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Quantum Efficiencies of Luminescent Eu 3+ Centers in CaO 
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The luminescence and quantum efficiency of the Eu 3+ ion in CaO:Eu3+,Na * is reported. Center 
selective emission spectra provide information on the Eu 3+ centers in Ca�9 which partly consist of 
associates of the Eu 3+ ions with the available charge compensators, viz., calcium vacancies or Na + 
ions. The average quantum efficiency of the Eu 3 + luminescence in Ca�9 under charge-transfer excitation 
(qc~) amounts to about 50%. The rocksalt lattice of Ca�9 suppresses the radiationless relaxation rates 
in the charge-transfer state to a large extent, but not completely. The effectively positive charge of the 
Eu 3+ ion in Ca�9 (and other calcium compounds) seems to set an upper limit of about 50% to qcT in 
calcium compounds. �9 1992 Academic Press, Inc. 

1. Introduction 

R e c e n t l y  w e  have  s t a r t ed  a s tudy  on  the  
l u m i n e s c e n c e  o f  e f f ec t ive ly  c h a r g e d  ra re -  
e a r t h  (RE)  ions  (1-3). T h e  ma in  in t e re s t  
c o n c e r n s  the  inf luence  o f  the  e f fec t ive  
cha rge  o f  the  R E  ions  in the  l a t t i ce  on  the  
r a d i a t i o n l e s s  p r o c e s s e s  in the  e x c i t e d  s ta te .  
T h e  n a t u r e  o f  the  o p p o s i t e - p a r i t y  e x c i t e d  
s ta te  o f  the  R E  ion  ( c h a r g e - t r a n s f e r  o f  f n- Id) 
a p p e a r e d  to  be  an i m p o r t a n t  f ac to r .  S e c o n d ,  
t he  c h a r g e - c o m p e n s a t i n g  m e c h a n i s m  influ- 
e n c e s  the  l u m i n e s c e n c e  due  to  a s s o c i a t i o n  
o f  the  cha rge  c o m p e n s a t o r  wi th  the  lumines -  
c en t  cen te r .  Th i rd ,  the  sign o f  the  e f fec t ive  
cha rge  o f  the  R E  ion p l a y s  an i m p o r t a n t  
ro le  in the  u n d e r s t a n d i n g  o f  the  r ad i a t i on l e s s  
p r o c e s s e s  in the  e x c i t e d  s ta te .  

O u r  p r e v i o u s  s tud ies  (1-3) dea l t  wi th  re la-  
t i ve ly  c o m p l e x ,  l o w - s y m m e t r i c a l  s y s t e m s  
for  w h i c h  it was  diff icult  to  r e l a t e  the  lumi-  
n e s c e n c e  s p e c t r a  in de ta i l  to  the  su r round -  
ings o f  the  R E  ion;  it was  no t  p o s s i b l e  to 

31 

ob ta in  s t ruc tu ra l  i n fo rma t ion  on  the  R E  cen-  
te rs  f rom the  spl i t t ings  o f  the  o b s e r v e d  t ran-  
s i t ions .  

In  th is  p a p e r  we  r e p o r t  on  the  lumines -  
c e n c e  o f  Ca �9  d o p e d  wi th  Eu  3* . A p r e v i o u s  
s tudy  on  the  l u m i n e s c e n c e  o f  the  E u  3 + ion  
in Ca �9  has  r e v e a l e d  the  p r e s e n c e  o f  cha rge -  
c o m p e n s a t i n g  effects  in the  v ic in i ty  o f  the  
Eu  3+ ion in the  r o c k s a l t  l a t t i ce  (4). T h e s e  
au tho r s  have  r e p o r t e d  th ree  k inds  o f  Eu  3 + 
cen te r s  in Ca �9  The  first  one  is a E u  3+ ion  
with  a cub ic  su r round ings  po in t ing  to a E u  3+ 
ion on  a Ca  2* si te w i thou t  cha rge  c o m p e n s a -  
t ion in the  su r round ings  ( cen te r  A).  A sec-  
ond  c e n t e r  (B) cons i s t s  o f  a Eu  3+ ion on  a 
Ca  2* si te wi th  a ca l c ium v a c a n c y  (V~a) a long  

the  [110] d i r ec t ion  in the  la t t ice .  A th i rd  cen -  
te r  (C) gave  on ly  a v e r y  w e a k  e m i s s i o n  and  
was  a s c r i b e d  to a c l u s t e r  o f  E u  3+ ions .  O t h e r  
au tho r s  have  r e p o r t e d  on  Ca �9  : G d  3 + (5, 6) 
and  o b t a i n e d  s imi la r  resu l t s .  T h e y  o b s e r v e d  
one  add i t iona l  cen te r ,  h o w e v e r ,  w h i c h  w a s  
a s c r i b e d  to  a G d  3+ ion  wi th  a c a l c ium va-  
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cancy along the [100] axis in the lattice. This '~ 
gives rise to a Gd 3+ ion with tetragonal sym- 
metry.  Other  authors have  studied the sys- 
tem MgO : Cr 3§ ((7) and further  references 
therein) which is structurally comparable  to ~ 0 �9 _ 
CaO : Eu 3+. The observed  Cr 3+ centers in ~,00 ! 
MgO are similar to those of  the RE ions in / bl _ 
CaO. In this paper  additional information on ~o 
the Eu 3+ centers  in CaO is reported,  and 
the quantum efficiencies of  the several  Eu 3 + ]~ 

0 
centers under  charge-transfer  (CT) excita- ~20 
tion will be discussed. 

2. Experimental 

The starting materials  for  the synthesis 
of  C a O : E u  3+ (Na +) powders  (0.1 and 0.3 
mole%) were  CaCO3, Na2CO 3 (both Merck,  
p.a.) ,  and Eu203 (Highways Int. ,  99.999%). 
The required amounts  of  the starting materi-  
als were mixed and fired for 2 hr at 900~ 
After  profound grinding a retiring was car- 
ried out for 4 hr at 1100~ The structure of  
the powders  was checked with X-ray pow- 
der diffraction using C u K a  radiation. 

The equipment  for the optical measure-  
ments  has been described before (1) and 
consists mainly of  an MPF 44B fluorescence 
spec t ropho tomete r  with a 150-W xenon 
lamp as a light source and a helium flow 
cryostat .  High resolution spectra  were  re- 
corded with a dye- laser  pumped  with a N 2- 
laser. Digitalized luminescence spectra  
were  obtained with a SPEX fluorolog spec- 
t rof luorometer  equipped with two 0.22-m 
double grating monochromator s  and a 
450-W xenon lamp as a light source. The 
luminescence spectra  were  recorded from 
4.2 (LHeT)  to 300 K (RT). 

3. Results and Discussion 

3.1. Nature  o f  the Eu 3+ Centers 

Undoped  CaO is a white material.  Its dif- 
fusion reflection spect rum shows an optical 
absorpt ion which starts at about  250 nm and 
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FIG. 1. Emiss ion  spectra  of  the several  Eu 3+ centers  
in CaO :Eu  3+ (0.1 mole%) in the 5D0---~ 7F0,1, 2 region at 
L H e T  under  selective dye-laser  excitation at LHeT:  
(a) center  A (hexc = 529.2 nm); (b) center  B (Xexc = 
528.4 nm); (c) center  C (Xexc = 527.3 nm);  (d) cen te r  
D1.2 (hexc = 526.3 nm). The arrow in (d) indicates an 
emiss ion line which originates f rom center  A. See also 
text.  

increases toward shorter  wavelengths  (8). 
CaO : Eu 3 + (Na +) shows an intense lumines- 
cence under ultraviolet (UV) excitation. 
The diffuse reflection spectra  of  the 
CaO : Eu 3+ (Na +) samples show an absorp-  
tion band in the UV region, which is due to 
a CT transition of the Eu 3+ centers  and 
peaks  at about  250 nm. The spectral  features  
in the emission spectra  of  the Eu 3+ ion in 
CaO depend strongly on the Eu 3 + concen-  
tration and the addition of  the charge com- 
pensator  Na  + . 

For  CaO : Eu 3+ (0.1 mole%) we could re- 
produce the spectra  observed in Ref. (4) (see 
Fig. l) under selective laser excitat ion in 
the 7F 0 ~ 5D l transition of  the Eu 3+ ion. A 
schematic  representat ion of the Eu 3+ cen- 
ters is given in Fig. 2. The cubic Eu 3+ center  
(A) is the most  pronounced,  but the ortho- 
rhombic  center  (B) is also clearly observed.  
A much weaker  emission is observed  for  
center  C, which was ascribed to a cluster  of  
Eu 3+ ions in Ref. (4). Decay  time measure-  
ments  confirm the agreement  of  our spectral  
observat ions with those in Ref. (4). 

In addition to the earlier work  on 
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FIG. 2. Schematic representat ion of  Eu 3+ centers in 
C a � 9  : Eu 3+ (0.1 mole%). The dotted Eu 3+ ions (center 
D 2) indicate the two possible positions of  the Eu 3+. ions 
in the lattice relative to the other  Eu 3+ ion. 

C a � 9  : Eu 3+ we observed a fourth center  in 
C a � 9  : Eu 3+ (0.1%) (see Fig. ld). Due to the 
weakness of  this emission we were not able 
to excite this fourth center  (denoted as cen- 
ter D) fully selectively. It is, therefore,  not 
possible to derive the nature of  this center  
from the number  of  observed emission lines. 
Especially the 5D 0 --* 7F 1 region remains un- 
clear. One of  the emission lines is probably 
due to another  Eu 3 + center  (center A). The 
presence of  this emission line originates 
from spectral overlap of  the excitation lines 
of  both centers.  The excitation spectrum of  
this D emission in the 7F 0 ~ 5D 1 region con- 
sists of four lines. Since the emission spec- 
trum under  excitation in these four lines 
shows hardly any change, we conclude that 
the D emission is due to at least two different 
Eu 3§ centers with strongly overlapping 
emission spectra. We speculate that two 
centers are present,  one consisting of a te- 
t r a g o n a l  E u c a - V ~ a  single associate directed 
along the [100] axis in the lattice (D1, see 
Fig. 2c), the other  of  an associate of  two 
Eu 3+ ions with a calcium vacancy (D2, see 
Fig. 2d). The relative orientation of  the two 
Eu 3§ ions in this center  may be different for 
this D 2 center.  This speculation is supported 
by the observations in Refs. (5, 6) e t a  tetrag- 

onal Gd 3+ center  in C a � 9  a center  which 
Porter  and Wright (4) did not observe in 
their samples of  C a � 9  : Eu 3+. However ,  the 
presence of a D 2 center  (a cluster center) 
includes a concentrat ion dependence of  this 
center.  A possible explanation for the fact 
that this is not observed is that the Eu 3+ 
centers with a calcium vacancy along the 
[100] direction are already very weak. 

At higher Eu 3§ concentrat ions in C a � 9  
(0.3%) the luminescence intensity of  the 
centers A and B decreases,  whereas the cen- 
ters D], 2 are no longer observed.  The center  
C is dominant in agreement with the pro- 
posal of  Porter  and Wright (4) for a cluster 
center.  

It remains to be explained what the exact  
nature of the cluster center  C is. First we 
note the broad emission lines of  the Eu 3§ 
emission of  center C (see Fig. Ic) pointing to 
an inhomogeneous distribution of  the Eu 3§ 
ions. A second observation is the absence of  
emission from higher 5D levels for excitation 
into these or higher levels ((4) and this 
work). Since the highest phonon f requency 
in the C a � 9  lattice is about 500 cm 1, emis- 
sion from higher 5D levels is to be expected.  
For  the centers A and B these higher 5D 
emission have been observed ((4) and this 
work). Center  C shows no emission from 
higher 5D levels, which points to a fast relax- 
ation from the higher 5D levels to 5D 0 . It is 
most likely that cross-relaxation induces 
this fast relaxation to the 5D 0 level. Cross- 
relaxation is strongly dependent  on the dis- 
tance between the Eu 3§ ions involved. 
From this distance dependence a critical ra- 
dius for cross-relaxation can be derived. 
This can be done by studying Gd 3 § systems 
with different Eu 3 § concentrat ions and mea- 
suring the ratio of the 5D/SDo emission in- 
tensity as a function of Eu 3 + concentrat ion.  
We have done this at 300 K for two systems 
which have been investigated in our labora- 
tory, viz., LiGdl_xEuxF 4 (9) and Gd2(l_x) 
Euz~ZnO 5 (10). It follows that the critical 
radius for cross-relaxation amounts to about 
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FIG. 3. Schematic representation of the suggestion 
for center C. 

5 (+-0.5) A. Therefore ,  the absence of emis- 
sions from higher 5D levels for center  C 
points to a cluster of  Eu 3+ ions wherein their 
mutual distance is less than 5 A. Since even 
at low temperatures  no higher 5D emissions 
are observed,  cross-relaxation is very effec- 
tive. This points to a E u - E u  distance which 
is much shorter than 5 ,~. A proposal  for 
center  C is depicted in Fig. 3. From the 
figure it is clear that the relative prosition of 
the calcium vacancy toward both Eu 3+ ions 
is along a [110] direction in the lattice. This 
is in agreement with the most favorable 
alignment in the configuration for the single 
Eu 3 + center  (orthorhombic center  B), where 
the calcium vacancy is also positioned along 
the [110] axis. The inhomogeneous broaden- 
ing of the emission lines of center  C is proba- 
bly due to the fact that the cluster center  has 
other  Eu 3 + centers in its surroundings. 

In the CaO : Eu 3+,Na + samples the Eu 3+ 
centers A, B, and C are also present,  
whereas the centers D~,2 are only weakly 
observed.  The occurrence of an extra Eu 3 + 
center  (E) must be due to the incorporation 
of  the Na + ion in the lattice. Since the exci- 
tation lines of  the several Eu 3 + emissions in 
CaO : Eu 3+,Na + show a considerable over- 
lap, we were not able to make a fully selec- 

t i re  excitation and monitor the emission of  
the extra Eu 3+ center (E) exclusively. How- 
ever,  the Eu 3+ emission reveals the pres- 
ence of at least two lines in the region of  the 
5D 0 ~ 7F 1 transition and two lines in the 
region of the 5D 0 ~ 7F 2 transition (see Fig. 
4) which were not observed for the other  
centers.  In order  to verify the presence of  
the Na +-induced center  (E) in 
CaO : Eu 3§ ,Na + (0.3 mole%), we measured 
the decay times of all emission lines in Fig. 
4 and compared these values with those of  
the centers A, B, C, and D1, 2. The decay 
times of the several lines are given in Table 
I. The emission lines at 616.3 and 618.8, 
which have been assigned previously to cen- 
ter C, appear to contain a second compo- 
nent, since their decay is two-exponential .  
The emission line at 597.3 nm has also a 
two-exponential  decay. It follows that three 
emission lines in the region of  the 5D 0 ~ 7F l 

and four emission lines in the ~D0 ~ 7F2 

region have a decay of about 5.2 msec. We 
conclude,  therefore,  that center  E has three 
7F 1 and four 7F 2 crystal-field components .  
The number of crystal-field components  for  
center E points to an orthorhombical ly dis- 
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FIG. 4. Emission spectrum of CaO:Eu3§ * (0.3 
mole%) in the 5D 0 --0 7F0.1. 2 region at LHeT under dye- 
laser excitation in the 7F 0 --o 5D I transition (kex c = 529.0 
nm) with a center assignment. The arrows indicate the 
emission lines which were not observed in CaO : Eu 3+. 
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TABLE I 

EMISSION LINES IN THE 500 ---> 7Fo,I, 2 REGION OF 
CaO:Eu3+,Na + (0.3 mole%) AT RT WITH DECAY 
TIMES AND CENTER ASSIGNMENT 

TABLE II 

CHARACTERISTICS OF THE Eu  3+ CENTERS IN C a O  

Center Symmetry Decay time (msec) CT band 

Wavelength (nm) Decay time (msec) Center 

590.1 3.2 B 
592.0 5.5 E 
594.4 8.0 A 
595.6 5.5 E 
597.3 5.8 + 3.2 E + B 
611.3 1.0 D~. 2 
612.4 5.1 E 
613.1 3.5 B 
616.3 5.0 + 1.4 E + C 
618.8 5.2 + 1.3 E + C 
623.5 5.5 E 
625.0 3.2 B 

t o r t e d  E u  3+ ion (si te  s y m m e t r y  C2v). A p p a r -  
en t ly  the  N a  + ion is p o s i t i o n e d  at the  s a m e  
p l a c e  in the  l a t t i ce  as  the  m o s t  f a v o r a b l e  
p l a c e  for  the  ca l c ium v a c a n c y ,  v iz . ,  a long  
the  [110] axis  ( c o m p a r e  c e n t e r  B, Fig .  2b). 

A n o t h e r  too l  to  c h a r a c t e r i z e  the  E u  3+ 

c e n t e r s  in C a O  is the  p o s i t i o n  o f  the  CT 
band .  The  va lue s  for  the  p o s i t i o n  o f  the  CT 
m a x i m a  a re  d e r i v e d  f rom the exc i t a t i on  
s p e c t r a  o f  the  r e l e v a n t  Eu  3+ e m i s s i o n  (see,  
for  e x a m p l e ,  Fig .  5), and  a re  t a b u l a t e d  in 

A cubic 8.0 -+ 0.2 235 
B orthorhombic 3.1 -+ 0.2 250 
C ~ 1.4 _+ 0.1 250 

D~,2 tetragonal 1.0 _+ 0.3 250 
E orthorhombic 5.3 _+ 0.2 240 

Tab le  I I  t o g e t h e r  wi th  o t h e r  c h a r a c t e r i s t i c s  
o f  the  Eu  3 + cen te r s  in CaO.  W e  no te  tha t  all  
Eu  3+ c e n t e r s  w h i c h  con ta in  a E u c a - V ~ a  as-  
soc ia t e  have  a C T  band  at  250 nm, w h e r e a s  
the  N a  + c o m p e n s a t e d  (E) and  the  n o n c o m -  
p e n s a t e d  c e n t e r  (A) have  a CT b a n d  at  
s h o r t e r  w a v e l e n g t h s ,  i .e . ,  h ighe r  ene rg i e s .  
This  can  be  u n d e r s t o o d  f rom the  fac t  tha t  
the  0 2- ion nea r  a ca l c ium v a c a n c y  is e a s i e r  
po l a r i zab l e  than  an O 2 ion  wh ich  is 
a t t a c h e d  to ca t ions  a lone  (Eu 3+, C a  2+, o r  
Na+) .  The  fact  tha t  the  CT b a n d  o f  c e n t e r  
A is at  h igher  ene rgy  than  for  c e n t e r  E s h o w s  
tha t  the  0 2- ion nea r  a N a  + ion  is e a s i e r  
p o l a r i z a b l e  than  an  0 2- ion n e a r  a Ca  z+ ion ,  
which  is due  to the  l o w e r  cha rge  o f  the  N a  + 
ion. The  pos i t i on  o f  the  CT b a n d s  o f  the  
Eu 3+ ions  s u p p o r t s  the  p r e v i o u s  ass ign-  
m e n t s  for  t he se  cen te r s .  
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FIG. 5. Excitation spectrum of the Eu 3+ emission of 
center B (Xem = 613.1 nm) in CaO: Eu 3+ (0.1 mole%) at 
LHeT. qr gives the relative quantum output in arbitrary 
units (a.u.). 

3.2. Quantum Efficiency 
In the  p rev ious  s ec t ion  the  na tu r e  o f  the  

Eu 3 + c e n t e r s  in C a O  was  d e s c r i b e d  and  dis-  
cus sed .  N o w  we  t ry  to  c o r r e l a t e  the  na tu r e  
o f  the  Eu  3 + cen te r s  wi th  the  q u a n t u m  effi- 
c i ency  u n d e r  CT exc i t a t i on  (qCT)- 

The  m e t h o d  wh ich  is u sed  fo r  the  e s t ima -  
t ion ofqcT is b a s e d  on  the  fac t  tha t  the  osc i l -  
l a to r  s t reng th  o f  the  CT t r ans i t i on  and  the  
7F 0 ~ 5D 1 m a g n e t i c - d i p o l e  t r ans i t i on  a re  no t  
s t rong ly  d e p e n d e n t  on  the  s u r r o u n d i n g s  o f  
t h e  E u  3+ ion. By ca lcu la t ing  the  i n t ens i t y  
ra t ios  I(CT)/I(VFo-o 5D1) f rom the e x c i t a t i o n  
s p e c t r a  and  c o m p a r i n g  the  va lues  o f  t h e s e  
ra t ios  wi th  a s t a n d a r d  p h o s p h o r  wi th  a 
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T A B L E  III  

MEASURED qCT VALUES OF THE E u  3+ CENTERS IN 

DIFFERENT C a O  SAMPLES AT R T  WlTH AN INDICATION 

OF THEIR ABUNDANCE 

Samples 

CaO : Eu 3§ CaO : Eu 3 + CaO : Eu 3 + ,Na + 
Center  (0.1%) (0.3%) (0.3%) 

A 20 (s) 30 (m) 30 (m) 
B 35 (s) 50 (m) 50 (m) 
C 35 (m) 50 (s) 55 (w) 

Dr,2 20 (w) - -  - -  (vw) 
E - -  - -  55 (s) 

Note. In parentheses,  s = strong, m = medium, w = weak, 
vw = very weak. See also text. 

known qcx value, an est imation of qCT for 
the several  Eu 3 + centers  can be made.  The 
est imated absolute exper imental  error  in the 
qCT values is about  -+5%. However ,  a major  
p rob lem in the est imation of qCT is the com- 
petit ive absorpt ion of CaO itself in the re- 
gion of the CT band of the Eu 3 + ion. Due to 
the inaccuracy in the absorpt ion of undoped 
CaO (from the diffuse reflection spectra) it 
is not possible to give a reliable est imate of  
the influence of  the compet i t ive absorpt ion 
on the values of  qCT" It  is clear that the 
influence is more  pronounced  for lower 
Eu 3+ concentrat ions and for the Eu 3+ cen- 
ters with the higher CT bands.  

In Table I I I  the es t imated values of  qcx 
for the several  Eu 3+ centers  together  with 
an indication of  their abundance  in the CaO 
samples  are summarized.  The qCT values are 
independent  of  temperature .  In view of the 
correct ions to be  made for the host  absorp-  
tion, the D1, 2 centers seem to have a qCT 
which is lower than those of the other  
centers.  

Recent ly  we have presented a simple 
model  which accounts  for the influence on 
qCT of  an effective charge on the Eu 3+ ion 
(3). For  Eu 3+ on Ca 2+ sites the model pre- 
dicts a low value of  qCT, unless the expan-  
sion in the excited state is counteracted as 
strongly as possible.  In the rocksal t  lattice 
this is realized, since the E u - O - C a  angle is 

180 ~ (Fig. 2). This explains immediate ly  the 
lower qcx for the D1, 2 centers :  an oxygen 
ligand of the Eu 3 + ion can expand into the 
direction of the vacancy.  This is impossible 
in the case of  the other centers.  Never the -  
less qCT for these centers  is still far f rom 
100%, so that the rocksalt  lattice of  CaO is 
not yet stiff enough. However ,  the present  
qCT values are considerably higher than 
those for other calcium compounds  (1). 

4. Conclusion 

The Eu 3 + ion shows an efficient lumines- 
cence in CaO under CT excitation. The lu- 
minescence consists of  several  emissions 
due to the occurrence  of different Eu 3 + cen- 
ters in CaO. 

The average qCT value of the Eu 3+ lumi- 
nescence  in CaO amounts  to about  50%. 
The favorable  orientation of  the second co- 
ordination sphere of  the Eu 3+ ion in CaO 
is beneficial to the value of  qCT, but the 
effectively posit ive charge of the Eu 3+ ion 
seems to set an upper  limit of  about  50% to 
qCT in calcium compounds .  This makes  the 
realization of luminescent  materials based  
on Eu 3 +-doped calcium compounds  
doubtful. 
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