8p~ (vibrat ion induced), 
and ~So-~ ~2p~ (dipole allowed) t ransi t ions.  

5lore recent ly  SuGA~O (5), following these assignments,  proposed the  use 
of molecular  orbitals a~,, t~ which are supposed to be diffused over the  neigh- 
b o u r h o o d  of the  i m pur i t y  ion. Using this model  he obta ined the  following 
relation between the  observed posit ions of the  A, B and C absorpt ion bands 
and the  ra t io  of the  dipole s t rength  of the  C band  to t h a t  of the  A band:  

( w ~ -  w,)  + w 
. R  = (wo-- w~)-- W ' 

where 

W=~{-(w~-wo)+[6(wo-Wo)~-~(w~-wo)~]+}, w0 = ~ (~;, + w~), 

and W,,  Wn, W a denote  the  band  positions. 
To ver i fy  the  va l id i ty  of Sugano's  formula,  Fv~m)A et al. (6-s) compared  

their  exper imenta l  results (carried out for several  impur i t y  systems involving 
I n + , G a + , T l + , S n  ++ and Pb  ++) wi th  those obta ined theoret ical ly;  r emark-  
able agreement  has been found in thal l ium- and lead-act iva ted  phosphors.  
They also revealed t h a t  the  A b a n d  has doublet  s t ruc ture  and  the  C band  has 
a t r iplet  one. These s t ructures  exist  in other  tha l l ium phosphors  and are even 
more pronounced  in Pb  ++ and Sn ++ phosphors.  Previously,  PATTERSO~ (+) had 
measured the absorpt ion and emission spectra  on crystals of KC1 with  a wide 
range of thal l ium concentrat ions a t  various tempera tures ,  and found t h a t  the 
A band  could be  resolved into CTaussian-shaped bands  A~, A:, A. in order of 
decreasing eneigy.  

Even  more  recently,  several  au thors  (~0-~2) have  found t h a t  the A ba.nd 
is nonc lementa ry  and shows at  least  two sub-bands a t  room t empera tu r e  and 
~ thi rd  sub-band at  higher t empera tures .  Expe r imen ta l  da ta  indicate t h a t  these 
results should be ascribed, in the  first instance,  to the  spl i t t ing of the excited 
s tate  of the  centre due to the  dynamica l  Jahn-Tel le r  effect (1~). Upon  this 
f r amework  TOYOZAWA and I~owE (~4), t ak ing  account  of the  lat t ice v ibra t ions  

d) 
¢) 
(~) 

Solids, 
(~) 
(~) 

d o ) 

d ~ ) 
d 3 ) 

S. SUGANO: Jou'rn. Chem. Phys., 36, 122 (1962). 
A. FUKUDA: Science of Light, 13, 64 (1964). 
A. FUKVDA, S. MAKISHIMA, T. M~BVCHI and R. ONAKA: Journ..Phys.  Chem. 
28, 1763 (1967). 
T. MABVCItI, A. FUKVDA and R. 0NAKA: Science o/ Light, 15, 79 (1966). 
D. ]~ATTERSON: Phys. l~ev., i19, 962 (1960). 
M. F. TmNKLER and I. K. ])LYAVlN: Phys. Stat. Sol., 11, 277 (1965). 
N. N.  KRISTOF~L: Optics Speetr., 22, 36 (1967). 
W. U. WAGNER: Zeits. Phys., 181, 143 (1964). 
tI. JAHN and E. TELLER: P'roc. t~oy. Soc., A161, 220 (1937). 
Y. TO:(OZAWA and M. I~0UE: Journ. Phys. Soc. Japan, 21, 1663 (1966). 
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nround the impurities, have calculated the shapes of this band and have given 
a detailed explanation of these experimental  facts. 

In  the present paper we s tudy the effect of an electric field upon the A 
absorption bnnd and on the consequent emission spectra of KBr-T1 contain- 

ing a small amount  of thall ium ions. The measurements were performed at 
wr ious  temperatures and as funct ion of the magnitude of the electric field 
by the modulntion technique described in previous papers (15). 

We find a triplet s t ructure of the A band and a quadratic Stark effect; 
the measurements point out also tha t  there are two different centres respon- 
sible for the emission. Prel iminary results have been published elsewhere (16.17). 

2. - E x p e r i m e n t a l  t e c h n i q u e s .  

Single crystals of potassium bromide containing different concentrations of 
thall ium were grown from the melt  

D 2 Lczmp 

[ D C supPlY l [~ te t roLs, ; [  

~ ,~ oPyoStCZt l 

cligitat 
o o voltmeter 

by the Kyropoulos method in air. 
The tha]lous ions were also intro- 
duced into the crystal  by  heating 

the lat ter  at various temperatures  in 
a quartz tube, previously evacuated, 
in the atmosphere of sa turated thal- 
l ium metal  vapour  (is). 

The size of the samples was 
(10 ×1 ×0.5) mm 3 for absorption meas- 

urements  and (10 × 10 X 1.5) rain 3 for 
emission ones. Owing to their hy- 
groscopic nature the crystals were 

cleaved in a dry a tmosphere  and 
then put  in an evacuated chamber  

where they  were slowly heated to 
100 °C for three days before each 
measurement .  

Pecor~er Fig. 1. - Block diagram of the experi- 
mental errangement. 

(15) S. BALLAR5, A. BALZAROTTI end V. GRASSO: Phys. Lett., 23, 405 (1966); Nuovo 
Cimento, 51 B, 303 (1967). 

(16) V. G~_sso end G. SAITTA: Phys. t~ev. Lett., 22, 522 (1969). 
(17) U. GIORGIAN~I, V. G]~ASSO end P. P]~RILLO: Phys. Rev. Lett., to be published. 
(is) T. TA]~AI: Journ. Phys. Soc. Japan, 16, 2459 (1961). 
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The electro-absorption measurements  have been done at liquid-nitrogen 
temperature using the experimental  apparatus  shown in Fig. 1. 

To me~sure the absorption coefficient the same apparatus has been used 

as a norlna.1 photometer .  For  cooling the samples a conventional  metal  cryostat  
was used. A beam of light f rom a double-prism Leiss monochromator  was 
focused onto the sample by  ~ tetrasil  lens. The crystal holder was planned 
with part icular  a t tent ion to avoid electrostrictive strains of the specimen with 

a resulting mechanical  chopping of the light. 
Light was modulated by  an electric field (2 .10~V ..... /cm; ~ ---- 80 ttz) ap- 

plied to the crystal  normally to the radiation direction by  a stainless-steel 

electrode embedded in araldite while the crystal  holder acted as a second elec- 
trode. A pure KBr  crystal  was used as reference and the t ransi t ted light modu- 
lated by the field was detected by  a I~0A 1P28 photomultiplier  and the signal 

was fed to a lock-in amplifier tuned to twice the frequency of the field. The 
output  of the lock-in ~mplifier was registered on a Varian recorder. 

In  emission the electric field was applied in the same direction of the ex- 

citation light by  an aluminium evaporated grating eleetr¢de on a surface of 
the sample (10 × 1 0 ) m m  2. The intensi ty of emission was measured at right 
angles to the incident beam. The amplified modula.tion is detected with the 

s~.me phase-sensitive technique used in absorption. 

3. - E x p e r i m e n t a l  r e s u l t s .  

A typical  absorption curve of the A band 
a.t 80 °K is shown in Fig. 2, while the modu- 

lated absorption spectrum is reported, as a rune- 
3 

tion of the energy of the photons, in Fig. 3 
where one can observe the structure of the A 

band. This structure is made clearer in :Fig. 4 
where the expression of AK ~- K is reported v s .  

photon energy. AK has been arbitrari ly multi- 
2 

plied by  a factor 104 to enable it to be compared 
with the absorption coefficient K. In  this ]~'igure ~E 
the A-band resolution into three sub-bands can 

be noted clearly. These three sub-bands are al- 
ready visible in the modulated absorption spec- 
t rum shown in Fig. 3, where one observes 1 

three negative peaks at 4.80, 4.86 and 4.91 eV 

i 
J 

Fig. 2. - Absorption spectrum of the A band in 
I 

KBr-T1 at 80 °K. 0.4 ' 4.8 

o... 

I 

eV 5.2 
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respectively. The origin of this strong negative change may  be understood 
if one supposes tha t  every Gaussian forming the A band, on account  of the 
external perturbation,  is subject to an increase in its half width and to a lo- 

<3 

4 . 5 - 1  ~ I I h q. 
4.8 eV 51 

Fig. 3. - Change of lbhe a.bsorp~ion eoeffieien~ of 
the A band in KBr-T1 vs. photon energy due to 

an applied electric field (2.10 ~ V~.m.,./em). 

3 
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L7 
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1 
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Fig. 4. - K +  AK line shape 
as a function of the photon 

energy. 

wering in the peak as shown in Fig. 5. On the basis of this assumption at  the 

max imum of absorption corresponds a negative variat ion of. the absorption 
coefficient while on the sides there are some positive changes. The resulting 

overlapping will give rise to the observed modulated spectrum of Fig. 3. 
The emission spectra for A-band excitation arc shown in Fig. 6. At  300 °K 

the emission consists of two bands centred at 3.99 and 3 . 5 4  eV, while upon 
cooling to 80 °K the bands at 3.99 and 3.54 eV shift to 4.06 and 3.46 cV 

respectively. In  the lat ter  ease both bands show approximately Ganssian 
shape. At 300 °K the area of the lower-energy emission band (/~2) is 1.6 
times greater than  the area of the higher-energy emission band (El). At  80 °K 

the E2 band area is 3 times ~ e a t c r  than  the E1 band area. On comparing the 
area of the bands at the two temperatures  it was noted tha t  the E~ area is 
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reduced to half when the temperature  changes from 300 °K to 80 °K, while 

the E~ area does not va ry  appreciably. 
area together with the temperature,  

found by  us, is in agreement with 
the results obtained by  TA~AI and 

enecgy 

Fig. 5. - Second-order momen~ varia-  
t ion owing to an external  pe r tu rba t ion .  

i 
15 

10 

The decreasing of the E~ band 
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3.0 3,5 4.0 eY 4,5 

Fig. 6. - Emission spectra of KBr-T1 at 
- - - - 3 0 0 ° K  and - - - - - - 8 0 ° K  upon ex- 

citation in ~he A band. 

MATSUI (~) and not  with those of Do~AnuE and TEEGARDES- (2o). 
The relative change A I / I  vs. photon  energy is shown in Fig. 7 where one 

can observe a complex structure. 

show a triplet s tructure similar to ~i 

that  observed in Fig. 3 for the spin- 

orbit allowed tr~nsition ~So--> 3p~. 

Fig. 7. - Relat ive change of KBr-T1 
emission upon exci tat ion in  the A band  
v s .  photon energy due to an applied 

electric field (2.10 a V ...... /cm), 80 °K. 
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4. - D i s c u s s i o n  of  t h e  r e s u l t s .  

TOYOZAWA and INOUE have described the electron-lattice interaction in 
the A band  in the absence of external fields and have found tha t  the linear 

interaction splits this band  into three components but  the quadratic A - B  

(19) T. T~MAI and E. MA~sui: Journ. l~hys. Soc. Japan, 16, 1489 (1961). 
(20) j .  M. DONAnUE and K. T:EEGARD~N: Journ. l~hys. Chem. Solids, 29, 2141 (1968). 
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coupling through the T2~ modes superposes two components  of the A band.  
The t r ip le t  s t ruc ture  observed by  us m a y  be a.scribed to electric-field- 

induced separa t ion of the  remain ing  degeneracy.  The l inear dependence of 
AK/K at 4.86 eV upon the  square of the electric field shown in Fig. 8 seems 

to be due to a Stnrk effect ~s has 
been found in colour centres of alkali  

151 . . . . . . .  ~ hMides b y  several  authors  (~,,2~). At  
~c,10: ~ / ~ / - " ~  v~ria, nce f rom the l~t ter  au thors '  

i results, we observe t ha t  the zeroth 
m o m e n t  is not  conserved but  in some ~c 5 
way decreases (Fig. 3). This result  

~ . . . . . . . . . . . . .  is in disagreement  wi th  the  theory  
0 1 2 3 4 5 6 

E~×lO,~(V/,crn)2 of ]~[El~RY, SCI-INATTI~]I~LY and  ~LICI-K- 
TE~ (~a), who described the changes 

Fig. 8. - Dependence of AK/K on the in the  optical  absorpt ion band  in 
square field strength at 4.86 eV. 

t e rms  of the  changes in the mo- 
ments  of the  l ine-shape funct ion t ha t  

occur when an external  pe r tu rba t ion  is applied. They  found, neglecting the  

mixing of nondegenerate  electronic s ta tes  b y  the  lat t ice and  the  applied per-  
turbut ion,  t h a t  the  :~rea of the  band  remains  constant  and  the changes in the 
first and  second m om en t s  are independent  of the  electron-lat t ice interact ion.  

The momen t s  ~re defined as follows: 

the zeroth m o m e n t  ((~ area ~>) is A =I](E)dE; 

the  first m o m e n t  ((< centre of g rav i ty  )>) is ( E ) =  E - - A - ' j ' E I ( E ) d E .  

All higher moments ,  measured  abou t  E,  are defined by  

= A-'f(E-- E):](E) dE. 

The second m o m e n t  ( E  ~} measures  the  spread of the band.  In  the  presence 
of an external  electric field, pe r tu rba t ion  theory  shows tha t  the zeroth and the 
first momen t s  r emain  unchanged.  On the other  hand,  our experimenta.1 results 
of Fig. 3 and Fig. 7 indicate a r emarkab le  decrease of area. This result  can be 
explMned b y  the  assumpt ion  t ha t  an oscillator s t rength t ransfer  between the 

(~1) G. C~HAROTT~, U. M. GRASSANO and R. ROSEI: Phys. Rev. Lett., 17, 1043 (1966). 
(22) C. R. R~YNnR and J. R. CAMERON: Phys. Rev., 169, 710 (1968). 
(2a) C. H. HENRY, S. E. SCHN~,TT~LY ~nd C. P. SLICHTER: Phys. Rev., 137, A 583 

(1965). 
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A band and the other absorption bands B and C occurs. Such interpretat ion 

seems the most  convincing and measurements in this direction are being done. 
Concerning the decrease of area in the modulated emission spectrum another 

explanation is possible as due to the quenching of luminescence by  electric 
field. In  fact  DEh'KS (24), invest igating conductive and nonconductive electronic 

excitations in thal l ium-act ivated alkali ioidide crystals, has found tha t  the 
influence of an external  electric field produced a t ransient  suppression of tile 
emission. He a t t r ibuted such an effect to the removal  of the quasi-free electron 

cloud by the field, decreasing therefore the number  of radk~tive recombinations, 
when one considers the small penetrat ion depth cf the exciting radiation into 
the crystal  and the remarkable mobil i ty of quasi-free electrons compared to 
the nlobility of quasi-free holes. This is in agreement with P0[OGU~'DOV (:5), 
who observed tha t  an al ternat ing electric field affects the lumiI~eseenee of a 
KI-T1 phosphor excited in the act ivator  absorption bands. 

The observed temperature  dependence shown in Fig. 6 seems to indicate 

tha.t the centre responsible for the high-energy emission consists of a level 
which is popula.ted at higher temperatures  by  thermal  transit ion from another  
excited state. 

DONA~UE and TEE~AnDEN b~se their suggested identification of the two 

emitting c~mtres essentially on their observed temperature  dependence of the 
two emission b~nds. This is in disagreement with the present results. The 
emission mechanism is probably the same as proposed by  D0~XAIIUE and 

TEEGARDEN~ except that ,  on the basis of our observed temperature-dependence 
of the intensities and of our electro-~bsorption a.nd electro-emission results, 
we believe tha t  the lower-energy emission must  be a t t r ibuted to the 3p~ _~ ~S0 
transition on the thallous ion. The high-energy structure,  whose origin is not  

yet  clever, probably  arises from a centre different from the centre responsible 
for the low-energy emission. Fur thermore ,  following DOI~AI~[UE and TEEGAR- 
DEN (2o), it is possible to a t t r ibute  the high-energy emission to an exeiton state 

perturbated by ~n adjacent thallous ion. Indeed, as reported by WooJ)(26), 
account of the coincidence of two emission lines of alkali halide crystals con- 
raining V X centres with exeiton luminescence of the corresponding pure crystals, 
one can suppose tha t  the V~ centre, capturing t~n electron, forms a centre which 
has states indistinguishable f rom those of the exciton. So, an ionic crystal~ 

exci~ed into an exeiton st~t% relaxes to a final state, before emission, consisting 

of a V K centre plus t~ bound electron. The V K centre is a halogen molecule- 
ion, X~-, oriented along the <110> axes of the crystal. Va centres ~re normally 

(24) V. P. DENKS: Soy. Phys. Solid State, 8, 1177 (1966). 
(25) V. U. POLOGRUDOV and E. E. PnNZlNA: ISV. Akad. Nauk.  SSSR,  Svr. Fiz., 29, 

497 (1965). 
(26) R. F. WOOD: Solid-State Comm., 4, 39 (1965). 



108 ]J. GIOI~GIANNI, V. GI~ASSO a ~ d  G. SAITTA 

produced  by  X - r a y  i r r a d i a t i o n  a t  low t e m p e r a t u r e s  a n d  the  ra te  oI p roduc t ion  

is s t rong ly  increased  if t he  crys ta ls  c o n t a i n  a d d i t i o n a l  i m p u r i t y  ions such as 

P b  ++, T1 +, etc. There  is, however ,  a difference, as p o i n t e d  ou t  b y  D o ~ A ~ E  

a n d  TEEGARDES (20), b e t w e e n  ~ V x cen t re  loca ted  r a n d o m l y  in  a.n a lkal i  ha l ide  

c rys ta l  a n d  a V~ cent re  which  has  ~ T1 + ion  i m m e d i a t e l y  a d j a c e n t  to i t .  I n  fact ,  

t h e  fo rmer  case leads to i n t r i n s i c  emiss ion  due  to the  n o r m a l  exc i ton  s ta tes ,  

~nd  the  l n t t e r  leads to the  emiss ion  due to  p e r t u r b e d  exc i ton  states.  

The  au tho r s  are g ra te fu l  to Prof .  F .  ]3ASSA~ for his va.lu~ble suggest ions  

a n d  to Dr. G. VER)~mLXO for the  help  g iven  d u r i n g  the  m e a s u r e m e n t s .  

R I A S S U N T O  

Usando la tecniea delle piccole modulazioni, si 6 studiato l'effetto di un eampo 
elettrico esterno sulla, bartda A di assorbimento e sull'emissione luminescente per ecci- 
tazionc nella stessa banda del KBr drogato con tallio. Si 6 osservata una s trut tura di 
tripletto e una dipendenza lineare della variazione del coefi%iente d'assorbimcnto dal 
quadrate del campo elettrico, dovuta ad un effetto Stark. Go spettro di cmissione ha 
mostrato l'esistenza di due centri differenti responsabili dell'emissione. E stata anche 
osservata, sia in assorbimento che in emissione, una diminuzione del memento di ordine 
zero, che pub essere at t r ibuita  ad un trasferimento della forza dcll'oscillatore dalla 
banda A alle altre bande di assorbimento oppure ad un'cstinzionc della luminescenza 
dovuta al campo elettrico. 

~loFAollIeHHe H H3,rlyqetlHe K B r  c llpHca~Ii¢O~ Ta,rl.rlH~l BO BHelI1HeM 3.rleKTpHtleCl~OM llOYle. 

Pe3ioMe (*). - -  B CTaTbe COOSIItatOTC~l pe3y:lbTaTbI n3MepeHH~ BnId£rTga 3neKTprtqecKoro 

170~ff Ha n o r ~ o u t e u H e  H Ha n~OMHHecHeHIIrt~O n3-aa BO36y~)~eHIdH B A 3oHe KpHcTaJU]OB 

Knr, aKTHBHpOBaHHBIX TaJInHeM. H o n a g e H a  TpHIUIeTHa~ cTpyKTypa 3OHBI ~1 H 9Kcrle- 

pHMeHTaYlbHbIe pe3y~bTaTBI TaK~e OSHapy)rddBarOT KBa~paTHHHbL~ I I ITapK-3~eKT.  

]/I3MepeHHbIfi cneKTp H3flyqeHH~ yKa3blBaeT, qTO cyllIeCTByR3T ~Ba pa3nHqHbIX t[eHTpa, 

OTBeTCTBeHHBIX 3a JI~OMHHect[eHLIHrO. 

(*) IlepeaeOeno peOatcqueS. 


